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Final Progress Report:

“ Development of polymer- CdTe-TiO: based nanocomposites for low cost
solar cells”

Group Il -VI semiconductors have attracted much attention due to their size tunable
optical properties and absorption of light in visible region and so forth. The light absorption
and emission properties of semiconductor quantum dots can be tuned through wide spectral
range by varying their size and shape of the nanoparticles. Such as this tunability in the
optical properties makes semiconductor quantum dots as a potential candidate for the
application such as emitters, light harvest and biological labels. As in the biological labels, the
semiconductor quantum dots are fuctionalized with molecules that are attached with specific
target molecules. When this fuctional molecules are mixed with unknown samples and
irradiated with light of the energy above the band gap of quantum dot, the strong
photoluminescence from the quantum dot will indicate the presence of the target material.
The linear optical properties of semiconductor quantum dot posses large nonlinearities, makes
them efficient nonlinear absorption of light. The present work were concentrated on the
synthesis of Cadmium based chalcogenides (CdS, CdSe and CdTe). Among these cadmium
based chalcogenides- CdSe nanoparticles have attracted prominence due to the high quantum
yield and tunable emission spectrum wavelength. Most of the synthesis routes are based on
organometallics with high temperature process and it is toxic. Thefore, the alternative choice
for the synthesis of cadmium based nanoparticles was depending on the aqueous —based
process and this method was highlighted with the non-toxic nature. The major hinderance of
aqueous medium was that the particles does not dissolve in organic solvent. Hence, there is
another way to enhance the aqueous synthesis process, that was “phase transfer chemistry”
by this way, ore can transfer or replace the ligand on the surface of nanoparticles thereby to
make green solar cells. The peliminary work starts from the synthesis of CdSe in aqueous
medium with air stable selenium source namely sodium selenide and thioglycolic acid as
stabilizer. Herein,1-dodecanethiol was used as a phase transferring reagent, it exchanges the
nanoparticles from hydrophilic to hydrophopic nature. The transformation of the solvent were

visualized in naked eye, the image were insert below in Fig.1.



Fig 1: CdSe (a) in water (b) in
dodecanethiol

HRTEM images were taken for this synthesized sample to study the particle size distribution
and phase transferred nature of the material. The phase transferred sample shows good size
distribution compared with samples without phase transformation and the particle size in the
range of 5 nm for the phase transferred samples. But, the particle synthesized in aqueous
medium was agglomerated. Here, it is summarized that the phase tranferred particles act as

a good electron acceptor (active layer) in organic polymer solar cells or hybrid solar cells.

In another work, CdSe nanoparticles were synthesized in aqueous medium using
mercaptopropanic acid as a stabilizer at 100° C as shown in Fig.2. The synthesized CdSe
nanoparticles were used in co-senstized TiO; nanotube with N3 dye. Electrochemical
anodization technique was employed to prepare TiO2 nanotubes in the presence of hydro
fluriode (HF) as a electrolyte. The prepared TiO2 was used to fabricate solar cell. In the
device, co-sensitized TiO2 with N3 dye/ CdSe was used as an anode, platinum coated FTO as
cathode and polysulphide (S*/S%x) mixture were used as an electrolyte. However, the
semiconductor nanoparticles are considered superior absorber than the organic dyes due to
their higher photochemical stability, efficient transfer of electron to conduction band of the
TiO2 and multiple exciton generation. Whereas, the CdSe quantum dot nanoparticles in N3
dye was used to enhance the absorption property of the material. Herein, the TiO2 nanotubes
were used to reduce the recombination rate of the solar cells. After that, the ruthenium based
N3 dye sensitizes with TiO2 as considerable as effective sensitizer to produce the power
conversion efficiency in this solar cell. Therefore, the polysulfide electrolyte was used instead
of iodide to avoid the corrosion of the cathode. The fabricated solar cells were analysized

through keithley source meter under the illumination of halogen lamp.
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Fig.2. Schematic representation of (a) anodization process of Ti foil, (b) sensitization of TiO>
nanotubes by CdSe nanoparticles, (c) sensitization of CdSe nanoparticles sensitized TiO2, NTs
by N3 dye and (d) final structure of the fabricated solar cell device.

Further, the work was extended to form a hybrid solar cell from this cadmium
chalcogenide. To form hybrid solar cell, the synthesized nanoparticles were blend with
polymer to form a composite. Here, thioglyic acid capped CdSe nanoparticles were
successfully synthesized using agueous medium through wet chemical method. After the
synthesis, particles were transfered into the organic medium using 1-dodecanethiol via partial
ligand exchange strategy. The phase transferred particles were blend with polymer Poly-3-
hexyl thiophene (P3HT) in chloroform are shown in Fig.3. The various volume of polymer
blended in the nanoparticles shows the effective coupling and charge transfer process in

blend. The charge transfer properties were utilized in the solar cell application.

a

£
3

—
B 2 Fig.3. Phase transfer process
,{@ ﬂ* g o of CdSe nanoparticles

Acetone, A =5
[h
): o
=
o +]

Moreover, the morphological changes due to the influence of different selenium
source were analyzed using this experiment. In this typical synthesis process, cadmium

selenide (CdSe) were synthesized using colloidal aqueous medium method with two different



conditions of shown in Fig.4. Here, intermediated nanorod was synthesized by reduction in
the presence of sodium borohyride in water with selenium source, and sodium selenide as a
selenium source. The nanorod shows trigonal phase while nanoparticles posses cubic zinc
blend structure. The formation of nanorod depend upon the ratio of selenium and water. The
reaction conditions prove the growth of the nanoparticles. The reaction conditions facilitate
the growth from one dimension to zero dimension nanoparticles.

Now, the work concentrates on the synthesis of Cadmium Telluride (CdTe)
nanoparticles for the solar cell application using aqueous medium method. In the typical
synthesis process, 3- mercaptopropionic acid (MPA) acts as a capping agent to cap CdTe
nanoparticles. The synthesis of CdTe NPs show power dependent up conversion
photoluminescence (UCPL) nature. This up conversion luminescence emitted photons has
large energy than the input photons. This UCPL effect is due to the presence of two- photon
absorption in synthesized particles. In another work the CdTe were synthesized in aqueous
medium and phase transfer method were applied to form organic stable ink. This ink blended
with poly P3HT nanofibers to form an organic/inorganic composite as shown in Fig.5. The
blending of inorganic nanoparticles in organic polymer were widely used in the solar cells to
improve the charge transport property and percolation path than organic acceptor molecules in

hybrid solar cells.
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Fig.4. schematic diagram for the preparation of CdSe nanoparticles and nanorod
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Furthermore, the work was also concentrated on the formation of ternary and quaternary
semiconductor copper based chalcogenide for thin flim solar cells and dye sensitized solar
cells application. In these solar cells, the nanostructure and crystal structure play an important
role to improve the power conversion efficiency of the device. The Copper indium diselenide
(CulnSey) ternary chalcogenide were synthesized using hydrothermal synthesis method with
two different capping agent. The role of the capping agent to form a rod like and cube like
morphology was used in thin film solar cell application. Whereas, the quaternary copper zinc
tin chalcogenide were synthesized using hot injection method as shown in Fig.6. Here the
morphology of the nanoparticles was tuned by the influence of different organic solvent,
while thiols play an important role in the formation of different crystallographic phase
(kesterite and wurtzite). The CZTS has three crystal structures such as kesterite, stannite and
wurtzite. The Kesterite is most stable tetragonal structure, whereas Wurtzite is Metastable
Meta disordered with hexagonal structure. However, both ternary and quaternary belongs to
p-type direct band gap with high absorption co-efficient. The CZTSSe as a thin film solar cell
already reaches the efficiency above 12.6% and it has been reported by wang et al as
hydrazine slurry based method. However, the hydrazine is highly toxic and need extreme
caution before handling. So the research was focus on other methods like hydrothermal,
solvothermal process and hot injection method. In the colloidal hot injection it exceeds the
efficiency above 9%. The CZTS was also been proven as a effective counter electrode
material to replace expensive platinum (Pt) in dye sensitized solar cells (DSSC). The world
recorded efficiency of DSSC were 13% with conventional Pt counter electrode. The
performance of CZTS in DSSC was recorded as 7.37%, whereas the Pt was 7.04% which
highlights this material in DSSC application. In the thin film solar cells, kesterite structure has
much attention as an absorber layer. In DSSC the wurtzite overtakes the performance
compared with kesterite because of their high conductivity. These make this material as an

interesting for research application.



Fig. 6. Synthesis process of CZTS nanoparticles in hot injection method

To prepare a counter electrode the synthesized of CZTS nanoparticles was dispersed in
organic solvent to form a stable “nanoink”. Further the ink was spin coated on FTO to form a

photocatode for DSSC application. Now the work was extended to fabricate DSSC solar cells

using these quaternary nanoparticles as a counter electrode.
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Abstract

Waurtzite (Wz) and kesterite (Ks) phases of Cu,ZnSnS, (CZTS) nanoparticles (NPs) have been selectively synthesized via
hot injection method using 1-octadecene (1-ODE) as solvent. The solvents, 1-dodecanethiol (1-DDT) and fert-dodecanethiol
(--DDT) were utilized to control the reactivity of metal precursors and to tune the desirable crystallographic phases. The
phase purity of the as synthesized CZTS NPs was confirmed using X-ray diffraction results. TEM images indicate that the
developed nanoparticles consist of a mixture of triangular shaped (height 20 +3 nm, width 17 +2 nm) and sphere shaped
NPs (13.4 +0.4 nm). These nanoparticles were formed due to the influence of thiols without any additional capping ligands.
The band gap of as-synthesized CZTS NPs were calculated as 1.41 eV for wurtzite phase (Wz—1-DDT) and 1.47 eV for
kesterite phase (Ks—#-DDT) from UV-Visible absorption results. CZTS thin films were prepared via spin coating and the
electrical properties were analysed using Hall Effect measurements. Both the phases of CZTS films exhibit p-type conductiv-
ity. Wurtzite phase of CZTS has higher mobility (23.6 cm™) and carrier concentration (2.64 x 10'”) compared to kesterite

phase of CZTS films.

1 Introduction

Thin-film solar cells based on CdSe, CdTe,
Culn,Ga;_,(Se), (CIGSe) were considered as promising
materials with higher power conversion efficiency (>20%)
and good stability [1, 2]. However, CdSe, CdTe, and CIGSe
thin-film solar cells were not suitable for large scale applica-
tions because of the scarcity of indium (In) and toxicity (Cd,
Te) of the constituents. Hence, an appropriate replacement
for In and Ga was achieved through copper zinc tin chal-
cogenides which are inexpensive, less toxic and has earth
abundant constituents. CZTS has high absorption coefficient
and tunable band gap [3, 4]. Several methods were reported
to produce CZTS NPs, but the solution based techniques
were highlighted, due to the low cost preparation and ease
of the chemical composition control [5]. The most popular
solution methods to prepare CZTS NPs were hot injection
method, high temperature assisted precipitation, hydrother-
mal and microwave synthesis [6—9]. Todorov co-workers
reported, the fabrication of CZTSSe thin-film solar cell with
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an efficiency of 12.6% using hydrazine slurry method via
spin coating [10]. In the hydrazine slurry method, hydrazine
is highly toxic and need extreme caution before handling
[5]. Agrawal co-workers reported the alternative way for the
fabrication of CZTSSe solar cell, prepared with thin lay-
ers of CZTS NPs with colloidal dispersion method through
spin coating and the selenization process was carried out to
form CZTSSe polycrystalline films which resulted in 7.2%
efficiency [11]. Recently, several researchers have reported
the synthesis of CZTS NPs using long chain alkyl ligands
having high boiling point [12]. The CZTS NPs with kesterite
phase have been synthesized using elemental sulfur with
oleylamine by hot injection method were widely reported
[13]. On the other hand there are reports on the synthesis
of wurtzite CZTS NPs via hot injection method with alkyl
thiols [14]. This work paves the novel way to synthesis of
kesterite CZTS NPs without the elemental sulfur. In the pre-
sent work, 1-DDT and #-DDT were used as the sulfur pre-
cursor to regulate the reaction with other three metal cation
precursors to tune the crystalline phase of the CZTS NPs.
Synthesized CZTS nanoparticles were characterized and the
results are discussed.

@ Springer
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2 Synthesis of wurtzite and kesterite phase
CZTS NPs

The precursors, CuCl,-2H,0, Zn(CH;COO)-2H,0 and
SnCl,-2H,0 from Fisher scientific, 1-octadecene, 1-dode-
canethiol (n-DDT or 1-DDT) and fert-dodecanethiol (z-
DDT) (mixture of isomers 95.8%) from Sigma-Aldrich,
isopropanol and ethanol from SRL were used for the syn-
thesis. All the chemicals were used without further puri-
fication. In the typical synthesis; 0.1 mM of copper chlo-
ride, 0.5 mM of zinc acetate, and 0.5 mM of tin chloride
and 25 ml of 1-octadecene were added into the 100 ml
three neck flask. The metal cation mixture was heated up
to 140 °C under N, atm for 30 min. Then, the temperature
of the mixture was raised to 240 °C and 5 ml of thiols
(1-DDT, -DDT) as sulfur source was rapidly injected into
the mixture. Then, the reagent was heated up to 260 °C
and maintained for 6 h to complete the reaction. These
NPs were cooled naturally to room temperature and pre-
cipitated out by isopropanol followed by centrifugation.
The supernatant was decanted and the precipitation was
redispersed in ethanol thrice to remove residual precursors
and ligands. Additionally, CZTS nanoparticles with kes-
terite phase were synthesized using elemental sulfur and
tert-dodecanethiol with the following procedure: 2 mM
of elemental sulfur was dissolved in ODE and mixed with
metal cation at 140 °C. The rest of the synthesis process
was similar to that of the synthesis of wurtzite phase of
CZTS NPs.

2.1 Ink preparation and film deposition

The CZTS NPs were synthesized with different sulfur
sources and dispersed in organic solvent to form a nano
ink. Here, n-hexane was used to disperse the CZTS NPs
with high concentration (10 mg ml_l) [15].The plain glass
substrates were cut to 10 mm X 10 mm, cleaned by DI
water and ethanol via sonication and allowed to dry. Then
the prepared inks were coated on the plain glass substrate
via spin coating with 4000 rpm for 10 s. After that, the
films were dried at 150 °C for 10 min.

The crystalline structure of CZTS NPs was examined by
XRD (Bruker D8 advance system). The surface morphol-
ogy and elemental composition were determined by SEM
(Carl Zeiss MA15/EVO 18) combined with energy disper-
sive X-ray spectroscopy (EDS). TEM images were collected
using JEOL/JEM 2100. FTIR measurements were carried
out using JASCO FTIR 6300 (ATR method). Optical meas-
urements were analysed with JASCO UV-650 spectropho-
tometer. The electrical properties of CZTS films were car-
ried out using ECOPIA Hall mobility measurement system.

@ Springer

3 Results and discussion

3.1 Structural analysis of kesterite and wurtzite
phase of CZTS NPs

Kesterite and Wurtzite phase of CZTS NPs were synthe-
sized using -DDT and 1-DDT as sulfur sources. The tert-
dodecanethiol (-DDT) interacts with metal complexes
via bond breaking process which leads to the formation of
kesterite phase. The thermal decomposition of -DDT was
lower compared to 1-DDT with similar chemical bonding
C,,H6S [16]. The preparation of kesterite phase CZTS NPs
using the elemental sulfur is tedious and focused attention
are needed to inject the sulfur anion into the metal cation
to produce CZTS NPs. Other than elemental sulfur, using
thiols is easier and it acts as sulfur source as well as capping
ligand [17]. The Wurtzite phase was obtained by the slower
phase evolution process. Sulfur is covalently bonded to car-
bon and hydrogen atoms, more stable than H,S. After the
injection of DDT into the metal complex, it gradually turns
into black and these reactions undergo thiolate formation
stage [18, 19]. The XRD pattern of as-synthesized CZTS
NPs with kesterite and wurtzite phase are as shown in Fig. 1.
The XRD pattern of CZTS NPs prepared using ~-DDT as
sulfur source shows the Ks-phase and matches well with
JCPDS No-260575. The peaks observed at 26 =28.5°, 32°,
47.4°, and 56.2° corresponding to (112), (200), (220), (312)
planes confirm the kesterite phase. The diffraction peaks
appear at 20=27°, 28.5°, 30.3°, 39.3°, 47.5°, 51.3°, and
56.3° correspond to (100), (002), (101), (102), (110), (103),
and (112) planes of wurtzite phase, which matches well with
the previous reports [20, 21]. CZTS NPs with kesterite and
wurtzite structure exhibits, different composition (i.e.) Cu
rich and Cu poor phases of CZTS. This may be due to the
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Fig.1 XRD pattern of as-synthesized CZTS NPs
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reactivity of metal precursors with different sulfur sources
(1-DDT, +-DDT) [22].

3.2 Surface morphology and compositional
analysis of CZTS NPs

Morphological properties of CZTS NPs synthesized using
different sulfur sources such as 1-DDT, -DDT were exam-
ined using SEM. Surface micrographs of CZTS NPs are
shown in Fig. 2.

CZTS NPs of both the phases prepared with different
sulfur sources have irregular nanosphere structure with
agglomeration; it may be due to anisotropic growth of
materials which result from the selective binding nature
of the ligands. In addition to that, thiols plays the dual role
(sulfur source and capping ligands) during the synthesis
process. Whereas, 1-octadecene (ODE) was used as a non-
coordinating solvent to make necessary balance between
the nucleation and growth of the materials, it has no role
on the particle morphology [5]. The morphology of the

resulting nanoparticles could be affected by the nature of
various alkylthiols involved in the reaction. EDX confirm
the presence of all elements in the synthesized Cu,ZnSnS,
NPs with different sulfur sources [18, 20]. The 1-dode-
canethiol and fert-dodecanethiol ligands in the presence of
non-coordinating solvent (ODE) control the morphology
of CZTS NPs. Kesterite and wurtzite phase of CZTS NPs
with different morphology were obtained using different
thiols without any additional capping agents (as shown in
Fig. 3). CZTS NPs employ 1-DDT as self capping ligand,
exhibit mixture of triangular shape (height 20 +3 nm,
width 17 +2 nm) and sphere shape (12.5+ 1.5 nm) nan-
oparticles. The lattice fringes in image 3 (b) shows the
interplanar spacing of 0.31 nm which corresponds to the
(100) plane of wurtzite structure [14]. On the other hand,
CZTS NPs obtained by -DDT shows nanosphere with
average diameter of 13.4+ 0.4 nm. The fringes pattern
(Fig. 3e) reveals the lattice spacing of 0.31 nm, for sample
(2) which correspond to (112) plane of kesterite structured
CZTS nanoparticles [18].

Element

Cu

VA

Element

Cu

Fig.2 SEM images a 1-DDT; b +-DDT synthesized CZTS NPs
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Fig.3 a—c HR-TEM image of as-synthesized CZTS NPs with 1-DDT and d—f CZTS NPs with +-DDT
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Fig.4 ATR-FTIR spectra of as-synthesized CZTS NPs

3.3 FTIR analysis of CZTS NPs
ATR-FTIR spectra of as-synthesized NPs are shown in

Fig. 4. The asymmetric and symmetric methylene stretch-
ing of pure ~-DDT, 1-DDT and CZTS NPs appear in the

@ Springer

range 2957 to 2848 cm™~!. The S—H stretching modes were
observed in the range of 2500-2300 cm™!. The character-
istic peaks in the range 1500-1000 cm™! were attributed to
C-H bending, wagging and C—C stretching. The vibrational
modes present at 730-710 and 670-630 cm™! were assigned
to C-S ligand binded with the as-synthesized CZTS NPs
and carbonyl sulfide might serve as a sulfur-transfer reagent
[23-25].

3.4 Optical studies of CZTS NPs

The UV-Visible absorption spectra of as-synthesized CZTS
NPs are shown in Fig. 5a. The optical absorption also pro-
vide the information about the energy gap of the material. The
Tauc plot was drawn from the absorption spectra to calcu-
late the optical band gap of as-synthesized CZTS NPs. The
band gap was obtained by extrapolating the linear portion of
(athv) versus (ho) as shown in the insert of Fig. 5b.The band
gap (e.g.) values of kesterite (+~-DDT) and wurtzite (1-DDT)
structure were estimated as 1.47 and 1.41 eV and these values
match well with the previous reports [26]. The difference of
absorption and shift in the band gap may be due to different
structures/stoichiometry of the as-synthesized nanoparticles
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Fig.5 a UV-Vis absorption spectra of as-synthesized CZTS NPs and b band gap of CZTS NPs. (Color figure online)

Table 1 represents the electrical

. . Sample (CZTS films) Carrier concentration Hall mobility Resistivity Conductivity
prpper.tles of CZTS thln films (cm? Vs~ (cm™) (Qcm)
with different crystalline phases
Kesterite +-DDT 4.90x 10" 12.7 101 p-type
Waurtzite 1-DDT 2.64x10" 23.6 100 p-type

owing to various sulfur sources as precursors. The resultant
absorption spectra exhibit that the synthesized NPs has a brod
absorption in the visible region [27-29].

3.5 Electrical properties of as-prepared CZTS films

The electrical properties of as-synthesized CZTS films were
analysed using four probe—Hall Effect measurements at room
temperature. Table 1. summarizes the carrier concentration,
resistivity and hall mobility for the CZTS films prepared with
alkyl thiols such as fert-dodecanethiol (+-DDT) and 1-dode-
canethiol (1-DDT). The lower carrier concentration and higher
mobility indicates the formation of larger grain boundaries
[30]. The larger grain growth reduces the grain boundaries and
the defect state in the CZTS films [30]. All the films exhibit
p-type conductivity. In the kesterite phase CZTS films, the
carrier concentration increases and the mobility decreases, it
may be due to the presence of trace of different phases in the
sample [31, 32].

4 Conclusion

Kesterite and wurtzite phase of CZTS NPs were success-
fully synthesized by hot injection method. The thiols with
ODE were used to control the metal reactivity and result in
the formation of different crystallographic phases. XRD
results confirm the formation of kesterite and wurtzite phase,
which depends on the reactivity of sulfur anion. Moreover,
the change in band gap was established due to the nature of

sulfur precursors. TEM micrograph indicates that the thiols
play an important role to form different morphology such as
nanospheres and mixed morphology of nano triangular and
spherical nanoparticles. The electrical properties were ana-
lyzed and all the films exhibit the p-type conductivity. Finally,
the colloidal nanoparticles dispersed ink was prepared for the
application in photovoltaic devices. Cu rich CZTS nanopar-
ticles with kesterite structure will be beneficial for high effi-
ciency photovoltaic devices.
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Abstract

The CZTS nanoparticles in Oleylamine (OAm) were successfully prepared via hot injection method. In this process,
Oleylamine act as the electron donor at elevated temperature in addition to the role of a solvent. Kesterite phase formation was
confirmed from XRD and Raman results. SEM results reveal that the range of monodispersed poly-crystalline CZTS nanoparticles
was lum with agglomeration extensively. The capping property of OAm was confirmed with ATR- Fourier Transform infrared
Spectroscopy (ATR-FTIR) and the functional groups adsorbed over the surface of CZTS nanoparticles were identified from the FTIR
spectra. Optical absorption measurements show the direct band gap of 1.45eV, which was optimized for low-cost solar cells.
Furthermore, the electrochemical measurements were carried out for the CZTS NPs to understand the electrochemical storage
properties.
© 2017 Elsevier Ltd. All rights reserved.
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1.Introduction:

Thin film ternary semiconductors like CulnS,, AgInS, have attracted much attention due to their optical
and electrical properties for devices, including solar cells, photovoltaic and optoelectronic applications, and have
been widely demonstrated. However, the scarcity of rare metal indium in future has become a dilemma [1].
Recently, several works on compounds of earth- abundant elements with low toxicity revealed that they are
reliable for low-cost and sustainable solar cells. Cu,ZnSnS, (CZTS) is an emerging solar cell material that has
earth-abundant elements which have a direct band gap of 1.4 to 1.6 eV and large absorption coefficient of ~
10*%cm™ [2, 3]. A rapid development of copper zinc tin sulfide (CZTS) and selenide based CZTS thin-film solar
cells show the power conversion efficiency from 8-12.6% range and the prominent potential of this
material. CZTS thin filmscould be synthesized in many ways, including low cost throughput sputtering and co-
evaporation from an elemental source in vacuum technique, which yield high conversion efficiencies up to 8% [2,
4-5]. While most methods rely on the traditional vacuum deposition, new scaling production based on
nanocrystals (NCs) dispersion (ink) has also received much attention because of the potential to be less expensive
than vacuum based deposition. Recently, several methods were reported for synthesizing of CZTS nanocrystals
dispersion. These dispersions indicated the potential of increasing the efficiency above 7% and concentrated
research on the dispersions improved the efficiency above 9% [2,6-7,18]. The highest efficiency with
Cu,ZnSnS,Se; (1x) (CZTSSe) solar cells were from
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molecular precursor solution or NCs dispersion. Although the molecular inks are readily scalable and also having

the highly toxic solvent, such as hydrazine. Therefore, an alternative to these approaches in regard to numerous
semiconductor NCs have proven that such NCs made from the hot injection technique have become competitive
with molecular based ink for commercial- scale application [8-10]. The spearheading work was furnished by Guo
et al., utilizing a dissolvable elemental sulfur as a source material. Further, the sulfur source was injected into the
metal precursor and it was kept at 225°C for 30 min. Besides, the arranged nanocrystals (NCs) display kesterite
structure with a stoichiometric ratio of 2.12:0.84:1.06:4 (Cu: Zn: Sn: S); and the outcome demonstrates that the
band gap was marginally higher because of copper-rich composition compared with Zn/Sn ratio in the compound.
Furthermore, the TEM picture for the blended NPs indicates gentle polydispersity with the particle size of 15-25
nm. In addition, Zn-rich and Cu-poor compositional modification were demonstrated by changing the metal
cation ratio with the power conversion efficiency of 7.2% using this NPs [11-12]. Shannon et al., already
reported the synthesis of CZTS NPs via hot injection method using two different surfactants such as Oleylamine
(OAm), Trioctylphosphine oxide (TOPO). Initially,Oleylaminewas used as solvent to form a metal complex
between the cations in the range of 150°C, and the sulfur source was sonicated in oleylamine until the orange-red
solution was obtained. Further the metal complex temperature reduces to 125°C after 0.5 h. Then, the TOPO
solvent was heated up to 300°C with both metal precursor and sulfur source injected into it, for about 75 min.
The reported TEM images show the triangular and spherical CZTS nanoparticles with average size of 12.8 +1.8
nm [2]. Typically, inorganic CZTS NPs were synthesized from metal ion complex as precursor materials,
coordinating organic ligand with high boiling like oleylamine (OAm) as stabilizer, which also solubilize the
nanoparticles. In the present work, efforts were made to synthesize CZTS nanoparticles using amine as stabilizer
and its structural, optical and electrical properties were investigated for application in solar cell devices.

2. Experimental Procedure:

All the chemicals, reagents, and solvents were used without further purification. In a typical synthesis process
2mmol of Cu,Cl, 1.2 mmol of Zn(CH;COO),, 1 mmol of SnCl,.2H,0O and 10 ml of OAm were added to three
neck flasks with N, bubbling. The mixture was heated up to 140°C for 30 min. The elemental source of 4mmol
sulfur and 10 ml of OAm were added to another 100 ml three neck flasks with N,atm; the mixture was kept at 140
°C for 30 min. Further, it was rapidly injected into the metal ion complex. Then the temperature was increased to
240 °C and kept for 90 min under vigorous stirring. After that the mixture was cooled to 60 °C, 20 ml of
isopropanol was added to the flask and it was kept for a day. Furthermore, ethanol was added thrice to remove the
supernatant via centrifugation at 5000 rpm for 10 min. The precipitate was dried at room temperature and normal
atmosphere (atm). The CZTS nanoparticles could be dispersed in n-hexane to form a stable ink.

2.1. Characterization

The Crystallinity of CZTS NPs were analysed with X-ray diffraction (XRD) by using Burker D8 advance.
Raman spectrum were taken using nanophoton - Raman 11 with the wavelength of 532 nm excitation line in our
laser. The microstructure and elemental analysis of NPs were analysed using Carl Zeiss MA15/EVO 18 scanning
electron microscope (SEM) which was equipped with energy dispersive X-ray analysis (EDX). The capping
property of as-synthesized NPs was examined by ATR-FTIR method using JASCO FTIR 6300. Optical
measurements were carried out with JASCO UV- 650 spectrophotometer. Cyclic voltammetry measurements
were carried out using BIOLOGIC VSP MODEL EC-LAB 10.40 workstation.

3. Results& Discussion:
3.1. Structural Characterization

CZTS nanoparticles were synthesized using Oleylamine as a solvent. Oleylamine act as an electron
donor at the elevated temperature. In earlier works on amines, it was found that elemental sulfur reacts with OAm
in room temperature and forms alkylammonium polysulfide. At the elevated temperature these polysulfide ion
interacts with excess amine and it produces H,S [13-14]. In this reaction OAm-S mixture is injected into the metal
complex solution kept at above 240 °C, after the injection, the color of the mixture turns dark simultaneously. The
H,S produced in OAm-S, rapidly react with Cu-, Zn-, Sn-OAm metal complexes, which lead to the formation of
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kesterite phase [15]. XRD pattern of as-synthesized CZTS nanoparticles is shown in Fig 1. All the diffraction
peaks were indexed and matches well with JCPDS-260525. The three major peaks at 28.57°, 47.4°, 56.3° may be
attributed to (112), (220), and (312), planes respectively. Raman spectrum was measured to identify the phase of
the as-prepared CZTS NPs. Fig 2, shows the existence of kesterite CZTS NPs with an intense peak at 333 cm’
[10]. The line broadening and the peak shift in the Raman spectrum indicate the interaction of crystallite size
distribution and the phonon dispersion [16-17].
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Fig 1. PXRD Pattern of (b) as-synthesized CZTS NPs Fig 2. Raman spectrum of as-prepared NPs

3.2. Surface morphological properties:

Fig 3.(a,b) represents the SEM micrographs of as-synthesized CZTS NPs. The morphology of as-
synthesized CZTS NPs reveal uniformly agglomerated nanoparticles, with the average size of the particles in the
range of 1pum. Fig 3. (c)indicates the average composition of CZTS nanoparticles determined by EDX analysis
(Cuy.8Zn,Sny 99S45,). The Zn-rich and Cu- poor composition was observed from the stoichiometric ratio, this may
be due to the reactivity of different metal precursors [18-21].

3.3. Optical studies:

The absorption spectrum of as-synthesized CZTS NPs was obtained using UV-Visible spectroscopy.
Insert of Fig 4.shows the band gap of as-prepared samples estimated from the UV-Visible spectra, as 1.45 eV by
the extrapolation of a linear region of the plot of the energy (E) Vs (ahv)* [3]. The band gap energy of as-prepared
CZTS NPs are close to the optimum value for photovoltaic solar cells and deserve further research [12, 20]. The
role of capping agent over the surface was analysedusing ATR- FTIR spectra. Fig 5, shows the ATR-FTIR
spectra for as-synthesized CZTS NPs as well as pure OAm. The IR absorption band that exhibit in the range of
1330-1650 cm™ are due to —~NH, bending mode [22]. The synthesized CZTS NPs exhibit IR absorption at 2914
cm™, 2846 cm™ which correspond to the vibration of C-H bond in the surface of as- synthesized CZTS NPs in
OAm. The adsorbed C-H bond on the surface shows that OAm is acting as a capping ligand over the particles [23-
26].
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Fig 3. (a, b) SEM micrograph of CZTS NPs with agglomerated sphere in different scale. (c) EDX Spectrum of as-prepared CZTS NPs and (d)
Compositional ratio of the elements
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Fig 4. UV-Vis absorption spectrum of CZTS nanoparticles., Fig 5. ATR- FTIR spectra of as-synthesized CZTS NPs
The band gap of the CZTS NPs was plotted at the right corner
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3.4. Electrical studies:

The CV measurement was used to identify the conduction band and valance band levels of kesterite
CZTS NPs. In the earlier work, Yeng et al., reported the VB and CB energy levels as -5.40 eV and -3.85 eV using
cyclic voltametry measurements. Fig (6) represents the CV results of as-prepared CZTS NPs. The reduction
potential (E..4), and the oxidation potential (E.x) was calculated from Fig 6. The conduction band energy level
(Ecg), valence band (Eyg) and electrical band gap energy (E;) were then calculated [27-28]. The oxidation
potential (1 V) and the reduction potential (— 0.6 V) were determined and the band gap was calculated using the
following equation. The calculated VB and CB energy levels are -5.4 eV and -3.8 eV for the as-prepared
samples.

Ecgve = [(Erediox — Eferrocene) T 4.7] €V

The electrochemical band gap was determined by the difference between VB and CB. The estimated
electrical band gap was 1.6 eV. This higher electrical band gap may be due to the interfacial energy barrier
between CZTS samples and the electrode [28].

Current (mA)

1.0 0.5 0.0 05 1.0 15
Applied voltage (V)

Fig 6. Cyclic Voltammograms of kesterite CE with a scan rate of 20 mVs™

4.Conclusion:

Hot injection method was used to synthesis CZTS nanoparticles. XRD reveals the kesterite phase. Phase purity of
CZTS NPs were confirmed from the Raman results. The EDX results confirm the stoichiometric composition of
the synthesized NPs. SEM micrographs reveal that as-synthesized CZTS nanoparticles are uniformly distributed
with agglomeration. ATR-FTIR spectra confirm the presence of capping agent over the surface of as-synthesized
CZTS NPs. The UV-Vis results indicate that the optical band gap of as-synthesized CZTS nanoparticles is 1.45
eV. The electrical energy band gap were determined by CV measurements and the band gap was found to be 1.6
eV. The developed kesterite CZTS nanoparticles are suitable for solar cell devices.
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Titanium di-oxide (TiO,) nanotubes (NTs) based solar cells are currently analyzed for the high efficiency
solar cell devices due to its efficient electron transport. In this context, the present review deals about the
recent advances made through the semiconductor nanoparticles sensitization on well aligned, vertically
oriented TiO, NTs for fabrication of high efficiency third generation solar cells architecture. This review
also deals with the efficient methods which are currently used to sensitize TiO, NTs by semiconductor
nanoparticles. Special attention has been paid to the sensitization effect of cadmium chalcogenides based
nanoparticles (CdS, CdSe, CdTe) on TiO, nanotubes in improving the efficiency of the solar cell. The
expectations on TiO, NTs to face the 20 Terawatt (20 TW) challenge is examined.
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1. Introduction

Titanium di-oxide (TiO,) based nanomaterials have proven
potential candidates for several applications including photo-catalysis
to degrade the pollutants in water, solar cells, sensors, transducer,
hydrogen generation etc [1-3]. Due to its bio-compatibility, much
more research are being devoted for implantation and drug delivery
applications [4,5]. In recent years, one dimensional tubular structures
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are widely analyzed for various applications due to their high
advantages in electronic, structural and optical properties compared
to the zero dimensional materials. In this view, synthesis of vertically
oriented TiO, nanotubes (NTs) were strongly researched. The main
advantage here is the current flow in nanotubular architecture which
dominates particles, due to the one-dimensional structure (Fig. 1).
TiO, NTs were widely studied for several applications for the past
decades mostly for photoelectrochemical water splitting applications
by doping, artificial photosynthesis, hydrogen sensing etc. [6-9]. After
the pioneering work done by Shankar, Grimes, Schmuki [10-13(a,b)],
the applications of these TiO, NTs has turned out into large interest in
photocatalysis, dye-sensitized solar cells etc. Hence, research work on
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Fig. 1. Schematic diagram of transport of electron in (a) nanoparticles and (b) nanotubes. Reprinted with permission from Ref. [53] Copyright©2009 American Chemical

Society.

flexible, low cost, high electron transport TiO, NTs array based solar
cell fabrication was much motivated. But due to the wide band gap of
TiO, (3.2 eV), its photon harvesting ability is limited only with UV
region. In order to improve the photoresponse of TiO,, some addi-
tional ways of attaching the molecules or compounds on the surface
of TiO, which could harvest photons at visible range is followed. For
the dye sensitized solar cells (DSSCs), this process is done by ruthe-
nium based organo-metallic complexes and for quantum dot sensi-
tized solar cells (QDSSCs), it is done by semiconductor nanoparticles
on the mesoporous TiO, nanoparticle layer [14-17]. This process of
making the extension of spectral absorption region of TiO, from UV to
Visible is called sensitization. Gratzel et al. [ 18] fabricated the first dye
sensitized solar cell based on the sensitization of TiO, mesoporous
film on the conducting substrate. Several excellent reviews deal about
the dye sensitized, quantumdot sensitized TiO, solar cell architectures
[19-23]. Compared to the nanoparticles, nanotubular arrangement
has several advantages in terms of electron transport. The decoration
or sensitization of semiconductor nanoparticles on TiO, NTs is con-
sidered one of the best strategy to improve the charge transfer as well
enhanced light absorption. Their high mobility of electrons over
nanoparticles have good advantage for various applications like
photocatalysis, photoelectrochemical analysis etc. For the future
generation high efficiency solar cells, photon harvesting over visible
region is much desirable one. Hence, the sensitization of TiO, NTs by
visible to infrared harvesting semiconductor nanoparticles plays a
major role for the enhanced photon collection. Moreover, the role of
surface capping agent (or) ligand of the nanoparticles to anchor on
the surface of the TiO, NTs is very important one for the improved
photoelectrochemical, photocatalytic performance. Understanding the
interaction of semiconductor nanoparticles with the TiO, NTs surface
is essential one in order to achieve high efficiency solar cells. In this
view, the detailed analysis of the attachment of semiconductor
nanoparticles on the surface of TiO, NTs and the charge transfer
between ligand of the nanoparticles and TiO, NTs are highly
encouraged. The recent advances of TiO, NTs solar cells based on
semiconductor nanoparticles sensitization are the crucial one in order
to make high efficiency solar cell assembly. This process have shown
potential impact for the dye-sensitized solar cells to currently emer-
ging hybrid-perovskite solar cells [24]. Here in this review, the
importance and present scenario of sensitization process of TiO, NTs
by semiconductor nanoparticles for high efficiency solar cell devices
are discussed. The influence of sensitization (or) decoration of nano-
particles in terms of efficiency are also discussed.

2. TiO, nanotubes preparation

Preparation of tubular structure of oxides were widely focused due
to their superior advantages over particle structure. Several methods
were utilized for the synthesis of TiO, nanotube arrays including

solvothermal, hydrothermal, sol-gel, template based process and
electrochemical anodization [25-29]. After the major breakthrough
work done by Masuda and Fukuda [30], the view of anodization of
metals were turned into large interest. Among other techniques used
to produce TiO, NTs, electrochemical anodization is widely used
particularly for the solar cell applications due to its simplicity in
experimental arrangement, tuning of pore size and length by altering
the voltage, electrolyte and anodization process duration. TiO, NTs
produced through electrochemical anodization possesses good
alignment with large aspect ratio (surface area) with length that
varies from 100-1000 pm [31-33]. Since the reduced recombination
process compared to nanoparticles made the nanotubes preparation
more interesting one, this method is highly encouraged for the solar
cell applications. Furthermore, the double walled, free standing
membrane approaches of producing TiO, NTs through this method
has shown a promising way to achieve high efficiency in solar cells
[34]. The first generation formation of TiO, NTs were mainly oriented
with non-organic electrolytes which made a ripples on the sides of
the TiO, NTs. Moreover, the length of the formation of nanotubes
using water as the medium was very low [35]. So far, only non-
aqueous electrolytes such as dimethyl formamide (DMF), DMSO
(Dimethyl Sulphoxide), ethylene glycol, and ionic liquids containing
small amount of HF were examined to make the ordered, debris free,
highly oriented TiO, NTs [36-40]. Interestingly, ethylene glycol moti-
vates double walled NTs and DMSO results single walled TiO, NTs
[41]. Various parameters such as pH, applied electric field, nature of
the electrolyte, time for the anodization strongly influence in the
formation of TiO, NTs. The organic medium oriented preparation of
TiO, NTs follows the plastic-flow model whereas in aqueous medium
it follows the chemical-dissolution process. There are some excellent
reviews that deals with the mechanism, kinetics of the formation of
the TiO, NTs and influence of various parameters in its structure
through the anodization method [42,43]. Typically fluoride based
electrolytes with small amount of water has emerged as the best
electrolyte system to get the rib free, self-organized third-generation
TiO, nanotubular architectures.

3. Sensitization of TiO, nanotubes

Sensitization of TiO, NTs are usually carried out in order to
enhance the various properties of TiO, including the photocurrent,
absorption etc. Generally for dye sensitized solar cell applications, the
sensitization of any kind of TiO, morphology is done by the ruthe-
nium based metal complexes [44]. However, the ruthenium dyes have
a very weak absorption in shorter wavelengths and also the stability
related issues. In solving this, the semiconductor nanomaterials have
emerged as a new sensitizers and they have many advantages, which
includes (i) tuning capability of absorption onset, (ii) size dependent
band gap, (iii) high extinction co-efficeint, (iv) large intrinsic dipole
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moment, (v) multiple exciton generation effects (MEG), which
potentially lead to high theoretical quantum efficiencies, (vi) effective
charge transfer to the conduction band of TiO, upon visible light
irradiation, (vii) high photochemical stability etc. [45]. The sensitiza-
tion process of the semiconductor nanoparticles on TiO, NTs is done
by the following methods (a) Pre-synthesis method (through linker),
(b) Insitu deposition (without linker), (c) electrochemical/electro-
phoretic deposition method, (d) Successive Ionic Layer Absorption
(SILAR) method, (e) chemical bath deposition (CBD), (f) solvothermal
process, (g) spray pyrolysis, (h) atomic layer deposition method (i)
drop-casting method etc. Even though all these methods are followed
for the sensitization of TiO, NTs, chemical bath deposition (CBD) and
SILAR method are the widely followed one by many groups due to the
simplicity in experimental arrangement and for efficient sensitization.
The growth mechanism of the SILAR method has three steps [46]
(i) specific adsorption of the most strongly adsorbed ions of the
compound to be grown by the substrate immersed in a solution of
one of its cationic precursors, (ii) water rinsing of the excess solution
still adhering to the substrate and (iii) chemical reaction between the
most strongly adsorbed cations and less strongly adsorbed anions by
subsequent substrate immersion in the solution. In case of CBD
technique, the direct formation of nanoparticles on the desired sub-
strate from the precursor solution is the possible one. Electrochemical
deposition technique is the another versatile method to deposit the
nanoparticles on the TiO, nanotubes. The electron transfer mechan-
ism of the sensitization of nanotubes by nanoparticles are not well
understood yet. But, the sensitization is practically always carried out
through the linker assisted method (exsitu) or by direct adsorption
method without linker (insitu) (Fig. 2). As prepared TiO, NTs will be
amorphous in nature, so usually annealing at higher temperature
(around 400-500 °C) is carried out to improve the crystalline nature
of TiO, NTs before the sensitization by nanoparticles.

4. Sensitization of TiO, nanotubes by semiconductor nano-
particles for solar cells

4.1. Cadmium chalcogenides

Cadmium based II-VI semiconductor nanomaterials are widely
used for solar cell applications due to their effective light har-
vesting ability in visible region. Semiconductor nanomaterials
sensitization on TiO, NTs are usually carried out either through
ligand or without linker molecule. Through the linker assisted
method, short chain ligands such as thioglycolic acid (TGA),
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mercapto propionic acid (MPA) are much preferable than others.
The mechanism for the conduction process of electrons from TiO,
to CdS could be described based on their band edge levels and
their geometry. The primary condition is the conduction band
edge of TiO, should be more anodic than the sensitizer CdS [47]
(Fig. 3). Recently, this charge transport and conduction of quantum
dot sensitized solar cells for CdS sensitized TiO, NTs through the
dx?—y? and dz? orbitals of titanium was also analyzed through the
density functional theory [48]. The sensitization effect of nano-
particles in solar cell efficiency normally depends upon their size.
For the CdSe/TiO, heterojunction, the 3.0 nm size nanoparticles
photocurrent was about 1.8 mA/cm? which is higher than the
4.5 nm sized one (Jc=1.5 mA/cm?) [49]. Seabold et al. [50] ana-
lyzed the heterojunction of CdTe/TiO, NTs made by the modified
dipping and deposition method and through the normal method
(Fig. 4). It was found that the former one was the suitable one to
make a well distributed nanoparticles coated TiO, nanotube
arrays. The heterojunction formation of semiconductor nano-
particles/TiO, NTs can be achieved through various methods.
Several techniques were followed to make a good heterojunction
with TiO, NTs. The ex-situ deposition of CdS nanoparticles on TiO,
NTs have shown improved visible light absorption [51]. Gao et al.,
formed a CdS/TiO, NT hetero-junction through the closed space
sublimation technique which resulted in 5.6 mA/cm? current
density for the CdS modified TiO, NTs [52]. Baker et al. [53] ana-
lyzed the effect of CdS nanoparticles sensitization on TiO, NTs
through SILAR method. It was concluded that the CdS nano-
particles sensitized arrays showed the photocurrent which was
20% higher than the CdSe nanoparticles sensitized TiO, nano-
particles electrode. When TiO, NTs are sensitized by CdS nano-
particles comprised with other harvesting materials like graphene,
improved photoelectric performance can be achieved [54]. Inter-
estingly, CdS NPs decoration on reduced TiO, NTs resulted con-
siderable enhancement of the photocurrent density [55]. Also, CdS
nanoparticles deposition on TiO, NTs by pulsed laser also have
generated much attraction for future energy applications [56]. The
methodology of deposition of nanoparticles on TiO, also influence
considerably the quantum of photocurrent production. Yang et al.
[57] studied the effect of CdSe, CdTe nanoparticles sensitization in
photocurrent through electrophoretic deposition and in-situ
deposition (Fig. 5). It was found that there was a remarkable
enhancement of photocurrent for the in-situ deposited aqueous
CdTe nanoparticles on TiO, NTs. This behavior was due to the
direct contact of the particles with TiO, NTs in in-situ synthesis
process. Further, this enhancement of the photocurrent was found

@ ——> Semiconductor nanoparticles

@

Fig. 2. Schematic representation of a construction of (a) Linker assisted CdSe nanoparticles sensitization on TiO, NTs, (b) non-linker assisted deposition of CdSe nanoparticles
on TiO, NTs and (c) typical construction of a TiO, NTs solar cell sensitized by semiconductor nanoparticles.
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Fig. 3. Sensitization of TiO, nanotubes by CdS nanoparticles (a) and the energy level of CdS and TiOy(b). Reprinted with permission from Ref. [47] Copyright©2008 American
Chemical Society.

Fig. 4. (i) Schematic representation for deposition of CdTe nanoparticles through (a) dipping and deposition method and (b) regular method (ii) Top and side view SEM
images of prepared CdTe/TiO, electrodes through dipping and deposition method (c,d) and regular method (e,f). Reprinted with permission from Ref. [50] Copyright©2008
American Chemical Society.

to be size dependent one. CdTe nanoparticles having the diameter O- was acting as the nucleation site for the growth of the quantum
2.3 nm produced more photocurrent than the nanoparticles hav- dots. This makes the enhancement in photocurrent compared to
ing the diameter 3.1 nm. The initial coordination of Cd?* with Ti- the electrophoretic deposition where the linker plays a role for the
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Fig. 5. (i) lllustration of typical semiconductor nanoparticles sensitized TiO, nanotubes solar cell (a) (ii) sensitization process of CdTe nanoparticles through electrophoretic
(b) and In situ deposited method (c) . (iii) I-V curves of bare Ti NTs and sensitized by different size of CdTe nanoparticles by electrophoretic depositon (d) and in situ
deposition (e) . Reprinted with permission from Ref. [57] Copyright©2012 Jhon Wiley and Sons.

conduction. Hossain et al. [58] studied the effect of bubble like
CdSe nanoparticles on TiO, NTs through chemical bath deposition.
They found that the time taken for the deposition time played a
crucial factor in the efficiency of the solar cell. For the 20 min
deposited TiO, NTs, the efficiency of #=0.81% (Voc=383 mV;
Jsc=4.08 mA/cm?; FF=52.1) was observed whereas for the 60 min
deposited TiO, NTs, the efficiency was 1.56% (Voc= 438.0 mV; Jsc=
719 mA/cm?; FF=49.5). But, in this method the cluster of CdSe
particles which were deposited on the TiO, NTs were not fully
sensitized inside of the nanotubes, which may be the reason for
the low efficiency. Sun et al. [59] studied the effect of CdS nano-
particles on the TiO, NTs array through the sequential chemical
bath deposition (S-CBD) method (Fig. 6) Interestingly, in this
method, the photocurrent of CdS sensitized TiO, NTs produced 35
times higher current density than the (from 0.22 to 7.82 mA/cm?
with the efficiency 4.15%) plain TiO, nanotubes. Moreover, there
was no aggregation found on the surface of the nanotubes which

clearly predicts the suitability of this method for solar cells. In
advance, Ma et al. [60] and Xie et al. [61] investigated the influence
of CdS nanoparticles deposited on TiO, NTs through sonication
assisted sequential chemical bath deposition method. It was found
that this method effectively prevent clogging of CdS nanoparticles
and produces more uniform nanoparticles-nanotubes structure
with good intimate contact compared to S-CBD method. Similar
results were also obtained earlier for CdTe nanoparticles sensitized
TiO, photoanodes by Gao et al.,, [62] using presynthesized nano-
particles sensitization (exsitu) method (Fig. 7) Here, the
enhancement of photocurrent was found about 10 times (from
0.17 mA/cm? to 6 mA/cm?). Further, it was found that the electron
injection rate was also very high for smaller sized nanoparticles
compared with bigger one. Hence, the presynthesized sensitiza-
tion method was normally not encouraged for the sensitization
process which always results the low efficiency in solar cells which
may be due to the partial coverage of the nanoparticles on the
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Fig. 6. (i) SEM images of CdS/TiO, NTs and S-CdS/TiO, NTs (a,b) (ii) Schematic diagram of CdS nanoparticles sensitized TiO, NTs solar cell (c) and (iii) I-V curves of prepared
solar cells through various cycles of deposition (d). Reprinted with permission from Ref. [59] Copyright©2008 Elsevier.

surface of the nanotubes. However, in CBD method the increased
time of deposition of the nanoparticles on the TiO, nanotubes may
be a negative factor in efficiency. Shen et al. [63] found that the
efficiency and IPCE of the solar cell was decreased when the
deposition time of CdSe nanoparticles get increased from 36 h to
48 h. For the 36 h the efficiency was 1.7% whereas it was 0.94% for
48 h (Fig. 8). The decrease of efficiency in this case was due to the
increase of CdSe-CdSe boundaries which cause the increasing loss
of e-h's from CdSe nanoparticles to TiO, nanotubes. This also
enhances the exciton recombination and trapping at the interface.
Hence an optimal range for deposition of nanoparticles on TiO,
NTs is required to attain the high efficiency solar cell. In most of
the cases, the electrolyte system employed for the fabrication of
TiO, NTs solar cells is a poly sulfide electrolyte (S~ /S2~) which
differs from the traditional iodine/triiodide redox couple which
lead to corrosion on the quantum dot surface [64].

Generally, the major problem associated with the TiO, NTs
sensitization with the nanoparticles is clogging of the nano-
particles on the surface. This phenomena can happen at the NTs
surface due to the agglomeration of the nanoparticles. Usually,
large size of the nanoparticles make aggregation on the surface
of the TiO, NTs. This prevents the deposition of nanoparticles on
NTs further and also suppresses the conductivity hence results

poor efficiency in solar cell. However, electrochemical deposi-
tion of semiconductor nanoparticles on TiO, NTs has found to be
fruitful remedy for this problem. Electrochemical deposition of
CdSe nanoparticles on TiO, NTs proven that this method help to
make a uniformly distributed nanoparticles on the TiO, NTs and
thereby increase the contact surface area [65]. This method also
prevents the clogging or assembling of the nanoparticles on
nanotubes. Pulsed electrode deposition method was also found
to be an useful method to fabricate the CdTe/TiO, NT core-shell
solar cell structure [66]. In this method, the pulsed potential
was applied in order to avoid the depletion of HTeO?™ inside the
tube and to reduce the deposition of particles at the pore
openings. With the open-circuit voltage of 0.23 V, fill factor 30%,
the efficiency ~0.1% was obtained using this method with the
higher external quantum efficiency. For the CdTe/TiO, NTs het-
erojunction, the ZnS layer coating through SILAR method was
found as the best choice to protect the photoelectrode against
photocorrosion [67]. Compared with these methods, the sol-
vothermal method offers high efficiency of the sensitization
which clearly shows its promising application for sensitization
process. Pang et al. [68] investigated the effect of CdSe nano
tetrapods sensitized TiO, nanotube array using pre synthesized
linker assisted method through mercaptopropionic acid (MPA)
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Fig. 7. (a) Sensitization of CdTe nanoparticles on TiO, nanotubes (b) Absorption spectra of plain TiO, NTs and CdTe nanoparticles sensitized TiO, NTs and (c) Schematic
diagram of charge transfer process between CdTe and TiO,. Reprinted with permission from Ref. [62] Copyright©2009 American Chemical Society.

as the capping ligand. The device performance results the bare
TiO, nanotube array shows the photocurrent density of
0.40 mA/cm?, whereas the CdSe nanotetrapods sensitized elec-
trode shows the density of about 0.86 mA/cm? which clearly
indicates the influence of branched structure of chalcogenides
on TiO, nanotubes for enhanced solar cell efficiency. The new
look on constructing a rainbow solar cell based on the different
sized CdSe nanoparticles inside the TiO, nanotubes also opened
a way to enhance the efficiency. Kongkanand et al. [69] has
proposed this concept and the faster electron injection and
greater absorption range is now become a feasible one (Fig. 9).
Recently, Kalanur et al. [70] observed that under simulated
conditions, the solvothermal sensitization of CdS nanoparticles
on TiO, NTs clearly showed the 10 times higher photocurrent
than the particles sensitized by chemical bath deposition (CBD)
method. This facile method also would open a new way to
sensitize the TiO, NTs through solvothermal process. In contrast
to the one side closed TiO, NTs, two ends opened TiO, nano-
tubes can increase the efficiency considerably due to efficient
decoration. For CdS nanoparticles, it was found that when the
particles were deposited through SILAR method, the incident
photon to current conversion efficiency (IPCE) was improved
from 41% to 68% under front side illumination [71]. Here, oxalic
acid was used to remove the bottom caps of the pre-crystallized
TiO, nanotubes. Gao et al. [72] used similar method for the CdS
nanoparticles and found that the double side opened TiO, NTs
prevents the clogging of CdS nanoparticles on the surface and
enhances the efficiency. The C(closed end)-Ti NT/CdS photo-
electrodes shows the efficiency of 0.46% whereas the O (opened
end)-Ti NT/CdS photoelectrodes shows about 1.46% which
clearly reflects the three fold enhancement in efficiency.
Advanced techniques like RF magnetron sputtering has been

found one of the best method to sensitize the TiO, nanotubes.
Fernandes et al. [73], fabricated CdSe sensitized TiO, nanotube
array photoelectrode solar cell through RF sputtering. For the
30 min sensitized samples, the photocurrent of 1.9 mA/cm? was
observed for the 400 °C annealed sample under 1 sun illumi-
nation. Alloyed systems such as CdSps4Seo.46 [74], Zn,Cd; _,Se,
Mn,Cd,Se [75-78], and Zn,In; _,S [79] have shown best results
for the absorption in visible range when they undergo sensiti-
zation on TiO, nanotubes. Further studies in this direction
would explore the efficiency enhancement in TiO, NTs based
solar cells.

4.2. Titania nanoparticles

For the sensitization of TiO, NTs by TiO, nanoparticles TiCl,
treatment was the best one to increase the surface area, to
improve the electron transport etc. In this method, the annealed
TiO, NTs are immersed with TiCl, and then rinsed on H,O. The
hydrolysis reaction of TiCl, with water produces uniformly formed
TiO, nanoparticles inside as well as outside of the TiO, NTs. The
TiCl, treatment of nanotubes after anodization enhances several
times the photocurrent production. The incorporation of TiO,
nanoparticles on TiO, nanotubes by this method has already given
successful outcome for dye sensitized solar cell (DSSC) devices
[80,81]. Pan et al. observed the length dependent enhancement of
photocurrent of TiO, NTs after TiO, nanoparticles infiltration [82]
(Fig. 10). Roy et al. [83] investigated the effect of TiO, decoration
through TiCl, treatment in efficiency of the solar cell. The increase
of the thickness of the TiO, layer was found after surface treat-
ment with the maximum conversion efficiency upto 3.8%. Infil-
tration of titania nanoparticles through suitable method could also
produce better results. The infiltration of titania nanoparticles on
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TiO, NTs through the newly developed dipping-rinsing-hydrolysis
process (DRH) could also provide the considerable efficiency
enhancement [84]. In this method, the TiO, nanoparticles were
grown directly on the sides of the nanotubes through hydrolysis of
the precursors tetrabutyl titanate (Ti(O-nBu),) and anthracene-9-
carboxylic acid (9-AnCOOH). Toluene was employed as the solvent
medium for the rinsing process.

For the best cycle, around 6.45% conversion efficiency with the
photocurrent density (Jsc) of 16.25 mA cm 2 was obtained through
this method. Recently, the anodized TiO, NTs decorated by the
double layer of 1D&3D TiO, nanoparticles have given the highest
efficiency about 9.10% with high J,. value (17.90 mA/cm?) [85]. This
assures that future developments through novel approaches
would give better efficiency results.

4.3. Lead chalcogenides nanoparticles

Lead chalcogenide nanomaterials have proven as viable can-
didates for the solar cell applications due to their exemplary light
collection ability at NIR region. Among the PbS, PbSe nano-
particles, only a few reports available for PbS (E;=0.41 eV in bulk
form) for the sensitization of TiO, NTs. The first successful work on
the coating of the controlled size of PbS nanoparticles on inside
and outside of the TiO, nanotubes was done by Ratanatawanate
et al. [86] using the thiolactic acid as the linker molecule through
dip coating process. A cationic surfactant PDDB, was utilized to
block the external surfaces of the nanotubes. Fanggong Cai et al.
observed that when size of the PbS nanoparticles exceeds over
15 nm, it motivates agglomeration on the surface of TiO, NTs

which strongly reduces its performance [87]. Kang et al. [88] found
that the PbS nanoparticles deposited by SILAR method showed an
enhanced photocurrent (11.2 mA/cm?) and absorption than the
electrochemically deposited one (5.72 ma/cm?). Interestingly, a
recent observation by Tao et al. [89] showed that the insitu elec-
trical field assisted chemical bath deposition (EACBD) of PbS
nanoparticles on TiO, NTs shows the remarkable efficiency of the
solar cell of 3.41% which is 133.6% higher than the previous record
(1.46%). This has shown that special emphasis on lead chalcogen-
ide nanomaterials sensitization on TiO, NTs could give the fasci-
nating results with higher efficiency in the near future.

4.4, Chalcopyrites nanoparticles

Ternary compound semiconductors such as CulnS,, AgInS, and
CulnSe, naomaterials were very rarely utilized for the sensitiza-
tion of TiO, nanotubes. AgInS, NPs sensitization on TiO, nanotubes
have shown promising photo electrochemical results for the solar
cell applications [90]. The first report on the deposition of CulnS,
nanoparticles on TiO, NTs for the photocatalytic applications was
studied by Liu et al. [91]. For the photovoltaic’s applications, Chen
et al,, [92]| demonstrated that the SILAR method deposited CulnS,
nanoparticles have shown good performance with the CdS nano-
particles sensitized TiO, nanotubes. A maximum of 7.3% efficiency
of CdS/CulnS,/TiO, NTs was obtained against CdS/TiO, NTs (3.3%)
which has shown a remarkable 120% of enhancement. This clearly
revealed the dual role of CulnS, nanoparticles as a barrier layer as
well as co-sensitizer. Further, Yuan et al. [93] used pulsed elec-
trochemical deposition to wrap the CulnS,; nanoparticles on TiO,
NTs and observed a heterojunction (p-n type) diode formation
which has shown a promising approach of depositing chalcopyr-
ites on the walls of TiO, NTs for future solar cell device fabrication
applications. In case of CulnSe, nanomaterials, Liao et al. [94]
succeeded in decorating TiO, nanotubes with CulnSe, nanocrys-
tals through electrophoretic deposition and it was found that the
absorption range was expanded after decoration from 400 to
700 nm. Similar kind of observation was achieved through SILAR
based deposition of CulnSe; NPs on TiO, NTs recently [95]. But, up
to till date, there are no report available on solar cell devices based
on this CulnSe, nanoparticles sensitized TiO, nanotubes array.
Nevertheless, it is expected that future development through this
chalcopyrites nanomaterials sensitization on TiO, NTs array could
give improved efficiency.

4.5. Miscellaneous

Other than mentioned above, there are some semiconductor
systems such as MnTe, Ag,S, Bi,Ss, In,S3, SnS, CdO, Cu3BiSs, Co304
and Cu,0 were also newly studied for the sensitization of TiO,
nanotube arrays for solar cell applications. Recently, Tubtimtae
et al. [96] analyzed the effect of boron doped MnTe nanoparticles
on TiO, NTs through SILAR method. It was found that the effi-
ciency of the solar cell got increased compared with the undoped
system. For the undoped system the efficiency was found to the
0.006% (with the V,.=0.39, J;.=0.038 mA/cm?, FF=43.80) and for
the doped system the efficiency was about 0.040% (with the
Voe=0.64, J,=0.097 mA/cm?; FF=62.80) for the best SILAR cycle
n=>5. Inspite of various architecture, recombination is the major
obstacle in achieving higher solar cell efficiency. An improved
photo electrochemical performance is possible when Ag,S nano-
particles are co-sensitized with CdS nanoparticles on TiO, NTs
[97]. Sensitizing the TiO, NTs by semiconductor nanoparticles with
a recombination barrier layer like ZnO, a considerable enhance-
ment of the efficiency of solar cell could be achieved. In case of the
Ag,S nanoparticles, it was found that the increased efficiency was
possible only when the recombination layer of ZnO is coated
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Fig. 9. Fabrication of rainbow solar cell using TiO, NTs array (a) and the UV-visible spectra of different size of CdSe nanoparticles sensitization on TiO, nanoparticles and TiO,
nanotubes (b,c,d). Reprinted with permission from Ref. [64] Copyright©2011 American Chemical Society.

around it [98]. For the Ag,S/ZnO/Ti NTs electrode, the efficiency
obtained was 0.28% whereas for the Ag,S/Ti NTs electrode it was
about 0.22% only (Fig. 11). This method was successfully applied
for the other systems like CdS/ZnO/TiO, NTs and CdSe/ZnO/TiO,
NTs and similar kind of the enhancement was observed [99,100].
Similar kind of surface recombination can also be avoided by
coating Al,0s3, Y>03 on the inner walls of TiO, NTs [101,102]. Solis
et al. [103] observed that when TiO, NTs are sensitized by Bi,Ss
nanoparticles using CBD method, there was a comparable
improvement in fillfactor (0.78). However, the Bi,S3 sensitization
has to be optimized in order to get high efficiency solar cell
architecture. Sarkar et al. [104] successfully deposited In,S; on
TiO, NTs through Atomic Layer Deposition (ALD) method. When
Co?*[Co>* electrolyte was employed for the In,S3 sensitized TiO,
NTs solar cell, the efficiency was obtained around 0.36%
(Voc=0.22 V) under AM 1.5 conditions. Further, the low quantum
efficiency of this cell (~10%) indicates that there was a charge
recombination in the system which has to be eliminated to obtain
good efficiency. Jia et al. [105] utilized SILAR method to decorate
TiO, NTs using SnS nanoparticles for the fabrication of solar cell.
The resultant cell had a 0.75% efficiency (Joc=1.55 mA/cm?) which
was higher than the pristine SnS nanoparticles (0.03%,
Jsc=0.26 mA/cm?) and unmodified TiO, NTs (0.14%, Jc= 0.65 mA/
cm?). Sarma et al. [106] made a CdO sensitized TiO, NTs hetero-
junction through normal room temperature dipping method.
It was observed that the photocurrent densities of CdO/TiO, NTs
composite (1-1.2 mA/cm? at 1.4V) was higher than the bare
TiO, NTs (~0.7 mA/cm?). A recent analysis by Zhong et al., has
revealed that flower like CusBiS; nanoparticles has shown
improved photoelectrochemical performance of TiO, NTs and it is
expected that this kind of copper based new type of nanoparticles
can be preferred for photovoltaic applications [107]. In the case
of Cu,O nanoparticles, the sensitization was mostly done by

electrochemical deposition method and the efficient charge
separation was confirmed through impedance spectroscopy [108].
Moreover, the morphology of the Cu,O particles on TiO, nano-
tubes was found to be a pH dependent one [109]. Li et al., [110]
fabricated a proto type core-shell Cu,O-TiO, NTs solar cell
through electrochemical method and used NH,4Cl treatment to
increase the conductivity of the barrier layer of the TiO, nano-
tubes. This resulted a uniform growth of Cu,O nanoparticles on
TiO, nanotubes and an efficiency of about 0.01% was achieved with
Voe=0.1V, Joc=0.33 mA/cm?. Tsui et al. [111] fabricated Cu,0/TiO,
NTs solar cell using a 3-step pulsed plating method. A plasma
treatment was applied to remove the hydrocarbons on the surface
of the nanotubes to prevent clogging and the efficiency was
achieved about 1.1% which was 2.5 times higher than the bare TiO,
nanotubes (0.5%). These results clearly explores the possibilities of
effective sensitization through novel materials.

5. Co-sensitization on TiO, nanotubes

Co-sensitization is an attractive novel way to utilize the max-
imum area of the solar spectrum. In co-sensitization process, two
different components which are absorbing the light at two dif-
ferent wavelengths are mixed together for the sensitization. Co-
sensitization has been successfully examined in two different dyes,
dye and quantumdots [112-115]. In case of the semiconductor co-
sensitization, the condition to be noted is the conduction band of
either of sensitizers should be higher than the other one (Fig. 12)
and both edges should be higher than the valence band edge of
TiO,. Further, the Fermi level alignment of the nanoparticles must
be favorable for the charge separation and transformation [116].
This is the primary requirement of the co-sensitization process in
quantumdot sensitized solar cells. Co-sensitization process was
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Fig. 10. (i) SEM images of the TiO, nanotubes (a,b) (ii) top, tilt and inside view of the split TiO, NTs after once cycle-infiltration (c,d,e) (iii) NTs and NPs mixed structure after
two-cycle infiltration (f) and (iv) I-V measurement of fabricated DSSCs with different lengths (8 um, 13 pm, 20 pm) of NTs (g,h,i). Reprinted with permission from Ref. [82]

Copyright©2011 IOP Publishing. All rights reserved.

widely studied for quantumdot sensitized solar cells, and dye
sensitized-solar cells [117, 118]. A metal-semiconductor NPs co-
sensitization and core-shell type based co-sensitization on TiO,
NTs is another kind of interesting approach to improve the pho-
toelectrochemical performance [119-121]. In case of quantumdot
sensitization, techniques such as sequential assisted chemical-bath
deposition has been found as efficient for the visible light
absorption of TiO, NTs when co-sensitized by CdS and CdSe
nanoparticles [122]. For the TiO,/CdS/CdSe system the short circuit
current density was found to be about 13.0 mA/cm? whereas for
TiO,/CdSe/CdS it was found to be 1.8 mA/cm?. Due to the proper
Fermi level position of CdS and CdSe with TiO,, it provided the
larger charge collection that was the reason for higher value of
photocurrent in TiO,/CdS/CdSe system. Co-sensitization of CdX
(X=Se,Te) nanoparticles with CdS nanoparticles on TiO, NTs was
found more efficient one for many applications including the
immunosensor [123], photocathodic protection of metals [124]. In
case of co-sensitization on TiO, NTs for solar cells, several attempts
were made in enhancing the solar cell efficiency. Lee et al. [125]
identified that the cascade structure of TiO,/CdS/CdSe was found
to be more efficient than the TiO,/CdSe/CdS structure. For this
structure, the saturated photocurrent of 14.9 mA/cm? was
achieved which is higher than the TiO,/CdS under standard

conditions. Based on this observation, Huang et al. [126] found
that the fibrous TiO, NTs photoanode (optimized length was
28 pm) could produce the efficiency of about 3.18% (Jsc=
11.48 mA cm~2) after the co-sensitization of CdS/CdSe nano-
particles on it. When TiO, nanotube arrays were used as the
photoanode instead of fibrous TiO, NTs, the efficiency was found
to be 3.2% for the front side illuminated CdS/CdSe co-sensitized
solar cell (FTO/compact TiO,/CdS/CdSe/Cu,S) [127] (Fig. 13). In this
cell assembly, the free standing membrane of TiO, NTs were
transferred onto FTO substrate before the co-sensitization process.
For the back side illumination (Ti/Ti NT arrays/CdS/CdSe/electro-
lyte/Pt), the cell efficiency was found to be 1.32% only due to the
recombination processes. In the back side illumination mode, the
intensity of the incoming light was decreased by the counter
electrode and electrolyte used in the cell. Hence, the transfer of
electrons is hindered by a blocking layer between the TiO, and Ti
substrate. So, the TiO, NTs membrane was delaminated from the
substrate and used for the front side illumination purpose. Not
only with two different semiconductors, different sizes of the
same one could be utilized for co-sensitization for improved photo
conversion efficiency which has been proven in CdSe nano-
particles [128]. Besides, involvement of two different methods
involving in co-sensitization process may be an effective tool to
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Fig. 12. Ideal band energy levels for efficient transport of excited electrons and
holes in CdS/CdSe Co-sensitized electrode. Reprinted with permission from Ref.
[116] Copyright©2010 American Chemical Society.

attain the improved efficiency. For example, in the co-sensitization
process of CdSe/CdS@TiO, NTs, where the sensitization process
was done by SILAR (CdS) and CBD (CdSe) methods, the sealed

annealing process of the quantum dots deposited on TiO, NTs was
found to produce higher efficiency (2.74% for CdSe (40 h)/CdS
(5¢c)) [129]. Similar kind of approach was also extended towards
the photocatalysis applications [130,131]. Co-sensitization by two
different group semiconductors through this method also would
help to enhance the absorption as well as photocurrent density
[132-134]. Further, doped heterostructures such as Mn (or) Co
doped CdS, CdS NPs decorated Sb doped SnO,, PbS sensitized Sb
doped SnO, on TiO, NTs have also proven as this method is a
promising way to improve the photoelectrochemical performance
of the TiO, NTs [135-137]. Li et al, adopted this concept and
achieved co-sensitization of Cd S,Se;_, nanoparticles with Mn
doped CdS nanoparticles on TiO, NTs for the construction of the
solar cell. The resultant device was shown about 3.26% which was
much higher than the device made by the Mn-CdS NPs sensiti-
zation alone (0.81%) [138].

Template mediated method is also being adopted to make TiO,
nanotubes due to its low cost, high reproducibility, easy equipment
etc. Zhang et al. [139] made an ordered TiO, nanotubes on FTO glass
substrate using a sol-gel assisted template process (Fig. 14). First, ZnO
nanorods were grown on the FTO substrate and then ZnO|TiO,
structure was created using dip coating technique in TiO, sol. Finally
the ZnO nanorods were removed using HCl etching treatment to
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obtain highly ordered TiO, nanotubes. With TiCl, treatment, efficiency
upto 4.61% was achieved for 14 h CdS/CdSe co-sensitized photoelec-
trode. Wang et al. [140] demonstrated CdS/CdSe co-sensitized TiO,
NTs solar cell using two methods namely SILAR method for the CdS
under layer nanoparticles and Electrochemical atomic layer deposition
(ECALD) method for top CdSe nanoparticles. Because of the monolayer
growth mechanism of the SILAR and ECALD, uniform decoration of the
nanoparticles in inner side of TiO, nanotubes was a possible one. The
maximum of 9.7% of photo conversion efficiency was obtained for the
CdSe(6 h)/CdS(4 cycles)[TiO, NTs sample. Novel ideas could be a
platform to improve the efficiency in TiO, NTs based solar cell archi-
tectures. Li et al. [141] made a free standing translucent TiO, nano-
wires/TiO, NTs film through a two step anodization method. Then,
CdS/CdSe co-sensitization was carried out on TiO, nanowires/TiO, NTs
using SILAR method. The release of H ions in the medium was found
to be a major driving force in the formation of nanowires on the
surface. For the best SILAR cycle, about 2.41% efficiency was obtained
in this structure. Recently, Zhang et al. [142] used atomic layer
deposition (ALD) method to make a nanofilm of CdS/CdSe quantum
dots on TiO, NTs. To passivate quantum dots from the surface to avoid
carrier scattering and recombination, ZnS treatment was followed. It
was achieved about 4.56% efficiency (Voc=0.52 V, Joc=17.59 mA/cm?,
FF=59.82) which was 57.8% higher than that of similar sensitization

process by SILAR method (17=2.89%; Voc=0.49 V, J;.=11.72 mA/cm?,
FF=50.31). Co-sensitization can also efficiently be achieved through
the tri-sensitization mode. The energy level diagram of this case is
given in (Fig. 15). Through the sensitization of ZnS with CdS/CdSe,
significant improvement of absorption has become a possible one.
Cheng et al. [143] investigated CdS/CdSe/ZnS cascade structure and its
performance for solar cells for TiO, NTs with nanowires (NWs). The
sensitization process was achieved through SILAR process. Here, ZnS
layer acted as a potential barrier for the CdSe-electrolyte. For the best
SILAR cycle, about 2.0% of efficiency was achieved with V=095V,
Jse= 3.91 mA/cm?, FF=0.567. Similar kind of cascade structure was
formed by Li et al. [144] through Sequential Chemical Bath Deposition
(SQCBD) method on TiO, NTs. Maximum IPCE of about 72% was
obtained for CdS/CdSe/ZnS system which was comparatively higher
than the CdS/CdSe co-sensitization (IPCE=53%). Hence it can be
concluded that proper tuning of energy levels in co-sensitization can
make a tremendous outcome in efficiency.

6. Conclusion and future perspectives

In conclusion, because of their easy fabrication method, tita-
nium-dioxide (TiO,) nanotubes based solar cells are showing
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attractive results through sensitization by semiconductor nano-
particles. In order to achieve high efficiency, the interface between
quantumdots and TiO, NTs are to be examined in order to visualize
more absorption. The parallel tandem architecture which has been
proposed in DSSCs based on this TiO, NTs solar cells can be a
promising approach for the high efficiency in future direction.
Though TiO, NTs have more percolation pathway over nano-
particles, the efficiency still to be improved over nanoparticles.
Further analysis to be done for the efficient charge transfer from
nanoparticles to TiO, NTs. Novel approaches in the preparation of

double sided open ended NTs and vertically oriented long range
TiO, NTs would be a useful one to prepare high efficiency devices.
The surface roughness of TiO, NTs plays a crucial role in the
growth of TiO, NTs. Hence, the detailed analysis of the inner sur-
face of TiO, NTs and its geometrical parameters are the essential
one for the enhanced quantum dots decoration. The defect
chemistry of TiO, NTs for the charge transport and recombination
has to be analyzed well in order to get the complete overview on
TiO, NTs solar cell. Also, the concentration of oxygen and the
optimized diameter, length and thickness of the TiO, NTs wall for
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the effective nanoparticles sensitization need to be addressed. In
addition to this, the life time measurements for the nanoparticles
sensitized TiO, NTs would ideally provide a way to overcome
charge trapping. Moreover, functionalization of TiO, NTs also
would help to enhance the visible light absorption. Deposition of
semiconductor nanoparticles using advanced methods on
preferred-oriented TiO, NTs (or) a free standing TiO, NTs array
may be a good option to improve the current efficiency. The
improved dye absorption through good anchoring groups of the
dye also would enhance the efficiency to some level. Novel
materials approach like organic-inorganic hybrid perovskites (ex:
CH3NH3Pbls) sensitization on highly oriented TiO, nanotubes
would also be a good way to enhance efficiency. The recently
emerging black colored TiO, NTs array which efficiently harvest
the visible light could also be utilized for the high efficiency solar
cell devices. At this juncture, it is concluded that the TiO, nano-
tubes would perhaps holding a promising avenue towards the
development of high efficiency solar cells through the sensitiza-
tion process of semiconductor nanoparticles. It is believed that the
future breakthroughs in TiO, NTs architecture, materials would
definitely solve major obstacles in achieving high efficiency solar
devices.
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ARTICLE INFO ABSTRACT

Available online 20 February 2014 Thioglycolic acid (TGA) capped cadmium selenide (CdSe) nanoparticles were synthesised
in aqueous medium through wet chemical method using sodium selenite as the selenium
source. The synthesised particles were transformed into organic medium using
1-dodecanethiol through efficient partial ligand exchange strategy. The UV-visible spectra
recorded for the particles reveal the size distribution in water as well as in organic solvent.
TEM analysis of the synthesised particles shows the size and the nature of distribution of
the particles in solution. The phase transferred particles were blended with the polymer
poly-3-hexyl thiophene (P3HT) in chloroform. UV-visible and photoluminescence spectra
of the polymer with various volumes of the nanoparticles clearly indicate the effective
coupling and the efficient charge transfer process in the blend. SEM analysis of the CdSe-
P3HT blends confirms the effective distribution of the nanoparticles in the polymeric
matrix. AFM studies reveal the morphology of the nanoparticles and the phase separation
process in the blends.
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1. Introduction

Semiconductor nanoparticles have a wide variety of
applications in optoelectronics particularly in photovol-
taics due to their size dependent properties [1,2]. Due to
the limitation of the poor charge carrier mobility, organic
acceptor molecules like fullerenes and PCBM are being
replaced by semiconductor nanocrystals such as CdSe,
CdTe, CdS, ZnO and TiO, to fabricate the hybrid solar cells
based on the bulk heterojunction concept [3-9]. In recent
years, the blends of these nanocrystals with semiconduct-
ing polymers have shown wide range of applications in the
photovoltaics. CdSe is of great interest and useful in hybrid
and quantum dot sensitised electrodes for solar cells
[10,11] due to the size tunability nature and low bandgap

* Corresponding author.
E-mail addresses: smoorthybabu@yahoo.com, babu@annauniv.edu,
babusm@yahoo.com (S. Moorthy Babu).
1 Tel.: +91 44 22358333; fax: +91 44 2235 2774.

http://dx.doi.org/10.1016/j.mssp.2014.02.008
1369-8001 © 2014 Elsevier Ltd. All rights reserved.

(Eg=174eV in bulk form). Moreover, the absorption
wavelength of nano sized CdSe could be tuned to near-IR
region which shows its applicability in solar cells. CdSe
nanoparticles were synthesised mostly in organometallic
medium with trioctyl phosphine oxide (TOPO) as the
capping ligand. Then surface treatment with pyridine
was carried out with polymer, the blend was used as
active layer in hybrid solar cells [12-14]. CdSe nanoparti-
cles synthesised with TGA in aqueous system have major
setback in many useful applications as they are immiscible
in organic solvents. To eliminate this problem, the phase
transfer chemistry has been proposed. Phase transfer of
semiconductor nanoparticles from aqueous to organic
medium is being carried out using different methods
[15-17]. Gaponik et al. [18] have proposed a suitable
method which helps to transfer the aqueous synthesised
CdTe nanoparticles into organic medium through the long
chain 1-dodecanethiol. This method is a simple and con-
venient one for the photovoltaic applications. Also, the
1-DDT capping has shown considerable application in
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HgTe nanoparticles for electroluminescent devices [19].
The ligand TOPO is toxic, hazardous in nature and it
requires pyridine treatment of the particles for application
as active layer in solar cells. Hence, the alternative path-
way to produce CdSe nanoparticles soluble in the organic
solvent with the suitable ligand for the active layer
application was highly motivated. Recently, 1-DDT ligand
capped semiconductor nanoparticles were shown as
potential candidates for photovoltaic applications [20].
Since these ligands play a major role in the morphology
and the efficiency in charge transport of the active layer,
significant efforts were focussed for their selectivity. The
non-TOPO based synthesis of the CdSe nanoparticles for
hybrid solar cells has been achieved using the Aerosol
Flow Growth Technique at high temperature using 1-DDT
as the capping agent [21]. Further, the ligand 1-DDT can
give a better spatial resolution than the short chain ligand
thioglycolic acid (TGA) that can be used effectively for the
phase transfer process. Moreover, 1-dodecanethiol acts as
the very good additive in the performance of P3HT:PCBM
blends [22]. Phase transferred particles capped by 1-DDT
can readily be blended with P3HT polymer without surface
treatment which eliminates the pyridine treatment (toxic)
reaction. In this paper, the synthesis of TGA capped CdSe
nanoparticles at low temperature (90 °C) in aqueous
medium is reported. The synthesised particles were phase
transferred through the partial ligand exchange process
using 1-dodecanethiol. The phase transferred particles
were blended with the polymer P3HT in chloroform. The
optical properties and morphological analysis of the
blends were evaluated.

2. Experimental section
2.1. Chemicals

Precursors in the form of cadmium chloride (CdCl,) SRL
(97%), sodium selenite (Na,SeO3) CDH (99%), thioglycolic
acid (TGA) SPECTROCHEM (95%) , sodium borohydride
(NaBH4) MERCK (95%) , sodium hydroxide (NaOH) SRL
(98%), trisodium citrate dihydrate ((CgHgNa3Og ) SRL (99%),
chloroform (CHCl3) MERCK (99%), regioregular poly-(3-
hexyl thiophene)-2,5 dyl (P3HT) Sigma Aldrich (99.99%)
and poly(3,4-ethylene dioxythiophene) doped with poly-
styrenesulfonic acid (PEDOT:PSS) Sigma Aldrich (99.99%)
were used for casting of different layers towards develop-
ment of solar cell structures.

2.2. Synthesis of TGA capped CdSe nanoparticles

CdSe nanoparticles were synthesised with the follow-
ing procedure: Cadmium chloride (1 mM) was dissolved in
the deionised water and the ligand thioglycolic acid
(5mM) was added with it. A white turbidity of the
solution arises which confirms the formation of cadmium
thiolate complex. This turbidity was eliminated when the
pH of the solution was adjusted into 10.5 using 0.1 M
NaOH solution. Then trisodium citrate dihydrate was
added into the solution. The entire mixture was taken in
the three necked flask and the solution was stirred under
the nitrogen atmosphere. With this, sodium selenite

(0.5 mM) and excess of sodium borohydride were added
gradually and heated upto 90 °C. The appearance of yellow
coloured solution which turned into red orange colour on
prolonged refluxing indicates the formation of CdSe nano-
particles. The entire solution was refluxed under the
nitrogen atmosphere to get the desired size.

2.3. Phase transfer of the CdSe nanoparticles

Aqueous synthesised CdSe nanoparticles were trans-
formed into organic phase using Gaponik's method [18].
Briefly, 1-dodecanethiol was mixed with equal amount of
the aqueous CdSe nanoparticles in solution. A measured
quantity of acetone was added and the entire mixture was
shaken well with mild heating. The transformation of the
CdSe nanoparticles from aqueous phase to organic phase
was observed after some time due to partial ligand
exchange of the thioglycolic acid by 1-dodecanethiol. The
organic phase was separated and precipitated with the
addition of methanol and the resultant precipitate was
redispersed in chloroform for further studies. The sche-
matic diagram of this phase transfer process is given in
Fig. 1. The particles were found to be stable in the organic
phase. As prepared 1-DDT capped nanoparticles were
mixed with chloroform and P3HT polymer. The entire
solution was stirred for 12 h for complete mixing of
P3HT and CdSe nanoparticles.

The ITO coated glass substrate was pre-treated with
various solvents including acetone, isopropanol, methanol
and dried in vaccum. Finally, aqueous dispersion of PEDOT:
PSS was applied on the ITO layer for 1000 rpm through
spin coating. Then the substrate was allowed to anneal at
80 °C for 15 min. The prepared CdSe/P3HT blend in chloro-
form was then coated on the substrate at 1500 rpm. The
substrate was again heated at 100 °C for 10 min. The final
structure ITO/PEDOT:PSS/CdSe-P3HT was analysed for
further characterisation.

2.4. Characterisation instruments

UV-visible absorption spectra of the particles were
analysed with ELICO SL-159 UV-Visible conventional spec-
trophotometer in the range of 200-800 nm. Photolumi-
nescence spectra were recorded using JASCO FP-6300
spectrofluorometer at the excitation wavelength 400 nm.
HRTEM images were observed with an electron micro-
scope (Tecnai G2 model T-30 s-twin) using an accelerating
voltage of 300 kV. SEM images were recorded using Carl
Zeiss MA15/EVO 18 Scanning Electron Microscope. AFM
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Fig. 1. Phase transfer process of the CdSe nanoparticles.
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analysis of the samples was carried out using Park XE-100
Atomic Force Microscope through non-contact mode.

3. Results and discussion

Absorption spectra of the CdSe nanoparticles prepared
in water as well as the phase transferred CdSe nanoparti-
cles using 1-DDT is shown in Fig. 2. The spectra clearly
show the effect of phase transfer of the nanoparticles. The
size distribution of the particles in water and 1-DDT is
uniform. The slight difference that occurred between the
absorption spectra of the two cases may be due to the
change of the medium. The absorption onset of the two
cases is approximately about 550 nm. Since the dissocia-
tion constant of the 1-dodecanethiol (51 k]J/mol) is much
larger than the thioglycolic acid, the Gibbs free energy of
the entire phase transfer process can be predicted using
the relations [23,24]:

HA e H+ +A7 ArG‘l
The breaking of the bond between the nanoparticles

and TGA ligand from the surface can be interpreted
through the following relationship:

3.0 + —o—CdSe NPs inH,0 |
1 — — CdSe NPs in CHCI |

25 §%

.k :‘
20 ﬁ%
154 €

1.0 4

054 N
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Fig. 2. Absorption spectra of the CdSe nanoparticles in water and
Chloroform.
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(NO)™+ +L™~ < (NO™F +m"'~ AG,

The absorption of 1-dodecanethiol on the surface of the
nanoparticles can be understood by the following relation
(NO™* +m?~ < (NCO™F +A™~  AG;

Hence, the total Gibbs free energy of the ligand
exchange process can be

ArG1 + ArGZ =+ ArG3

In the case of the CdSe nanoparticles, the value of the
A;G1+AGy+ A G5 is smaller than zero due to the sponta-
neous process of ligand exchange. i.e. AG{+AGy+
ArG3 <0.

The absorption spectra of the nanocomposites indicate
the sum of the absorption of the individual constituents
hence; this confirms the successful coupling of the nano-
particles and polymer [25]. The absorption spectra of CdSe
NPs and its blend with the polymer P3HT are shown in
Fig. 3. The absorption maximum that corresponds to P3HT
polymer was at 450 nm. The maximum intensity of
absorption corresponding to the polymer decreases with
the addition of the nanoparticles to the polymer [Fig. 3(b)].
The absorption spectrum of the combined blends of
polymer and 50% in volume of the CdSe nanoparticles
indicates that the data has the combined absorption of its
individual constituents. The absorption maximum of the
blend of the nanoparticles and polymer lies between 400
and 550 cm~'. The TEM image of the synthesised CdSe
nanoparticles is shown in Fig. 4(a). The image reveals that
the particles are spherical in nature and distributed in
solution without agglomeration. The size distribution
histogram of the particles in the solution is given in
Fig. 4(b). The average size of the particles was found to
be 1.5nm. Selective Area Electron Diffraction pattern
(SAED) of the particles confirms the crystalline nature.
Photoluminescence analysis is one of the excellent method
to study the identification of the charge transfer process at
the donor-acceptor interface of the organic and hybrid
solar cells [26].The emission spectra of P3HT polymer with
various volume additions of the CdSe nanoparticles are
shown in Fig. 5. Quenching of pure P3HT emission with the

Absorbance

300 350 400 450 500
Wavelength (nm)

550 600 @50

Fig. 3. (a) Absorption spectra of the CdSe, P3HT and CdSe-P3HT blend. (b) The variation of the absorption of the polymer with respect to addition of the

nanoparticles in various volumes.
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Fig. 4. (a) TEM image of the synthesised CdSe nanoparticles, (b) size histogram of CdSe nanoparticles and (c) SAED pattern of the particles.
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Fig. 5. Mechanism of photoluminescence quenching of CdSeNP-P3HT
polymer blend.

addition of the nanoparticles was observed in the spectra.
The emission intensity for P3HT was maximum and
decreases with increasing content of volume fraction of
nanoparticles. It clearly reveals that the recombination of
the polymer system has been suppressed by the nanopar-
ticles by splitting the charges at the interface. This charge
separated state produce holes in the polymer and the
electrons in the CdSe nanoparticles. The donor-acceptor
contact area can be increased with the addition of the
nanoparticles in P3HT. Minimum quenching for 75%
volume of CdSe nanoparticles in P3HT indicates that the
particles are effectively blended and confirms the efficient

P3HT

P3HT+ 25% CdSeNP
P3HT+ 50% CdSeNP
P3HT+ 75% CdSeNP

*

Intensity (a.u)

1A
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700

Fig. 6. Photoluminescence spectra of CdSe/P3HT blends in various
volume ratios in CHCls.

charge separation. The schematic diagram of these quenching
phenomena is illustrated in Fig. 6. In hybrid solar cell
structure, the morphology plays an important role in the
charge transport and separation. SEM images of the CdSe and
P3HT blends in the 50:50 volume percentage mixed in
chloroform are shown in Fig. 7(a,b). The images clearly reveal
that the nanoparticles (as white spots) are distributed as



48 S. Ananthakumar et al. / Materials Science in Semiconductor Processing 22 (2014) 44-49

Fig. 7. (a,b) SEM images of CdSe (50% volume) — P3HT blends and (c) cross section image of the ITO/PEDOT:PSS/CdSe-P3HT blend.

bigger in size in the polymer matrix (dark portion). Some
aggregations of the nanoparticles were also found on the
surface. This aggregation of the nanoparticles may be due to
the phase separation and increasing Van der Wall's force of
attraction between the particles due to the improvement of
the contact area of particles [27]. Since, optimisation of the
phase separation phenomena is a major issue in the hybrid
solar cells, further studies like effect of solvent, effect of
annealing are needed. The cross sectional image of the ITO/
PEDOT:PSS/CdSe-P3HT blends are shown in Fig. 7(c). The
images clearly indicate that the layers have uniform surface in
the substrate and the thickness of the CdSe-P3HT active layer
was about 100 nm. Schematic electronic interaction of the
CdSe nanoparticles with the polymer is depicted in Fig. 8. A
nanoscale phase separation of donor and acceptor materials
in the active layer is required to achieve the efficient exciton
dissociation and charge transport process. The tapping mode
topography AFM images of the CdSe nanoparticles blended
with P3HT polymer in the ratio 50:50 in volume level is as
shown in Fig. 9. The high level density of the roughness of the
films observed for this ratio indicates the effective phase
separation of the nanoparticles in the surface. The roughness
of the hybrid film increases with increasing the content of
nanoparticles [28]. The Root Mean Square (RMS) value of the
blended film was determined as 11.9 nm; this value has to be
improved with the optimisation of smooth layers.

4. Conclusion

Cadmium selenide (CdSe) semiconductor nanoparticles
were synthesised in aqueous medium and phase transferred

Charge Transfer

o/,

o

Fig. 8. Schematic diagram of interaction of CdSe nanoparticles with P3HT
polymer.

into organic medium using 1-dodecanethiol. The UV-visible
and photoluminescence results indicate effective blending of
nanoparticles with the polymer. Luminescent quenching in
P3HT with the addition of the nanoparticles confirms the
effective charge transfer process at the polymer-nanoparticle
interface. The morphology of the blends reveals the distribu-
tion of the nanoparticles in polymer. Detailed analysis of
charge transfer and efficiency of PV process for the hybrid
structure and the effect of ligand chain, solvent and annealing
process are in progress.
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Fig. 9. AFM-TM (a) phase and (b) topography images of the CdSeNP-P3HT blends of the volume ratio 50:50 in chloroform. RMS=11.9 nm and the scan area

is 10 pm x 10 pm.
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ARTICLE INFO ABSTRACT

Available online 25 June 2014 Luminescent cadmium telluride nanoparticles were synthesized from the reaction
intermediate tellurium nanorods as tellurium source at 100 °C through colloidal approach.
Oxyanion source of tellurium, (i.e.) potassium tellurite (K;TeO3) was used as precursor to
synthesize the tellurium nanorods under the low temperature process without any
surfactant in various volumes of water. Thioglycolic acid (TGA) was employed as capping
agent for the synthesis of CdTe nanoparticles. Absorption and emission spectra of the
prepared nanoparticles clearly indicate the size dependent nature of the particles. SEM
and EDX analyses of the nanorods reveal the shape of the synthesized nanorods and the
presence of elemental tellurium without any impurities. XRD analysis of the prepared
samples confirms the existence of trigonal phase of tellurium nanorods (t-Te) and the
formation of CdTe particles with cubic zincblende structure. The size distribution of the
prepared CdTe nanoparticles was analyzed through TEM analysis. It was found that
considerable influence of solvent on morphology of the synthesized tellurium nanorods.
The synthesis mechanism of one dimensional structure as seeds for zero dimensional
nanoparticles was analyzed.
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1. Introduction

Fluorescent semiconductor nanoparticles are widely
used in many fields such as optoelectronics, bio-imaging,
finger print detection and LED device applications due to
their size tunable nature [1,2]. Enhanced light harvesting of
semiconductor nanoparticles sensitized photo-electrodes
was also widely studied for solar cells [3,4]. The quantum
confinement effect makes these nanoparticles towards
engineering for such applications. Cadmium telluride
(CdTe) because of the direct bandgap has attracted con-
siderable attention in many device applications. Numerous
attempts were made to synthesize CdTe nanoparticles with
a suitable method. After the successful synthesis of

* Corresponding author. Tel.: +91 44 22358333; fax: +91 44 2235 2774.
E-mail addresses: babu@annauniv.edu,
babusm@yahoo.com (S. Moorthy Babu).

http://dx.doi.org/10.1016/j.mssp.2014.06.008
1369-8001/© 2014 Elsevier Ltd. All rights reserved.

semiconductor nanoparticles in an aqueous system, lot of
interest was focussed on the synthesis of CdTe nanoparti-
cles in aqueous medium due to the usage of simple
precursors like K;TeOs [5], and simple experimental
arrangements. Moreover, the aqueous based approach of
synthesizing CdTe nanocrystals was best proven for the
active layer formation in hybrid solar cells with the water
soluble semiconducting polymers [6]. The optical properties
of the aqueous synthesized CdTe nanoparticles have shown
mostly similar kind of phenomena as like organometallic
based one. The enhancement of the photoluminescence
was observed when tellurium nanorods are used instead of
bulk tellurium powder as source in the case of CdTe
nanoparticles synthesized through a hydrothermal method
at higher temperature [7]. The nano-tellurium has the
ability to form Te?~ reactive species much easier than the
bulk Te powder in alkaline solution. Moreover, Tellurium, a
p-type narrow bandgap semiconductor (E;=0.35c¢eV), is
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used for many applications including thermoelectrics, non-
linear infra red optics, photodetectors, photovoltaics, gas-
sensing materials, data-storage devices and bio-labels [8].
Further, nano-tellurium is used as attractive template for
the synthesis of metal chalcogenide nanoparticles [9-11].
Hence, synthesis of tellurium nanostructures received con-
siderable interest and was reported using many methods
including solvothermal, ultrasonic induced growth, and
surfactant assisted method, hydrothermal methods with Te
powder or TeO, as source [12-15]. Mo et al. [16] have
reported the insitu synthesis and formation of Te nanotubes
and nanobelts through Na,TeOs under alkaline conditions at
high temperature. Further, since the alkali metal tellurites
(X>TeO3; where X=K, Na) are water soluble in nature, the
formation of tellurium nanostructures in water with the
surfactant has also been widely studied [17-19]. The inter-
esting formation of In,Te; nanosheets from tellurium nanor-
ods in the presence of alkaline solvent was also reported
recently [20]. Synthesizing trigonal nanotellurium structures
using these methods are the desired one for optoelectronic
device applications. Synthesis of one dimensional nanostruc-
ture was carried out widely using wet chemical methods.
Recently, the aqueous synthesis of ZnSe nanoparticles
through the intermediate nanoselenium has been reported
[21]. Present work, highlights the aqueous synthesis of
luminescent CdTe nanoparticles capped by a short chain
thiol ligand (thioglycolic acid) using the tellurium nanorods
as tellurium source. The tellurium nanorods were obtained
by reducing the oxyanion source of tellurium, (i.e.) potassium
tellurite (K;TeOs3) in aqueous medium at low temperature
using a strong reducing agent in the absence of surfactant.
The proposed synthesis process is simple and reproducible
one compared with other methods.

2. Experimental details
2.1. Synthesis of tellurium nanorods

Precursors in the form of cadmium chloride (CdCl,) SRL
(97%), potassium tellurite (K;TeO3) CDH (99%), thioglycolic
acid (C;H40,S) SPECTROCHEM (95%), sodium borohydride
(NaBH4) MERCK (95%), sodium hydroxide (NaOH) SRL
(98%), and trisodium citrate dihydrate (CgHgNa3Og) SRL
(99%), were used for the synthesis of tellurium nanorods as
well as CdTe nanoparticles.

Synthesis of tellurium nanostructures was performed
using the method similar to the Gautham and Rao [12]
without utilizing any surfactants. Briefly, potassium tell-
urite (1 mM) was taken in a three necked flask with
100 ml of water, then, excessive amount of the sodium
borohydride (ratio1:10) was added into the solution. The
mixture was immediately turned to black and the resul-
tant solution was refluxed strongly at the temperature of
60 °C under the nitrogen atmosphere until the solution
colour turned into light pink. Then, the solution was kept
under dark for two days without any disturbance. The
resultant black precipitate was filtered off and washed
with water three times. The final precipitate was dried in
vacuum. The experiment was repeated for the 50 ml, 25 ml
volume of the water by keeping the ratio of potassium
tellurite and sodium borohydride as constant.

2.2. Synthesis of CdTe nanoparticles

Cadmium chloride (1 mM) was dissolved in 100 ml water
and thioglycolic acid (5 mM) was added in drop wise and the
resultant mixture was stirred. The resultant turbidity appear-
ance of the mixture indicates the formation of the cadmium-
TGA complex which turned into clear transparent one, when
pH was maintained as 10.5 using 1 M NaOH solution. Then
tri sodium citrate dihydrate was added with this mixture to
avoid the formation of cadmium tellurite (CdTeOs) in the
solution [22]. The entire solution was purged with nitrogen
in a three necked flask. Then the tellurium nanorods were
added simultaneously as tellurium source in the presence
of excessive sodium borohydride. The molar ratio of Cd?™*:
Te 2~: TGA for this entire synthesis process is 1:0.5:5. Now,
the mixture was strongly heated to 100 °C. The colour of the
initial solution was observed as yellow and then converted to
orange after prolonged refluxing. Aliquot samples were
taken at different time intervals and the size dependency
was checked through absorption and emission spectra. The
synthesized particles were precipitated by adding the non-
solvent iso-propanol and centrifuged. The resultant precipi-
tate was washed twice using ethanol to remove the excess of
surface ligand and by-products and then dried in vacuum for
further analysis.

2.3. Characterization

Absorption spectra were analyzed using a ELICO SL-159
UV-visible conventional spectrophotometer in the range
of 200-800 nm. The samples were taken as liquid in
quartz cuvette and diluted using water for the analysis.
Fluorescence analyses were carried out for the samples
using a JASCO FP-6300 spectrofluorometer at the excita-
tion wavelength 420 nm. The excitation was done using
xenon lamp source. The samples were used as liquid form
in quartz cuvette. SEM images were recorded using the
Carl Zeiss MA15/EVO 18 Scanning Electron Microscope.
In order to avoid the charging effect, gold/palladium alloy
was coated on samples for SEM analysis. XRD patterns
were taken using a powder X-ray diffractometer (SEI FERT)
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Fig. 1. XRD pattern of (a) Te nanorods and (b) CdTe nanoparticles.
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JSO DEBYEFLEX 2002 model with CuKo;(4=0.154 nm)
radiation. The accelerating voltage and the applied current
were 40 kV and 30 mA respectively. TEM images were
observed with an electron microscope (Tecnai G2 model
T-30 s-twin) using an accelerating voltage of 300 kV. The
colloidal nanoparticles solution was allowed to dry on the
copper grid before analysis.

3. Results and discussion
3.1. Structural analysis

Powder XRD pattern of Te nanorods and CdTe nanopar-
ticles are as shown in Fig. 1. Fig. 1(a) shows the trigonal
phase of tellurium (t-Te) nanorods [JCPDS no: 36-1452] and
high intensity of the (100), (110) and (200) peaks denotes
the preferential growth of the one dimensional tellurium
nanostructures along the (001) direction under the pro-
longed ageing time [23]. Fig. 1(b) depicts the XRD pattern of
the as synthesized CdTe nanoparticles. The broad diffractive
peaks of CdTe nanoparticles confirm the nanodimension of
the particles. The characteristic peaks of the particles (111),
(220), (311) indicate cubic zincblende structure [JCPDS
no:65-8367]. The size of the particles was calculated using
the Scherrer formula, 7=0.9 A8 cosd where 7=shape
factor; A=X-ray wavelength used for the measurement;
S=line width (FWHM) in radians, and &=Bragg angle.
Using the above formula, the crystallite size of the CdTe
nanoparticles was calculated based on the peak due to [111]
as about 1.9 nm which is approximately consistent with the
TEM analysis. There were no impurity peaks observed
in both cases. Fig. 2 presents the schematic diagram for
the formation of CdTe nanoparticles from the tellurium
nanorods. The overall reaction route for the formation of
t-tellurium nanorods and the conversion of tellurium
nanorods to cadmium telluride nanoparticles can be sum-
marized as:

4Te03 +3BH4 —4Te2~ 4+3B0, +6H,0 (1)

[BH4 |+4H20—[B(OH)4] ™ +4H,0 (2)

NaBH, O o Aging
K,TeO;—™>0Q o S—
60°c
Te nanospheres

Te nanorods

>

CACL. TGA,
Trisedinm citrate,
Excessive NaBH,

4Te?~ + 0, —4Te(NR)| (3)

2CdCl,+2Te(NR)+NaBH4+2TGA — 2Cd —
(TGA)<Te,(NPs)+4Cl~ + By products (4)

3.2. Morphological analysis

The SEM images of the as prepared nanorods are as
shown in Fig. 3. All the rods are uniform in shape and have
diameter around 100 nm and length around 1 pm approxi-
mately. Due to strong anisotropic crystal structure exists in
tellurium, the nanorod like morphology is favourable
under the reducing conditions [24]. Initially when the
tellurite source was heated strongly with reducing agent,
it forms the t-Te sphere like particles which makes the free
tellurium atoms in the solution. This further transfers onto
the surface of the particles which direct the intrinsic
tendency and lead to these nanorods because of this
anisotropy [25]. When tellurite source was heated with
reducing agent NaBH, it forms the pink coloured solution
under the nitrogen atmosphere and when it was exposed
to air, an instantaneous and strong oxidation of Te?~ ions
happen with a black coloured product of nano-tellurium
on the surface of the solution. Compared with selenium it
was observed that this effect was faster in tellurium with
sodium borohydride. This may be due to high negative
value of the reduction potential of telluride (Te?~) ions
than selenide (Se®~) in solution [26]. The intensity of the
black coloured product was much higher after it was
allowed for ageing for a day. Clear colourless solution
was observed after the formation of black coloured pro-
duct on top. Various ratios of water and NaBH4 with 0.1 M
of K,TeO; were done for the synthesis of tellurium
nanorods. There was no dimensional change observed in
all cases. The increasing diameter of the nanorods were
observed when the water content of the synthesis medium
got reduced. When the water content was 100, 50 ml, very
fine nanorods were obtained. For 100 ml water, the dia-
meter of the nanorods was around 60-100nm
(Fig. 3(a and b)) and it was 300-500 nm for the 50 ml
water (Fig. 3(c—e)). When the water content was reduced

100°C

@ _~— =SH-CH,-COO

Fig. 2. Schematic representation of formation of CdTe nanoparticles from tellurium nanorods.
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Fig. 3. SEM images of the tellurium nanorods prepared under 10 mM of NaBH4 with 0.1 M K,TeOs in (a, b) 100 ml water (c-e) 50 ml water (f, g) 25 ml
water and the EDS mapping of obtained Tellurium (Te) nanorods (h).

to 25 ml, irregular nano-needle like morphology was evolution of the nanorods. Elemental distribution from
obtained instead of nanorods (Fig. 3(f and g), which clearly EDS mapping analysis of tellurium nanorods in Fig. 3(h)
indicates the influence of solvent (water) on the structural confirms the well distribution of tellurium. When these
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Fig. 5. (a) Absorption and (b) emission spectra of the synthesized CdTe nanoparticles at different refluxing times (Aex=420 nm). Inset shows the

fluorescence image of the particles under UV light (365 nm).

nanorods are used as tellurium source in the presence
of the reducing agent, acceleration of the reaction was
observed with cadmium-TGA complex and forms the
spherical cadmium telluride nanoparticles. The overall
formation process of CdTe nanoparticles from tellurium
nanorods is schematically shown in Fig. 2. Moreover, the
Te?~ which forms as insitu reduction reacts very efficiently
to bind with Cd?>* ion and form the CdTe particles. The
excessive amount of the reducing agent sodium borohy-
dride protects the Te?~ ions in solution very effectively by
making the inert atmosphere around it [22] and CdTe
nanoparticles with very good luminescence were obtained.
These particles are well capped by the thioglycolic acid

ligand through the sulphur atom on the surface and make
it as negatively charged one due to the carboxylate end.

3.3. Elemental analysis

The energy dispersive X-ray (EDX) spectra are shown in
Fig. 4. Fig. 4(a) confirms the composition of the tellurium
nanorods as pure elemental tellurium without any impu-
rities. Fig. 4(b) presents the EDX spectrum of CdTe nano-
particles with Cd, Te along with sulphur. The presence of
sulphur in the spectrum may be due to the incorporation
of the sulphur from the capping agent thioglycolic acid
(TGA). The inclusion of the sulphur was a common
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Fig. 6. (a) TEM image of the synthesized CdTe nanoparticles at 1 h and (b) size histogram of the particles.

phenomenon observed when the nanoparticles are
refluxed at high temperature.

3.4. Optical analysis

UV-visible spectra of the synthesized CdTe nanoparti-
cles are shown in Fig. 5(a). The spectra clearly indicate that
the prepared samples possess very good size dependent
properties. The absorption edge of the two samples
increases from 450 to 521 nm. The first excitonic peak in
the absorption spectra of the two samples which were
refluxed at two different time intervals represents the red-
shift of the particles for the tunable bandgap properties.
Due to the Ostwald ripening in solution, the smaller
particles are exploited by the bigger one and growth
occurred. The optical bandgap of the synthesized particles
were calculated from the wavelength of the absorption
spectrum edge using the formula Eg=hc/A where h=Plank’s
constant; c=velocity of light and A=wavelength of the
absorption peak edge. The obtained bandgap is 2.76 eV and
2.38 eV for 1 h and 5 h refluxed samples, respectively. The
resultant bandgap for both samples is very large one
compared with the bulk CdTe (Eg=1.5eV). This clearly
confirms the presence of strong quantum confinement in
the particles due to size reduction. The size dependent
bandgap energy shift of the particles calculated based on
the strong confinement model of a spherical quantum dot
using the following relation [27]:

AE=E—FE,+E*Ry
_ n’m?  1.786€?
T2uR*  €R

+0.752E*Ry

where Eg_1.606 eV is the band-gap energy, R is the radius
of the dot, #=0.0774m, is the reduced mass of an electron
mass m*e= 0.096m, and a hole mass m*h=0.4m,, e=71 is
the dielectric constant and E*R,=10 meV is Rydberg energy.
The calculated energy shift for the 1 h refluxing sample was

found to be about 0.75 eV. The fluorescence spectra of the
CdTe nanoparticles are shown in Fig. 5(b). The emission
wavelength was observed as gradually red-shifted and
increased from 522 to 541 nm for 1h and 5h refluxed
particles. The increasing wavelength resulting from the
increasing refluxing time clearly indicates that the size of
the particles increases with the refluxing time. There was no
trap state emission, which clearly explores that the particles
are effectively passivated by the ligand thioglycolic acid.

3.5. TEM analysis

The TEM image of the 1 h refluxed particles is shown in
Fig. 6(a). The particles are spherical in shape with crystal-
line structure and also have a good monodispersability.
The average size of the particles was found to be 2.25 nm
through size distribution histogram (Fig. 6(b)). The cap-
ping ligand thioglycolic acid makes the electrostatic inter-
action on the surface of the CdTe nanoparticles and
stabilizes the resultant nanoparticles.

4. Conclusion

Highly luminescent CdTe nanoparticles were synthe-
sized successfully using Te nanorods obtained from potas-
sium tellurite as the tellurium source through simple wet
chemical approach. The prepared nano-particles posses
high crystallanity and good optical properties. The sizes of
the particles were found consistent for TEM and XRD
analyses. The one dimensional strucure of tellurium moti-
vates the zero dimensional growth of the CdTe nanoparti-
cles. The synthesized naoparticles were spherical in shape
and have very good fluorescence. These nanoparticles with
water soluble semiconducting polymers can be used in
hybrid solar cells as active layer and also for bio labelling
with a coating of biocombatible layer around it.
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Abstract. In this article, we report size-dependent measurement of the shift in peak of upcon-
version photoluminescence spectra compared to that of normal photoluminescence using a 800 nm
femtosecond laser and its second harmonic. It has been shown that the upconversion photolumi-
nescence is always red-shifted compared to that of normal PL in all the samples. By measuring
the power-dependent upconversion photoluminescence (UCPL), it has been shown that the origin
of UCPL from MPA-capped CdTe nanoparticles is mainly of two-photon absorption

Keywords. Upconversion photoluminescence; CdTe nanoparticles; femtosecond laser.

PACS Nos 64.70.pv; 76.67.Bf; 78.47.J—; 78.67.Hc; 82.53.Mj

1. Introduction

Unlike bulk semiconductors, the light absorbing and emitting properties of semiconductor
nanoparticles can be tuned in a wide spectral range by varying their sizes [1]. Such tun-
ability in the optical properties make semiconductor nanoparticles a potential candidate
for applications as emitters (light emitting diodes and lasers), light harvesters (photodi-
odes and solar cells) and as biological labels [2—-5]. In addition to their linear optical
properties, semiconductor nanoparticles have large nonlinearities making them efficient
nonlinear absorbers of light. Similar to the case of linear absorption, the light absorbed
by the semiconductor nanoparticles through the nonlinear process is also emitted as pho-
toluminescence [5,6]. Thus, in the case of upconversion photoluminescence (UCPL) the
emitted photon has larger energy than the input photon. For the past few years, studies
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are being carried out on the UCPL in semiconductor nanoparticles like CdTe, CdSe and
CdS [5-7]. The UCPL peak wavelength has been found to be red-shifted compared to
that of normal PL [5,6]. The origin of such difference between the peak wavelength of
UCPL and normal PL is still under study. In this article, we report a comparative study of
the UCPL emission (when excited at 800 nm) with that of the normal PL emission (when
excited at 400 nm) for different sizes of MPA-capped CdTe nanoparticles. We show that
the UCPL in MPA-capped CdTe nanoparticles is induced by two-photon absorption. The
origin of shift between the UCPL and PL is also discussed.

The MPA-capped CdTe nanoparticles were prepared by the following procedure. Cad-
mium chloride (CdCl,) (1 mM) was dissolved in 150 ml water and 3-mercaptopropionic
acid (C3HgO,S) (5 mM) was added with it in drops, under vigorous stirring condition.
The white turbid coloured solution immediately turned into a clear solution when the pH
of the solution was adjusted to 11.2 by 1 M sodium hydroxide (NaOH). Following this, a
measured amount of sodium citrate tribasic dihydrate (C¢HsNa3;O7-2H,0) was added to
the solution. The entire solution was kept under nitrogen atmosphere in a three-necked
flask system. Then, potassium tellurite (K, TeO3) (0.5 mM) solution reduced by excessive
sodium borohydride (NaBH4) was injected into it and the entire solution was heated to
100°C. The immediate appearance of yellow colour indicated the formation of CdTe cores
in the solution. The colour of the solution was changed after strong refluxing. Aliquots of
the samples were taken at different time intervals to study the properties of the prepared
CdTe nanoparticles.

Figure 1 shows the linear absorption spectra of the MPA-capped CdTe nanoparticles
prepared at different reflux times (3 h, 5 h, 12 h and 18 h). The average sizes of the
nanoparticles can be estimated from the measured linear absorption coefficients by con-
sidering the size-dependent quantum confinement effects. We estimate the average size
of nanoparticles to be 2.4 nm, 3.0 nm, 3.3 nm and 3.7 nm for the samples CdTe-530,

2.00
[ —— CdTe-530
VIRE —— CdTe-561
—— CdTe-603
1.50 ——CdTe-646
1.25
E 100}
E [
s 0.75
0.50
0.25
0.00 : ; : .
400 500 600 700 800

Wavelength (nm)

Figure 1. The wavelength dependence of the linear absorption coefficient of MPA-
capped CdTe nanoparticles prepared at different reflux times.
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Figure 2. The photoluminescence spectra of CdTe nanoparticles of different sizes.
The wavelength of the pump laser is 400 nm.

CdTe-561, CdTe-603 and CdTe-646 respectively [8,9]. Note that in all the cases the
sample has very low absorption at 800 nm and very large absorption at 400 nm.

Figure 2 shows the measured photoluminescence spectra of the CdTe nanoparticles
when excited at ~400 nm. The 400 nm pump was generated from 100 fs, 800 nm wave-
length, Ti-sapphire laser operating at 82 MHz by second harmonic generation. Note that
as the size of the particles increase, the peak wavelength of the PL red-shifts, which is
consistent with earlier reports [1]. In figure 3, we show the UCPL of the samples when
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Figure 3. The UPCL spectra of CdTe nanoparticles of different sizes excited at
800 nm.
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excited directly by the femtosecond laser at 800 nm wavelength. Similar to the above-
mentioned normal PL, the peak wavelength of UCPL red-shifts with the increase in size
of the particles. Before discussing the origin of shift in the PL peaks, we look at the input
power dependence of PL emission in both of these cases.

In the case of CdTe nanoparticles, the output power of upconversion photolumines-
cence has been reported to depend linearly on the input power while in some other cases
quadratic dependence has also been observed [5,10,11]. In order to understand the origin
of the UCPL in our case, we have measured the pump energy dependence of UCPL emis-
sion. Figure 4 shows the input power dependence of UCPL when pumped at 800 nm for
the sample CdTe-530 at its peak emission, 533 nm. Clearly, the increase in UCPL is not
linear with the input intensity. By fitting a simple power-dependent function, /7, to the
variation of output UCPL with the input power (I), we find the value of p to be 1.8. For
comparison, we have also measured the power dependence of PL emission when pumped
at 400 nm and is shown in figure 5. The linear dependence of the peak PL emission on
pump power shows that it is originating from linear absorption. Thus, we attribute the
origin of UCPL in the present case to two-photon absorption.

In figure 6 we plot the photoluminescence peak wavelengths of the normal PL and
UCPL (obtained from figures 2 and 3). The peak wavelength of UCPL is always red-
shifted compared to that of the normal PL. This result shows that the direction of the
peak shift is independent of the size of the CdTe nanoparticles. As mentioned before, the
difference between the peak wavelength of normal PL and UCPL is attributed to several
different processes involving electronic surface states, hole surface states, phonons, size
and trap states dependence of two-photon absorption coefficients in CdTe nanoparticles.
In the present case, since the origin of UCPL is two-photon absorption, we attribute the
shift observed in the UCPL compared to PL to the size dependence of two-photon absorp-
tion coefficient of CdTe nanoparticles. It has been shown that the TPA coefficient of CdTe

1.2} e Experimental .
Power law Fit

0.8
0.6

0.4 |

UCPL at 533 nm (a. u.)

0.0 -

1 " 1 " 1 " 1

0.0 0.5 1.0 1.5 2.0
Input power at 800 nm (a. u.)

Figure 4. 800 nm pump power dependence of UCPL peak emission for the sample
CdTe-530.
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Figure 5. 400 nm pump power dependence of PL peak emission for the sample

CdTe-530.

nanoparticles depends strongly on the size of the nanoparticles and increases with increase
in particle size [12]. Thus, in a given distribution of size of the nanoparticles around an
average value, the larger particles will have a higher two-photon absorption leading to a
red-shifted UCPL emission. However, since the variation in the peak shift with the size
of the particle is not uniform, we believe a contribution from trap states dependent TPA
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may also play a role in the observed peak shift.
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2. Conclusion

We have measured upconversion photoluminescence from MPA-capped CdTe nanoparti-
cles of different sizes. It has been shown that the UCPL is always red-shifted compared
to that of normal PL in all the samples. By measuring the power-dependent UCPL, it has
been shown that the origin of UCPL from MPA-capped CdTe nanoparticles is mainly of
two-photon absorption.

Acknowledgements

The authors acknowledge the support and encouragement of Dr H S Rawat, Head,
LPAS during the course of this work. The authors sincerely thank UGC, Govt. of India
(F. No. 42-885/2013 (SR)) for funding the research. One of the authors S. Ananthaku-
mar acknowledges Ministry of New and Renewable Energy (MNRE), Govt. of India for
providing fellowship under National Renewable Energy Fellowship (NREF) Scheme.

References

[1] Z Yuan, A Zhang, Y Cao, J Yang, Y Zhu and P Yang, J. Fluoresc. 22, 121 (2012)
[2] W Chen, D Grouquist and J J Roark, Nanosci. Nanotechnol. 2, 47 (2002)
[3] JH Bang and P V Kamat, ACS Nano. 3, 1467 (2009)
[4] D H Kim and J U Kang, Microscopy: Science, technology, applications and education, in:
Review: Upconversion microscopy for biological applications edited by A Méndez-Vilas and
J Diaz (Formatex Research Center, Spain, 2010) Vol. 3, p. 571
[5S] A GJoly, W Chen, D E McCready, J Malm and J Bovin, Phys. Rev. B 71, 165304 (2005)
[6] W Chen, A G Joly and D E McCready, J. Chem. Phys. 122, 224708 (2005)
[71 W M Chon, M Gu, C Bullen and P Mulvaney, Appl. Phys. Lett. 84, 4472 (2004)
[8] A I Ekimov, Al Efros and A A Onushchenko, Solid State Commun. 56, 921 (1985)
[91 W W Yu, L Qu, W Guo and X Peng, Chem. Mater. 15, 2854 (2003)
[10] X Wang, W Yu, J Zhang, J Aldana, X Peng and M Xiao, Phys. Rev. B 68, 125318 (2003)
[11] Y P Rakovich, S A Filonovich, M J Gomes, J F Donegan, D V Talapin, A L Rogach and
A Eychmuller, Phys. Status Solidi B 229, 449 (2002)
[12] Y Qu and W i, J. Opt. Soc. Am. B 26, 1897 (2009)

358 Pramana - J. Phys., Vol. 82, No. 2, February 2014



CrossMark

5y

ELSEVI

Available online at www.sciencedirect.com

ScienceDirect

R Solar Energy 106 (2014) 136-142

SOLAR
ENERGY

www.elsevier.com/locate/solener

Effect of co-sensitization of CdSe nanoparticles with N3 dye
on TiO, nanotubes

S. Ananthakumar, J. Ramkumar, S. Moorthy Babu *

Crystal Growth Centre, Anna University, Chennai 600025, India

Available online 24 February 2014

Communicated by: Associate Editor Smagul Zh. Karazhanov

Abstract

Cadmium selenide (CdSe) nanoparticles were synthesized in aqueous medium using mercaptopropionic acid (MPA) as the stabilizer at
the temperature 100 °C. Air stable sodium selenite (Na,SeO3) was used as the selenium source. The synthesized particles were used to
co-sensitize the TiO, nanotubes with N3 dye. Ex-situ linker assisted method was used to sensitize the nanotubes by CdSe nanoparticles.
Electrochemical anodization technique was employed to prepare TiO, nanotubes in the presence of hydrogen fluoride (HF) as
electrolyte. A solar cell was fabricated using co-sensitized TiO, nanotubes by N3 dye/CdSe nanoparticles as the anode and platinum
coated fluorine doped tin oxide (FTO) electrode as the cathode. Polysulphide (S*~/ Si’) mixture was used as the electrolyte. UV-—Visible,
SEM, AFM and TEM analysis were used to characterize the synthesized particles and TiO, nanotubes.

© 2014 Elsevier Ltd. All rights reserved.

Keywords: CdSe nanoparticles; TiO, nanotubes; Co-sensitization

1. Introduction

Semiconductor nanoparticles are widely used in the pho-
tovoltaic applications due to their size dependent optical
properties and their tunable spectrum in visible to IR.
Among others, II-VI group semiconductor nanoparticles
are widely used in such applications (Debnath et al.,
2011). Cadmium selenide (CdSe) is focused much in recent
years for third generation photovoltaics due to its low band
gap (1.74 eV in bulk form). Various ligands were employed
including thiol for the synthesis of CdSe nanoparticles in
aqueous medium. When short chain ligands are employed
as the stabilizer for the nanoparticles, it was observed that
the efficiency of the solar cells fabricated using these

* Corresponding author. Tel.: +91 44 22358333; fax: +91 44 2235 2774.
E-mail addresses: smoorthybabu@gmail.com, babu@annauniv.edu
(S. Moorthy Babu).

http://dx.doi.org/10.1016/j.solener.2014.01.044
0038-092X/© 2014 Elsevier Ltd. All rights reserved.

particles are much improved than the bulky ligands (Moule
et al., 2012). Titanium di-oxide, a wide band gap semicon-
ductor was also utilized for solar cells and the extended
large absorption is possible with the sensitization of ruthe-
nium dyes. The mesoporous structure of the titanium diox-
ide nanoparticles facilitates this sensitization where the
carboxylate group of the dye molecules anchors on the sur-
face. Semiconductor nanoparticles are considered superior
than organic dyes due to their high photochemical stability,
efficient transfer of electron to conduction band of the TiO,
and multiple exciton generation (MEG) etc. (Tvrdy and
Kamat, 2009). In recent years, one dimensional semicon-
ductor nanostructures are more studied due to their advan-
tages than zero dimension structures. Due to the reduced
recombination rate, titanium di-oxide nanotubes are very
much considered for solar cells, fuel cells (Gan et al.,
2011), sensors (Lu et al., 2008) and photo-catalytic
reactions (Shankar et al., 2009) than TiO, nanoparticles.
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Eventhough several methods like sol-gel (Jung et al., 2002),
hydrothermal (Kasuga et al., 1998) were followed to syn-
thesize TiO, nanotubes, anodization method is the most
desirable one due to its tunable pore diameter that depends
on reaction conditions (Li et al., 2010; Wang et al., 2009).
Several studies were made in order to get fine tubular struc-
tures with even preferred crystallographic orientation for
solar cells (Lee et al., 2012). When ruthenium based dyes
such as N719, N3 sensitize the TiO, nanotubes through
its carboxylate groups, the considerable power conversion
efficiency was observed (Stergiopoulos et al., 2008; Chen
et al., 2008). Alternatively, the TiO, nanotube membranes
on transparent conducting glass gives 6.1% efficiency
(Dubey et al., 2011). There are several strategies including
front side and back side illuminated TiO, nanotube solar
cells were analyzed with ruthenium dyes (Hao et al.,
2011). However, the efficiency of dye sensitized TiO, nano-
tube solar cells is still low due to the partial incorporation
of dye on the surface of the nanotubes. Efforts have been
made to improve the visible light absorption of the TiO,
by depositing the noble metals like Ag, Au, and Pt etc.
The improved photo catalytic activity was also observed
when Cu,O nanoparticles were loaded on TiO, nanotubes
(Huang et al., 2010a,b). Semiconductor nanoparticles sen-
sitized TiO, NTs were widely utilized for various applica-
tions (Bai et al., 2010; Song et al., 2012). When a
semiconductor nanoparticles like CdS sensitize TiO, nano-
tubes, the internal photon conversion efficiency (IPCE)
value increase nearly two times (Baker and Kamat,
2009). The co-sensitization of CdS/CdSe quantum dot sys-
tems was also used to obtain the improved efficiency
(Huang et al., 2010a,b; Guan et al., 2011). When semicon-
ductor nanoparticles with short thiol ligand like mercapto-
propionic acid (MPA) was coupled with TiO,, enhanced
absorption was observed. But due to the fast recombina-
tion rate and charge transfer limitations at the interface,
very poor conversion efficiency was observed. Quantum
dots coupled with molecular dyes were also much studied
for energy transfer studies. When quantum dots with
molecular dyes hybrid were used as the sensitizer for the
solar cells, there are several advantages including extending
the absorption spectrum, reducing the internal charge
recombination and the improved charge extraction (Gime-
nez et al., 2011). Hybrid structures like, P3HT/CdS/TiO-.
NT was also used as a photo anode for solar cell, which
resulted in improved photo conversion efficiency (Hao
et al., 2012). The heterojunction type PCBM: P3HT:TiO,.
NT also provide excellent pathway for the charge separa-
tion through the infiltration process of the polymer
blends into the TiO, nanotubes which results the power
conversion efficiency up to 4.1% (Mor et al., 2007). Similar
kind of observation was also observed with ZnO nanorod
template based growth of TiO, nanotubes with the infiltra-
tion of P3HT:PCBM blend (Yodyingyoung et al., 2010).
Hence, hybrid structures have received much interest for
solar cell applications. CdSe nanoparticles alone were also
used to sensitize TiO, nanotubes effectively for the solar

cell applications (Guijarro et al., 2009; Shen et al., 2010).
It was observed that the interaction of thiol capped CdSe
nanoparticles with N3 dye had increased the effect of injec-
tion from nanoparticles towards acceptors by nearly two
orders of magnitude (Sero et al., 2010). The extraction of
holes from CdSe nanoparticles with the help of dye was
also confirmed by the surface photo voltage spectroscopy
(Sero et al., 2008). Moreover, the co-sensitization process
in plastic dye-sensitized solar cells (Lee et al., 2011) has
proved the remarkable improvement in the active spectra
and the photocurrent. In case of the co-sensitization of
PbS nanoparticles with N719 dye on TiO, nanotubes, a
considerable enhancement of the efficiency (from 5.95%
to 6.35%) was observed (Liu and John, 2010). Here, in
the present work, colloidal cadmium selenide (CdSe) nano-
particles were synthesized in aqueous medium in the pres-
ence of mercaptopropionic acid (MPA) as the stabilizer.
The prepared particles were allowed to sensitize the tita-
nium di-oxide (TiO,) nanotubes along with the N3 dye.
The CdSe nanoparticles/N3 dye co-sensitized TiO, nano-
tubes were used to fabricate the solar cell as the working
electrode with the platinum coated fluorine doped tin oxide
(FTO) as the counter electrode.

2. Experiment
2.1. Chemicals

Cadmium chloride (CdCl,), sodium selenite (Na,SeO3),
trisodium citrate dihydrate (Na;CsHsO5), mercaptopropi-
onic acid (MPA), sodium borohydride (NaBHy), sodium
hydroxide (NaOH), titanium foil, hydrogen fluoride
(HF), ethylene glycol (C,H¢O,), N3 dye, tertiary butyl
alcohol (C4H(0O), acetonitrile (CH3CN) were used for
the synthesis of nanoparticles.

= = CdSe Nps
——N3 Dye
=--=CdSe Nps+N3 Dye
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Fig. 1. Absorption spectra of the as synthesized CdSe nanoparticles, N3
dye and CdSe nanoparticles with N3 dye in water/tertiary butyl alcohol/
acetonitrile trisolvent mixture.
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Fig. 2. TEM image of the synthesized CdSe nanoparticles (a) size histogram of the CdSe nanoparticles (b) and SAED pattern of the synthesized CdSe

nanoparticles (c).

2.2. Synthesis of CdSe nanoparticles

Synthesis of CdSe nanoparticles in aqueous medium was
carried out using the following procedure. In briefly, Cad-
mium chloride (CdCl;) and mercaptopropionic acid
(MPA) were mixed together in water in three necked flask
and pH of the solution was adjusted till 11.2 by 1 M
NaOH. With this, trisodium citrate dihydrate, sodium sel-
enite and sodium borohydride were added successively
under nitrogen atmosphere. The entire mixture was stirred
together and heated strongly to 100 °C in an oil bath. The
appearance of pale yellow color of the solution indicates
the formation of cadmium selenide nanoparticles in the
solution (Guar and Tripathi, 2014). The entire solution
was further allowed into reflux for two hours and finally
cooled to room temperature. This solution was used to sen-
sitize the TiO, nanotubes.

2.3. Formation of TiO> nanotubes

TiO, nanotubes were prepared through electrochemical
anodization method. The titanium foil was taken as the
anode and graphite counter electrode using the ethylene
glycol as the solvent with 1% of hydrogen fluoride (HF).
When voltage is at 40 V for five hours, TiO, nanotubes
were formed. The foil was taken out and cleaned by the dis-
tilled water twice to remove the excess fluoride ions on the
surface. Then the foil was heated to 500 °C for 1h to
increase the crystallinity.

2.4. Sensitization of TiO> nanotubes and fabrication of solar
cell

The synthesized CdSe nanoparticles in water were taken
in a beaker and with this the anodized TiO, nanotube array
was allowed to sensitize for about 24 h. Further, the CdSe
sensitized TiO, nanotubes were allowed into the appropri-
ate amount of the N3 dye which was dissolved in tertiary
butyl alcohol and acetonitrile. The sensitization time fol-
lowed here was about 24 h. Then the anodized foil was
heated at 100 °C for an hour to liberate the solvent on
the TiO, foil. The solar cell was made using the CdSe nano-
particles co-sensitized electrode as the anode and platinum
coated FTO electrode as the cathode. The electrolyte used
here was a polysulphide mixture (S*~/ Sf’).

3. Characterization

Absorption spectra were analyzed through the ELICO
SL-159 UV-Visible conventional spectrophotometer in
the range of 200-800 nm. TEM images were observed with
an electron microscope (Tecnai G2 model T-30 s-twin)
using an accelerating voltage of 300 kV. SEM images were
recorded using the Carl Zeiss MA15/EVO 18 Scanning
Electron Microscope. AFM analysis of the samples was
done using Park XE-100 Atomic Force Microscope
through non-contact mode.

The UV-Visible absorption spectra of as synthesized
CdSe nanoparticles, N3 dye and CdSe nanoparticles with
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Fig. 3. Surface morphology of as anodized TiO, nanotubes at 40 V on 15 h (a and b) and (¢ and d) 10 h and the CdSe nanoparticles/N3 dye sensitized

nanotubes (e and f).

the N3 dye is shown in Fig. 1. The first excitonic shift of the
CdSe nanoparticles were found at 425 nm. The absorption
edge of nanoparticles was at 500 nm. The bands of the
dye emerges at 314, 400 and 537 nm are due to the n—n"
transitions of the bipyridine ligand (Fanttacci et al.,
2003). When CdSe nanoparticles were mixed with the N3
dye, absorption enhancement of the hybrid was observed
and compared with the pure nanoparticles. The collective
absorption spectrum of CdSe nanoparticles with N3
dye clearly indicates the interaction of nanoparticles with
the dye. TEM image and SAED pattern of the synthesized
CdSe nanoparticles are shown in Fig. 2. The particles show
agglomerated nature which indicates the common behavior
of the aqueous medium synthesized particles (Silva et al.,
2012). The size of the particles were calculated through
particle size histogram and found approximately around

hv

) TiO, Nanotubes
Hooc.

U

Fig. 4. Schematic diagram of the co-sensitization of CdSe nanoparticles
with N3 dye on TiO, nanotubes.




140 S. Ananthakumar et al. | Solar Energy 106 (2014) 136-142

Fig. 5. AFM images of the (a) Ti foil, (b) as anodized Ti foil and (c) TiO, nanotubes after the co-sensitization of CdSe nanoparticles with N3 Dye.

1-4 nm. The SAED pattern of the particles (Fig. 2(c)) also
confirms the crystalline nature of the nanoparticles.

The SEM images of the anodized Ti foil are shown in
Fig. 3. It clearly represents the formation of nanotubes
structure on the surface of the foil. The tubes were grown
as array and they were parallel to each other. The diameter
of the tubes was found to be 100-130 nm for the 15h
anodized tubes and it was 60-90 nm for the 10 h anodized
samples. Eventhough several electrolytes were employed as
the medium for the production of the TiO, nanotubes,
ethylene glycol was found to be suitable one for the

production of the uniformly oriented TiO, nanotubes
(Griemes, 2007). Fig. 3(e and f) also reveals the attachment
of the CdSe nanoparticles on the surface of the nanotubes
through the surface coverage layer formation of the tubes
by CdSe nanoparticles.

The carboxylate group present in both MPA and N3dye
favors the attachment of the molecule on the surface of
the TiO, nanotubes. The energy transfer process between
the dye to CdSe nanoparticles are normally depends upon
the energy level alignment. The functional groups present
in the ligand and dye also plays an important role in this
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Fig. 6. Schematic representation of (a) anodization process of Ti foil, (b) sensitization of TiO, nanotubes by CdSe nanoparticles, (c) sensitization of CdSe
nanoparticles sensitized TiO,NTs by N3 dye and (d) final structure of the fabricated solar cell device.

mechanism (Gimenez et al., 2011). The schematic diagram
(Fig. 4) of the sensitization of N3 dye with CdSe nanopar-
ticles gives the overview of the process.

The morphology and roughness of the tubes were ana-
lyzed through AFM technique. The porous nature of the
anodized substrate was revealed by the AFM analysis
which is shown in Fig. 5. The roughness of the bare Ti foil
was 30.7 nm (Fig. 5(a)). It was found that the roughness of
the as anodized nanotubes were 50 nm (Fig. 5(b)) while for
the nanotubes after sensitization it was around 75 nm
(Fig. 5(c)). It also confirms the attachment of the particles
through sensitization process. The enhancement in rough-
ness is due to the attachment of the particles along with
dyes on the sides of the tube walls through ligand (Guijarro
et al., 2009).

A solar cell was fabricated using CdSe nanoparticles co-
sensitized TiO, nanotubes with N3 dye as the anode and
the platinum coated FTO glass substrate as the cathode.
For comparison, the CdSe nanoparticles sensitized pho-
toanode based solar cell with similar configuration also
was prepared. A polysulphide electrolyte was employed
as the electrolyte for the prepared solar cell in order to
avoid the corrosion nature of traditional tri-iodide liquid
electrolyte by metal chalcogenides (Chakrapani et al.,
2011). The schematic diagram of overall steps involved in
fabrication of the solar cell is given in Fig. 6. Analysis of
the fabricated cell through Keithley 2420 source meter
under the illumination of a halogen lamp is in progress.

4. Conclusion

Colloidal cadmium selenide (CdSe) nanoparticles were
prepared using water as the solvent at 100 °C. The pre-
pared particles were used to sensitize TiO, nanotubes along

with ruthenium dyes. A solar cell was fabricated using this
co-sensitized TiO, nanotubes and CdSe nanoparticles with
N3 dye as the working electrode. The current—voltage (I-V)
measurement of the fabricated device is under progress.
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Abstract

Luminescent CdTe nanoparticles were synthesized in aqueous medium at low temperature under the inert atmosphere using water
soluble precursors. Potassium tellurite was employed as the tellurium source for the synthesis. As synthesized CdTe nanoparticles were
phase transferred into organic medium via partial ligand exchange method through long chain organic ligand 1-dodecanethiol in the
presence of acetone. The phase transferred CdTe nanoparticles were blended homogeneously with P3HT polymer in a common solvent
(chloroform) for possible application as the active layer in hybrid solar cell structure. The prepared blends were characterised with UV—
Vis, Photoluminescence, SEM and AFM analysis. The XRD patterns of the particles in two phases confirm the uniformity of the cubic
structure. The size distribution of the synthesized particles was confirmed through TEM analysis. The effective interactions of the donor
and acceptor components were confirmed through UV-Visible spectroscopy. The efficient charge transfer processes of the blends were
confirmed through photoluminescence analysis of the nanoparticles various volume additions with polymer. The morphological analysis
of the blends was carried out using the Scanning Electron Microscopy which reveals the distribution of the nanoparticles in the polymer.
AFM analysis of the coated blend film explores the phase separation of the nanoparticles when blended with the polymer in chloroform.
Advantages of these nanoparticles for solar cell applications were discussed.
© 2014 Elsevier Ltd. All rights reserved.

Keywords: CdTe nanoparticles; Phase transfer; 1-Dodecanethiol; Hybrid solar cells

1. Introduction cells and electroluminescent devices such as Light Emitting

Diode (LED)‘s (Cheng et al., 2008; Olson et al., 2010; Gal-

Semiconductor nanoparticles are widely used in various
applications due to the presence of quantum confinement
effect and size tunable properties (Biju et al., 2008). Among
I1I-VI group semiconductor compounds, CdTe nanoparti-
cles are widely used in many fields due to their high fluores-
cent quantum yield, size tunability, etc. (Li et al., 2006). A
wide range of applications are being reported for the use of
CdTe nanoparticles including finger print detection, solar
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(S. Moorthy Babu).
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lardo et al., 2007; Gaponik et al., 1999; Rogach et al.,
2008). In recent years, II-VI semiconductor nanoparticles
are used as active layer of hybrid solar cells as acceptor
molecules (Kumar and Nann, 2004; Chen et al., 2011;
Fan et al., 2011). Due to their high carrier mobility and
the possibility of multiple exciton generation semiconduc-
tor nanocrystals are much reliable for such applications.
Eventhough the organometallic precursor based synthesis
of CdTe nanoparticles give high crystalline and monodis-
persable nanoparticles, the use of very highly toxic tellu-
rium precursors like H,Te and Al,Te; with cumbersome
experimental arrangements (Murray et al., 1996; Yu
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et al., 2003) and also high temperature requirement are
major disadvantages. Moreover, in these reactions, usually
tri-octyl phosphine oxide (TOPO) and tri-octyl phosphine
were used to cap CdTe and as a solvent for the synthesis.
Since this TOPO is a strong barrier for the charge conduc-
tion, it has to be removed using pyridine treatment to make
the charge transport more efficient before blending CdTe
with the conducting polymers (Wang et al., 2007; Lokteva
et al., 2010; Celik et al., 2012; Moule et al., 2012). The arri-
val of aqueous based synthetic procedures has eliminated
these problems with simple precursors. The aqueous based
synthesis of CdTe nanoparticles was normally carried out
using simple precursors like CdCl,, Cd(CH3COO),, NaH-
Te and K,TeO; (Green et al., 2007; Gao et al., 1998; Jiang
and Jia, 2007; Abd El-Sadek and Babu, 2010). But, in the
application point of view, the utility of these semiconduc-
tor nanoparticles are limited when they are synthesized
through aqueous medium particularly for photovoltaics.
To avoid this, phase transfer chemistry is applied to trans-
fer the nanoparticles from aqueous to organic phase which
allows utilisation of these particles for further applications.
The phase transfer of CdTe nanoparticles were carried out
with various types of ligands including amines, alkanethiol
etc. (Qin et al., 2008; Wuister et al., 2003). Gaponik et al.
proposed a suitable method using a long chain thiol, 1-
dodecanethiol to transfer the CdTe nanoparticles into
organic phase and the possibility of applying these particles
for the solar cell (Gaponik et al., 2002). Gaponik’s method
of ligand exchange process using 1-dodecanethiol has suc-
cessfully been applied for the HgTe and Mn doped ZnS
nanoparticles to transfer them from aqueous to organic
phase (Kovalenko et al., 2006; Gunes et al., 2006; Zhao
et al., 2007). There are no elaborate reports, available for
the phase transfer of TGA capped CdTe nanoparticles
using this method and then preparation of CdTe-P3HT
blends for application in hybrid solar cells. Recently, the
high power conversion efficiency of CdSe-P3HT blends
was achieved using n-butanethiol (n-BT) ligand using the
post treatment of the nanoparticles (Fu et al., 2012).
Hence, thiols have emerged as the suitable ligands for the
potential applications in hybrid solar cells. In case of the
quantum dot sensitized solar cells, thiol group ligands play
an important role in charge transport properties (Guijarro
et al., 2009; Chen et al., 2009). Moreover, the pyridine
treatment can be avoided to remove the ligand from the
surface when the nanoparticles are capped by thiol unlike
TOPO. In the present work, colloidal synthesis of thiogly-
colic acid (TGA) capped CdTe nanoparticles were reported
in aqueous medium and the prepared particles were trans-
ferred to organic medium through efficient phase transfer
method using 1-dodecanethiol as partial surface exchange
ligand in the presence of acetone. The phase transferred
CdTe nanoparticles were blended homogeneously with
P3HT in chloroform. The synthesized CdTe nanoparticles
and CdTe nanoparticles/P3HT blend were characterised
using UV-Vis, Photoluminescence, TEM, XRD, and
AFM analysis.

2. Experiment

Precursors in the form of cadmium chloride (CdCl,),
potassium  tellurite  (K,TeO;), thioglycolic  acid
(C,H40,S), sodium  borohydride (NaBHy), sodium
hydroxide (NaOH), trisodium citrate dihydrate (Nas;CgHs.
05), and 1-dodecaenthiol (C;,H»¢S) were used.

2.1. Synthesis of CdTe nanoparticles

CdTe nanoparticles were synthesized with the following
procedure. Cadmium chloride (CdCl,) was dissolved in
water and with this thioglycolic acid was added to it with
constant stirring. The resultant turbidity of the solution
indicates the formation of cadmium-thiolate (Cd-TGA)
complex. Trisodium citrate dihydrate was added with this
complex and stirred well and then the solution was
adjusted to pH 10.5 and allowed constant stirring under
N, flow in the three necked flask. About 0.5 mM of potas-
sium tellurite was taken in another three necked flask in
50 ml water and with it excessive sodium borohydride
was added. This mixture was allowed to heating to about
50 °C for half an hour. The solution was changed from
pink colour to colourless. The resultant colourless solution
was injected into the Cd-TGA flask. The entire mixture
was subjected to heating. The appearance of the yellow in
colour indicates the formation of the CdTe nanoparticles
in the solution. The solution was further refluxed into an
hour and kept to normal atmosphere. The overall reaction
can be expressed as,

4CdCl, + 4TGA——4Cd — TGA + 8CI~ (1)
4TeO3” + 3BH, ——4Te*™ + 3BO, + 6H,0 (2)
4Cd — TGA + 4Te* ——4CdTe — TGA (3)

2.2. Phase transfer of the CdTe nanoparticles

The synthesized nanoparticles in aqueous medium were
successfully transferred into organic medium by the
method proposed by Gaponik et al. (2002). In briefly, the
above synthesized CdTe nanoparticles were added into
the equal amount of 1-dodecanethiol (1-DDT). With this,
a measured amount of acetone was added and allowed to
mild heating with constant stirring. After sometime, the
CdTe nanoparticles present in the aqueous medium were
completely transferred into the 1-DDT phase. This organ-
ically soluble CdTe nanoparticles (hereafter, OS-CdTe)
were precipitated by the addition of methanol. The resul-
tant powdered nanoparticles were dried in vacuum and
redispersed in chloroform. The entire partial ligand
exchange process was depicted as shown in Fig 1. The dis-
persed nanoparticles were found stable in organic phase.
The prepared OS-CdTe nanoparticles were mixed with
chloroform and P3HT polymer in 50:50 volume ratio and
the entire solution was allowed stirring for overnight.
Then, ITO coated glass substrate was pre-treated with
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Fig. 1. Schematic diagram of the phase transfer process of CdTe nanoparticles.

various solvents including acetone, iso-propanol, methanol
and dried in vacuum. The prepared OS-CdTe/P3HT blend
was then coated on the substrate at 1500 rpm. The sub-
strate was annealed at 100 °C for 10 min to eliminate the
solvent from the substrate. The finally obtained layer was
used for further characterisation.

3. Results and discussion

Absorption spectra of the particles were analysed
through the ELICO SL-159 UV-Visible conventional spec-
trophotometer in the range of 200-800 nm. Photolumines-
cence spectrum was recorded using JASCO FP-6300
spectrofluorometer at the excitation wavelength of
400 nm. HRTEM images were obtained using the electron
microscope (Tecnai G2 model T-30 s-twin) with an acceler-
ating voltage of 300 kV. SEM images were analysed using
the Carl Zeiss MA15/EVO 18 Scanning Electron Micro-
scope. AFM analysis of the samples was done using Park
XE-100 Atomic Force Microscope through non-contact
mode. For SEM analysis, the blend was prepared using
chloroform solvent and coated on the ITO/PEDOT:PSS
layer using spin coating method (2000 rpm). For UV—Vis-
ible and Photoluminescence analysis, the samples were
taken in liquid form. For XRD analysis the powder sam-
ples were prepared after the addition of iso-propanol with
the as synthesized an phase transferred nanoparticles. For
TEM analysis the particles were dispersed in acetonitrile
and allowed to ultrasonification. Finally it was dispersed
on a carbon grid.

The powder XRD patterns of as synthesized TGA capped
CdTe nanoparticles and phase transferred CdTe nanoparti-
cles are as shown in Fig 2. In both the cases, the particles pos-
sess the same characteristic peaks. The broad XRD patterns
reveal the nanodimension of the particles in both the cases.
There was no difference in the diffraction pattern of the par-
ticles in aqueous or organic medium. The diffraction peaks
corresponding to different planes confirm the formation of
zinc blende structure of the particles (JCPDS No: 65-
8367). The TEM image of the synthesized nanoparticles is
shown in Fig 3. The particles possess very good monodis-
persability of size distribution. The size histogram of the

- JCPDS NO:65-8367 Al
2 5
=
s
2
2 B
8
= r -
g ©
—r
20 30 40 50 60 70
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Fig. 2. XRD pattern of (a) TGA capped CdTe and (b) OS-CdTe
nanoparticles.

prepared CdTe nanoparticles is given in Fig 3(b). The
average size of the particles in the solution was found to be
5.8 nm. The Energy dispersion Analysis (EDX) of the
prepared particles clearly indicates the existence of Cd, Te,
and S. The presence of sulphur in the spectra may be due
to the attachment of the ligand on the surface of the nano-
particles. Thioglycolic acid, an organic thiol ligand, is an
effective capping ligand for metal nanoparticles due to its
short chain and hence it was more preferred than TOPO (a
bulky group ligand) in the present work. Moreover, the com-
plexity associated with the later can be avoided when we go
through thiol ligand. The phase transfer process lead to
quenching in absorption and photoluminescence of the par-
ticles compared with parent medium. The morphology of the
CdTe nanoparticles was modified with phase transfer pro-
cess using 1-DDT. The comparative absorption spectra of
the cadmium telluride nanoparticles synthesized in water
and the transferred into chloroform is as shown in Fig 4.
The absorption edge was observed at 450 nm of the particles
in both the mediums. The slight difference in the absorption
spectra may be due to the change of medium from water to
chloroform. During the phase transformation process, it
was observed that the addition of acetone plays an impor-
tant role, which makes the particles diffuse from the aqueous
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Fig. 3. (a) TEM image of the synthesized CdTe nanoparticles (b) histogram of particle size distribution of the CdTe nanoparticles (c) EDX spectrum of

the CdTe nanoparticles.
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Fig. 4. Absorption spectra of CdTe nanoparticles in water and in
chloroform.

medium into the organic phase. Excess amount of acetone
lead to aggregation/precipitation of the particles and com-
pletely deteriorate the phase transfer process. There was a
dimensional change of the particles when the particles were
surface modified with 1-DDT (Dinget al., 2009). In the pres-
ent case, no such changes were observed. Acetone acts as the

interfacial agent in this process and facilitates the efficient
transfer, which depends on the volume level of the acetone.
When excess of acetone was used, the flocculation of the par-
ticles was observed which resulted into precipitation. The
partial ligand exchange of nanoparticles was also motivated
by the temperature. In the present case the temperature of
around 50-60 °C was used (i.e.) closer to the boiling point
range of acetone. The presence of CdTe nanoparticles before
and after the phase transfer in aqueous and organic medium
is given in Fig 5. The blended OS-CdTe-P3HT nanocom-
posites were analysed through absorption and fluorescence
emission spectroscopy. Fig. 6 represents the combined
absorption spectra of the OS-CdTe nanoparticles, P3HT
and OS-CdTe/P3HT blends. It was observed from the OS-
CdTe/P3HT nanocomposites that the absorption spectra
of nanocomposites lies in between the absorption spectrum
of the OS-CdTe nanoparticles and P3HT polymer which
confirms that the nanocomposites were blended together.
The addition of CdTe nanoparticles with the polymer makes
the increase of the absorption in the spectrum relative to the
individual P3HT polymer signal (Zy.x = 450 nm). Photolu-
minescence spectroscopy studies could be the best tool to
confirm the efficient charge transfer process which takes
place in the polymer nanoparticles hybrid blends. The
quenching can also be pointed out as the indirect measure-
ment of the effectiveness of the ligand exchange. When there
is a decreasing intensity of the PL emission of the polymer
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Fig. 5. Presence of CdTe nanoparticles in water (a) and in 1-dodecanethiol (b) inset shows the fluorescence images of the particles under UV light

(365 nm).
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Fig. 6. UV-Visible spectra of pure P3HT, OS-CdTeNP and OS-CdTeNp/
P3HT blend in CHCl;.

with respect to nanoparticles, it clearly reveals that there is
an efficient charge separation at the interface of the blend.
In the present case, there is a formation of hole in the poly-
mer and the arrival of electron in the CdTe nanoparticles.
This characteristic excitonic separation of the blends can
be addressed through PL quenching. Fig 7 represents the
emission spectra of the P3HT and CdTe nanoparticles
blended P3HT composites. The spectra clearly reveal that
the PL quenching of the P3HT is observed on the different
volume addition of the CdTe nanoparticles. The decrease
in emission intensity of the nanoparticles blended with poly-
mer which clearly indicates that the efficient charge transfer
process exhibits between the nanoparticles and polymer at
the interface. The decreasing of the intensity also indicates
that the nanoparticles are effectively binded with the P3HT
polymer and acts as very good electron acceptors. The
50% volume addition of the CdTe nanoparticles with poly-
mer has the least level of quenching compared with 25% vol-
ume addition of nanoparticles. The optimum level of
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Fig. 7. Photoluminescence spectra of OS-CdTe/P3HT blends under
various volume ratios in CHCI; (excitation wavelength 400 nm).

nanoparticles content in the blend is the essential one for
the efficient solar cell performance. The SEM image of the
blended films of the OS-CdTe nanoparticle and P3HT poly-
mer in the volume level of the 50:50 ratio is shown in Fig 8. It
clearly indicates that the particles are well distributed in the
polymer matrix. And, the particles get agglomerated in some
places and appeared as large size. The formation of the
macro size phase separation is the major problem in the
blend based hybrid and organic solar cell devices. In the
present case, since, chloroform was used as the solvent to
blend the polymer and nanoparticles, choosing the aromatic
solvent system make the blend to reduce the surface rough-
ness of the film. The increasing level of the nanoparticles in
the polymer may render the efficient charge collection due
to the decrease of the percentage of the polymer content in
the blend, hence the appropriate percentage level of the
nanoparticles are required to blend with the polymer to
improve the performance of the solar cell in the hybrid based
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Fig. 9. Schematic diagram of interpenetrating network formation of CdTe
nanoparticles/P3HT blend.

devices. Further studies may explore the optimum level of
the nanoparticles which is required for the high efficiency
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performance. The interpenetrating network formation of
polymer and nanoparticles in Fig. 9 predicts the ideal forma-
tion of the blend. The RMS value which is obtained from
AFM analysis of the nanoparticle-polymer blend film
provides the information about the roughness. The tapping
mode AFM image of the CdTe-P3HT blends for the 50:50
volume ratiois given in Fig 10. The picture clearly shows that
the particles are well distributed in the polymer. The rough-
ness of the formed film indicates that the formation of nano
level phase separation which is the essential one for the
enhancement of the interfacial area for efficient exciton dis-
sociation. The agglomeration of the particles on the surface
was also observed in some places which may be due to the
annealing process which was done after coating the active
layer. The RMS value of the resultant hybrid film was found
to be 9 nm which clearly shows that the surface smoothness
has to be improved further. This could be achieved through
the organic solvents based approach

Fig. 10. AFM images of the OS-CdTe/P3HT blends in CHCl;, volume ratio 50:50 RMS = 9 nm.
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4. Conclusion

The CdTe nanoparticles were prepared through aqueous
medium via thioglycolic acid as the capping ligand and the
synthesized nanoparticles were transformed into organic
phase through partial ligand exchange process using
1-dodecanethiol. Structural studies confirm the cubic nat-
ure of the particles. The synthesized particles were success-
fully blended with P3HT polymer in chloroform. The
blends were characterised and the electronic interaction
was confirmed through photoluminescence quenching.
The blended particles were spin coated on hole transport-
ing layer which was coated on the ITO coated glass sub-
strate and the uniformity of the dispersion of the
particles in the polymer matrix was studied through its
morphological analysis. This method would definitely
provide a new pathway to utilize the aqueous medium
synthesized semiconducting nanoparticles for photovoltaic
applications.
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Abstract

Ethylenediamine capped CulnSe, nanoparticles were synthesized by wet chemical method at room temperature and hydrothermal
method at 150 °C for 2 h at two different mole ratio of the capping agent. The effect of the synthesis method and ratio of the capping
agent on the optical, structural, and morphology of the synthesized nanoparticles were analyzed. The optical property of the synthesized
nanoparticles was estimated from the UV-Vis spectra and also from the emission spectra. The surface capping was confirmed through
the FT-IR. Powder XRD analysis reveals that the nanoparticles exhibit wurtzite phase and the crystallinity increases while increasing the
capping ratio and hydrothermally synthesized nanoparticles show higher crystallinity. Raman analysis shows that the hydrothermally
synthesized samples exhibit B, (LO) mode. The surface morphology was modified depending on the synthesis method and capping agent
ratio (i.e.) rod like and cube like morphology were obtained for the hydrothermally synthesized nanoparticles with 5 and 10 mol ratio of

the capping agents respectively.
© 2014 Elsevier Ltd. All rights reserved.

Keywords: Hydrothermal;, Band gap; Wurtzite; Morphology

1. Introduction

Third generation photovoltaics aspire to unite high effi-
ciency with low cost. Solution-processed colloidal nano-
crystals in solar cells offer considerable promise as a
third-generation photovoltaic candidates (Debnath et al.,
2011). Significant advancement in the last two decades
has led to exponential growth in the synthesis and assembly
of semiconductor nanocrystals (NCs). These NCs provide
unique opportunities for the development of next genera-
tion organic/inorganic hybrid solar cells as one of the most
promising alternatives to Si solar cells to deliver efficient

* Corresponding author. Tel.: +91 44 22358333.
E-mail addresses: smoorthybabu@gmail.com, babu@annauniv.edu
(S. Moorthy Babu).

http://dx.doi.org/10.1016/j.solener.2014.04.010
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energy conversion with inexpensive fabrication (Zhao
et al., 2011). Semiconductor NCs can be well dispersed in
many solvent and deposited as films via low cost process
such as spin-casting, dip-coating and printing, and easily
mixed with polymers to form hybrid light-absorbing layers
with enhanced performance. An important parameter in
their use is the band gap energy of NCs, which can be
tuned by their size, shape and composition. The electronic
properties of the semiconductor nanoparticles were influ-
enced by their stoichiometric composition, morphology,
and impurities, which are dependent on the method and
conditions of preparation (Grisaru et al., 2003). Nanopar-
ticle based coating techniques are inexpensive since they do
not require high temperature and high vacuum processing
(Juhaiman et al., 2010). The exploration of NC applica-
tions has mainly focused on cadmium- and lead-based
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NCs, which have a doubtful future because of their high
toxicity. A current challenge is to move away from these
toxic materials and turn to more environmental friendly
semiconductor NCs. In this direction, I-I11I-VI, semicon-
ductors, such as CulnS,, CulnSe,, and AgInS,, have been
identified as candidates for low toxicity light-emitters and
solar-harvesters. CulnSe, has the lowest direct band gap
of ~1.04 eV and large calculated exciton Bohr radius of
~10.6 nm, and the bulk material has excellent photovoltaic
performance (Zhong et al., 2011). CulnSe, has received
considerable interest as an important photovoltaic material
due to its very high optical absorption coefficient. The band
gap of CulnSe, could be varied from 1.04 to 1.68 eV via
adding gallium ions, can be obtained with both p/n- type
conductivity depending upon the preparation conditions.
This permits the formation of homo and hetero junctions
from CulnSe, with selective dopants. Also, these junctions
have electrical properties that are compatible for photovol-
taic device fabrication. There are many non-vacuum solu-
tion based techniques available to prepare CulnSe,
nanoparticles such as colloidal, hydrothermal, sonochemi-
cal, microwave assisted wet chemical, and sol-gel synthesis.
These preparation processes for CIS nanoparticles are
comparatively simple and inexpensive. Among the various
non-vacuum processes wet chemical and hydrothermal
synthesis have become very attractive nowadays (Lin and
Yaw-Shyan 2012., and Chung-Hsien et al., 2011).

Li et al. (1999) has synthesized nanowhiskers and nano-
particles of CulnSe, using ethylenediamine as solvent using
solvothermal method at a temperature of 180 °C for 15 h.
CulnSe, and CulnGaSe, nanoparticles were synthesized
by solvothermal method in an autoclave with alkylamine
as a solvent at 180-250 °C for 36 h resulting in nanoparti-
cles and nanorods (Kim et al., 2004). Similarly, single-
crystalline CulnSe, nanorods have been successfully
synthesized in a soft solvothermal reaction with ethylenedi-
amine as the reaction solvent (Yang and Chen, 2006).
CulnSe, microspheres were synthesized by a solvothermal
method with a mixed solvent of ethylenediamine and etha-
nol (1:1, v/v). Different morphologies of CulnSe, such as
platelets and rods were obtained by selecting different
solvothermal conditions (Zhang et al., 2007). Chen et al.
(2010) have concluded that high pure CulnSe, nanoparti-
cles can be obtained using ethylenediamine as solvent in
the temperature range of 180-220 °C. The micro emul-
sion-derived CulnSe, powders exhibited spherical shape
and were much smaller than the powders prepared via
the conventional solvothermal process (Lu et al., 2010).
Well-controlled wurtzite CulnS, hexagonal plates were
obtained when triethanolamine is added as an agent while
ethylene glycol as solvent (Sheng et al., 2011). In general,
the magnitude of nanoparticles prepared via solution
method can be controlled by the parameters such as reac-
tion time, temperature, pH value, concentrations of precur-
sors, solvent, and so on.

In the present work, efforts were made to synthesize
CulnSe, nanocrystals by simple in-expensive wet chemical

and hydrothermal process using ethylenediamine as cap-
ping agent. Synthesis was carried out at relatively low tem-
perature in two different mole ratio’s of ethylenediamine.
Ethylenediamine was used as solvent so for, rather than a
surfactant or as a capping agent. The nitrogen atom pres-
ent in the amine group acts as a chelating agent and pro-
vides the one dimensional growth while it is used as
capping agent. Hence, attempts were made to synthesis
CulnSe, nanoparticles using water as solvent by wet chem-
ical method at room temperature. Hydrothermal method
was used with ethylenediamine as capping agent at rela-
tively lower temperature of 150 °C and a short duration
time of 2 h. Previous reports on hydrothermal indicate syn-
thesis at the temperature range of 180-220 °C and time
duration of more than 15 h. CulnSe, nanoparticles were
synthesized by two different mole ratio of capping agent.
The effect of the synthesis method and ratio of the capping
agent with the precursors on the structural and morphol-
ogy of the synthesized nanoparticles were analyzed through
X-ray Diffraction, Raman analysis, Scanning Electron
Microscope and Transmission Electron Microscope.

2. Experimental details

All the chemicals used were of analytical grade and used
without further purification (i.e.) cupric chloride (Alfa
Aesar), indium chloride (Alfa Aesar), sodium selenite
(SRL) and ethylenediamine (CDH). Deionised water was
used as solvent. For the synthesis, separate stock solutions
(A, B, C) were prepared. For the wet chemical synthesis,
solution A contains 1 mM of cupric chloride dissolved in
50 ml of Millipore water in the presence of 5 mM of ethy-
lenediamine. Solution B contains 1 mM of indium chloride
dissolved in 50 ml of Millipore water in the presence of
5mM of ethylenediamine. Solution C contains 2 mM of
sodium selenite dissolved in 50 ml Millipore water in the
presence of 10 mM of ethylenediamine. An equal volume
of these solutions A, B and C were mixed together and stir-
red continuously for 2 h at room temperature. Similarly for
the hydrothermal method the reaction mixer was taken in a
Teflon lined autoclave of 200 ml capacity. The autoclave
was sealed and maintained at 150 °C for 2 h in a resistive
heating box furnace and then allowed to cool to room tem-
perature. The formation of black color precipitate confirms
the formation of the material and fine powders of ethylene-
diamine stabilized CulnSe, nanoparticles were filtered off.
The powders were washed with distilled water and ethanol
for about three to four times in order to remove the resid-
ual impurities. Then it was dried at 45 °C for 1 h. The mole
ratio of Cu, In, Se and ethylenediamine in the reaction was
1:1:2:5 (5 EW) for the wet chemically synthesized sample
and 5EA for the hydrothermally synthesized sample
respectively. Similarly another reaction was carried out
with 10 mol ratio of the capping agent i.e. the mole ratio
of Cu, In, Se and ethylenediamine was kept as 1:1:2:10
(10 EW) for the wet chemically synthesized and 10 EA
for the hydrothermally synthesized samples.
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The optical properties were analyzed through the UV-
Vis absorption spectra recorded on a double beam ultravi-
olet—visible spectrophotometer with a photomultiplier tube
(PMT) detector. (V650, Jasco Analytical Instruments,
Japan). The emission spectra were recorded using Jobin
Yvon FLUOROLOG - FL3-11 Fluorescence Spectrome-
ter. The phase and the crystallographic structure of the
products were identified by X-ray diffraction (XRD;
Rigaku Ultima III Japan, Cu Ka: 1.541). Raman analysis
was carried out using Renishaw inVia Raman microscope
operating with 785 nm laser with spatial resolution of one
micrometer. The morphology and particle size of the
products were investigated by the field emission scanning
electron microscopy (FESEM: SU6600-Hitachi Japan at
15kV) and high resolution transmission electron micros-
copy (HRTEM; TECNAI G*-FEI company at 300 kV).

3. Results and discussion

The optical absorption of the synthesized samples is
shown in Fig. 1. In the optical absorption spectra, a broad
absorption onset and shoulder were observed; the shoulder
was attributed to the optical band gap. The spectra indicate
that maximum absorption was observed for the samples
synthesized by hydrothermal method with high mole ratio
of capping agent i.e. 10 EA. The absorption decreases in
the order for 10 EW, 5 EA and 5 EW. The sample 5 EW
has minimum absorption among the four samples. The
existence of a band tail was confirmed from the absorption
measurements which clearly show the strong band tail
absorption below the energy gap.

Fig. 2 shows the emission spectra of the CulnSe, nano-
particles. Emission spectra were recorded at room temper-
ature with an excitation wavelength of 460 nm for all the
samples. A sharp emission was observed at 630 nm which
corresponds to the band edge emission for the samples.
This peak is stable and does not shift with variation in
intensity of power as well as small variation in wavelength.
There is another defective emission at about 758 nm. This
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Fig. 1. UV-Vis spectra of CulnSe, nanoparticles.
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Fig. 2. Emission spectra of CulnSe, nanoparticles.

emission peak is blue shifted from the optical absorption
peak. This emission is related to the intermediate optical
band gap states that appear in defective CulnSe, and,
therefore, emissions related with these excitons have wave-
lengths smaller than the optical band gap of CulnSe,
(Liborio et al., 2011). This defect emission at 758 nm is
sharp and does not shift with variation of intensity of
power of the excitation wavelength. The possible origins
of defect levels in CulnSe, are due to the atomic vacancies,
atoms on wrong lattice site (antisite) and interstitial atoms
(Sites and Hollingsworth, 1987). While considering the for-
mation energy of defects and the composition of CulnSe,,
the defect peaks has been attributed to transitions from the
conduction band to various acceptor levels in the material
(Wasim, 1986). The narrow emission peak at 758 nm
clearly indicates the level of high density trap states associ-
ated with the synthesized nanoparticles. The defect states
may be due to Cu on an In site (acceptor site) (Lange
et al., 1985; Schon et al., 1997). The transition from the
conduction band to the Cuy, antisites (acceptor sites) might
have led to the strong emission at 758 nm. Usually, the
broad luminescence results in chalcopyrite system due to
the donor—acceptor pair mechanism (Shen et al., 1996).
But in the present case, the obtained narrow emission peak
can be correlated with the stoichiometric ratio of Cu/In in
the system. It has been observed that the narrow emission
is a common one for the nearly stoichiometric CulnSe,
(Siebentritt et al., 2004). Besides, this observation can also
be related with the absence of potential fluctuations in the
CulnSe, nanocrystals which results this narrow emission
(Krustok et al., 20006).

The FT-IR spectra of ethylenediamine capped CulnSe,
synthesized by wet chemical as well as hydrothermal
method is shown in Fig. 3. The intense broad band between
2500 cm™! and 3750 cm™' was due to —OH stretching
vibration of water molecule. The bending vibration of
water yielded a peak at 1635 cm™' for both the samples.
As the —~OH stretching vibration of water was very much
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Fig. 3. FT-IR spectra of ethylenediamine capped CulnSe, nanoparticles.

broad, the N-H stretching vibration were not clearly
resolved. Eventhough, the peaks due to the -NH, asym-
metric and symmetric vibration of -NH, group showed
maxima at about 3400 and 3250 cm~'. The —-CH, bending
vibration of EDA were clearly seen just below 1500 cm ™.
More importantly the C-N stretching vibration that
occurred at 1157 cm ™" appeared broad covering the region
1100-1200 cm ™. It establishes that the nanoparticles were
capped with EDA. The peak at 772 and 499 cm ™' in the
spectra were tentatively assigned to metal-selenide
vibrations.

XRD pattern of the synthesized nanoparticles is shown
in Fig. 4. The major peaks which are common to both
sphalerite and chalcopyrite structure are at 26.65°, 44.22°,
52.39°, 64.36° and 70.90°. Similarly, the minor peaks for
the chalcopyrite structure are at 17.14°, 27.74° and 35.55°
(Guo et al., 2008). The binary phase Cu,_, Se has its
own characteristic peaks at 26.90°, 44.78° and 53.02°
(Choi et al., 2010). The absence of peaks in these region
shows that the synthesized nanoparticles does not belong
to either sphalerite or chalcopyrite and moreover it does
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Fig. 4. XRD patterns of CulnSe,.

not have any secondary binary phases also. The determined
diffraction peaks match well with the JCPDS No. 38-0956.
The peaks were assigned at 22.32°, 31.82°, 39.2°, 45.56°,
51.28°, 56.58° corresponding to (210), (316), (4010),
(330), (3312), (2126) planes. The diffraction peaks of sam-
ple 5 EA are very much broadened as compared to those of
sample 10 EW, indicating the poor crystallinity of CulnSe,
with low molar ratio of the capping agent. At the same
time the hydrothermally synthesized sample 10 EA has bet-
ter crystallinity among all the samples. The XRD patterns
confirm the wurtzite phase of CulnSe,.

Raman spectra of CulnSe, nanoparticles prepared at
various mole ratio of ethylenediamine is presented in
Fig. 5. Raman spectra contain valuable information con-
cerning secondary phases, lattice strains and chemical com-
position. The Raman spectra of CulnSe, show A; mode at
approximately 175 cm™!, generally observed in the I-III-
VI, chalcopyrite compounds. The intensity of Raman
peaks strongly depends on the surface morphology and
the phase composition in CulnSe,. A; band is the most
intense band in the spectra of chalcopyrite type com-
pounds. The absence of peak at 258 cm™' indicates the
absence of Cu,Se secondary phase, with symmetry of lat-
tice vibrations different from chalcopyrite (Zaretskaya
et al., 2003). The spectral position of Cu-Au (CA) related
bands lays at higher frequencies than the totally symmetric
band of the respective chalcopyrite structure. The CA
ordered phase exhibits three distinct fundamental lattice
modes at 175, 185 and 232cm™! (Park et al., 1994). In
the present case the peaks observed at 236 cm ™! was attrib-
uted to highest B, LO mode. The intensity of B, mode
increases with increasing ratio of the capping agent.
Raman analysis reveals that the B, (LO) mode has higher
intensity in the hydrothermally synthesized samples while
compared to the wet chemically synthesized samples.
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Fig. 5. Raman spectra of CulnSe, nanoparticles.
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Fig. 7. TEM images 5 EW (a and b), 5 EA (c and d), 10 EW (e and f) and 10 EA (g and h).

Figs. 6(a—d) and 7(a—d) shows the SEM & TEM images
of CulnSe, nanoparticles obtained for 5 mol ratio of the
capping agent by wet chemical and hydrothermal method
respectively. Figs. 6(a) and 7(a) illustrate that the

morphology of the nanoparticles are sponge one.
Figs. 6(c) and 7(c) indicates that the synthesized product
is mainly composed of nanorods with diameters of about
6-10nm. As seen in Figs. 6(c) and 7(d), at higher
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magnification the data reveals that the nanorods are ran-
domly oriented. Figs. 6(e-h) and 7(e-h) illustrate the
SEM & TEM images of CulnSe, obtained by wet chemical
and hydrothermal method for 10 mol ratio of the ethylene-
diamine. Figs. 6(e) and 7(e) clearly indicates that the syn-
thesized product has spherical morphology for the wet
chemical synthesis. Hydrothermally synthesized samples
have nanocubes like morphology revealed from Figs. 6(g)
and 7(g). At higher magnification, Figs. 6(h) and 7(h) it
reveals that the nanospheres and nanocubes are monodi-
spersed uniformly. The influence of the capping agent on
the morphology of the CulnSe, was clearly observed from
the SEM and TEM analysis. Moreover, Arici et al. (2004)
has reported that this morphology of the CulnSe, nanopar-
ticles plays an important role in the hybrid solar cell
systems.

4. Conclusion

A convenient simple wet chemical and hydrothermal
synthesis method was used for the synthesis of CulnSe,
nanoparticles using ethylenediamine as capping agent.
The synthesis method and ratio of capping agent influ-
ences the structural, optical and morphological properties
of the synthesized CulnSe, nanoparticles. The evolution
of crystalline phase and morphology of the products were
tuned by varying the synthesis method and capping agent
ratio. Wurtzite phase CulnSe, nanoparticles were synthe-
sized by wet chemical synthesis at room temperature and
also by hydrothermal method at 150 °C for 2 h. The crys-
tallinity was found to be higher for the hydrothermally
synthesized samples with 10 mol ratio of the capping
agent. While the optical absorption and emission is con-
cerned the 10 EA has higher absorption and emission
intensity followed by the 10 EW. In the wet chemical syn-
thesis the morphology was tuned from sponge to sphere
when we increase the mole ratio of the capping agent.
The 10 mol ratio of the capping agent leads to cube like
morphology while 5 mol ratio leads to the formation of
rod like morphology in the hydrothermal synthesis. The
optical, structural and morphology of the CulnSe, was
varied by changing the synthesis method as well as cap-
ping agent ratio and the synthesized nanoparticles can
be used for further application as absorber materials for
photovoltaic devices.
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Colloidal cadmium selenide (CdSe) nanoparticles capped by a short chain thiol ligand thioglycolic acid (TGA) were prepared in
aqueous medium at 100°C using sodium selenite as the selenium source. The prepared particles were efficiently transferred into
organic phases through the partial ligand exchange process using 1-dodecanethiol (1-DDT). The FT-IR spectrum analysis shows
the existence of the ligands on the surface of the nanoparticles in aqueous and organic phase through their characteristic modes.
TEM analysis of the prepared samples reveals the size and crystalline nature of the particles. EDX analysis indicates the presence
of respective elements in the resultant powdered sample. The possible mechanism of the phase transfer process was analysed. The
resultant phase-transferred particles can efficiently be blended with a low band gap semiconducting polymer in a common solvent

for active layer in hybrid solar cell fabrication. The results are discussed in detail.

1. Introduction

II-VI group semiconductor nanoparticles have attracted
much attention in recent years for solar cells due to their size
tunable optical properties, absorption of light in the visible
region, and so forth [1]. Among them, CdSe nanoparticles
have shown potential applications due to their high quantum
yield, the tunable emission spectrum wavelength, and so
forth. So far, organometallic precursors-based syntheses are
widely reported which need high temperature, pyrophoric
nature and extremely toxic one [2]. The aqueous-based
synthesis of CdSe nanoparticles is, hence, much attracted.
But in application purpose, the major hindrance of aqueous
synthesized particles is the setback interms of solubility
in organic solvents. This makes them keeping away from
their usage in solar cells. But, by applying phase transfer
chemistry, it is possible to replace the ligands on the surface
of the nanoparticles thereby making them into photovoltaics
and other applications. Phase transfer of semiconductor
nanoparticles was reported using various types of ligands
[3]. Here, in the present work, aqueous synthesis of CdSe

nanoparticles is reported using air stable selenium source,
sodium selenite. The synthesized particles were transferred
into organic phase using 1-dodecanethiol through partial lig-
and exchange strategy. The synthesized and phase-transferred
nanoparticles were studied using various characterization
techniques.

2. Experiment

2.1. Chemicals. Cadmium chloride (CdCl,), sodium selen-
ite (Na,SeO;), trisodium citrate dihydrate (Na;CysH;0;),
sodium borohydride (NaBH,), sodium hydroxide (NaOH),
thioglycolic acid (TGA), 1-dodecanethiol (1-DDT), and ace-
tone (C,H4O) are used.

2.2. Synthesis of CdSe Nanoparticles. Cadmium chloride was
dissolved in water and with this thioglycolic acid (TGA)
added in dropwise under vigorous stirring. Trisodium citrate
dihydrate, sodium selenite, and sodium borohydride were
added with this mixture successively. The entire mixture was
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FIGURE 1: Absorption spectra of the CdSe nanoparticles in water and
in chloroform with I-DDT.

taken in the three-necked flask and allowed into heat under
the nitrogen atmosphere. The temperature was followed
as 100°C. The appearance of yellow color of the solution
represents the formation of the CdSe nanoparticles in the
solution. The solution was strongly refluxed to get different
sizes at different time intervals. The overall reaction of the
formation of CdSe nanoparticles can be summarized as

CdCl, + TGA < Cd-TGA 1)
SeO32_ +BH,” & Se*” (2)
Cd-TGA + Se* ~ & CdSe-TGA. 3)

The synthesized particles were precipitated by adding iso-
propanol by strong stirring. The particles were separated
through centrifugation and dried in vacuum.

2.3. Phase Transfer of CdSe Nanoparticles. Aqueous syn-
thesized cadmium selenide nanoparticles were transferred
into organic medium through the method proposed by
Gaponik et al. [4]. In brief, about 50 ml of the synthesized
particles were taken in the beaker and equal volume of the 1-
dodecanethiol was added and with this about 70 ml of acetone
was added. This mixture was allowed into mild heating with
constant stirring. After about 10 minutes, the transfer of
CdSe nanoparticles from aqueous to -DDT medium was
achieved. This organic phase was carefully separated out and
mixed with chloroform. Then methanol was added dropwise
under stirring which made the particles as powder form
settled under bottom of the vessel. The particles were finally
separated out and redispersed in chloroform. These particles
are described as organically soluble CdSe nanoparticles (OS-
CdSe).
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F1GURE 2: Existence of CdSe nanoparticles in water (a) and in 1-
dodecanethiol (b).

3. Results and Discussion

UV-visible spectrum of the synthesized particles and phase-
transferred nanoparticles is given in Figure 1. The spectrum
clearly shows that the particles have the approximately
similar absorption edge in two phases. The slight variation
in their spectra may be due to their change of medium. The
photographical representation of the synthesized and phase-
transferred particles is shown in Figure 2.

It was observed that when 1-dodecanethiol was added into
the aqueous synthesized particles, a clear distinct boundary
between the two phases appeared due to the hydrophobic
nature of 1-DDT. The change of the particles from aqueous
to organic phase may be due to the bulky nature of I-DDT
which replaces the short chain thioglycolic acid on the surface
of the CdSe nanoparticles. Even though the replacement of
TGA was done effectively, it was observed that only partial
exchange of the ligand TGA was done by the long chain ligand
1-DDT [4].

The particles were more stable in 1-DDT phase as like
in aqueous phase. The transfer of the nanoparticles from
aqueous to organic phase depends upon volume of the 1-
DDT, amount of acetone, and the temperature used for the
transformation process. The HRTEM image of the phase
transferred particles has very good size distribution as shown
in Figure 3. The particles have the size around 5nm. Since
the particles were synthesized in aqueous medium, most of
the particles were found in agglomerated form. The EDX
analysis of the prepared phase-transferred powdered sample
was also given in Figure 3. It is shown clearly that the
particle contains their respective elements. The presence of
sulphur in the spectrum is attributed from the attachment
of the ligand thiol on the surface of the nanoparticles. The
FTIR spectrum of TGA-capped CdSe nanoparticles, OS-
CdSe, is shown in Figure 4. It is clear that the ligands are
attached with the particles on its surface. The variation of
the stretching frequencies in the phase-transferred CdSe
nanoparticles from TGA-capped nanoparticles shows that
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FIGURE 3: HRTEM image and EDX spectrum of CdSe nanoparticles.

TaBLE 1: IR frequencies of TGA-CdSe and OS-CdSe.

TGA-CdSe OS-CdSe
Wave number Type of Wave number Type of
(cm™) vibration (cm™) vibration
3426 (-OH) 2923 (v,.~CH,-)
1560 (»,,CO0-) 2854 (v,~CH,-)
1046 (»C-0) 1450 (8,.~CHj,)
683 (vC-S) 718 (vC-S)

the confirmation of the attachment of the 1-DDT ligand on
the surface [5, 6].

The various stretching frequencies associated with the
TGA-capped CdSe and OS-CdSe are given in Table 1.

4. Conclusion

Colloidal cadmium selenide (CdSe) nanoparticles were syn-
thesized in aqueous medium and transferred into organic
medium through efficient phase transfer process. The trans-
ferred particles can be used as the good electron acceptors in
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FIGURE 4: FT-IR spectrum of TGA@CdSe and OS-CdSe.

active layer with organic polymer in the presence of suitable
organic solvent to fabricate hybrid solar cell.
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