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Solar radiation has a spectral distribution ranging from short wavelengths (200—-800 nm, visible part) to long
wavelengths (800-3000 nm, heat part). Cadmium telluride and bismuth telluride are well known
photovoltaic (PV) and thermoelectric (TE) materials, respectively. CdTe converts light energy into
electricity and Bi,Tes converts heat into electricity. To effectively use the entire solar spectrum for
energy conversion, a new type of solar cell based on a Bi,Tes/CdTe composite in a core/shell structure
was designed and prepared using a wet chemical method. X-ray diffraction and high-resolution

transmission electron microscopy confirmed the formation of Bi,Tes/CdTe in a core/shell structure with
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Accepted 29th Decernber 2016 igh crystallinity. Bi,Tes nanoparticles function as built-in nanoscale electron generators to convert hea
into electricity and CdTe functions as a photovoltaic cell. The efficiency of the thin film solar cell device
DOI: 10.1039/c6ra26638j o ° : ;
was found to be 2.5% at room temperature and 4.8% when exposed to sunlight. The combined PV and

www.rsc.org/advances TE modules resulted in an overall power conversion efficiency of 4.8%.

1. Introduction

Solar energy is the cleanest and the most abundant renewable
energy source available. CdTe, Culn(Ga)Se,, and c-Si are
advanced materials that are used as absorber materials in solar
cells.* Although these materials have high efficiency, the lack of
abundance, high toxicity levels, and high production costs are
problems that have prompted researchers to search for new
materials and/or newer and easier synthesis routes. Therefore,
continuous efforts are being made to find new, cost-effective
photovoltaic materials with good conversion efficiency. Solar
radiation has a spectral distribution from the short wavelength
range, 200-800 nm (light part), to the long wavelength range,
800-3000 nm (heat part). Better control of light scattering and
electronic transport through a semiconductor is crucial for
improving the solar efficiency. Photovoltaic cells (PV), such as
CdTe, can only convert the short wavelengths of solar energy
into electricity and the remaining long wavelength solar radia-
tion is waste heat. Thermoelectric materials (TE), such as
Bi,Tes, convert the waste heat into electricity. Bi;Te; has a high
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Seebeck coefficient and can generate electricity, even at room
temperature.> Considerable efforts have been made to combine
both PV and TE technologies to maximally utilize the entire
solar spectrum. These hybrid technologies that combine the
modules of PV and TE cannot solve the problems of solar energy
synergy utilization at the material level because the functions of
PV and TE modules are independent of each other. On the other
hand, it will be beneficial if both the PV and TE functions can be
achieved in a single material. If this single material can be
prepared in a nanostructure, it will be more efficient. Nano-
particles of CdTe have good photoluminescence properties and
have been used in the production of solar cells. CdTe nano-
particles are prepared via aqueous and non-aqueous synthesis
routes. Compared to non-aqueous synthesis, aqueous synthesis
is more reproducible, cheaper, and less toxic. In addition, the
prepared samples are more water-soluble and bio-compatible.?
To prepare nanorods, a seed-mediated growth technique was
performed, in which the precursor was added dropwise and the
capping agent assisted in the growth of nanorods.** This study
reports the integration of photovoltaic CdTe and thermoelectric
Bi,Te; materials into a single photoelectrode in the form of
a core/shell nanostructure. Interestingly, this material showed
a conversion efficiency of 4.8% when exposed to sunlight.
Core/shell nanorods have been produced by a layer-by-layer
self-assembly method. This is an effective technique for the
construction of well-defined nanostructures. Hengguo Wang
et al. reported that the LBL technique is facile and relatively
controllable and they confirmed the incorporation of Fe;0, and
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quantum dots (QDs) into a single structure. The shell produced
by this method is meant to be a functional hybrid nanoshell.*
The alternating adsorption of oppositely charged materials
gives rise to a layer-by-layer (LBL) self-assembly deposition
method, through which hydrogen-bonding interactions and
electrostatic forces hold the nanostructures assembly
together.”* The aim of developing Bi,Te;/CdTe core shell
nanorods is to harvest electricity from both thermal energy and
light energy produced by the sun. Jie Yang et al. proposed that
self-assembled Bi,Te;/CdTe nanosheets showed an increase in
the thermoelectric performance of Bi,Te; due to the addition of
CdTe, thus reaching a Seebeck coefficient of —182.2 v K™ * at
300 K, which is slightly higher than that of the bulk Bi,Te;
sample, —180.0 uV K", This clearly shows that CdTe will also
enhance the thermoelectric performance of Bi,Te;. Solar cells
based on nanoparticles have higher solar efficiency because of
their large surface area.'® Therefore, the increase in the surface
area of planar nanorod carpets has been proposed to enhance
solar light harvesting.***¢

2. Experimental section
2.1 Materials

All chemicals, such as bismuth(m) nitrate pentahydrate
(Bi(NO3);-5H,0), tellurium powder (Te), potassium hydroxide
(KOH), polyvinyl alcohol (PVA), cadmium sulphate (CdSO,), and
sodium borohydride (NaBH,), were purchased from Aldrich and
used without further purification.

2.2 Synthesis of Bi,Te;/CdTe core shell thin film
nanostructures

The front conductor influences the conductivity and plays
a large role in the performance of a solar cell. An increase in the
carrier mobility in the conductive FTO transparent conducting
oxide layer provides lower absorptivity and lower resistivity."” A
FTO is properly cleaned to avoid weak adhesion, whereas
a coating of CdS is deposited on the surface of the FTO. Acid
exposure of the FTO will compromise the uniform deposition of
CdS and affect the performance of the solar cell.*® CdS has high
band width (2.4 eV) and acts as a windows layer for the cells,
which plays a vital role in observing sunlight. In a clean FTO
glass substrate, a three layer coating was deposited. The FTO
substrate was masked and a 50-100 nm CdS layer was coated by
thermal vapor deposition and annealed at 250 °C for 10
minutes. The CdS coating thickness affects the performance of
the solar cell. The CdS should be thick enough because inter-
diffusion is promoted by the CdCl, washing at the end of the
deposition. The interdiffusion usually takes place without
CdCl,. It has negative effects on cell operation. When the
interdiffusion is strong enough, the light current is decreased. It
has been claimed that a narrow interdiffusion of less than
100 nm between CdS and CdTe allows the smoother transition
between both lattices, which should relax the surface states.
When the thickness increases, the photo current decreases and
absorption occurs.” During the deposition of Bi,Te;/CdTe,
interdiffusion between CdTe and CdS occurred. Moreover, CdS
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should be thick enough to not to be fully consumed by CdTe.*®
Bi,Te;/CdTe core/shell nanorods were prepared by a wet
chemical method. Bismuth(m) nitrate pentahydrate (0.04 mol)
was placed in 10 mL of double-distilled water (DDW). Tellurium
(0.06 mol) in 10 mL of DDW was mixed with bismuth nitrate
solution and stirred. Subsequently, 0.5 mol of KOH was added
to the abovementioned solution after 5 min. The CdS-coated
FTO substrate was then immersed in the prepared solution.
About 0.04 mol of the reducing agent, NaBH,, was added
dropwise to reduce the bismuth nitrate and tellurium to
bismuth telluride nanoparticles.”® The reducing agent is
oxidized because it loses electrons in the redox reaction. The
first step involves the reduction of Bi(NOs);-5H,0 and tellu-
rium. When H,O0 is added to Bi(NO3);-5H,0, salt separates into
Bi** and 6NO~ ions, whereas in the case of Te powder, Te
changes into Te?>~. When NaBH, is added, these ions form
clusters. In the second stage, the clusters coalesce to produce
small particles with radius of 20-50 nm. This is followed by
a metastable state, where the particles maintain the constant
size for around 5-10 min. After 10-20 min, the last coalescence
phase takes place to generate final Bi,Te; nanoparticles about
the size of 150-250 nm.

Bi(NO;);-5H,0 —— Bi'* + 6NO~
2

Te——— Te*~
NaBH,

3Te?” + 2Bi*" — Bi,Te;

When NaBH, is added followed by stirring, nanorods of
Bi,Te; are formed via a self-assembly mechanism. Herein, in the
self-assembly mechanism, at the critical concentration, the
molecules start to interact with each other resulting in the
nucleation of crystals. Using hydrogen bonding and electrostatic
or ionic forces, Bi,Te; clusters with itself to form nanorods.
When PVA is added, it bonds to Bi,Te;. PVA plays a critical role in
bonding Bi,Te; and CdTe. PVA attracts the CdTe nanoclusters
due to hydrogen bonding and forms core/shell nanorods, as
shown in Fig. 1. A 0.1 g sample of polyvinyl alcohol (PVA) was
added to the Bi,Te; solution under stirring to form bonds with
the Bi,Te; nanoparticles. After 30 min of heating at 70 °C, the
polymer PVA transformed the Bi,Te; nanoparticles into nano-
rods, and the solution turned black and coated the CdS substrate.
Cadmium sulfate and tellurium were then mixed in 20 mL of
DDW with 0.04 and 0.06 molarity, respectively, and stirred well
for 20 min. The solution was then poured into the Bi,Te; nano-
rods solution, where CdTe forms a shell over Bi,Te;. The polymer
plays a crucial role in reducing CdTe to nanoparticles and
attaching over Bi,Te;. This mixture was kept at 70 °C and stirred
well for 30 min. CdTe was coated over Bi,Te; and the substrate
was washed with CdCl, and distilled water, and then dried and
annealed at 400 °C for 4 h. This procedure was followed to
prepare different concentrations of bismuth telluride with

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Self-assembly of Bi,Tes/CdTe with the help of a PVA polymer.

cadmium telluride at ratios of 1: 3,1 : 1, and 3 : 1. Annealing at
high temperatures encourages CdS/CdTe interdiffusion during
growth, larger grain size, and generally provides a higher V,..>*
This Bi,Te;/CdTe will act as a p-type semiconducting layer,
whereas CdS will act as an n-type semiconducting layer. There-
fore, these two layers form a p-n junction. The back contact was
coated with gold to reduce the resistance and increase the
performance. A Cu wire was separately attached to the FTO and
gold contact to complete the circuit.”

2.3 Characterization

The phase identification of (Bi,Tes),5(CdTe),s, (BiyTes)so(CdTe)s,
and (Bi,Te;),5(CdTe);5s was investigated using X-ray diffraction
(XRD; Bruker D8-Advance) with a Cu-K,, radiation (A = 1.540 A)
source operated at 40 kv and 30 mA in the range of 10-60°. The
morphology of the sample was examined using high resolution
transmission electron microscopy (HRTEM; Jem 2011, Jeol cop.)
with a CCD 4k x 4k camera (Ultra Scan 400SP, Gatan cop.) at the
Busan KBSI. X. The constituents and morphological changes of
(Bi,Tes);5(CdTe),s, (BiyTes)s0(CdTe)so, and (BiyTes),5(CdTe),s and
the elemental compositions of the samples were examined using
a field emission scanning electron microscope (FE-SEM, SU-70,
Hitachi) operated at 10.0 kV with an energy-dispersive X-ray
spectroscopy (EDX) operated at 15 kV. The diffuse reflection of
absorption spectra of (BiyTe;),5(CdTe),s, (BiyTes)so(CdTe)so, and
(Bi,Te3),5(CdTe),;s was obtained using an Optizen 3220 UV
spectrophotometer. The photocurrent density-voltage charac-
teristics of the thin film solar cell were obtained under one-sun
illumination (AM 1.5G, 100 mW c¢m™?) using an ABET Technol-
ogies (USA) solar simulator with an irradiance constancy of £3%.
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3. Results and discussions

X-ray diffraction (XRD) revealed that the observed peaks corre-
sponded to rhombohedral Bi,Te; (JCPDS, 73-2036) and the XRD

B
©w  —(BiyTes);5(CdTe),5
o

=
-
o
B

Intensity (a.u)

20 60 80

20 (degree)

Fig.2 XRD patterns of Bi,Tes/CdTe powder composites. XRD data for
comparison of bismuth telluride percentage in cadmium telluride.
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pattern matched that of the JCPDS-89-3011 for the cubic CdTe
in planes 200 and 111, with a composition ratio of (Bi,-
Tes),s5(CdTe);s, (BiyTes);5(CdTe),s, and (Bi,yTes)so(CdTe)so. The
crystalline nature of Bi,Te; and CdTe indicates the broadening
of the XRD peaks in the form of nanoparticles.* The XRD peaks
suggest that the size of the Bi,Te;/CdTe particle material is
small ranging from 200 to 250 nm, which was observed from the
broad peaks.”” Interestingly, Fig. 2 shows that for (Bi,Te;),s
(CdTe),s, the XRD peaks corresponding to Bi,Te; are more
intense than those corresponding to CdTe, whereas for (Bi,-
Tej;),5(CdTe);s, the peaks corresponding to CdTe are dominant.
The XRD pattern of (BiyTes)s0(CdTe)s, closely matches that of
(BiyTes);5(CdTe),s. This suggests that the crystalline phase ratio
between Bi,Te; and CdTe can be controlled by optimizing the
ratio between Bi,Te; and CdTe.

View Article Online

Paper

Transmission electron microscopy (TEM) of annealed Bi,Te;/
CdTe revealed the formation of nanorods with sizes in the range
of 100-250 nm (Fig. 3(a)). Fig. 3(b) clearly shows the core shell
nanostructure of (Bi,Tez),5(CdTe),s. The selected area electron
diffraction (SAED) pattern in Fig. 3(c) and (d) revealed the crys-
talline structural complexity and the fringes of CdTe with a lattice
spacing of 0.35 nm corresponding to the (111) cubic planes of
CdTe crystals (as shown in Fig. 3(c)),**” and Bi,Te; has a lattice
spacing of 0.13 nm corresponding to (125) trigonal planes. (Bi,-
Te;),5(CdTe),5 clearly shows nanorod formation (Fig. 4(a) and
(b)), whereas formation of nanorods does not occur in samples
(Bi,Tes);5(CdTe),s and (BiyTes)s0(CdTe)so. In Fig. 5, the field
emission scanning electron microscopy (FESEM) also reveals
a morphology of (Bi,Te;),5(CdTe),5 exhibiting nanorod forma-
tion. The colloidal morphology was observed in the TEM and the

Fig. 3
in sample (Bi>Tez),5(CdTe)ss.

(a) & (b) Core/shell nanostructure of (Bi,Tes),5(CdTe)ss; (c) & (d) electron diffraction (SAED) shows the crystalline structure of Bi,Tez/CdTe

Fig. 4 TEM images of powder samples of (a) (Bi,Tez);5(CdTe),s and (b) (BixTes)so(CdTe)se.
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Fig. 5 FESEM morphology of the sample (Bi,Tes),5(CdTe);s having nanorods approximately 240 nm in size.
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Fig. 6 EDX spectrum of (Bi,Tes),5(CdTe);s sample.

outer morphology of the sample (Bi,Tes),5(CdTe),5s was observed
by FESEM, which show that nanorods, approximately 240 nm in
size, are present in the sample. The atomic ratio of Te to Bi to Cd
obtained from the quantitative analysis of Te, Bi, and Cd in the
EDX spectrum has an atomic weight percentage ratio of
40.90 : 9.99 : 49.11 and a weight percentage ratio for Te, Bi and
Cd as 40.69 : 16.27 : 43.04, respectively, indicating that the ratio
of (Bi,Te3),5(CdTe),s is similar to the 25 : 75 ratio shown in Fig. 6.

The transmittance and reflectance shows the structure of the
nanorods. In Fig. 7(a), the transmittance image obtained using
an advanced polarization microscope shows the structure of
nanorods with a 400x magnification. Fig. 7(b) presents the
reflectance image, showing the dark-green colored core spots of
Bi,Te; inside the orange colored CdTe shell.

The energy band gap of the sample was obtained at different
ratios. In (BiyTe;)s50(CdTe)s, sample, the bismuth telluride ratio
is equal to that of CdTe. The energy band gap was 1.76 eV due to
doping, resulting in a higher band gap. In combination with
(BiyTes);5(CdTe),s5, the proportion of bismuth telluride was
greater than that of CdTe, resulting in a lower band gap of
1.25 eV. This shows that the concentration of bismuth telluride
affects the energy band gap of cadmium telluride, which leads
to a decrease in the efficiency of solar cells; however, in (Bi,-
Tes),5(CdTe);s, the ratio of bismuth telluride, influencing the
energy band gap of CdTe, was very low (=0.5%), such that the

This journal is © The Royal Society of Chemistry 2017

Full Scale 1457 cts Qurser: 0000

energy value of the sample was equal to the standard band gap
of CdTe (1.44 eV).”*>* This shows that bismuth telluride with
a ratio of (Bi,Tes3),5(CdTe);s does not affect the band gap of
CdTe. Bi,Tez, which exhibits thermoelectric properties, only
supports the increase in the solar cell efficiency and does not

b) the

Fig. 7 (a) Transmittance image of Bi,Tez/CdTe nanorods and (
reflectance image of Bi,Tes/CdTe nanorods.
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Fig. 8 The energy band gap graph of samples (a) (Bi;Tes),5(CdTe)ss, (b) (BixTes);s5(CdTe)ss, (c) (BixTes)so(CdTe)so, and (d) CdS layer in the

fabricated device.

affect the band gap in the sample (Bi,Te3),5(CdTe),s. Moreover,
(Bi,Tes),5(CdTe),5 has a band gap of 1.45 eV, as shown in Fig. 8.
The band gap of CdS is 2.41 eV, which is similar to its standard
band gap.

The effect of Bi,Te; in the photoanode on the charge recom-
bination kinetics was investigated by analyzing the -V charac-
teristics under sunlight at room temperature. Fig. 9 shows the
output current and voltage to determine the efficiency of the solar
cell. The calculation was performed as follows:

VOC X ISC

2
———— = watt/cm
surface area

— 24 n
o —— (BijTes)75(CdTe)s
[ 22 1 —— (BijTes)5(CdTe)sq
O 204 —— (BipTes)p5(CdTe)75
E 184 —— (BipTe3)p5(CdTe)75 At 40°%
16
3w
-"5 124
- 104
O g
a
w61
C 4]
[
£ 2
=]
O oo 0.2 0.4 0.6
Applied Voltage(V)

Fig. 9 Light irradiation (one sun) graph showing duration-dependent
|-V characteristics of the device.
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Bi,Te;, with a large thermoelectric figure of merit (ZT), is
defined as ¢S>T/k, where o is the electrical conductivity, S is the
Seebeck coefficient or thermopower, T is the absolute tempera-
ture, and k is the thermal conductivity. Bi,Te; has an enhanced
ZT, a high Seebeck coefficient, an increased electrical conduc-
tivity, and a low thermal conductivity. The formation of acceptor
and donor levels in the CdTe samples is associated with Bi
concentration. The interdiffusion of Bi-doping with CdTe solar
cells at lower concentration of Bi-doping makes Bicq" to act as
a donor. Therefore a higher J,. in the sample (Bi,Te;),5(CdTe);s
was achieved as compared to that in the other concentration of
Bi,Te;. This type of behavior is the mechanism of band bending
at the GBs for CdTe solar cells with Bi,Te;.** Large amount of
positively charged Bigq" donor accumulated near the GBs makes
the band bending to occur. The photogenerated electron-hole
pairs due to charge separation near GBs cause band bending.
Electrons are attracted towards the GBs core (Bicq') and flow
through GBs, whereas the holes are transported through Cd to
the back contact. A higher concentration of Bi,Te; generates less
power, thus lowering the efficiency. The efficiency was calculated
for the combination of (Bi,Tes),5(CdTe),s and (BiyTez)s0(CdTe)so,

This journal is © The Royal Society of Chemistry 2017
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Table1 Summary of the photovoltaic properties of (BizTes);s5(CdTe)zs,
(BizTeg)So(CdTe)5o, (BizTEg)zs(CdTe)75 and (BizTEg)ZS(CdTe)75 at 40 °C

Condition Voo (mMV)  Joe (MAcm™) FF 7 (%)
(Bi,Te,),5(CdTe),s 419 7.073 29 0.89
(Bi,Tes)so(CdTe)so 413 8.012 33 1.09
(Bi,Tes)5(CdTe), 5 423 10.34 51 227
(Bi,Tes),5(CdTe),s at 40 °C 535 16.66 54 4.85

where the higher concentration of Bi,Te; makes the device
unusable as a solar cell. Fig. 9 shows that (Bi,Te;),5(CdTe),s has
Jsc less when compared to the Ji. of (BiyTe;)s0(CdTe)sq, denoting
that the concentration of Bi,Te; affects the efficiency of the solar
cell. Carrier (holes) concentration in (BiyTe;);5(CdTe),s and
(Bi,Tes3)s0(CdTe)s, decreases with the increase in Bi,Te; weight
ratio resulting from the lower antistructure defects due to the
large difference in the electronegativity between Bi and Te. This
causes a decrease in the electrical resistivity and Seebeck coeffi-
cient. As the concentration of Bi,Te; is higher, the cells lose
capability as solar cells and power conversion gets reduced. This
impact results in lower J;. and V,.. (Bi,Te;),5(CdTe),5 has J,. of
7.273 and V,. of 0.41 mV with a lower fill factor of 29, which
implies an efficiency of 0.89%. (Bi,Tes),5(CdTe),5 is observed to
have higher J;. when compared to that for other concentrations.
The band gap of CdTe is not affected by the concentration of
Bi,Te; in (BiyTes),5(CdTe);s, thus having higher /. and V. than
the other two concentrations. Under conditions when the front
side is illuminated, the power conversion efficiency of the solar
cell with the FTO back contact was 2.27% with V,. = 0.42 mV, J.
=10.34 mA cm ™%, and FF = 51.87% (Table 1).

The sample (Bi,Te;),5(CdTe),s shows a better efficiency when
kept at 40 °C on a hot plate, similar to the temperatures found
in tropical regions. When the sample reaches 40 °C, the -V
characteristics of the sample (Bi,Te;3),5(CdTe);s show an
increase in the power conversion efficiency. As the temperature
increases in the fabricated solar cell, the overall power conver-
sion efficiency increases approximately by 2.5% in the presence
of Bi,Te; in the sample (Bi,Tes3),5(CdTe);s. This shows that
bismuth telluride in combination with cadmium telluride
exhibits its thermoelectric property.** This response to
temperature suggests that bismuth telluride will make a huge
difference in the solar cell efficiency in the near future. At 40 °C,
the overall power conversion efficiency was 4.8%. The overall
efficiency was increased by 24% when Bi,Te; is in the compo-
sition ratio of 25% with CdTe.**

4. Conclusion

Bi,Te;/CdTe nanorods were synthesized using a wet chemical
method. XRD and TEM revealed the mean particle size of
Bi,Te;/CdTe material; XRD showed that an improvement in the
crystallinity of the sample results after heat treatment. TEM
revealed the formation of rod-shaped nanoparticles. Polariza-
tion microscopy revealed the presence of Bi,Te; and CdTe
confirming that Bi,Te; and CdTe are in the form of core shell
nanorods. The efficiency of the sample (BiyTez),s(CdTe);s

This journal is © The Royal Society of Chemistry 2017
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increased by 24% with respect to increase in temperature. The
present study shows that Bi,Te;/CdTe doping can enhance the
efficiency of the thin film CdTe solar cells.
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