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ABSTRACT:

We report the synthesis of Bi,Ses/ZnO heterostructures by using chemical bath deposition method. The
synthesized Bi,Se3/ZnO heterostructures have been characterized by X-ray diffraction (XRD), field emission scanning
electron microscopy (FESEM), energy dispersive X-ray analysis (EDX), UV-Visible spectroscopy. The crystal structures
of Bi,Se; and ZnO have been confirmed with crystallite sizes 18 nm and 26 nm respectively using XRD data. The nano
particles (NPs) and nanorods (NR) like morphologies of Bi,Se; and ZnO have been observed by using FESEM. The
elemental compositions have been investigated using EDX. The optical band gaps for Bi,Ses/ZnO and ZnO have been
estimated to be 2.47 eV and 3.20 eV from UV-Visible analysis data. The ZnO and Bi,Se3/ZnO electrodes have been
studied for the solar cell application. Current densities of bare ZnO and Bi,Se3/ZnO electrodes have been measured as
0.45 mA-cm? and 1.45 mA-cm? whereas power conversion efficiencies are 0.08% and 0.31% respectively. The
electrochemical impedance spectroscopy (EIS) studies of solar cells have been carried out to study the charge
transportation.
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I. INTRODUCTION

In recent years, the heterostructure solar cells with the combination of wide band gap metal oxide semiconductor
as photo anode and narrow band gap semiconducting materials as photo sensitizer getting more attention. ZnO, one of the
metal oxide semiconductors studied for various applications in the solar cells occupy an inevitable place as a photo anode
in the solar cells because of its remarkable and beneficial properties such as good electrical conductivity, non-toxic, and
low cost [1]. ZnO has wide band gap of the order of 3.37 eV with a large binding energy of 60 meV [2]. ZnO has
potential applications in various fields such as piezoelectric materials [3], laser diodes [4], Gas sensors [5], Transistors
[6], Ultraviolet detectors [7] and Solar cells [1]. Various nanostructures of ZnO have been reported such as nanoneedles
[8], nanorods [9], nanotubes [10], and nanoflowers [2], so on.

So far several synthesis methods have been established for ZnO nanostructures such as Chemical bath
deposition (CBD) [5], Hydrothermal [9], Successive ionic layer adsorption and reaction (SILAR) [11], Spray pyrolysis
[12], Magnetron sputtering [8], and so on. Among these methods, SILAR and CBD methods have remarkable advantages
such as easy processing, economical, large surface area deposition, good crystallinity, low cost and versatile method.
Among various narrow band gap semiconducting photo sensitizer materials such as sulfides, and selenides, bismuth
selenide (Bi,Sez) has recently gained much attraction in heterostructures solar cells device applications. Bi,Se; is a
member of V-VI compound semiconductors family is a potential semiconducting material having optical band gap values
in the range of 0.91 to 2.3 eV [13, 14].The narrow band gap Bi,Se; semiconductor material has many applications in
thermoelectric devices [15], photosensitive devices [14], photo-electrochemical (PEC) cells [16] and, so on. The Bi,Se;
thin films have been synthesized by using various techniques, such as CBD [17], Spray pyrolysis [18], pulsed laser
deposition [19], SILAR [20] and electro-deposition (ED) method [21].Various nanostructures of Bi,Se; have been
reported such as nanorods, and nanospheres [22], and nanoribbons [23], so on. As per our knowledge there is limited
literature available on the preparation and characterization of semiconducting Bi,Se; in heterostructures solar cells.
Present work on the deposition of narrow band gap semiconducting Bi,Se; on CBD deposited ZnO NRs film for
improved solar cells performance is novel.

In the present work, ZnO NRs were grown on ITO substrate by seeding layer and CBD methods followed by
synthesis of Bi,Se; photosensitization on ZnO electrodes. The electrode materials were characterized using standard
materials characterization tools such as XRD, FESEM, EDX, and UV-Visible spectroscopy. The ZnO and Bi,Sez/ZnO
electrodes were investigated for solar cells performance. The current density-voltage (J-V) characteristics were measured
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for sandwich-type open cell using a flat platinum coated FTO plate as a counter electrode with polysulfide as liquid
electrolyte. The electrochemical impedance (EIS) measurement of ZnO and Bi,Ses/ZnO electrodes was also performed
for studying charge transportation.

Il. EXPERIMENTAL DETAILS
2.1. ZnO NRs Synthesis

Seeding layer method and double chemical bath deposition (CBD) methods were adopted to deposit ZnO NRs.
Initially seeding layer was deposited by using 0.05M zinc nitrate (Zn(NOs),.6H,0) solution in 25 mL double distilled
water (DDW) as precursor. The pH of the precursor was maintained at ~10.5 by adding aqueous NH,OH (Ammonium
Hydroxide) till the solution became clear at room temperature. The distilled water was taken in another beaker and kept
at 89 °C in water bath. The ITO substrate was cleaned and dipped in Zn precursor solution (source of cations) for 45 s
followed by 35 s dipping in distilled water (source of anions) beaker. In this way 15 cycles of dipping in both the
solutions was carried out periodically and dried [24]. The light whitish colour was observed on ITO substrate which
shows seeding layer formation. For the CBD of ZnO, similar clear Zn precursor solution was prepared and kept in water
bath. The ITO substrate having seeding layer formation on it immersed in Zn precursor solution for 1 h at 89 °C [24-26].
A whitish colour was observed on ITO substrate. The ITO substrate was rinsed with distilled water and again kept for
CBD deposition at 89 °C for 1 h. After double CBD process, a thick and dark whitish colour was appeared on ITO
substrate. Final ITO substrate was rinsed with distilled water and air dried followed by air annealing at ~300 °C for 2 h.

2.2. Synthesis of Bi,Se; photosensitizers on ZnO deposited 1 TO electrode

For the deposition of Bi,Se; by CBD on ZnO deposited ITO electrode, bismuth nitrate (Bi(NO3)3.5H,0) and
selenium powder were used as the sources for Bi and Se respectively. 0.05M bismuth nitrate was prepared in distilled
water by adding optimized amount of HNO3, triethanolamine (TEA) and (sodium hydroxide) NaOH pellets to make clear
solution (pH~12).Further 0.1M sodium seleno sulphite (Na,SeSO3) stock solution was prepared by adding selenium
powder and sodium sulphite (Na,SOs) to 100 mL distilled water with stirring at 70 °C for 3 h. The Bi precursor and
sodium seleno sulphite stock solutions were taken in 1:1 volumetric ratio in beaker and ZnO deposited ITO electrode was
immersed and kept for 25 h at room temperature. The colour of solution turned to dark black. Substrate was taken out and
rinsed with distilled water to remove loosely bond particles. The substrate was air dried followed by annealing at 200 °C
for 1 h. Dark black colour was observed on final substrate electrode showing the formation of Bi,Ses;.The obtained ZnO
and Bi,Se3/Zn0O electrodes were characterized and investigated for solar cell performance.

I1l. RESULTS AND DISCUSSION

3.1. Structural Analysis

The structural investigation of the ZnO and Bi,Se; sensitized ZnO electrodes were performed by the X-ray diffraction
(XRD). The XRD patterns were recorded by using an X-ray diffractometer with CuKa; radiations (A=1.5406 A) in 20
range from 20-80 degree. The XRD patterns for Bi,Ses/ZnO deposited 1TOs have been shown in Figure 1. Figure 1
shows the characteristic diffraction peaks of ITO as shown with asterisk (*) [27].The ZnO characteristics diffraction
peaks for second electrode i.e. ZnO deposited ITO were observed at 31.45°, 34.43° 36.27°, 47.53° 62.87° and 72.56°
which are represented by dot circle (). The wurtzite (hexagonal) crystal structure of ZnO was confirmed by matching
diffraction data with standard JCPDS data No: 36-1451. All the diffraction peaks are sharp and good intense which
shows good crystallinity of obtained materials. The XRD peaks of third electrode i.e. Bi,Ses/ZnO electrode were
observed at 25.06°, 29.36°,33.79°, 43.63° 56.59°, 66.41°, 67.92° and 69.15° which are associated with (101), (015),
(107), (110), (1016), (1115), (0021) and (0120) crystal planes of Bi,Ses, respectively [JCPDS NO: 033-0214]. The
highest XRD peak intensity of Bi,Se; was observed at 20 = 56.56° corresponding to (1016) plane. The rhombohedral
crystal structure of Bi,Sez was confirmed from XRD pattern. The average crystallite sizes of ZnO and Bi,Se; were

calculated from the Scherer’s formula,
Eh
D= BCosd @
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Where K constant having value 0.9, A is the X-ray wavelength (1.54 A), 0 is the Bragg diffraction angle, B is the
full width at half maximum. The crystallite sizes of the bare ZnO and Bi,Se; were determined as 26 nm and 18 nm
respectively.
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Figure 1. XRD patterns of Bi,Se;/ZnO-1TO electrodes.

3.2: Elemental Compositional Analysis

The elemental compositional analysis of Bi,Se3/ZnO hetero structure electrode was performed by energy
dispersive X-ray (EDX) spectroscopy. The EDX spectrum has been shown in Figure 2. The presence of Zn, O, Bi and Se
elements of Bi,Ses/Zn0O hetero structure was confirmed from the EDX peaks. The weight and atomic percentages of all
the elements have been shown in inset of Figure 2.

Element Weight % Atomic %

OK 2007 32,40
ZnK 62.02 42.99
SelL. 439 2.83

Bi M 7.52 1.78
Totals

100 00

100.00

Intensity (arb.units)

Energy (keV)
Figure 2. EDAX spectrum of Bi,Ses/ZnO-1TO electrodes

3.3. Morphological Analysis

FESEM analysis was carried out to study the morphology of ITO substrate, ZnO and Bi,Se3z/ZnO electrodes.
The FESEM images of all three samples (top view) have been shown in Figure 3. All the three FESEM images of three
samples were recorded to confirm the deposition of ZnO and Bi,Se; materials separately and also to distinguish their
morphologies. Figure 3(a) shows the spherical NPs like morphology of indium doped tin oxide (ITO). Figure 3 (b) shows
the FESEM image of ZnO deposited on ITO substrate, with hexagonal NRs like morphology of ZnO. The ZnO NRs were
randomly oriented having non uniform diameter and heights. NRs like morphology offer high surface area, high aspect
ratio and also good continuity for charge transportation along NR length. This kind of morphology is favourable to solar
cells device. Figure 3 (c) shows FESEM image of Bi,Ses/ZnO heterostructures electrode. In this image, mixed
morphology of Bi,Se; and ZnO can be observed. The NPs like morphology was observed for Bi,Se; sample having non-
uniform sizes which may be due to different growth of NPs at various sites on ZnO surface. The presence of Bi,Se; NPs
on the top and in-between ZnO NRs gives good connectivity for charge transportation.
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Figure 3. SEM images of (a) ITO substrate (b) ZnO nanorods on ITO substrate, (c) Bi,Se; sensitized ZnO electrode.

3.4. Optical Studies
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Figure 4. (a) UV-Visible absorbance spectra, (b) Energy band gaps of ZnO and Bi,Sez/ZnO-1TO electrodes.
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The UV-Visible absorbance spectra of ZnO and Bi,Se;/ZnO samples were recorded and have been shown in
Figure 4 (a). The absorbance peaks for both the samples lie near the edge of visible electromagnetic spectrum. The
absorbance peak of Bi,Ses/ZnO sample shows red shift compared to ZnO which may attribute to the presence of Bi,Se;

particles. The optical energy band gap values were estimated from Tauc’s plot. The Tauc’s relation of photon energy (hv)
with absorption coefficient (a) is given as

g (hv-Eg)"

=T @

Where, E4 = Energy band gap, a = absorption coefficient, o = constant. The ‘n’ value depends on the type of transition.
The ‘n’ has values 1/2. The Tauc’s plots for both the samples have been shown in Figure 4 (b). The semiconducting
nature absorption edge extrapolating the straight-line portion of the plot (ahv)? versus (hv) for zero absorption coefficient
value gives the optical band gap (Eg). The energy band gap values for ZnO and Bi,Ses/ZnO samples measured to be 3.20
and 2.47 eV respectively. The lower band gap value of Bi,Ses/ZnO sample may be attributed to the presence of narrow
band gap Bi,Se; semiconducting material on ZnO NRs surface.

3.5. Photoelectrochemical Study

The current density and voltage (J-V) studies were carried out for ZnO and Bi,Ses/ZnO electrodes. The J-V
characteristics for both the electrodes have been shown in Figure 5.The various solar cell performance parameters for the
both electrodes were measured such as J-V, fill factor (FF) and efficiency (n) from the recorded data using their standard
formulae. Solar cell parameters values for both the electrodes have been tabulated in Table 1.1t was observed that the
solar cell efficiency (0.31 %) value for Bi,Ses/ZnO heterostructures is higher than ZnO (0.08 %) electrode. This may be
due to the higher number of photons absorbed by Bi,Ses/ZnO heterostructured materials which leads to number of
electron hole pairs formations. This results into high number of charge carriers available for conduction/transportation
and hence solar cell power efficiency. The Bi,Ses/ZnO heterostructure absorbs more photons due to low optical band gap
as compared to ZnO. Hence, Bi,Ses/Zn0O heterostructured electrode shows improved solar cell performance than ZnO.

Table 1: Parameters of bare ZnO and Bi,Se;/ZnO electrodes solar cell

Working Voc (V) Js (MA-cm™) FF n%
electrode
ZnO 0.29 0.45 0.62 0.08
Bi,Ses/ZnO 0.36 1.45 0.59 0.31
1.6
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Figure 5: J-V analysis of ZnO-1TO and Bi,Sez/ZnO-1TO electrodes
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3.6. Electrochemical Impedance Spectroscopy Study
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Figure 6. Impedance analysis of ZnO and Bi,Ses/ZnO-1TO electrodes.

The Electrochemical impedance spectroscopy studies of solar cells system for ZnO and Bi,Ses/ZnO electrodes
were carried out by using EIS technique. The EIS Nyquist plots for both the electrode systems have been shown in Figure
6. The EIS study distinguishes the charge transport resistance and chemical capacitances of the solar cell device. The
high and low frequency arcs in EIS correspond to the charge transport behaviour at counter electrode-electrolyte and
electrolyte-photoanodes respectively.

IV. CONCLUSIONS

In summary, ZnO NRs were grown on ITO substrate by seeding layer and CBD double deposition method. The Bi,Se3
sensitization was carried out on ZnO NRs electrode surface to form heterostructures. The ZnO and Bi,Se;/ZnO
heterostructures were characterized by standard materials characterization tools. Both the electrodes were investigated for
solar cell performance. Current densities of ZnO and Bi,Se; sensitized ZnO electrodes were 0.45 mA-cm? and 1.45 mA-
cm whereas power conversion efficiencies were determined as 0.08% and 0.31 % respectively.
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