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ABSTRACT: Inorganic/organic hybrid heterojunctions of polyaniline composite/blend with metal doped zinc oxide nanorods (NRs) have been fabricated and systematically investigated for diode characteristics. Vertically aligned aluminium (Al) and iron (Fe) doped ZnO nanorods were grown on fluorine-doped tin oxide (FTO) coated glass slides using cost effective, eco-friendly and simple solution chemistry methods. Heterojunctions of doped ZnO NRs with polyaniline (PANI), poly(3,4-ethylenedioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT:PSS) and PANI:MWCNT nanocomposite and PANI:PEDOT:PSS blend showed rectifying behaviour with large rectification ratios. SEM results show clear interface between ZnO nanorods and PEDOT:PSS, PANI:MWCNT nanocomposite and PANI:PEDOT:PSS blend indicating junction formation. Ideality factors and barrier heights were calculated using thermionic emission model. Heterojunctions of undoped and doped ZnO NRs with PANI:MWCNT composite showed moderate ideality factors, reduced barrier heights and greater forward current as compared to heterojunctions of undoped and doped ZnO NRs with PANI:PEDOT:PSS blend. The study is innovative and important with respect to selection of materials for fabricating hybrid p-n heterojunction diodes.
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1.          INTRODUCTION

Vertically aligned zinc oxide (ZnO) nanorods (NRs), among other nanostructures of ZnO, received considerable attention due to interesting structural and opto-electronic properties. ZnO NRs provide large surface area to volume ratio, higher optical band gaps compared to that of ZnO nanoparticles and provide one dimensional conducting paths for electrons. They serve as transparent conducting oxides and have a potential to replace fluorine-doped tin oxide/indium tin oxide (FTO/ITO) substrates in photovoltaic applications.1–6 Huang et al. showed enhanced photocatalytic activity and high photostability under visible and UV light irradiation for ZnO nanorods prepared by one step pyrolytic synthesis route.7 Al and Fe doping enhances electrical and optical properties of ZnO NRs without deteriorating its wurtzite crystal structure and n type character. Al and Fe-doped ZnO nanorods are of great potential in many applications due to the excellent electronic, magnetic, and optical properties.8–15

ZnO/inorganic semiconductor heterojunction electronic devices like ZnO/p-Si, ZnO/p-NiO and ZnO/p-SiC have been reported for various opto-electronic and photonic applications, but their synthesis methods are quite expensive.16–19 Caglar et al fabricated p-Si/n-ZnO and p-Si/n-FZN heterojunction diodes and investigated their electrical properties. The parameters like ideality factor (n), barrier height (ϕb), and series resistance (Rs) were calculated from the current-voltage (I-V) curves that exhibited rectifying behavior for these heterojunctions.20 Khan et al. studied junction properties of gold–zinc oxide nanorods-based Schottky diode by means of frequency dependent electrical characterisation on textile.21

On the other hand, ZnO/organic hybrid structure has emerged as a new competent candidate for solar cell, photodiode, photovoltaic and photochemical applications.22,23 Talib et al. fabricated ZnO NRs/polyaniline p-n junction photodetectors on flexible substrates. The ZnO NRs/PANI junction showed a high sensitivity of 85% whereas the photodetectors showed quantum efficiency as high as 12%.24

Conducting polymers polyaniline (PANI), polythiophene (PTh), poly(3,4-ethylenedioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT:PSS), PANI:multi-walled carbon nanotube (MWCNT) nanocomposites and PANI blends show p-type semiconducting nature and have been proposed for their use as hole transporting layers (HTL) or electrodes in organic solar cells and light emitting diodes.25–27

Inorganic materials offer wide range light absorption, effective charge carrier transport, highly crystalline nature, firmness, hardness and thermal stability. Organic conducting polymers have advantage of cost effective chemical synthesis methods, flexibility, easy chemical modification and solution processability. Hybrid structures thus can combine the properties of inorganic and organic materials for synergistic applications. A number of research papers on electrical and optical properties and various applications of ZnO NRs, polyaniline, PEDOT:PSS, PANI:MWCNT nanocomposites and PANI blends have been published over a decade, but less attention was given to the study of hybrid heterojunctions. A lot of work has been done on ZnO/PANI and ZnO/PEDOT:PSS heterojunctions, but little attention is given to Al and Fe doped ZnO NRs for heterojunction applications.28–31

In this paper, we systematically investigated heterojunctions of different conducting polymers including PEDOT:PSS, PANI:MWCNT nanocomposite and PANI:PEDOT:PSS blend with ZnO NRs and Al and Fe doped ZnO NRs. The heterostructures find widespread opto-electronic applications.

2.          EXPERIMENTAL

2.1        Fabrication of Heterojunctions of Metal Doped ZnO NRs with PANI:MWCNT Nanocomposite, PEDOT:PSS and PANI:PEDOT:PSS(1:2) Blend

Doped ZnO NRs were grown on seed ZnO layer on FTO glass by SILAR and HTCBD methods as reported in our earlier work.31 PANI:MWCNT nanocomposite was synthesised using in-situ chemical oxidative polymerisation methods32,33 and dissolved in glycerol to form a gel. The gel was spin coated on ZnO NRs and Al/Fe doped ZnO NRs at the rate of 3000 rpm. PEDOT:PSS was dissolved in dimethyl sulphoxide (DMSO) and spin coated at a rate of 3000 rpm on ZnO NRs and Al/Fe doped ZnO NRs. PANI:PEDOT:PSS blend in DMSO was prepared by mixing PANI and PEDOT:PSS in the ratio 1:2. This blend solution was then spin coated on ZnO NRs and Al/Fe doped ZnO NRs to form heterojunctions. All the heterojunctions were annealed at 100ºC and then thermally evaporated with silver (Ag) for making ohmic contacts. Schematic of an inorganic/organic hybrid ZnO / PANI:MWCNT nanocomposite heterojunction is shown in Scheme 1.
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Scheme 1:      Schematic of inorganic/organic hybrid heterojunction.



2.2        Instrumentation

The surface morphology of the heterojunctions was characterised by using JEOL 6380A scanning electron microscope. The electrical characterisation of all the heterojunctions was done using Keithley’s 2611B source meter.

3.          RESULTS AND DISCUSSION

Figure 1 shows SEM image of (a) ZnO/PEDOT:PSS heterojunction and (b) ZnO/PANI:MWCNT nanocomposite heterojunction. It is observed from Figure 1(a) that PEDOT:PSS gets uniformly dispersed on the ZnO nanorods. Figure 1(b) shows vertically aligned ZnO nanorods and tubular coiled PANI:MWCNT nanocomposite on the top of the nanorods. The interface between the two is clearly seen in the SEM image. Figure 2 shows the SEM image of the cross sectional view of ZnO NRs/PANI:PEDOT:PSS(1:2) heterojunction. On the seed layer of ZnO about 500 nm thick, ZnO nanorods of diameter about 100–120 nm are grown, the length is about 1–2 µm. The blend layer (about 1µm thick)-metal oxide interface is seen in the cross sectional view of the SEM image. The ohmic contacts Ag layer is about 100 nm thick.
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Figure  1:      SEM image of (a) ZnO/PEDOT: PSS heterojunction and (b) ZnO/PANI:MWCNT nanocomposite heterojunction.
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Figure  2:      SEM image of the cross sectional view of ZnO/PANI:PEDOT:PSS(1:2) heterojunction.



Figure 3 is the electrical characteristics of (A) heterojunctions of PEDOT:PSS with (a) ZnO, (b) AlZnO and (c) FeZnO; (B) heterojunctions of PANI:MWCNT nanocomposite with (a) ZnO, (b) AlZnO and (c) FeZnO; and (C) heterojunctions of PANI:PEDOT:PSS blend with (a) ZnO, (b) AlZnO and (c) FeZnO. All the heterojunctions show diode-like rectifying behaviours with the ratio of forward current to reverse current (rectification ratio) of the order of 103. At the interface, due to carrier mismatch, a large diffusion of charge carriers (holes from p type polymer nanocomposite/blend and electrons from n type doped ZnO NRs) takes place during junction formation. The depletion region is formed which restricts further diffusion of the carriers. The energy levels rearrange in order to equalise the Fermi level, indicating junction formation. The interfaces of heterojunctions are not smooth and may result in potential wells at the junction which may lead to the trapping of electrons during forward or reverse biasing. The diode parameters were calculated using thermionic emission model and shown in Table 1. The Y-intercept of the graph of Ln Is versus V gives barrier height whereas slope of the graph gives ideality factor of the diode.

In all the heterojunctions, the effect of doping in ZnO NRs by aluminium and iron has resulted in decrease in the cut-in voltages, which is indicative of increase in charge carrier concentrations in the doped ZnO NRs. The PANI:MWCNT nanocomposite heterojunction resulted in the highest forward currents of the order of several amperes, which is indicative of the synergistic effect of using MWCNTs as fillers to polyaniline. MWCNTs facilitate the charge transfer at the interface between the two thereby resulting in lowest barrier heights as compared to the other heterojunctions. The barrier height was found to be the lowest value 0.218 eV for ZnO/PANI:MWCNT heterojunction.

Figure 4 shows the ideality factors for various heterojunctions of conducting polymers with (a) AlZnO, (b) FeZnO and (c) ZnO. Among all the heterojunctions, ZnO/PANI:PEDOT:PSS showed the least ideality factor 1.569 closer to 1 compared to all other heterojunctions. The blend of PANI with PEDOT:PSS enhances the junction properties and better matching with wurtzite ZnO nanorods in the pure form compared to that of the doped form. The ideality factor is a size dependent electrical parameter as observed from its lowest value for ZnO/PANI:PEDOT:PSS heterojunction. The interface of PANI:PEDOT:PSS(1:2) and ZnO NRs (diameter about 100–120 nm) thus results in better structure matching as compared to AlZnO NRs (diameters about 80–90 nm) and FeZnO NRs (diameters about 20–30 nm).31 On the other hand, ZnO/PANI:PEDOT:PSS heterojunction exhibited larger value of barrier height (0.547 eV) and hence larger turn on voltage as compared to that of other heterojunctions.
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Figure  3:      Electrical characteristics of (A) heterojunctions of PEDOT:PSS with (a) ZnO, (b) AlZnO and (c) FeZnO; (B) heterojunctions of PANI:MWCNT nanocomposite with (a) ZnO, (b) AlZnO and (c) FeZnO; and (C) heterojunctions of PANI:PEDOT:PSS blend with (a) ZnO, (b) AlZnO and (c) FeZnO.
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Figure  4:      Ideality factors for various heterojunctions of conducting polymers with (a) AlZnO, (b) FeZnO and (c) ZnO.




Table 1:      Estimation of Diode parameters for various inorganic/organic hybrid heterojunctions



	Heterojunction
	Sample name
	Ideality factor (η)
	barrier height (Φb) eV
	Reverse saturation current Is



	ZnO/PANI31
	ZP
	1.93
	0.786
	0.246 µA



	AlZnO/PANI31
	AZP
	2.32
	0.781
	0.298 µA



	FeZnO/PANI31
	FZP
	3.367
	0.670
	21 µA



	ZnO/PANI:MWCNT
	ZPM5
	8.48
	0.218
	0.109 µA



	AlZnO/PANI:MWCNT
	AZPM5
	7.33
	0.26
	0.187 µA



	FeZnO/PANI:MWCNT
	FZPM5
	5.236
	0.338
	8.05 mA



	ZnO/PEDOT:PSS
	ZPP
	7.06
	0.398
	0.735 mA



	AlZnO/PEDOT:PSS
	AZPP
	12.49
	0.368
	2.370 mA



	FeZnO/PEDOT:PSS
	FZPP
	9.36
	0.389
	1.064 mA



	ZnO/PANI:PEDOT:PSS(1:2)
	ZPP12
	1.569
	0.547
	0.0024 mA



	AlZnO/PANI:PEDOT:PSS(1:2)
	AZPP12
	3.195
	0.493
	0.0189 mA



	FeZnO/PANI:PEDOT:PSS(1:2)
	FZPP12
	2.309
	0.510
	0.0099 mA




4.          CONCLUSION

SEM results show clear interface between ZnO nanorods and PEDOT:PSS, PANI:MWCNT nanocomposite and PANI:PEDOT:PSS blend indicating junction formation. Heterojunctions of undoped and doped ZnO NRs with PANI:MWCNT composite showed moderate ideality factors, reduced barrier heights and greater forward current as compared to heterojunctions of undoped and doped ZnO NRs with PANI:PEDOT:PSS blend. Blend or composite based heterojunctions are very useful in designing superior diodes where rapid change in the value of currents with respect to some physical quantity is required.
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