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For the first time, an effort has been made to evaluate the charge transport properties of semiconducting natural rubber. Four different ratios of iodine-rubber composites are synthesised and tested for charge transport by current density-voltage characteristics (J-V) and impedance spectroscopy. The optimal doping ratio for best mobility value is identified, and the effect of injection barrier height on mobility is discussed. An attempt has also been made to correlate the density of states (DOS) with mobility and doping ratio. The transport properties of semiconducting natural rubber are compared with one of the most popular p-type material, Poly(3-hexylthiophene-2,5-diyl) (P3HT) under the same ambience and experimental conditions to demonstrate its potential as a cost-effective and green alternative organic semiconductor.

Introduction

Organic semiconductors have attracted much attention in the last decade due to their mechanical flexibility [START_REF] Koch | Organic electronic devices and their functional interfaces[END_REF] and low-cost production [START_REF] Brabec | Polymer-fullerene bulk-heterojunction solar cells[END_REF][START_REF] Praveen | Influence of plasma treatment on indium tin oxide electrodes[END_REF]. They are nowadays used in a wide variety of devices such as organic solar cells (OSCs) [START_REF] S S Van Bavel | P3HT/PCBM bulk heterojunction solar cells: impact of blend composition and 3D morphology on device performance[END_REF][START_REF] Cheng | Hole transit in P3HT: PCBM solar cells with embedded gold nanoparticles[END_REF][START_REF] Bedeloglu | Development of energy generating photovoltaic textile structures for smart applications[END_REF], organic light-emitting diodes (OLEDs) [START_REF] N R Armstrong | Organic/organic' heterojunctions: organic light emitting diodes and organic photovoltaic devices[END_REF], and organic field-effect transistors (OFETs) [START_REF] Marjanović | Photoresponse of organic field-effect transistors based on conjugated polymer/ fullerene blends[END_REF][START_REF] Wu | Progresses in organic field-effect transistors and molecular electronics[END_REF] etc. The intermolecular forces in organic semiconductors are Van der Waals forces [START_REF] W L Kalb | Trap density of states in small-molecule organic semiconductors: a quantitative comparison of thin-film transistors with single crystals[END_REF], so there exists no broad valence band or conduction band. Thus charge transport is overwhelmed by hopping between localised states and transport happens by means of a sequence of charge-transfer steps starting from one molecule to another; this restricts the charge carrier mobility of organic materials [START_REF] Nenashev | Hopping conduction in strong electric fields: Negative differential conductivity[END_REF]. Poly(3-hexylthiophene-2,5-diyl) (P3HT) has been widely using as p-type material for the manufacturing of organic devices [START_REF] Min | Solar energy materials & solar cells optimization of thickness and morphology of active layer for high performance of bulk-heterojunction organic solar cells[END_REF][START_REF] Guo | Effects of Film Treatment on the Performance of Organic[END_REF]. Certain limitations such as complicated synthesising methods and high cost etc. constrain its widespread applications. So, there is a need for the development of alternative materials to overcome these limitations.

Natural rubber (Cis 1,4-polyisoprene) is one of the most prominent biopolymers with high flexibility and elasticity. It is an excellent insulator, and its chemical structure does not contain conjugated double bonds. It was believed that the polymers with conjugated double bonds are only suitable for doping to become electronically conducting one. However, Takur et al. [START_REF] Thakur | A class of conducting polymers having nonconjugated backbones[END_REF] challenged this fact and showed that conjugated structure is not always necessary for conductivity. They also reported that the resistivity of natural rubber could be tuned by doping it with iodine. Later, L. Dai et al. clearly explained the reason behind the enhanced conductivity of the natural rubber due to the iodine doping. According to L.Dai, iodine doping introduces conjugated sequences of unsaturated double bonds into the polyisoprene backbone. In addition, carrier transport occurs through the polymer chain by double bond shifting [START_REF] Dai | Iodine-induced uncoiling of polyisoprene random coils in solution[END_REF][START_REF] Dai | Soluble conducting polymers from polyisoprene[END_REF]. For the development of electronics devices with iodinated natural rubber, vast knowledge about the charge transport properties is required. However, presently there are no reports available about the charge transport properties of this innovative material. Therefore in this work, we explored various charge transport parameters of semiconducting natural rubber concerning the concentration of the doped iodine.

The charge carrier mobility of the active material makes a pivotal role in the performance of the device. The estimation of mobility is generally performing through the study of the time required for carriers to cross a sandwiched sample from anode/cathode to cathode/anode in a wide range of methods. A well-known technique for finding mobility is the "time of flight" (TOF) experiment [START_REF] Kim | Silver nanowire embedded in P3HT:PCBM for high-efficiency hybrid photovoltaic device applications[END_REF][START_REF] A R Inigo | Review of morphology dependent charge carrier mobility in MEH-PPV[END_REF]. However, it requires a minimum layer thickness of 1 μm for a well-defined flight distance and is therefore not adapted to thin-film electronics [START_REF] Jarosz | Small signal admittance spectroscopy applied for extraction of charge carrier mobility in thin organic layers[END_REF]. The space charge limited current (SCLC) method is another popular technique to investigate the mobility of organic semiconductors. Our group [START_REF] Manuvel | Mobility of charge carriers in the novel green organic semiconductor, Iodine doped Cis 1,4 polyisoprene (Natural Rubber) using SCLC method[END_REF] extracted the mobility of iodine doped natural rubber using J-V analysis with the help of trap-free SCLC formula [START_REF] Snaith | Enhanced charge mobility in a molecular hole transporter via addition of redox inactive ionic dopant: implication to dye-sensitized solar cells[END_REF]. However, the mobility obtained using this method always smaller than the actual bulk mobility of the semiconductor [START_REF] Kang | Frequency analysis on poly(3-hexylthiopene) rectifier using impedance spectroscopy[END_REF]. Finally, electrochemical impedance spectroscopy (EIS) is found as the ideal tool to describe the charge carrier transport inside an organic layer sandwiched between anode and cathode electrodes, and it is valid for thin films also. So EIS is used to diagnose electrical properties and performance of the complex organic semiconducting materials such as iodine doped natural rubber.

Experimental

Synthesis of semiconducting natural rubber

The method adopted to synthesise semiconducting natural rubber is carried out according to the procedure given in the reports [START_REF] Sreeja | Electro-optic materials from co-polymeric elastomer-acrylonitrile butadiene rubber (NBR)[END_REF][START_REF] Predeep | Intrinsically conducting rubbers: toward mico applications[END_REF]. The doping is car ried out by dissolving the natural rubber in resublimed iodine in vacuum-refined toluene. Four different molar ratios ([>C=C<]/[ I 2 ] = 2,4,12, and 16) of iodinated natural rubber are selected on the basis of earlier reports. Table 1 shows the quantity of the natural rubber and iodine used in this work. A mixture with an iodine concentration more than that of natural rubber (NRI-2 M) is also synthesised to understand its properties. So the term "doping" is a misnomer in this case. The mixtures of iodine and natural rubber are kept under stirring for 120 h in a nitrogen atmosphere to obtain semiconducting natural rubber (NRI). The chemical structure and the conductivity enhancement mechanism of NRI composites are discussed elsewhere [START_REF] Dai | Iodine-induced uncoiling of polyisoprene random coils in solution[END_REF][START_REF] Predeep | Intrinsically conducting rubbers: toward mico applications[END_REF][START_REF] Seto | Chemical structure of iodine-doped polyisoprene[END_REF].

Fabrication of device under test (DuT)

For the investigation of charge transport properties of semiconducting natural rubber, a two-terminal diode architecture was fabricated. The organic semiconductor layer (iodine doped natural rubber) was sandwiched in between two different electrodes, suitably modified with the hole injecting layers. Such a test setup is hereinafter mentioned to as Device under Test (DuT). The DuT fabrication procedure employed here is as follows: Indium Tin Oxide (ITO) pieces with a resistance of 60 Ω/□ are selected as anode electrodes here. The ITO pieces (10 mm square) are first cleaned by successive 5-min ultrasonic showers of acetone, methanol, and isopropanol and dried under vacuum. They are then cleaned by oxygen plasma for 15 min under high vacuum. A hole transporting layer, Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) [PEDOT:PSS] in aqueous solution is spin-coated over the cleaned ITO pieces and annealed at 80 o Celsius for 30 min. The semiconducting natural rubber solutions with 2 M (NRI-2 M), 4 M (NRI-4 M), 12 M (NRI-12 M), 16 M (NRI-16 M) and P3HT solution are then spin-casted above the hole transporting layer by controlling rotation speed to achieve a layer thickness of 150 nm. Then the samples are taken into the thermal vacuum deposition unit for aluminium electrode deposition. The thermal deposition of aluminium is performed at a pressure of 4 × 10 -5 mbar.

Results and discussion

Investigation of saturation current density, ideality factor and barrier height

The current density-voltage (J-V) characteristics of all DuTs were extracted by using a computer-controlled Keithley 2400 programmable source meter at room temperature. Fig. 1 shows the J-V characteristics of semiconducting natural rubber and P3HT based DuTs, which exhibited a non-linear behaviour as that of an ordinary diode characteristics. The Schottky behaviour of the J-V curve clearly indicates that aluminium forms rectifying contacts with NRI/P3HT materials. The non-linear behaviour of the semiconductor/metal could be due to the space charge limited current (SCLC) [START_REF] Mark | Space-charge-limited currents in organic crystals[END_REF], Poole-Frenkel emission (PF) [START_REF] Vollmann | Poole-frenkel conduction in insulators of large impurity densities[END_REF] or thermionic emission (TE) [START_REF] Garrett | Switching and other high field effects in organic films[END_REF]. From the J-V characteristics, it is clear that the current density of the device increases with an increase in a molar ratio from 2 M to 12 M. The device fabricated using NRI-16 M showed a lower current density than that of 12 M ratio device. This type of J-V response of the Schottky DuT follows the standard thermionic emission model at a forward bias greater than or equal to 3kT/q and can be explained using Eq. ( 1). [START_REF] Evans-Freeman | Current transport mechanisms and deep level transient spectroscopy of Au/n-Si Schottky barrier diodes[END_REF][START_REF] Dökme | The analysis of I-V characteristics of Schottky diodes by thermionic emission with a Gaussian distribution of barrier height[END_REF] (

) 1 
Where J 0 is the saturation current density and which is given by

(2)
Where A ⁎ is the effective Richardson constant obtained from the usual method [START_REF] Dökme | The analysis of I-V characteristics of Schottky diodes by thermionic emission with a Gaussian distribution of barrier height[END_REF][START_REF] Hardikar | Anomalous current transport in au/low-doped n-GaAs Schottky barrier diodes at low temperatures[END_REF]. T, q, k, n, and ϕ B are temperature, unit charge, Boltzmann constant, ideality factor, and the zero bias injection barrier height, respectively. Values of ideality factor (n) and J 0 can be obtained from slope and y-axis intercept of the J-V characteristics on a semi-logarithmic plot. The value of n can be extracted using Eq. ( 3) which shows how closely the diode follows the ideal diode equation

Values of injection barrier height will give details of the band bending, which has a critical role in charge transport [START_REF] Schmitsdorf | Explanation of the linear correlation between barrier heights and ideality factors of real metal-semiconductor contacts by laterally nonuniform Schottky barriers[END_REF]. The charge carriers flowing from the metal to semiconductor must overcome this barrier for the conduction. The zero-bias barrier height (ϕ B ) can be obtained from Eq. ( 2) and is given by (4)

U N C O R R E C T E D P R O O F Table 2
illustrates the calculated values of saturation current density (J 0 ), ideality factor (n) and barrier height (ϕ B ) concerning the NR-Iodine molar ratio. From this table, it is clear that the injection barrier height decreases from 0.856 eV to 0.712 eV as the NR-iodine molar ratio varies from 2 M to 12 M. It is believed that the higher concentration of iodine particles in NRI-2 M material induces geometrical inhomogeneities in the film and creates an insulating interfacial layer [START_REF] Hardikar | Anomalous current transport in au/low-doped n-GaAs Schottky barrier diodes at low temperatures[END_REF][START_REF] Horváth | Domination of the thermionic-field emission in the reverse I-V characteristics of n-type GaAs Schottky contacts[END_REF]. Due to the presence of this layer, the barrier height becomes higher for this composite. When molar ratio increases (i.e. iodine concentration decreases) the effect of the interfacial layer minimise accordingly, and thus the barrier height reduces and reached its minimum value for NRI-12 M material [START_REF] Horváth | Near-interface concentration reduction in n-type Au/CrGaAs Schottky contacts[END_REF]. For higher molar ratios, the majority of the doped iodine does not play as charge acceptors. They are bound to the carbon atoms of the base chain with direct attach to the double bonds [START_REF] Seto | Chemical structure of iodine-doped polyisoprene[END_REF]. Thus overlapping of neighbouring coulomb states is reduced due to the increase of the interdistance as doping concentration decreases. Which causes a reduction of the current through the device and hence barrier height increases with further increase in molar ratios [START_REF] Peng | Einstein relation in chemically doped organic semiconductors[END_REF]. The calculated barrier height of P3HT material is 0.842 eV, which is higher than that of NRI-12 M. Since smaller barrier height is favourable [START_REF] J C Bernède | Organic Solar Cells Performances Improvement Induced by Interface Buffer Layers[END_REF] for better charge transport via semiconducting material, it is clear that NRI-12 M sample forms the most suitable doping concentration for NR to achieve the best semiconductor properties.

The extracted ideality factors of NRI composites are presented in Table 2. Out of four devices, NRI-12 M device shows the lowest n closer to ideality, which confirms the better charge performance of this device [START_REF] Praveen | Influence of plasma treatment on indium tin oxide electrodes[END_REF][START_REF] He | 13.7% efficiency graphene-gallium arsenide Schottky junction solar cells with a P3HT hole transport layer[END_REF]. This type of rather high n values is often encountered for organic semiconductors [START_REF] Reis | Temperature dependent impedance spectroscopy on polyaniline based devices[END_REF][START_REF] Nehaoua | Determination of organic solar cell parameters based on single or multiple pin structures[END_REF]. The deviation of n value from unity indicates the violation of Einstein relation due to deeply trapped charge carriers which are not in thermal equilibrium with free carriers in the sites. Thus it could be assumed that the current conduction is not only dominated by thermionic emission, but also due to SCLC [START_REF] Venugopal | Observation of anomalous transport characteristics in graphene-oxide thinfilm[END_REF]. If the number of injected carriers is higher than the thermally generated carrier, accumulated charge in the active layer may prevent any further charge injection. In such a case, the current may be described by trap-free (or completely trap-filled) SCLC. In order to verify the dominancy of SCLC, we have analysed the J-V characteristics with double log scale as shown in Fig. 2. The linear fits (solid lines) to the J-V curves for bias voltage higher than 1.2 V have yielded slopes about 2 for all devices. This observation clearly demonstrates that SCLC is dominant in this region for all four devices [START_REF] V K Perla | Organic molecule stabilized bismuth sulfide nanoparticles: a potential system for bistable resistive memory application[END_REF][START_REF] Ham | Carrier transport mechanisms of nonvolatile write-once-read-many-times memory devices with InP-ZnS core-shell nanoparticles embedded in a polymethyl methacrylate layer[END_REF]. This type of multiple conduction mechanisms is often found in organic semiconductors [START_REF] D I Son | Bistable organic memory device with gold nanoparticles embedded in a conducting poly(N -vinylcarbazole) colloids hybrid[END_REF].

Investigation of density of states (DOS) of NRI composites

Since the J-V response obeys SCLC mechanism, the density of states distribution near the Fermi level can be evaluated with the help of a step by step procedure adopted by den Boer [START_REF] K D Mackenzie | The density of states in amorphous silicon determined by space-charge-limited current measurements[END_REF][START_REF] Den | Determination of midgap density of states in a-Si : H using space-charge-limited current measurements[END_REF]. As the applied bias is increased from voltage V 1 to voltage V 2 the quasi-Fermi energy level subjected to shift by energy ΔE f and is given by [START_REF] Cheng | Hole transit in P3HT: PCBM solar cells with embedded gold nanoparticles[END_REF] Here (J 1 , V 1 ) is an arbitrary point on the semilog J-V curve, and we se lected this point in the SCLC regime (see Fig. 2). And (J 2 , V 2 ) is another point in the same curve where the J 2 = 10xJ 1 . In terms of capacitance, the charge injected from a unit area in the interval can be written as

(6) (7) 
Here ε r is the dielectric constant of the device and is calculated using the Eq. ( 7). Where A is the active area, L is the thickness of the device, and C is the capacitance measured at 1 MHz. Dielectric constants of the devices are found to be in the range from 2.88 to 2.9. The charge density is related to DOS lying in the energy level ΔE f is given by [START_REF] Marjanović | Photoresponse of organic field-effect transistors based on conjugated polymer/ fullerene blends[END_REF] Comparing Eq. ( 6) and Eq. ( 8) we will get the equation for DOS near Fermi level [N(E)] as shown in Eq. ( 9). [START_REF] Wu | Progresses in organic field-effect transistors and molecular electronics[END_REF] The calculated values of the DOS closed to the Fermi energy level were tabulated (Table 3).

From Table 3, it is clear that the variation of DOS follows the same trend as that of barrier height variation concerning the NR-iodine molar concentration. The DOS of NRI-2 M material is calculated as 3.26 × 10 18 cm -3 eV -1 . This high value is due to the presence of the deep coulomb traps developed due to the high concentration of iodine in this composite. With increasing molar ratio, DOS decreases and reaches its minimum value for NRI-12 M material (8.38 × 10 17 cm -3 eV -1

). When molar ratio increases, the density of the trap states reduces accordingly, and at the same time, the low concentration of charge carriers lift down the Fermi level [START_REF] V I Arkhipov | Effect of doping on the density-of-states distribution and carrier hopping in disordered organic semiconductors[END_REF]. Due to the trade-off between these two processes, NRI-12 M shows better DOS characteristics than others. Also, it can be noted that the DOS value of NRI-12 M material is one order smaller than that of P3HT, which clearly illustrate the ability of the NRI material for device applications.

Impedance Cole-Cole characteristics of semiconducting natural rubber

To evaluate the charge transport properties of the device in more deeply, we used Electrochemical Impedance Spectroscopy (EIS). Which allows us to distinguish between real and imaginary impedance components and thus obtain a clear cut representation of the charge transport properties of the material. For this, we applied a small periodic amplitude of 10 mV rms and studied system response. We used three different bias voltages (1 V, 2 V, and 3 V) for impedance spectroscopic analysis.

Fig. 3 shows the impedance Cole-Cole plots of the semiconducting natural rubber with different NR-Iodine ratios. The vertical and the horizontal axes represent the imaginary (Z") and real (Z') constituents of the device's complex impedance, respectively. From Fig. 3, it is clear that all curves are portrayed by the presence of a single half circle. Moreover, all curves show a deviation from the pure semicircle that suggests the dielectric relaxation to be of polydispersive non-Debye type [START_REF] Dutta | Dielectric relaxation and ac conductivity study in SrMg1/3Nb2/3O3[END_REF][START_REF] B B Mohanty | Impedance spectroscopy of Ba 5 GdTi 3 V 7 O 30[END_REF]. This deviation may be developed due to the presence of distributed elements in the metal-semiconductor system. For low bias voltage (1 V), all composites except NRI-12 M showed approximately straight line behaviour with a significant slope. However, NRI-12 M material exhib ited semicircle behaviour for all bias voltages. This phenomenon is clearly suggesting [START_REF] C K Suman | Impedance spectroscopic studies of ferroelectric Pb2Sb3DyTi5O18 ceramic[END_REF] the better charge transport via NRI-12 M material.

It can be noted that the series resistance also significantly influence the charge transport [START_REF] Lattante | Study of the series resistance evolution in organic solar cells by use of the Lambert W function[END_REF]. Since it is independent of bias voltage, we have selected impedance spectra of 1 V for the calculation of the resistance. A zoomed version of the low resistance region of the cole-cole plot is presented in Fig. 4 (scattered points). These curves reveal that they do not coincide with the origin due to the series resistance of the system [START_REF] Chandra | Impedance spectroscopy study of an organic semiconductor: alizarin[END_REF]. It has been assumed here that the equivalent circuit model of the NRI semiconductor consists of a parallel RC network (R b //C). This would allow us to evaluate the value of the resistance, R b , directly from the intercept of scattered points on the Z'-axis [START_REF] Chandra | Impedance spectroscopy study of an organic semiconductor: alizarin[END_REF] as shown in Fig. 4. The obtained values of R b are tabulated (Table 4).

From Table 4, it is clear that the resistance of NRI formulations is decreasing from 2 M to 12 M and reaches its minimum at the 12 M concentration. It can be noted that this resistance variation also follows the same trend of barrier height variation (Table 2) of these materials. Thus, it can be concluded that dopant concentration affects the resistance and barrier height of the material. For the case of NRI-12 M material, resistance and barrier height values are minimal (82 Ω and 0.712 eV) and hence the charge transport through this material will be faster. For a more in-depth study of the charge transport phenomenon, the charge carrier mobility of the material has evaluated as in the following section.

Investigation of charge carrier mobility of NRI composites

To investigate the charge carrier mobility of semiconducting natural rubber, we first used a popular impedance spectroscopic technique named as ωΔG method [START_REF] Lee | Effect of illumination and annealing on electrical properties of indium tin oxide/poly (3, 4-ethylenedioxythiophene): poly (styrenesulfonate)/poly (3-hexylthiophene)/Al device[END_REF][START_REF] Okachi | Influence of injection barrier on the determination of charge-carrier mobility in organic light-emitting diodes by impedance spectroscopy[END_REF]. However, at higher frequencies, probably due to the charge carriers becoming localised in small regions of low energy barrier and hence, no carrier transit time peaks were observed in this method. Therefore we have adopted another impedance spectroscopic method (-ΔB) for mobility calculation [START_REF] Okachi | Influence of injection barrier on the determination of charge-carrier mobility in organic light-emitting diodes by impedance spectroscopy[END_REF][START_REF] Martens | Crossover from space-charge-limited to recombination-limited transport in polymer light-emitting diodes[END_REF][START_REF] Tsang | Application of admittance spectroscopy to evaluate carrier mobility in organic charge transport materials[END_REF]. Here the values of negative differential susceptance (-ΔB) are plotted as a function of frequency (f), as shown in Fig. 5. All the curves are found to yield a maximum at a frequency τ r -1

. Eq. [START_REF] W L Kalb | Trap density of states in small-molecule organic semiconductors: a quantitative comparison of thin-film transistors with single crystals[END_REF] shows the relation between negative differential susceptance and frequency. [START_REF] W L Kalb | Trap density of states in small-molecule organic semiconductors: a quantitative comparison of thin-film transistors with single crystals[END_REF] Where C and C geo represent the frequency-dependent capacitance and geometric capacitances of the organic film, respectively. The value of C can be calculated from impedance spectroscopic data with the help of the Eq. ( 11). [START_REF] Nenashev | Hopping conduction in strong electric fields: Negative differential conductivity[END_REF] Here Y represents the admittance, G represents the conductance and ω represents the angular frequency (ω = 2πf). The general relation between average transit time (τ dc ) and mobility is given by the Eq. ( 12) [START_REF] Min | Solar energy materials & solar cells optimization of thickness and morphology of active layer for high performance of bulk-heterojunction organic solar cells[END_REF] For a highly dispersive medium, the carrier transit time (τ dc ) peaks will be absent [START_REF] Tsang | Application of admittance spectroscopy to evaluate carrier mobility in organic charge transport materials[END_REF], for all our samples, transit time peaks were present. Hence for extracting mobility, we used the relation between average transit time (τ dc ) and the peak frequency (τ r -1

) proposed by Tsang et al. [START_REF] Tsang | Application of admittance spectroscopy to evaluate carrier mobility in organic charge transport materials[END_REF] (Eq. ( 13)). This relation is already tested by other researchers to evaluate the mobility of similar organic semiconductors, such as P3HT [START_REF] K H Chan | Using admittance spectroscopy to quantify transport properties of P3HT thin films[END_REF]. [START_REF] Guo | Effects of Film Treatment on the Performance of Organic[END_REF] Thus mobility is obtained from the transit time value using the Eq. ( 14) [START_REF] Thakur | A class of conducting polymers having nonconjugated backbones[END_REF] Here we selected a bias voltage of 3 V for the extraction of mobility to obtain transit peak within the limit of our impedance measurement unit (IM6ex EIS workstation from Zahner Elektrik). The estimated values of charge carrier mobility for various dopant ratios of NRI formulations and P3HT are presented in Table 5. 

Table 5

Extracted mobility of NRI and P3HT formulations. From Table 5, it can be seen that an increase in molarity from 2 to 12 M leads to an increase in the charge carrier mobility (within the limits of the same order). For NRI-12 M, mobility reaches its maximum value (9.60 × 10 -4 cm 2 /Vs), and a further increase in molarity decreases the value of mobility. As explained in the previous section earlier, for NRI-2 M compos ite, the concentration of the iodine is very high, and it shows high DOS. The charge carriers may fall on the deep coulomb traps, and thus it shows smaller mobility. When the dopant molar ratio increases from 2 M to 12 M, the doped material changes from a less organised state (higher DOS state) to a more organised state (smaller DOS state). Thus the material crosslink density increases, and the network becomes tighter. The tightness of the bonds or arrangement of the molecules thus promotes the charge transport through the material. It is also believed that for the formulation of NRI-12 M, there exists I 3-and I 5-in addition to the covalently bonding iodine atoms facilitating charge transfer complex formation [START_REF] Seto | Chemical structure of iodine-doped polyisoprene[END_REF][START_REF] Faseena | Semiconducting Natural Rubber: Toward Organic Electronic Applications[END_REF]. The highest mobility of NRI-12 M can be attributed to these factors. For NRI-16 M, the iodine concentration is deficient (Table 1), and hence the majority of doped iodine do not present as charge acceptors, but they are bound to the carbon atoms in the backbone. Therefore, the charge carrier transport through the material is diminished and showed lower mobility [START_REF] Seto | Chemical structure of iodine-doped polyisoprene[END_REF]. So optimum molar concentration for manufacturing a semiconducting device using iodine-doped natural rubber composite is observed as 12 M. It can be noted that the mobility of NRI-12 M material is on par with that of P3HT. This can be considered as an encouraging pointer into the potential and promise that NRI formulation holds as an environment-friendly and economical organic semiconductor.

Equivalent circuit model of NRI device

Earlier the equivalent circuit models are studied to simulate and understand the characteristics of inorganic electronics devices only [START_REF] Yim | Investigation of the interfaces in Schottky diodes using equivalent circuit models[END_REF]. However, it is now being applied for organic electronics devices also [START_REF] Ahn | Equivalent-circuit analysis of organic light-emitting diodes by using the frequency-dependent response of an ITO / Alq 3 / Al device[END_REF][START_REF] Okachi | Equivalent circuits of polymer light-emitting diodes with hole-injection layer studied by impedance spectroscopy[END_REF][START_REF] Jiang | Polaron-pair-dependent equivalent circuit parameters of organic solar cells based on CuPc and C 60[END_REF][START_REF] Mazhari | An improved solar cell circuit model for organic solar cells[END_REF]. EIS results can be precisely examined by fitting it into an equivalent electrical circuit model [START_REF] Park | Impedance spectroscopy analysis of organic light-emitting diodes fabricated on plasma-treated indium-tin-oxide surfaces[END_REF]. The model elements usually are fundamental electronic elements like resistors, capacitors, and inductors. To be valuable, the components in the model ought to have a premise in the physical electrochemistry of the system [START_REF] Freger | Diffusion impedance and equivalent circuit of a multilayer film[END_REF]. For example, the impedance Cole-Cole plot of NRI-12 M curves does not coincide with the origin due to the series resistance [START_REF] Guerrero | Series resistance in organic bulk-heterojunction solar devices: modulating carrier transport with fullerene electron traps[END_REF]. And this value can be extracted from the equivalent circuit. From the previous sections, it is clear that NRI-12 M formulation showed better electronic properties than other composites. For physical examination of the electronic properties, we built up an equivalent circuit model of the NRI-12 M device by analysing real and imaginary parts of the impedance plot for a dc voltage of 1 V with the help of an iteration software. During the fitting process, it is found that the behaviour of NRI material cannot be electrically modelled with the standard equivalent circuit of the diode. Thus for an excellent fit, we have added an inductor (Ls) and a series resistance (R s ) to two parallel RC networks, which are connected in series as shown in Fig. 6. Fig. 7 clearly indicates that the simulated results (scattered green dots) of our equivalent circuit model are in great concurrence with the recoded impedance data (red curve).

The aggregate impedance equation of the equivalent circuit is given in the Eq. ( 15). [START_REF] Dai | Iodine-induced uncoiling of polyisoprene random coils in solution[END_REF] Here L S indicated parasitic inductance associated with the electrical leads [START_REF] Yim | Investigation of the interfaces in Schottky diodes using equivalent circuit models[END_REF]. R s demonstrated the contact resistance conceivably developed from the anode electrode (ITO), Since the value of L s is minimal (order of 10 -18

), the contribution of L s can be neglected, and the value of R s can be extracted at relatively high frequency (about 1 MHz) [START_REF] Wang | Electrochemical impedance spectroscopy ( EIS ) study of LiNi1/3Co1/3Mn1/3O2 for Li-ion batteries[END_REF][START_REF] Grossi | Electrical impedance spectroscopy (EIS) for biological analysis and food characterization: a review[END_REF]. We can attribute the R 1 -C 1 and R 2 -C 2 components to the NRI bulk layer and NRI/Al junction, respectively [START_REF] Kang | Frequency analysis on poly (3-hexylthiopene ) rectifier using impedance spectroscopy[END_REF]. Extracted values of the equivalent circuit elements are tabulated (Table 6). .

Conclusion

In summary, the charge transport properties of the iodine-doped natural rubber composites are demonstrated. Four different molar ratios of iodinated natural rubber composites are synthesised, and Schottky type devices are fabricated with them. With the help of J-V characteristics, it was shown that the barrier height of the NRI formulation with 12 M iodine doping is the lowest relative to other dopant ratios. The charge carrier mobility was investigated using Negative differential susceptance analysis, which also showed the better properties of this composite. The DOS studies highlighted the reason for improved mobility. Further, an equivalent circuit model developed with an inductor (L s ) and a series resistance (R s ) to two parallel RC networks returned an excellent fitting. Thus electronic parameters are extracted and tabulated from this model. Mobility and barrier height values of the NRI organic semiconductors are then compared with current market-leading p-type material, Poly(3-hexylthiophene-2,5-diyl). It is observed that NRI-12 material properties are at par or better than that of Poly(3-hexylthiophene-2,5-diyl). It is important to note that, during the last two decades researchers have been working on Poly(3-hexylthiophene-2,5-diyl) to achieve this mobility, and this is the first effort to study the electronic properties of iodinated natural rubber. Therefore, this work will pave the way for a full-field application of this green and inexpensive organic semiconductor for the development of electronic devices in the future. 
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Table 1

 1 Quantity of Natural Rubber and Iodine used for semiconducting natural rubber preparation.

	Natural Rubber (NR) (g/ml)	Iodine (I 2 ) (g/ml)	[>C=C<]/[I 2 ]	Sample code
	0.015 0.015 0.015 0.015	0.0276 0.0138 0.0046 0.0035	2 4 12 16	NRI-2M NRI-4M NRI-12 M NRI-16M

Table 2

 2 Various parameters of iodine doped natural rubber composites.

	Active material	Saturation current density[J 0 ] (A/cm 2 )	Effective Richardson constant [A*] (A/cm 2 K 2 )	Ideality Factor [n]	Barrier Height [ϕ B ] eV
	NRI-2 M NRI-4 M NRI-12 M NRI-16 M	1.18 × 10 -8 8.31 × 10 -7 3.72 × 10 -6 2.26 × 10 -6	26.06 31.12 32.31 32.36	15.40 14.71 12.52 14.07	0.856 0.750 0.712 0.725

Table 3

 3 Extracted DOS of NRI formulations and P3HT.

	Active material	Density of states [DoS]
		(cm -3 eV -1 )
	NRI-2 M NRI-4 M NRI-12 M NRI-16 M P3HT	3.26 × 10 18 2.20 × 10 18 8.38 × 10 17 9.74 × 10 17 4.79 × 10 18

Table 4

 4 Extracted resistance values of NRI materials with different molar ratios.

	Material	R b (Ω)
	NRI-2 M NRI-4 M NRI-12 M NRI-16 M	350 90 82 170

Table 6

 6 Fitted equivalent circuit parameters and values

	Parameter	Value
	L s R s R 1 C 1 R 2 C 2	8.81 aH 150.53 Ω 2.47 kΩ 4.51 nF 4.26 kΩ 9.15 nF

Acknowledgements

The authors gratefully acknowledge the financial support of the Kerala State Council for Science Technology and Environment (KSCSTE), and the Ministry of Human Resource Development (MHRD), Govt. of India. One of the authors (T.P) would also like to thank Prof. P.Predeep, Dept. of Physics, NIT Calicut, India, for valuable discussion.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.