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HIGHLIGHTS: 

 

Current-voltage dependences (IV-D) of ITO/melanin layer/ITO structures were studied.  

Hysteresis voltages of quasistatic IV-D are near to water decomposition potentials.  

Short wet air pulse gives rise to displacement current maxima on dynamic IV-D.  

Modelling of IV-D by series-parallel RC-circuit with Zener diodes was performed.  

As a reason reversible ionic transfer and ferroelectric polarization are considered.  

 

 

 

Abstract 

The influence of low vacuum on quasistatic current-voltage (I-V) dependences and the impact of wet 

air pulse on dynamic bipolar I-V-loops and unipolar I-V-curves of fungal melanin thin layers have been 

studied for the first time.  

 The threshold hysteresis voltages of I-V dependences are near to the standard electrode 

potentials of anodic water decomposition.  

 Short wet air pulse impact leads to sharp increase of the current and appearance of “hump”-like 

and “knee”-like features of I-V-loops and I-V-curves, respectively.  

 By treatment of I-V-loop allowing for I-V-curve shape the maxima of displacement current are 

revealed. The peculiarities of I-V-characteristics were modelled by series-parallel RC-circuit with 

Zener diodes as nonlinear elements.  

 As a reason of appearance of temporal polar media with reversible ferroelectric-like polarization 

and ionic space charge transfer is considered the water-assisted dissociation of some ionic groups of 

melanin monomers that significantly influences electrophysical parameters of melanin nanostructures. 
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1. Introduction 

Melanins belong to the class of poly-functional biospherical nanostructural macromolecules [1, 2]. 

Being hydrated under environment conditions melanin can be considered as natural organic material or 

synthetic disordered polymer with hybridized mixed electronic-ionic conductivity and can be classified 

as one of bio-electronic materials [3-9].  

 Natural melanins are formed due to enzymatic metabolism in the course of melanogenesis 

process [1, 2] resulting in the mixture of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-

carboxylic acid (DHICA) as precursors of main monomeric units, including their various oxidized 

forms, in particular, 5,6-indolequinone (IQ) and 5,6-indolequinone carboxylic acid (IQCA), and also 

proteins, lipids and some metal ions.  

 Synthetic melanins and eumelanins [3-10] can be formed from the same DHI and DHICA basic 

units taken in definite percentage. DHI and DHICA monomer units can exist in various oxidation states 

and linked randomly with each other forming quasi-planar oligomers and nanostructures.  

 The interest for melanin extracted from fungi, plants, animal and human pigments, synthetic 

melanin and melanin-like materials [9] is connected with their promising applications in photo- and 

other types of protection [11, 12], neuro-functionality [1, 13], free radical scavenging (in particular, 

biosensing) [1], and solution of melanoma problem [2]. Melanins including fungal one are widely 

discussed in terms of prospects for photovoltaic applications [14-17], including development of donor-

acceptor compositions of melanin with other compounds [18]. During the decades of research history 
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of melanin (from 1960s [19, 20]) a multitude of intense studies in the areas of biology [1, 2, 12, 13, 19], 

chemistry [19, 21, 22] and physics [5-9, 15-18, 20-30] was performed. 

 Almost 40 years ago melanin was considered as natural amorphous organic semiconductor [28, 

29] and lately was proposed as electronic-ionic hybrid conductor for molecular bio-electronics [8, 9]. 

Later heteropolymer model [1] and nano-scaled aggregate model [24, 25] of eumelanin were proposed 

and decisive role of chemical disorder was established [22]. Recently, in the issue of current-voltage dc 

and infra-low frequency ac characterization, eumelanin was considered as promising for space charge 

storage based memory devices [26], protonic devices and other bio-electronic applications [27].  

 Being always partially hydrated, depending on surrounding humidity level melanins possess 

water molecules influenced physical properties, in particular bistable electrical switching phenomena 

[28, 29], electrical charge storage effect [3, 4], hopping conductivity and polarization [5-7], hysteretic 

current-voltage characteristics [26, 27].  

 Current-voltage characteristics of metal/melanin/metal systems have been investigated in 

quasistatic mode [26-28]. These results give the information about electrical charge transport and 

trapping/release processes on their final quasi-stationary stage. In order to obtain more information 

about the initial stage of charge transfer processes, the study of current-voltage characteristics in 

dynamic mode is necessary, and so the step from static to dynamic operation mode in melanin 

conductivity investigations is required.  

Earlier we reported [31-37] about the considerable and fast reaction on the humidity impact for 

a number of nonorganic porous systems, namely zeolite-like Na-Y and mesoporous MCM-41 systems 

[31], porous Si [33-35] complex metal-oxide ceramics [32, 35] and LiNbO3-films [36, 37]. These 

studies proved the efficiency for examining the changes of parameters of bipolar and unipolar dynamic 

current-voltage characteristics connected with the pulse change of humidity in dynamic operational 

mode. Therefore, in this paper we present a comparison of the results for static humidity influence on 

quasistatic current-voltage characteristics and pulse humidity impact on dynamic current-voltage 
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characteristics of natural melanin. By discussing the obtained results, we aim to provide scientific insights 

into the mechanisms of electrical transfer supported by equivalent scheme modeling.  

 

2. Experimental  

2.1. Sample preparation  

The powder of studied fungal melanin was extracted from basidial fungi and purified by Prof. 

L.F. Gorovyi (Institute of Cell Biology and Genetic Engineering, National Academy of Sciences of 

Ukraine) [38, 15]. The absorbance, luminescence and photovoltaic properties of the fungal melanin 

were characterized elsewhere [15]. The melanin powder was dissolved in distilled water at the 

concentration of 10 mg/ml (1 w/w%), and thin films were obtained by drop casting of water solution on 

the substrates with In:Sn oxide, ITO, electrodes. The substrates had two strіps of ITO electrodes placed 

in parallel close to each other forming channel that length and width were 100 μm and 4 mm, 

respectively. The film layer of melanin and ITO electrodes formed planar structure of 

ITO/melanin/ITO (PSM). The films of melanin were very inhomogeneous by thickness forming 

dendrite fibers. Average film thickness measured by rod micrometer was about 10 μm.  

2.2. Measurements  

The basic method applied for examining the influence of static and pulse humidity changes on 

electrical parameters of PSM was current-voltage characterization. Static humidity influence was 

studied by its effect on quasistatic current-voltage characteristics. Pulse humidity influence was studied 

by its impact on dynamic current-voltage characteristics as in our previous studies of porous and 

mesoporous systems [31-37]. Taking into consideration different levels of photosensitivity depending 

on various kinds of melanin, different surrounding conditions, material state and type of used sample 

structure (see e.g. [9, 21, 26]) all the measurements were performed for the samples screened by 

opaque casing.  
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Quasistatic current-voltage characteristics (I-V-dependences) were obtained in air atmosphere 

of relative humidity about 70 % under the normal pressure and under low vacuum 50 Pa (0.38 Torr). 

The measurements were performed in uni-cycle mode of applied dc voltage in the range of (0 - 100) 

V with 3 approximately equal logarithmical steps per decade. Current values were registered with a 

Keithley 6514 electrometer as current achieves of its quasistatic value after 2-5 min of relaxation.  

Bipolar dynamic current-voltage characteristics (I-V-loops) were registered in the multi-cycle 

mode when applied triangular ac driving voltage varied linearly in the range of (0 - 10) V with 1 Hz – 

1 kHz of frequency.  

Unipolar dynamic current-voltage characteristics (I-V-curves) were registered in the sweeping 

mode when unipolar saw-tooth driving voltage varied in the range (0 - 10) V with durability of 50 ms 

and 10 Hz of repetitive frequency.  

For examining effect of step-like change of humidity on the parameters of I-V-loops and I-V-

curves the wet air flux pulses with duration of (1-5) s and relative humidity, Hr, near of 95 % were 

directed on the samples. Direct oscilloscopic observations of hydration impact induced variations of I-

V-loops and I-V-curves were performed as for metal - ferroelectric - metal [38, 39] and metal - silicon 

oxide - metal [41, 42] structures. At that the voltage on reference resistor was displayed and measured 

using two-channel YB54060 (Sinometer Instruments) digital storage oscilloscope.  

 

3. Results  

3.1. Quasistatic current-voltage-dependences  

Figure 1 presents the quasistatic I-V-dependences obtained for PSM at RT, Hr = 70% in air under both 

atmosphere pressure and (Fig. 1, left) and low vacuum (50 Pa) (Fig. 1, right). Positive and negative 

branches of the both I-V-dependences are similarly shaped and almost symmetric with considerably 

different forward and backward voltage runs. For the both obtained I-V-dependences low-voltage 
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hysteretic central region of clockwise path tracing is observed. For both positive and negative branches 

the hysteresis width at the atmosphere pressure is two times as large as at low vacuum (within the 

limits of ±2 V and ±1 V, respectively) (compare Fig. 1, left and right).  

 The difference between out-of-hysteresis high-voltage forward and backward runs of I-V-

dependence at the atmosphere pressure is considerably higher than at low vacuum due to a change of 

character of current increase in the range of (1 ÷ 10) V from sharp super-linear (see Fig. 1, left) to 

nearly linear (see Fig. 1, right). As a result the transition from super-linear to sub-linear behaviour 

appears in the forward runs of I-V characteristics at the atmosphere pressure. These features in 

quasistatic I-V characteristics for eumelanin did not observe in air [26] (see the Fig. 3a therein). 

However the transition took place in [27] as less pronounced but perceptible similar behaviour on the 

forward runs of I-V characteristics at 90 % Hr (see the Fig. 2b in [27]). On the whole, the quasistatic 

characteristics obtained at low vacuum are similar to the I-V curves obtained for eumelanin [25]. At 

that, the differences of 5 orders of magnitude for the current and of 4 orders in hysteresis amplitude 

value under transition from the atmosphere pressure to low vacuum is in correspondence with the 

results [5, 21] relatively dehydration influence on conductivity of melanin.  

 

3.2. Dynamic current-voltage characteristics: bipolar loops and unipolar curves  

Figure 2 presents the dynamic bipolar I-V-loops (Fig. 2, left) and dynamic unipolar I-V-curves (Fig. 2, 

right) obtained for the PSM at RT and Hr
min = 70% before (Fig. 2, bottom) and just after wet air pulse 

of relatively high (Hr
max = 95%) humidity (Fig. 2, top). The differences of 2-3 orders of magnitude for 

the currents just after and before wet air pulse impact are in correspondence with similar change of dc 

conductivity of synthetic melanin due to its hydration [5, 21].  

 The shape of Hr
min bipolar and unipolar I-V characteristics (Fig. 2, bottom) corresponds to series 

RC-circuit with slightly variable resistive (R) and capacitive (C) components.  
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Under the action of wet air pulse the increase of I-V-loop average slope and width are observed 

(Fig. 2, left). These changes are followed by the appearance of characteristic “humps” on forward run 

and “bends” on backward run of the loop at voltages Vh ≈ ±5.8 V and Vb ≈ ±6 V, respectively (see Fig. 

2, left).  

At that, the increase of I-V-curve average slope and change of its shape from linear to non-

linear with appearance of two “knees” between linear, quasi-saturated and quasi-linear regions is 

observed (see Fig. 2, right). The “response” time of current rise as the reaction on a wet air pulse is 

τ1 ≈ 1-3 s.  

As the result of temporal hydration, the transformation of I-V-loops corresponds to a decrease 

of R value and an increase of C value under occurrence of apparent R(V)- and C(V)- non-linearities 

and the transformation of I-V-curves corresponds to a decrease of R and its jump-like changing in the 

“knee” region. At that, “retention” time of keeping the hydrated state with high C and low R values is 

τ2 ≈ 10-20 s depending on wet air pulse duration.  

After wet air pulse termination and renewal of initial low Hr
min the shape of I-V-loops and their 

parameters returned to initial ones with time. For I-V-curves this restoration is also accompanied by 

decrease of R-non-linearity to the initial value. The “recovery” time of restoring transition to the initial 

state is τ3 ~ 2-3 minutes.  

Under the frequency decrease sharp endings of I-V-loop elongate considerably due to the 

decrease of “hump” voltage, Vh, and “bend” voltage, Vb, namely from Vh ≈ Vb ≈ 6 V at 10 Hz (Fig. 2, 

left) to Vh ≈ Vb ≈ 4 V at 1 Hz. For I-V-curves similar decrease of upper “knee” voltage, Vk, from Vk ≈ 

5.5 V to Vk ≈ 3.5 V under the same frequency decrease is observed.  

Under increase of the driving voltage up to 100 V the almost linear continuation of I-V-loop 

branches is observed and general shape of dynamic I-V-loop tends to the shape similar to quasistatic I-

V-dependences (Fig. 1, right).  
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4. Discussion  

4.1. Quasistatic current-voltage characteristics  

Consideration of Figure 1 shows the significant decrease of current and the hysteresis amplitude, on 4-5 

orders of magnitude, under the pressure reduce. At that, the hysteresis shape in central part changes 

insignificantly. The current changes are in agreement with known influence of melanin 

dehydration/hydration on the conductivity value [5, 21] caused by possible changes in proton migration 

process [4, 9, 21, 26, 27].  

 One’s attention has been attracted by a decrease of average threshold voltage of hysteresis, Vt, 

that can be defined as Vt = (Vt
+ - Vt

−)/2, where Vt
+ and Vt

− correspond to zero current values of positive 

and negative branches of I-V-characteristics. At low vacuum, Vt ≈ 0.8 V that is close to well-known 

standard electrode potentials of anodic water decomposition: Eº= + 0.815 V (corresponding reaction is 

2H2O – 4e־ = O2 + 4H+) [43, 44]. Since anodic monatomic oxygen is a strong oxidizer, its evolving 

results in the electrode polarization, and, for continuation of water anodic oxidation, higher voltage up 

to +1.5 V is necessary to apply [44]. As the result of hydration, at atmosphere pressure the electrode 

polarization is higher than under low vacuum, and Vt value increases namely to Vt ≈ 1.5 V.  

 For high-voltage parts of I-V-dependence (out-of-hysteresis path), the difference of current 

value for the forward and backward runs is characteristic. The higher difference under atmosphere 

pressure than under low vacuum (compare Fig. 1, left and right) is the sign of possible transition from 

protonic to electronic conductivity preponderance as a consequence of dehydration. The change of I-V-

dependence from linear (I ~ V) at low vacuum to the power law (I ~ Vn , n =1.5 ÷ 2) at the atmosphere 

pressure can be connected with injection of charge carriers [45], in particular with proton injection 

[45]. Under voltage increase, the transition from Ohm’s law to Child’s law (I ~ V2) [45] is also 

characteristic to synthetic melanin [28].  
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4.2. Circuit modeling for dynamic current-voltage characteristics (loops and curves)  

Modeling of dynamic I-V-loops was performed aiming to display the changes of effective resistance 

(R) and capacitance (C) of PSM sample affected by increased humidity. At that, the sample was 

replaced by combination of parallel RC-circuit (assuming continuous surface and/or bulk conduction) 

and series RC-circuit (assuming space charge transfer and accumulation either at material/electrode 

interface or in the vicinity of bulk non-homogeneities resulting in polarization processes).  

Zero-voltage (Vd = 0) amplitude, width and slope of obtained I-V-loops (Fig. 2) were modelled by 

parallel RC-circuit (Fig. 3, left). General shape (width, slope change and magnitude) of I-V-loops (Fig. 

2) was modelled by series RC-circuits (Fig. 3, middle).  

Relative changes of resistance, δR = R(Hr
min)/R(Hr

max), and capacitance, δC = C(Hr
max)/C(Hr

min), 

connected with Hr increase from its minimal Hr
min to maximal Hr

max values were estimated from 

corresponding equivalent circuits.  

Obtained R and C and also δC and δR values are summarized in Table 1. 

The δR and δC values and “recovery” times are about 10 times higher than the ones obtained 

for nonorganic materials under near the same conditions [31-34].  

 For the same PSM sample operating at 1 kHz with transformer RC-bridge supplied with 

oscilloscopic indication under sharp increase and subsequent decrease of Hr value in the limits of (70 - 

95) % the values of δC ≈ 15 and δR ≈ 35 were registered. 

 Observed I-V-nonlinearities cannot be reproduced by linear RC-circuits. Better modeling of 

general leaf-like shape of bipolar I-V-loop (Fig. 2, left) (but with no “humps”) and peculiarities of 

unipolar I-V-curve (Fig. 2, right) was performed using combined series-parallel nonlinear circuit (Fig. 

3, right). Corresponding I-V-nonlinearity was obtained by two in anti-series connected Zener diodes 

forming so called stabistor (S) as nonlinear R-element (Fig. 3, right). In particular, taking advantage of 

Zener diode one can shift the voltage positions of “knees” in I-V-curve and to change the elongation of 

endings of I-V-loop by corresponding choice of not only R and C values but also stabilization threshold 
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voltage of the diode. In addition, general shape of quasistatic I-V-dependences with the same current 

ratio of hysteresis and out-of- hysteresis regions was modeled RC-circuit (Fig. 3, right) at 1Hz of drive 

voltage frequency.  

 

4.3. Displacement current loop  

Elucidation of real shape for displacement current, Id(V), that contribute to the total current of bipolar I-

V-loop can be performed by taking into account and subtraction the conductivity current contribution 

given by unipolar I-V-curve. Id-V-loop obtained by such procedure is presented in the Figure 4.  

 During forward Id(V) run, one poling maximum (I) with voltage position Vm1 = ±5.5 V, and 

during backward Id(V) run two depoling maxima (II and III) with voltage positions Vm2  ±6.5 V and 

Vm3  ±1.5 V are pronounced. (For maximum II slight splitting is distinguished).  

 Vm1 is close to the position of the “knee” on unipolar I-V-curve at Vk ≈ ±5.5 V (see Fig. 2, 

right) that together with position of Vm3 allows considering the hydration as a common reason of these 

peculiarities.  

The “hump”-like peculiarities of I-V-loop are connected with displacement current maxima ID = 

(dP/dt), because hysteretic voltage dependence P(V) under its reversal by external voltage V(t) 

corresponds to two opposite maxima of (dP/dV)(dV/dt) [39, 40]. Observed for the hydrated PSM 

samples maxima under forward run of bipolar Id-V-loop seems to be similar to the maxima of the 

currents of polarization reversal featuring ferroelectric materials [39, 40].  

 Besides, it is necessary to note that the maxima on bipolar I-V-loops are characteristic for 

metal/insulator/semiconductor structures in the case of presence of mobile ionic charge carriers that 

transfer under internal voltage temporarily increasing the conductivity due to additional displacement 

current [41, 42].  
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 The maxima II and III of bipolar Id-V-loop of PSM observed under the backward run can be 

related to restoring of initial state of polarization during poling voltage decrease after reaching its 

maximum. These current maxima are similar to those observed in ferroelectrics with so-called “elastic” 

domains [40], in particular, in H-bonded molecular crystal triglycine sulphate [47, 48]. These “elastic” 

domains, which nucleate and start to grow during poling, spontaneously return to its initial state during 

poling voltage vanishing [47, 48] due to elastic character of domain walls interaction with defects [40].  

 Revealed shape of bipolar Id-V-loop of hydrated melanin with several current maxima (Fig. 4) 

is apparently connected with existence of several groups (three in our case) of adsorbed HOH-

molecules taking part in polarization process. Depending on degree of bounding with melanin DHI 

and/or DHICA monomers (more strong or more weak) these molecular groups (three in our case) due 

to different pinning degree after reorientation behaves themselves similarly to “stable” or “elastic” 

domains in ferroelectrics [39, 40].  

 This interpretation is in agreement with the conclusions in Refs. [3] and [4] about relation of 

“intrinsic” polarisation of natural and synthetic melanins with different states of H2O-dipoles.  

 

4.4. The ways for water assistant proton conduction and polarization  

The water assisted proton (H+) conduction can be realized in melanin with participation of basic DHI 

and/or DHICA monomer molecular units [1, 8, 9, 21, 24, 25, 27] by at least three possible ways. 

The first one results in proton (H+) release by water assisted dissociation connected with ionization of 

hydroxyl groups, OH–, linked with benzene ring of DHI (and/or DHICA): 

DHI(CA) ↔ IQ(CA) + 2H+ (here IQ is 5,6-indolequinone).  

The second one following to [49] results in hydronium ions, H3O
+, release by water assisted H+ 

reattachment due to dissociation of carboxylic acid CA by ionization of carboxyl group, COO–-H+, in 

DHICA: 
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DHI–COOH + H2O ↔ DHI–COO– + H3O
+.  

The third one analogously with [49] results in hydronium ions release by water assisted 

comproportionation reactions [9] facilitated by IQ as a resultant of first way:  

DHI+IQ+2H2O ↔ 2IQ+2H3O
+.  

 Polar reaction of hydrated melanin seems to be associated with at least two kinds of 

transformations connected with three above mentioned ways.  

 The first kind of transformation corresponds to second way and so is connected with the break 

of O-H bonds in hydroxyl groups, OH–, and temporal dangling of C-O bond in carbonyl group, COO–, 

of DHICA.  

 Dipole moment of DHICA molecule (5.6 D ≈ 1.68∙10-29 C∙m, Ref. [50]) is appreciably higher 

than the dipole moment of polar polyvinylidene fluoride polymer (PVDF, [CH2CF2]n) (2.1 D ≈ 6.3∙10-

30 C∙m on monomer unit). So, polar reaction of melanin can arise from swinging of DHICA molecule 

during H3O
+ ion release.  

 The second kind of transformation corresponds to first and third ways and is connected with 

the doubling of C-O bond owing to reorientation of former O-H bond together with break and flip-over 

of C-C bonds in benzene ring. At that due to change of bonding in the one of links of benzene ring 

temporal changing of its charge state takes place that is the reason of temporal decompensation of 

molecular dipoles and so of temporal dipole moment appearance.  

 Summing up, polar ferroelectric-like type reaction of hydrated melanin seems to originate from 

polarization phenomena as a consequence of local disturbance of ionisable radicals (–H in DHI and –

COOH groups in DHICA) by adsorbed dipolar H2O molecules (dipole moment 1.84 D ≈ 5.5∙10-30 

C∙m).  
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 Space charge type of hydrated melanin reaction seems to be related to proton transport, and 

polarization processes appeared either in near electrode region or in the volume in vicinity of inherent 

to melanin nano-scaled non-homogeneities [1, 23, 25, 29].  

 Considered perturbations followed by swinging of DHI/DHICA monomers lead to deformation 

of random inter-monomer bonding in oligomers or in corresponding positions of macromolecules [1] or 

nanoagregates [22] of melanin. Granting this the perturbations of -stacking [22, 23] in inter-oligomer 

assembling of nanoagregates leading to local variation of inter-oligomer distances can also be achieved. 

So further AFM examination (in the spirit of [22, 23, 25] and similar to electrochemical strain 

microscopy [51, 52]) directed on detection of hydration-polar and hydration-mechanical reaction of 

melanin is desirable.  

 

5. Conclusion  

Observed changing of quasi-static I-V-dependence peculiarities under transition from the atmosphere 

pressure to low vacuum is connected with dehydration of melanin. At that two times decrease of the 

hysteresis width corresponds to drop in twice of electrode polarization potential necessary for anodic 

water decomposition at low humidity level. 

 The impact of wet air pulse of (1-5) s duration causes sharp increase of current value and leads 

to appearance of “hump”-like peculiarities of dynamic bipolar I-V-loops and “knee”-like peculiarities 

of unipolar I-V-curves. By I-V-loop treatment with accounting I-V-curve shape the maxima of 

displacement current appeared under hydration are manifested. These maxima are similar to current 

maxima observed under polarization reversal in ferroelectric materials and under ionic space charge 

transfer in metal-insulator-semiconductor structures.  

 Modelling of general shape of I-V-loops and the main peculiarities of I-V-curves of PSM is 

possible by using linear series-parallel RC-circuit with stabistor as nonlinear element.  
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 For hydrated melanin layer the observed features of quasi-static and dynamic I-V-characteristics 

are mainly connected with “products” of interaction of melanin monomer units with absorbed water 

molecules resulted in forming of temporal polar media with enhanced ionic transport, increased 

dielectric permittivity and reversible polar reaction of ferroelectric-like type.  

 Absorption of water molecules by melanin macromolecules presumably leads to the water 

assisted dissociation of melanin monomer units resulting in ionisation of carboxyl and hydroxyl groups 

of these units that significantly influences electrophysical parameters, in particular charge transfer and 

polarization ability of PSM.  

 Obtained results on transformations of I-V-characteristics of PSM under wet air pulse impact 

demonstrate the efficiency of dynamic electrophysical characterization for studying the effect of fast 

humidity changes on the properties of melanin. The authors believe that their findings contribute to 

better understanding of environment surroundings influence on melanin functional abilities and 

promote further advance of melanin into the class of functional materials for molecular bio-electronics, 

especially for meso- and nano- scaled flexible organic memories. 
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Figure captions page: 

 

Fig. 1. Quasistatic unipolar current-voltage dependences of ITO/Melanine/ITO planar structure at 

atmosphere air pressure (left) and at low vacuum (right). Positive and negative runs marked by (+) and 

(-) respectively. Poling run marked by open symbols. 

 

Fig. 2. Dynamic bipolar current-voltage loops (left) and unipolar current-voltage curves (right) of 

ITO/Melanine/ITO planar structure at 10 Hz of operating frequency (initial below and just after wet air 

pulse finishing above). 

 

Fig. 3. Modelling equivalent circuits: parallel (left) and series (middle) linear RC and combined 

nonlinear RCS (right). 

 

Fig. 4. Dynamic bipolar displacement current-voltage loop obtained as difference of bipolar I-V-loop 

(Fig. 2a) and unipolar I-V-curve (Fig. 2b). One poling maximum (I) under forward run and two 

depoling maxima (II) and (III) under backward run are well distinguished. 
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Fig. 4. 
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Table 1 Types of equivalent RC circuit, effective resistance (R) and capacitance (C) at different 

humidity levels and relative changes, δR and δC, caused by humidity impact.  

RC-circuit  Hr
min = 70% Hr

max = 95% Relative change 

parallel R, kOhm 4000 25 160 

 C, μF 0.02 4.4 220 

     

series R, kOhm 3300 15 220 

 C, μF 0.025 3.3 132 

 

 




