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ABSTRACT 

 

This thesis focus on the development of two differentiated devices, using 

common and interchangeable materials: (1) electronic diodes and (2) 

electrochemical capacitors, also known as supercapacitors. Special attention was 

given for these devices to be transparent or at least translucent. This work is 

proposed as a first step in a way to achieve a single device having shared materials 

as well as integrating energy generation (solar cells) with storing of the produced 

energy (supercapacitor).    

In order to accomplish those challenging goals, ZnO and PEDOT have been 

selected as common compounds to be used in supercapacitors and diodes. ZnO has 

been used in two morphologies, as thin film and as arrays of nanorods.  ZnO was 

initially tested as an n-type semiconducting oxide in a diode composed of ZnO 

nanorods and p+-type Si. Likewise, the performance of PEDOT was evaluated in a 

semitransparent supercapacitor consisting of two symmetrical PEDOT electrodes 

with an intermediate layer of ionic polymer of PVP/LiClO4. 

 Later on, both materials were combined to address a heterostructured diode 

and a supercapacitor electrode. The former was arranged as ZnO/PEDOT film. 

Whereas, supercapacitor electrode was carried out directly on a ZnO 

nanorod/CuS/PEDOT conformation decorated with MnO2 nanoparticles, leading to 

an enhanced energy storage capacity and improving its transparency. CuS 

improved the electrodeposition of PEDOT on the ZnO nanorods and the charge 

transfer. 
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OBJECTIVES 

 

The motivation of this work has been to demonstrate the possibility of 

employing common and interchangeable materials to assemble two differentiated 

devices; with the perspective of mixing both compounds together to carry out a 

single integrated device, following a low-cost, easily up-scaling and friendly to 

ambient route. The approach covers functional semi-transparent devices, 

specifically, hetero-structured diodes and supercapacitors. A great near-future 

development of this kind of technologies may be envisioned and their applications 

are in concordance with the urgent necessities of our world. 

To achieve these objectives have been selected ZnO and PEDOT as the common 

compounds to be combined.  ZnO has been used in two morphologies, as thin films 

and as arrays of nanorods. A diode has been formed using p+-Si and ZnO nanorods 

growth on conductive glass by a electrochemical process (see Diagram of 

objectives). On the other hand, a symmetric supercapacitors has been formed using 

two electrodes of PEDOT electrodeposited onto conductive glass, and using an 

intermediate layer of an ionic conductive polymer (PVP/LiClO4). Two electrodes 

have been obtained in a second step (see the Diagram of objectives), firstly, a diode 

obtained by combination of ZnO and PEDOT, the whole device formed by thin films. 

The second a supercapacitor electrode formed by a layer of ZnO nanorods grown up 

on conductive glass, like the ZnO/p+-SI before described. The future idea is to 

combine both structures trying to obtain an integrated device with characteristics of 

diode and supercapacitors. The Diagram of objectives outlined the structure of the 

fulfilled work, which form the body of this thesis, and the future work to develop. 
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 Diagram of objetives 
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THESIS OVERVIEW 

 

This thesis is elaborated by a compendium of scientific articles, structured in 

four parts. The first is an introduction where every topic is presented, showing the 

theoretical background and state of the art. Afterwards, a review of every 

instrument and experimental methodology used is given. The results and the 

subsequent discussion are displayed in the included copy of the four articles. Finally, 

a global discussion and conclusions are provided, where a general analysis and 

abridgement of conclusions of all contributions is shown.   
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CHAPTER 1.- INTRODUCTION 

1.1 SUPERCAPACITORS 

 

1.1.1 GENERAL SURVEY 

Among the necessities of our world, the energy scarcity is a primary issue 

nowadays; most of the electricity generation relies on non-renewable sources. 

Renewable energies seem to be a good alternative to face many concerns arisen 

from fossil foil source. Distributed power productions should reduce the ultimate 

prices, due to increasing competence; reducing CO2 emissions and giving more 

geopolitical independency.  However, intermittency of these sources urges to find an 

environmentally friendly solution to the accumulation of the exceeding power-

energy production. Electrochemical capacitors have been proposed and are under 

study to mitigate the short-term fluctuations of wind turbines as well as compensate 

supply and demand. 

As long as the stress of many countries policies have been focused on the 

production of renewable energies, the storage and distribution of this kind of energy 

has become of significant importance. The supply intermittency urges rapid 

development of storage technologies, which convert them in a pivotal position in the 

field of green energies. Transparent functional devices have drawn a lot of attention 

recently due to their great development opportunities in cutting-edges technologies, 

such as optoelectronics (flat-panel displays, touch-sensitive control panels, sensors, 

invisible RFID, e-label, transparent transistors circuits…), polymer solar cells, 

wearable gadget (smart glasses, retinal displays, health monitoring …), Zero-energy 

buildings (transparent batteries/supercapacitor, low-emissivity windows), etc. The 

market for flat-panel displays alone is worth approximately €65 billion per year, for 

instance. Furthermore, transparent energy storage systems could burst the 

consolidation of fully integrated devices, wearable customs and opto-electronics 

applications. Near-Zero Energy Buildings (NZEB) EU directive promotes urgently 

actions in the implementation of technologies that will dramatically reduce the 

energy consumption by 2020, in order to ensure the EU’s longer-term climate 

objective. Therefore, an original solution consists of integrating transparent or 
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semitransparent energy storage devices together with energy production systems in 

building facades. Recently, one Spanish company, called Onyx Solar, has presented 

colored photovoltaic glass for generation energy devices with relatively good 

success. 

The electrical grid currently faces an extensive range of demand oscillations. For 

instance, aerogenerators cause severe voltage fluctuations in supply or 

photovoltaics rely on natural solar cycle every day.  So, still exist the necessity of the 

development of high reliable uninterruptable power source device. In the 

transportation industry, as well as other industrial activities, are intensively 

investigating on coupling lithium batteries with supercapacitor to achieve an 

autonomous electric car, recovering energy when breaking. One of the first uses of 

supercapacitor were as memory backups in computers.  In electronics are getting a 

marked role due to its ability to extend conventional batteries cycle life.      

The major benefits of electrochemical capacitors are their high power density 

capacity, excellent reversibility 95 % and remarkable charge-discharge cycling 

number, especially for EDLC with 105 cycles. Although, they present several 

disadvantages such as self-discharge, low potential window, in some applications 

cannot use the full spectrum of energy and still hold low energy density, usually 

1/10 of a battery.     

Commercial names have been propagated over the years such as APowerCap, 

BestCap, BoostCap, CAP-XX, DLCAP, EneCapTen, EVerCAP, DynaCap, Faradcap, 

GreenCap, Goldcap, HY-CAP, Kapton capacitor, Super capacitor, SuperCap, PAS 

Capacitor, PowerStor, PseudoCap, Ultracapacitor. 
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1.1.2 HISTORICAL BACKGROUND 

First evidences of energy storage by electrostatic forces is found back in 1745 

with the invention of the Leyden jar discovered by Ewald Georg von Kleist and, 

almost simultaneously and independently in 1746, by a Dutch physicist Pieter van 

Musschenbroek of the University of Leyden. It consisted in a glass jar filled with 

water, where a cork-fixed chain was immersed and two metal foils were lined inside 

and outside. The glass acted as dielectric and the two metal foils as negative-positive 

electrodes, respectively. Thus, this is considered the first electrostatic capacitor. To 

Benjamin Franklin we owe the first scientific approach of the Leyden jar’s 

peculiarities. It was he who envisaged the idea of grouping a number of jars into 

what he describes as “cascade battery” (employing the military term weapons 

functioning together), in which the strength of the shock was enormously increased, 

and it was he who proved that the charges reside not on the surface of the glass but 

on the metallic coatings. Contemporarily, Faraday established the basis for the 

concept of capacitor technology, coining the term of dielectric constant as well as 

the invention of the first practical fixed and variable capacitor. However, there were 

no substantial breakthroughs in the 18th and 19th century, excluding the first patent 

disclosed by Fitzgerald at the end of the 19th century in 1876[1].It was a rolled type 

capacitor, commonly known as the wax-impregnated paper capacitor. 

 Not before WWI did the development of electronics components such as 

resistors and capacitor get an impulse. Radio communications impose stringent 

environmental and operational requirements promoting major improvements to 

component design and manufacture. The old glass Leyden jar could not surpass all 

these requirements. The lifespan of a glass condenser was scarcely a year due to the 

fragile and therefore easily broken material. The capacity of the device depend on 

the thickness of the glass, so that the thinner the more fragile it becomes and less 

reliable.  The main uses of the Leyden jar during and before the First World War was 

in high-voltage, high-power electro-medical machines as well as radio 

communications between ships and wireless telegraph. Whereas telephone and 

telegraph companies employed paper condenser with low-voltage and low power.  

William Dubilier started manufacturing mica capacitors (then known as 

condensers) in 1909 in a company he founded in Seattle to overcome all the 
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inconveniences arisen from the Leyden jar. Initially, it simple structure, two metal 

foil pressed to a dielectric portended an easy technological development. 

Nonetheless, corona or brush discharge, hysteresis, eddy currents and mechanical 

losses suddenly appeared in the first prototypes. Dubilier addressed every issue 

with success. He noted that irrespective the thickness of the dielectric the maximum 

voltage across a pair of foil was 1000V. Therefore, whenever this value was reached, 

a disrupted corona collapsed the entire artifact. With the aim to solve the problem 

he became with a genial idea, that is the basis of capacitor miniaturization 

nowadays, piled thousands of single units of foil-dielectric in series. Thus, every 

subunit bore minute voltage in between, preventing brush discharge and dielectrics 

losses[2]. 

Having discarded this malfunction, the capacitor began to overheat. Mica sheets 

presented microscopic hills and dales that prevented intimate contact of metal foil 

with the dielectric. This tiny imperfections promote electrical instability due to heat 

loses arisen from the variable air gap. Any minor movement or vibration lead to 

heavy heat loses. Later, a special type of soft metal foil was introduced, one that 

would be imbedded into the fine crevices of the mica sheet. 

In 1933, the Dubilier Company joined forces with Cornell Electric Manufacturing 

Company to form Cornell Dubilier Electric (CDE). Mica capacitors were widely used 

in early radio oscillator and tuning circuits owing it low temperature coefficient of 

expansion, high insulation and low absorption, resulting in very stable capacitance. 

They are still used where exceptional temperature stability is needed. 

The first principles of electrolytic capacitor can be traced to the second half of 

the 19th century with the studies of electrolytic rectifier by Wheatstone, Buff, 

Ducrelet and Beret[3]. Their work on the formation of a dielectric film in an 

aluminum foil when a potential is applied in an electrolytic solution exhibiting 

unidirectional conductivity, led to the discovery of the electrolytic capacitor by 

Charles Pollack.  Patent granted in 1897, titled Improvements in or connected with 

Electrical Condensers formed the basis of all successive electrolytic capacitors  
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Excerpt from Basic Patent:  

The invention is based upon the observation, which I have made, that if, in an 

electrolytic cell, the electrodes be such that, when the current passes through them, the 

plate, acting as a positive electrode for the time being, becomes covered with a film or 

coating, the effect of which is to insulate the metal of the plate from the electrolyte or, 

at all events, to offer a considerable resistance to the passing current, then a current of 

corresponding tension (say 100 volts) is precluded from passing through the cell 

altogether. And if the circuit be then broken, and the cell connected with a 

galvanometer, the impulse of the latter will correspond to the tension of the charging 

current. Hence it follows that the useful work or energy, of the current becomes stored 

up in the electrode. By the utilization of this fact I have produced an improved 

electrical condenser of great capacity. 

Charles Pollack’s patents gave a fundamental approach in the laboratory level, 

although technical development was still behind. Major work on developing 

practical and applicable designs for electrolytic capacitor was done by Julius Edgar 

Lilienfeld. He worked as the head of capacitor engineering for the AMRAD Corp., 

where he delved into the formation of a stable crystalline anodic film and patented 

the first solid state electrolytic capacitor in 1928.  

The first commercial electrolytic capacitor was launched by Ralph D. Mershon in 

1920s, known as “Mershon Condenser”, used for radio receivers. It consisted of two-

coiled aluminum foil interleaved with an electrolyte soaked paper inside of 

aluminum can. However, the low durability and consequently the low turnover, 

cause the company to go bankrupt in early 1930s. In 1936 Cornell-Dubilier installed 

in South Plainfield, NJ a new factory, introducing the first commercially successful 

aluminum capacitor. During and beyond WWII manifold innovations in the field of 

electrolyte solution, pre-anodizing and etching foil gave more reliability and 

capacitance to the device[4]. 

The tantalum electrolytic capacitors with solid manganese dioxide electrolytes 

were developed after 2th World War, and enabled the miniaturization of electronic 

circuits for the first time. Since then, developers have produced electrolytic 
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capacitors with continuously decreasing power losses. Electrolytic capacitors are 

the ideal power storage solution. 

In 1962, the first patent was filed and belonged to Robert A. Rightmire, a chemist 

at the Standard Oil Company of Ohio (SOHIO), who invented the device in the format 

in which it is commonly used today. Initially these supercapacitors were developed 

as energy sources for back-up power devices for volatile clock chips and metal-

oxide-semiconductor computer memories. However, due to some financial setbacks, 

SOHIO ran in debt and stopped the capacitor project in 1971. 

Nippon Electric Company (NEC) of Japan continued with the SOHIO’s work and 

started to market this technology in 1978. NEC sealed the entire device in order to 

avoid the need for cell interconnects, which could negatively affect performance, 

reliability, life, and safety of the product. 

As supercapacitor designers at NEC focused on applying the technology to 

internal combustion engines in the beginning of 1985, the era of supercapacitor 

vehicles emerged. Several years later, U.S. Department of Energy awarded a contract 

to an American company, Maxwell, to develop a technology suitable for battery 

storage system in electric vehicles. By working with Auburn University, the 

company achieved great success in developing supercapacitors with high capacity, 

small size, and reduced cost, and created a broad family of supercapacitors. In 1997, 

the Joint Stock Company ESMA displayed photographs of buses and trucks powered 

solely by supercapacitors and announced the success of decreasing production cost 

of the capacitors at the Seventh International Seminar on Double Layer Capacitors 

and Similar Energy Storage Devices. 

In 2005, with the introduction of massive Supercapacitor product line in U.S. by 

Nippon Chemi-Con of Japan, people foresaw a bright future for this technology. 

Therefore, this increasing demand of supercapacitors for electric vehicles, especially 

buses, has led our company to focus on this market and to create a sustainable 

society for Beijing. 
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1.1.3 FUNDAMENTAL SCIENTIFIC PRINCIPLES 

Capacitors consist of two electrodes (cathode and anode) and one electrolyte, 

although they usually have an ion-permeable separator (no electronic conductor) as 

fourth component. The ion-permeable separator is placed between the electrodes in 

order to prevent electrical contact. 

In an electrostatic capacitor, the energy is accumulated electrostatically in an 

electric field. Electrons begin to flow and accumulate on one conductor when an 

electric potential is applied through the conductors. The total storage energy 

density is proportional to charge density times the square of the potential between 

the electrodes divided by two. If we consider a parallel homogeneous electrodes 

capacitor, the electric field will be mostly perpendicular to the electrode with a 

magnitude E =  / , where  is the charge density and  is the dielectric permittivity.  

Therefore, the voltage between electrodes is defined as (eq. 1.1) and capacitance 

(eq. 1.2): 

𝑉 =  ∫ 𝐸 𝑑𝑧 =  
𝜌𝑑

𝜀
=  

𝑄𝑑

𝜀𝐴

𝑑

0

 (1.1) 

𝐶 =  
𝑄

𝑉
=

𝜀𝐴

𝑑
  (1.2) 

Where, 

 C, capacitance; A, electrodes area; Q, electric charge and d, distance between 

electrodes, z is the axe perpendicular to the electrode and with origin in one of 

electrodes. 

In concordance with the equation, if a highly dielectric film is used (for example 

thin oxide films obtained by anodizing of electrode surface) it is possible to achieve 

high volumetric capacitances. This type of capacitors is known as electrolytic 

capacitor. These are composed of two metal films; coated with an extremely thin 

oxide film, interposed with an acidified humid paper. Usually, aluminum is chosen as 

metal electrode, but expensive tantalum is used as well due to its high permittivity, 

when higher volumetric capacitance is required.  In the case that these passive 

components are used in circuits one should be concerned on the polarity, as 
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inverted potential will remove the oxidized metal layer and no longer will 

accumulate charge. Moreover, if the correct polarity is not used, or the nominal 

potential is exceed, a dangerous vaporized electrolyte could be expelled due to 

overpressure on the package interior.  

Electrochemical capacitors, also known as supercapacitors (SCs), store charge in 

a similar manner, but here there is no dielectric material. Instead, the charge 

accumulates at the interface between the surface of the conductor and the 

electrolyte. These systems can be fully charge or discharge within seconds, with 

high power density delivery achieving 10 kW Kg-1, while possessing poor energy 

density of 5-20 Wh Kg-1, two orders of magnitude lower than Li-ion batteries. SCs 

can essentially be classified into two types: electric double layer capacitors (EDLCs) 

resulted from reversible adsorption/desorption of ions, and pseudo-capacitors 

derived from fast faradic reactions.  Both of them store charges only at the surface 

or in a thin-layer of active materials (several tens of nanometers from the surface). 

The former are usually made by using high specific surface area carbonaceous 

materials or nanoporous metals, while faradic reactions in pseudo-capacitors takes 

place in metal oxides or conducting polymers.  Nonetheless, currently has been 

measured the occurrence of both mechanism at the same material, electric double 

layer and faradic reactions. AC impedance spectroscopy can be used to determine 

what magnitude of pseudocapacitance is taking place, the interpretation of 

mechanism and kinetics by this method rely upon on the selection of the best 

equivalent circuit for the system. For instance, carbon double layer capacitor 

exhibits between 1–5 % of pseudocapacitance, regarding on the growing process 

and heat treatment, due to faradic reactions occurring at functionalized surface 

oxygen group. On the other hand, pseudocapacitors along with batteries, always 

exhibit some kind of electrical double layer behavior on electrochemically accessible 

interfaces, probably between 5 - 10 %.   

Due to the fundamental differences between double-layer capacitance and 

pseudocapacitance, the two topics shall be discussed separately.  
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1.1.3.1 Electric double layer capacitance (EDLC): 

Model and concept of electric double-layer comes from Helmholtz’s work on 

colloidal suspensions in 1853 and afterwards, intensively developed on metallic 

electrodes surfaces by Gouy, Champan, Stern, Grahame and Brodckis. Helmholtz 

studied the accumulation of charges at the interfaces between two dissimilar metals 

and applied it to a metal/aqueous solution interface. This model consisted on a line 

of adsorbed ions confronted to the metallic electrode surface. However, this model 

presented one incoherence with respect to direct observation. Gouy recognized that 

the capacitance was variable and depended on the applied potential and the ionic 

concentration. Therefore, he proposed to include thermal energy on the conception, 

preventing the ions from being immovable at the electrode surface by applying the 

equation of Poisson and Boltzmann to relate charge-potential and distribution of 

ions, respectively,  this model is denominated as Gouy-Chapman’s.  In 1924, Stern 

integrates both concepts, assuming a compact layer of ions adsorbed on the 

electrode together with a Gouy’s diffuse layer. Later, in 1947, Grahame splits the 

compact layer into two regions, the closest approach of the diffuse layer as the outer 

Helmholtz layer whereas the inner layer of adsorbed ions was ascribed as inner 

Helmholtz layer. As a result of including size of the ions as a parameter in his 

formulations, the potential distribution near the interface changes, limiting the local 

concentration of ions in the double layer and consequently changing the 

capacitance. These layers arise from the formation of a space charge in the 

electrolyte side due to the polarization of the electrodes.  Grahame considered and 

designated different capacitance to either layer, resulting in two series capacitors, 

equation 1.3. 

1

𝐶𝑑𝑙

=  
1

𝐶𝐻

+ 
1

𝐶𝑑𝑖𝑓𝑓

  (1.3) 

Where, Cdl is the double layer capacitance, CH is the Helmholtz layer capacitance 

and Cdiff is the diffuse layer capacitance. 

In the beginning of 1960s, Brockis, Devanthan and Muller introduced the current 

model, where the interactions of solvent dipole on the electrolyte distribution of 

charges was incorporated.  A first layer of water is fixed to the electrode surface due 
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to dipole alignment, replaced in some spots by adsorbed ions. Subsequently 

followed with almost free solvated ions as shown in Fig. 1.1. 

 

Fig. 1.1 Dipole solvent layer from Brockis model  

 

Based on the theories of EDLC, the logical tendency has been to improve as much 

as possible the area in contact with ions in order to get higher capacitance. In recent 

years, the comprehension of differential capacitance occurring on high surface area 

carbon has received much attention. There was a conventional assumption that the 

pore size should be at least twice the size of the pore in order to enter the solvated 

ions. However, Gotgotsi et al. defied this idea demonstrating the confinement of 

solvated ions in pores of carbide-derived carbon with an ‘anomalous’ increase in the 

specific capacitance with decreasing pore width for pores smaller than the double 

size of bare ions due to the ‘sieving’ effect[5]. The solvation shell becomes highly 

distorted when the ions are squeezed inside the pore, resulting in a larger ionic 

density and higher specific capacitance. This capacitance behavior is ascribed to a 

‘superionic state’ (Fig. 1.2), which is due to two effects [6]: 
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 The shielding effect of the electrode that compensate coulombic 

repulsion of ions of the same sign when packing, due to the metallic 

nature of these carbons. 

 The desolvation effect compensates the adverse insertion of ion into the 

pore, self-energy ES, the work needed to charge it in the field created by 

the same charge, is changed on ion transfer from the bulk to the pore.   

These effects have been observed in both organic electrolyte and on ionic 

liquid7]. 

 

Fig. 1.2 Confinement of solvated ions. Superionic state 

 

However, by considering only this model is not possible to predict the 

experimental capacitance measured in laboratory. In fact, it is one order of 

magnitude smaller. Therefore, Gogotsi et al.[8] has introduced two features to the 

molecular dynamics (MD) simulation model to address this issue: (1) a realistic 

atomistic structure for the microporous carbon electrode and (2) the polarization of 

the electrode atoms by ionic charges. This in conjunction with the consideration that 

the electrode is wetted before polarizing gives a different outcome.  The ions 

undergoes de-coordination and coordination when a potential is applied to the 

electrode, the coordination is calculated as the number of ions surrounding to its 

counterpart, when a potential is applied to the electrode. In this model the volume 

of liquid remain constant on the process of polarization because the number of ions 

is invariable, just there is a difference in the ratio of cations and anions. 
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On planar electrodes, it has been verified that the ionic liquids are distributed in 

alternating opposite signs ions layers. The first adsorbed layer possesses more 

charge than the required to neutralize the electrode, so this leads to a second 

opposite layer to counterbalance the first and so on.  This phenomenon is called the 

overscreening effect. Consequently, the number of effective ions contributing to the 

total capacitance is less than in the porous carbon electrode, where in addition the 

ions are packed more densely and closer to the electrode with 0.7 nm. This 

mechanism explained the anomalous increase of capacitance in nanoporous carbon 

electrodes[8]. 

Furthermore, the influence of ionic liquid neutral chain on capacitance has been 

studied. The density of neutral tails will alter the charge density near the inner 

Helmholtz layer interface; the longer the tail the less capacitance will be reflected. 

However, in case the ionic liquid present high ionic conductivity this effect is less 

pronounced and almost no influence is appreciated. Nonpolar moieties favorably 

interact with uncharged solid interfaces[9].   

 

1.1.3.2 Pseudocapacitance: 

Pseudocapacitance arises from reversible Faradic reactions occurring at or near 

the electrode of a material in contact with an electrolyte, or when these reactions 

are not limited by solid-state diffusion.  The main practical difference between 

pseudocapacitance and batteries is that the first can deliver energy within 10s and 

10 min without mitigating its energy capacity.  

Conway recognized three redox-reaction mechanisms that can involve capacitive 

electrochemical performance: (1) underpotential deposition, (2) redox 

pseudocapacitance and (3) intercalation pseudocapacitance.  Underpotential is a 

phenomenon of adsorption of a metal monolayer at a potential less negative than 

their equilibrium potential.  Protons and especially base metals such as Pb, Bi, Cu, 

etc. have been extensively studied as examples of underpotential deposition on 

noble metal (Au + xPb2+ + 2xe-  AuxPbads). Redox pseudocapacitance occurs when 

ions are adsorbed onto the surface or near the surface of a material with a 
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simultaneous faradic charge-transfer. RuO2 has been the first case studied back in 

1971, determined by successive redox stages involving facile proton/electron 

insertion, summarized on this faradic reaction 

RuOx(OH)y +H+ + e-  ↔ RuOx-(OH)y+.   (1.4) 

Intercalation pseudocapacitance occurs when Li-ion intercalate into 

crystallographic sites or layers with subsequent transfer of electron charge, but with 

almost no phase transformation of the electrode molecules, there is no making or 

breaking of chemical bonds. All these mechanism all governed by the same 

formulation that relates the extent of charge accumulated with the potential that 

develops, being of the form of Nernst equation (eq. 1.5): 

𝐸 =  𝐸0 +
𝑅𝑇

𝑧𝐹
ln (

𝑦

1 − 𝑦
)   (1.5) 

Where R is the ideal gas constant, T is the temperature in Kelvin, z is the number 

of electrons, F is the Faraday constant. y is the ratio of activity of the oxidized specie 

to the total “oxidized + reduced” species at equilibrium in the case of redox 

pseudocapacitance, whereas y is the extent of fractional adsorption coverage of two-

dimensional surface for underpotential deposition, and degree of intercalation in a 

three-dimensional structure for intercalation pseudocapacitance.  

Given equation 1.5, there are certain regions where potential vs time behaves 

almost lineal, providing almost constant capacitance, as depicted in Fig. 1.3b. One 

can define the capacitance as followed (eq. 1.6): 

𝐶 =  (
𝑧𝐹

𝑀
)

𝑦

𝐸
    (1.6) 

Where M is the molecular mass of the intercalated material.  Since the relation 

given above (eq. 1.6) is not completely lineal the resulting capacitance deviates 

slightly to a constant value.  

Pseudocapacitance behavior can be identified by general electrochemical 

characteristic resulted from three different electrochemical experiment shown in 

the next figure.  
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Fig. 1.3 Electrochemical pseudocapacitance characteristics: a) reversible redox peak on 
cyclic voltammetry, b) almost lineal E vs y relationship on galvanostatic charge/discharge and 

c) almost vertical line behavior on Nyquist plot impedance spectroscopy[10].   

 Fig. 1.3 a) shows a typical reversible redox reaction occurring in a cyclic 

voltammetry, where current is potential dependent and the peaks are broad, 

separated by a few millivolts with almost no influence of scan rate. On the other 

hand, Fig. 1.3 b) identify the relation E vs y given by the equation 1.5 in a 

galvanostatic charge/discharge experiment, where it present almost no hysteresis 

and thanks to the sloping behavior, a capacitance can be ascribed on every point. 

Finally, Fig. 1.3 c) display the standard AC impedance spectroscopy of 

pseudocapacitance, defined by an almost vertical line given by the constant-phase 

component (Z = 1 / B(i)p) of the equivalent circuit. Varying p from 1 to 0.5 

determine whether is surface-controlled process or diffusion-controlled, 

respectively. A semicircumference at higher frequencies is indicative of charge 

transfer resistance.   

In recent years, another intriguing characteristic make difficult the discernment 

on whether battery or pseudocapacitance behavior is taking place, since materials 

initially  assimilated to battery exhibit pseudo-capacitive behavior when 

approaching to a nanoscale dimension or configuration. Currently referred as 

extrinsic pseudocapacitance, differing with intrinsic pseudocapacitance materials in 

that do not maintain this pseudo-capacitive behavior within a large extent of 

arrangements magnitude. By diminishing particle size in battery-like materials the 

surface area in contact with ions increases, leading to surface or near surface 

reactions and at the same time reducing the diffusion length of ions, which improve 

the rate of charge/discharge. Additionally, this arrangement may almost suppress 

the phase transformation.  



S u p e r c a p a c i t o r s  | 19  

 

In Fig. 1.4, there can be clearly seen the effects of reducing the particle dimension 

of LiCoO2 coming from a bulk conformation, the first discharge curve present an 

evident plateau, whereas the smaller particle size exhibits sloping curve indicative 

of pseudocapacitance. Thus, this is explained recognizing that decreasing the 

particle size, there is an enhancement of surface exposition.  

 

Fig. 1.4 LiCoO2 first discharge curve of different particle size controlled by hydrothermal 
method[11]. 

 

 

The difference on energy density and power density is a key factor to evaluate 

the role of electrochemical capacitor in the prospect of application of this 

technology. In the Ragone diagram of Fig. 1.5, it is clearly seen that fuel cells and 

batteries show high specific energy whereas electrochemical capacitors perform 

low specific energy but high specific density. 
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Fig. 1.5 Ragone plot[12] 

The next table summarizes the electrical characteristics from electrostatic 

capacitors to batteries.  This is a general view of weighted values of each technology. 

As can be observed electrochemical capacitors fill the gap between prior 

electrostatic capacitor and battery systems.  They can be charged within seconds, 

retaining high charge/discharge efficiency as well as high cycling reliability and 

providing high power density. However, they still lack of enough energy density.  

Tabla 1.1 Electrical parameters of Energy storage Devices[13] 

 
Electrostatic 

capacitor 

Electrochemical 

Capacitor 
Battery 

Discharge time 10-6-10-3 s 1-30 s 0.3-3 h 

Charge time  10-6-10-3 s 1-30 s 1-5 h 

Energy density [Wh/Kg] 0.01-0.1 1-10 10-100 

Power density [W/Kg] >105 >104 50-200 

Charge/Discharge 

efficiency 
0.85-0.98 1 0.7-0.85 

Cycle Lyfe >500000 >100000 500-2000 
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1.1.4 ELECTRODES DEVELOPMENT  

Materials can be classified depending on their dominant charge–storage 

mechanism: EDLC and faradic pseudocapacitance. EDLC predominantly occur on 

carbon-active (or metallic) materials, whereas pseudocapacitance appear on 

conducting polymers, metal oxide, such as Ru2O, IrO2, Co3O4, MnO2, NiO, V2O5 and 

MoO3, metal nitrides and more recently metal sulfides (NiCo2S4)[14]. The 

combinations of these materials offers outstanding synergies, where carbon-based 

materials provide high electronic conductivity and metal-oxide enhances the 

specific capacitance, retaining high power rates.  

 

1.1.4.1 Carbon-Based Materials 

Carbons are of great interest due to a considerable good combination of physico-

chemical properties they exhibit, like excellent conductivity, high specific surface 

area (SSA), high chemical stability, high corrosion resistance, high thermal stability, 

easy processibility, no toxicity and low cost. Several carbon forms are found in 

literature, being the most common activated carbons (AC), due to moderate cost and 

ease of preparation. Nonetheless, other forms are under investigation such as 

carbon aerogels, carbon nanotubes (CNT), graphene, carbon nanofibers (CNFs), 

carbide derived carbons (CDC). Activated carbons are known for a long time, first 

described in Egypt around 1550 BC. It can be generated from numerous different 

precursors, of natural source (coal, coke, pitch, straw, corn grain and so on) or from 

synthetic polymer (PVC, PANI, PDVB, etc.). The activation process can be achieved 

from chemical or physical means. Physical activation involves a thermal treatment 

(carbonization) and partial gasification; whereas chemical activation is divided in 

two steps, first impregnation of chemical reagent at elevated temperatures of raw 

material and subsequent washing. It is a disordered carbon with small pores and 

large SSA. Normally capacitance of activated carbon supercapacitors is in the range 

of 100-200 F·g-1 in aqueous media and 50-150 F·g-1 in organic media[15]. Carbon 

nanofibers are chemically activated carbons usually prepared by electrospinning 

technique, which is a low-cost and simple method to fabricate nanomaterials for 

large-scale applications. CNF offer very high mechanical flexibility and outstanding 
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conductivity, which provide it considerable power rate, although it leads to a lower 

volumetric capacitance due to stacking of the layers.  It is a suitable electrode for 

flexible substrate or devices[16]. They are presented in a wide range of aspect ratio, 

diameters ranging from a few hundreds of nanometers and length approaching 

hundreds of meters. CNTs are carbon allotropes with a cylindrical nanostructure, 

which can be rolled with either just one sheet, single-walled CNT (SWCNT) or with 

multiple coaxial sheets (MWCNT). The radii of the cylindrical nanostructures are on 

the order of nanometer and length can reach millimeter scales. The best benefit of 

CNT is that can operate at very high frequency of up to 100Hz, but still no sufficient 

to compete with electrolytic capacitors. Graphene is a basic structure of various 

carbon allotrope, ideally a two-dimensional monolayer of graphite packed in a 

regular sp2-bonded hexagonal pattern, but often is a tightly stacks of a few layers.  In 

summary, it can be prepared by four approaches, exfoliation from graphite, arc 

discharge, catalysis assisted chemical vapor deposition and epitaxial growth. It 

exhibits very high conductivity, is transparent and perform high mechanical stress, 

making it a very promising material. One method that has created a great 

expectation is laser reduction of graphite oxides, made by El-Kady et al. with a 

specific capacitance of 265 F/g [17]. 

 

1.1.4.2 Conducting polymers 

Conducting polymers such as polyaniline (PANI), polypyrrole (PPy) and 

poly(3,4-ethylenedioxythiophene) (PEDOT) are regarded as promising 

pseudocapacitors materials due to their good environmental stability, high electrical 

conductivity, low cost and high reversible performance. They are especially suitable 

for flexible devices, due to their mechanical versatility and malleability, can be 

incorporated into textiles, portable electronics systems, structural panels, etc. 

Although, a major limitation of conducting polymers has been their poor cycling 

stability due to continuous intercalation/deintercalation of ions. Polymer 

nanostructures like nanotubes, nanowires or nanoparticles can mitigate ion 

diffusion and simultaneously increase the surficial area [18]. Recently, most of the 

research has been focus on nanocomposite-based materials, hybrid electrodes 



S u p e r c a p a c i t o r s  | 23  

 

combining conducting polymers with carbon nanotubes, nanofibers or metal oxides. 

Among conducting polymers, PEDOT has received much attention owing to its wide 

potential window, high cycling stability, high electrical conductivity and 

environmental stability, although it possesses less specific capacitance [19]. Coaxial 

pristine MnO2/PEDOT nanowire heterostructure has shown very high specific 

capacitance (410 F/g) [20].    

 

 

1.1.5 ELECTROLYTES  

 

The selection of the electrolyte plays an important role in the performance of the 

electrochemical capacitor. The energy density and specific power are dependent on 

the potential window and the internal resistance. Hence, an appropriate electrolyte 

should require several essential properties to enhance those features. High 

decomposition voltage, the maximum operative supercapacitor potential is 

determined by the voltage electrolyte decomposition, so an electrolyte with a wide 

stable potential region is desired. High electrolytic conductivity is the major 

responsible for high power capacitor. Two main factors are involved, concentration 

of free charge carries and ionic mobility of each charge carrier, although other 

components do have influence. An electrolyte with a high conductivity is desired.  

Besides, for specific applications may be advantageous to have wide operational 

temperature range and high safety, environmental friendly electrolyte is a great 

benefit with respect to Li-ion batteries.  

 

1.1.5.1 Liquid Electrolytes:  

There are three types of liquid electrolytes currently under study: aqueous 

electrolytes, organics electrolytes and ionic liquids. Aqueous electrolytes were the 

first tested due to its low cost and high availability. They present various benefits 

such as high conductivity, low hazard, and open environment treatment. Although 
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their window potential is narrow close to 1V, in some cases it has been possible to 

achieve 2V stable potential window, controlling the electro-oxidation of water in 

electrode in a 0.5M Na2SO4 solution [21]. A wide range of salts, bases and acids have 

been used in these electrolytes, such as H2SO4, KCl, KOH, LiClO4, etc that provides 

versatility to its responsiveness to the electroactive species of the electrode. The 

second type, organic electrolytes, are nowadays the choice of the trademarks.  It is 

preferred, basically, due to its greater potential window, and consequently greater 

energy density. The most prominent solvents are acetonitrile, propylene carbonate, 

which usually incorporate tetraethylammonium tetrafluoroborate (Et4NBF4). They 

exhibit a potential window between 2.5 and 3V, but with a lower ionic conductivity 

than aqueous electrolytes, that reduces it power performance.  Another issue is that 

they possess a high environmental impact and safety concerns.  The third kind are 

ionic liquids, salt in the liquid states below 100 ºC, they usually display high 

chemical stability, sometimes approaching 5V [22], but their ionic conductivity is 

generally below those on organic electrolytes. Additionally, they present 

nonvolatility and nonflamability, which are beneficial for thermal stability and 

safety. These electrolytes require water-free and almost vacuum environment to be 

prepared, so that no impurities interfere with irreversible electrooxidation or 

reduction at the electrode and usually are expensive.   

Tabla 1.2 Properties of electrolytes [23,24] 

Electrolyte Solution 
Density 

 (g/cm3) 

Conductivity 

(mS/cm) 

Potential Window 

U 

Aqueous KOH 1.29 540 1 

Aqueous KCl 1.09 210 1 

Aqueous H2SO4 1.2 750 1 

Aqueous Na2SO4 1.13 91.1 1 

Aqueous K2SO4 1.08 88.6 1 

Propylene carbonate Et4NBF4 1.2 14.5 2.5 to 3 

Acetonitrile Et4NBF4 0.78 59.9 2.5 to 3 

IL, Et2MeIm+ BF4+ 1.3 to 1.5 8 (25 C) 4 

IL, Et2MeIm+ BF4+  14 (100 C) 3.25 
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1.1.5.2 Solid Polymer electrolyte:  

One of the major issues with liquid electrolytes is the necessity of being sealed in 

a package, avoiding leakage and the incorporation of a separator with the aim to 

prevent short circuit from electrode contact. Solid electrolytes solved both 

drawbacks, reducing the number of components and increasing the reliability of the 

device. Conventionally, the strategy has been to combine a hyper-branched low-

glass transition temperature polymer (Tg) with a high-melting temperature (Tm) salt 

that are capable of ion coordination, i.e. salt-in-polymer electrolytes. The ionic 

conductivity of such polymer electrolyte diminishes at a certain ion concentration. 

Although the number of carries increases, the ion-dipole interaction increases 

abruptly accordingly. This is reflected in an increased in the glass transition 

temperature of the compound. Example of this case are PVP, PEO, PTFE, PVA, PVdF 

mixed with a salt. By contrast, polymer-in-salt approach, consist on blending low Tg 

and Tm salts, like ionic liquids, to a small amount of a macromolecular polymers. As 

long as the mixture is compatible, then this is referred as ion gel, which are 

nonvolatile and possess high thermal stability. Naturally, ionic liquids tend to 

aggregate forming clusters due to coulombic interaction. Thus, the incorporation of 

a polymer decouple ion cluster promoting ion dissociation, which result in an 

increase of conductivity with an increase of ion concentration.  

 

1.1.6 ELECTRICAL CHARACTERIZATION 

 

 1.1.6.1 Cyclic voltammetry 

Cyclic voltammetry is an electrochemical method that consists in recording the 

current response given by a cycling linear scan potential. It has been widely used to 

acquire quantitative and qualitative data of the surface, electrochemical kinetics, 

solution electrochemical reactions and the influence of electrode structure on these 

parameters.   
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A typical rectangular curve is obtained on an ideal supercapacitor. From this 

curve is possible to measure the voltage window of an electrode, where no 

reversible faradic reactions occur (electrolyte discharge or electrode oxidation). 

Also, it is possible to calculate the differential capacitance by the equation (1.7): 

𝐶𝑚 =
𝑑𝑞(𝐸)

𝑑𝐸
= 𝑖(𝐸)

𝑑𝑡

𝑑𝐸
=

𝑖(𝐸)


    (1.7) 

Where q(E) is the amount of charge at the electrode for every potential and  the 

scan rate.  This final equation, clearly reveal a rectangular shape when 𝑖 ≠ 𝑖(𝐸). (Fig. 

1.6)   

 

Fig. 1.6 Cyclic voltammetry of an EDLC material [25]  

 

However, to determine the total capacitance of the electrode (or capacitor) in the 

potential window, one has to integrate in the backward or forward scan range, given 

by the equation 1.8: 

𝐶 =  
∫ 𝑖 𝑑𝑡

𝑉2

𝑉1

∫ 𝑉 𝑑𝑡
𝑉2

𝑉1

=  
∫ 𝑖 𝑑𝑉

𝑉2

𝑉1

𝜈∆𝑉
   (1.8) 

Where V is the potential window (V2-V1). 
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Once we have the total capacitance, it can be divided by mass, surface of the 

electrode, or volume of active capacitor material, obtaining the specific mass, 

specific areal and volumetric capacitance, respectively.  

Measurements can be done in a three-electrode or in a two-electrode 

configuration. The last reflects almost exactly the final characteristic of the 

supercapacitors in operation, whereas the former is just the capacitance of the 

electrode. In a two-electrode configuration, two series capacitance in series are 

formed from every electrode, so that in a symmetrical supercapacitor the real 

capacitance of every electrode is half of measured.  

This technique also provides a way to evaluate the cyclability of the electrode, 

examining the variation of capacitance vs cycle or observing the shift of the redox 

reaction. 

 

1.1.6.2 Galvanostatic Cycling 

 This technique consists on applying a constant current to the cell, in a two-

electrode or three-electrode configuration and record the voltage vs time. It is also 

called chronopotentiomety and allows to estimate different parameters such as 

capacitance, serie resistance, energy, power and cyclability. In charging process, the 

ions migrate to the electrode surface, counterbalancing the electric field created by 

the electrodes, leading to the storage of the charge.  

The potential variation is governed by the equation 1.9: 

𝑉(𝑡) = 𝑅𝑖 +  
𝑡

𝐶
 𝑖    (1.9) 
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Fig. 1.7 Galvanostatic charge-discharge typical potential profile [26]  

The capacitance (eq. 1.10) in every point is the current divided by the slope k of 

the curve (Fig. 1.7). In the case of pseudocapacitance, the capacitance is slightly 

dependent with potential. Hence, the capacitance is calculated by the integral of the 

curve with respect to time (eq. 1.11).  

𝐶 =  
𝑖 𝑑𝑡

𝑑𝑉
=  

𝑖

𝑘
     (1.10) 

𝐶 =  
𝑖 ∆𝑡2

∫ 𝑉𝑑𝑡  
𝑡2

𝑡𝑖

    (1.11) 

The internal resistance (eq. 1.12) is calculated from the potential drop (IR drop) 

appearing in the curve when the current is reversed.  When a two-electrode 

configuration is applied, this drop is the sum of both electrodes, so is double of each 

electrode.  

𝑅 =  
𝑉𝑑𝑟𝑜𝑝

2𝑖
   (1.12) 

 This technique is the most used to evaluate the cyclability of the electrode 

(supercapacitor), and of enormous interest in the industrial level as is directly 

related with reliability and degradation of the system.  
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Once capacitance and internal resistance are obtained, the maximum energy (eq. 

1.13) and power density are (eq. 1.14): 

𝐸𝑚𝑎𝑥 =  
1

2
𝐶𝑉𝑚𝑎𝑥

2  (1.13)  

𝑃𝑚𝑎𝑥 =  
1

4

𝑉𝑚𝑎𝑥
2

𝑅
   (1.14) 

 

1.1.6.3 Electrochemical Impedance Spectroscopy (EIS)  

Electrochemical Impedance Spectroscopy (EIS) also known as AC impedance 

spectroscopy is a steady-state measurement of the sample or system, where a very 

small signal is applied, usually alternating voltage between 5mV and 10mV.  As 

detailed in the experimental section, this gives rise to complex electrochemical 

impedance that is usually represented with a Nyquist plot, imaginary part in the Y-

axe versus real part in X-axe. EIS data can be fitting with an equivalent circuit, 

containing as simple as possible elementary electrical elements and with physical 

meaning.  

 

Fig. 1.8 Randles Circuit 

For a supercapacitor, the simplest model of the Nyquist plot is shown in Fig. 1.8, 

known as Randles ciruit. Resr is the equivalent series resistance, related with the 

electrolyte resistance, Rct is the charge transfer resistance, linked with the faradic 

reaction processes, CF is the pseudocapacitance and Cdl is the double-layer 

capacitance. In purely electric double layer capacitance, the lower branch is 

negligible and as a result the model is Resr is serie with Cdl.   
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In fact, this model deviates from reality due to dispersion factors. Mainly for 

geometrical aspects, such as electrode porosity dominated in EDLC capacitors and 

active-site activation energy dispersion particularly in pseudocapacitors. Such 

fractal electrodes induce frequency dispersion of the electrical parameters, studied 

by de Levie [27]. In essence, this theory relate frequency with ions penetration ratio 

on the pores, the higher the frequency and/or lower the pore radius size, the 

shallower penetration of ions. This is discerned in the Nyquist plot, referred as Knee 

frequency, where the slope vary from a 45º to 90º at high frequency and medium-

low frequency. In pseudocapacitors is observed the same slope variation after a 

charge-transfer semicircle.  

Considering a more complex electrical dispersion approach give rise to evaluate 

the issue with a black box mathematical tool, which is a constant phase element 

(CPE), expressed as 

𝑍𝐶𝑃𝐸 =  
1

𝑌𝑜(𝑗𝜔)𝛼
   (1.15) 

Where 𝑍𝐶𝑃𝐸  is the equivalent impedance, 𝑌𝑜  is the admittance modulus, 𝜔 is the 

angular frequency and α is the dispersion exponent. This dispersion element 

determine whether it has a resistor behavior (α=0), diffusion driven (α=0.5) or 

double-layer capacitance (α=1).      

 

Fig. 1.9 Supercapacitor Nyquist plot. HF- High Frequency, LF- Low Frequency 
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1.2 HETEROSTRUCTURED DIODES 

Heterostructured diode as defined by Nobel laureate Herbert Kroemer, is a 

heterogeneous semiconductor structures built from two or more different 

semiconductors, in such a way that the transition region or interface between the 

different materials plays an essential role in any device action. Often, it may be said 

that the interface is the device. Alternatively, more specifically defined by his PhD 

student Bill Frensley as a semiconductor structure in which the chemical 

composition changes with position. The simplest heterostructured consists of a 

single heterojunction, which is an interface within a semiconductor crystal across 

which the chemical composition changes. Examples include junctions between GaSb 

and InAs semiconductors, junctions between GaAs and AlxGa1−xAs solid solutions, 

where x changes between 0 and 1, and junctions between Si and GexSi1−x alloys. Most 

devices and experimental samples contain more than one heterojunction, and are 

thus more properly described by the more general term heterostructure 

multijunction. 

Semiconductor heterostructures have become in the last decades a keystone in 

applicative and fundamental researches on solid-state physics. Heterostructure 

electronics has had a great impact in many discipline of human civilization. Some 

examples of essential heterostructure systems are heterostructure-based light-

emitting diodes, high electron-mobility transistors (HEMTs) for high-frequency 

applications like satellite television, double-heterostructure (DHS) laser-based 

telecommunication systems and in daily use in our house with the CD player and 

heterostructured bipolar transistors. Heterostructured solar cells have been widely 

used for space and terrestrial applications 

Advances in the nanostructured semiconductor field are in fact, the consequence 

of simultaneous progresses in different fields: control of materials features by 

growth and processing techniques, comprehending and adjusting the coupling of 

electrons, photons and phonons in low-dimensional systems, and so on. 

Laureates H. Kroemer and Z. I. Alferov considerably contributed to the concept and 

realization of almost every heterostructured devices, namely [28]: 
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 low threshold at room temperature DHS lasers  

 highly effective SHS and DHS LEDs 

 heterostructured solar cells 

 heterostructured bipolar transistor 

 heterostructured P-N-P-N switching devices. 

 

1.2.1 p-n HETEROJUNCTION 

A diode is a p-n junction, composed of a p-type semiconductor brought into close 

contact with an n-type semiconductor. Depending on their compositions can be 

classified as homostructures, where n-type and p-type are based on the same 

material but have different doping and heterostructures where n-type and p-type 

are different materials.  

 

Fig. 1.10  p-n heterojunction parameters before contact  

Fig. 1.10 outlines the different parameters in a heterostructure before contact. 

Ecn, Evn, EFn are the lower conduction energy level, upper valence energy level and 

Fermi level, respectively for n-type semiconductor. Ecp, Evp, EFp are the 

corresponding parameter for p-type. E0 is the vacuum level. Ec and Ev the 

difference of the conduction band and valence band of either semiconductor type.  

electron affinity.    

Heterostructures are usually grown either by techniques like Metal-Organic 

Chemical Vapor deposition (MOCVD) or Molecular Beam Epitaxy (MBE) in order to 

obtain a perfect crystalline structure and to adjust in atomic scale the material 
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composition. Lattice matching plays a key role in heterostructured systems. When 

two structures come into contact without lattice matching produces defects. This 

creates new localized states that trap charge carriers affecting their electrical 

characteristics.  There are a few binaries with almost equal lattice but different 

bands, e.g. GaP /AlAs; InAs/GaSb,  InAs/AlSb, InSb/CdTe. However, lattice 

mismatching has been solved by applying very thin layer, which at the end relieve 

deformation-strain.  

 

 

Fig. 1.11 a) Pure electric field. b, c) Quasi-Electric fields 

 

In a heterostructure, the energy gap is not constant, but position dependent, 

chemical composition x change with position y, referred as graded heterojunction 

(Fig 1.11). The two band-edge slopes are no longer equal, so the two forces exerted 

to the charge carriers, electrons and holes, have no longer the same magnitude and 

direction. The charge carrier transport can be controlled independently, giving rise 

to interesting effect such as acting a force on only one type of carrier (Fig. 1.11b) , or 

each carrier could have the same direction forces (Fig. 1.11c). By contrast, a true 

electric field can solely tilt the band edges (Fig. 1.11a). This is why Kroemer call 

these forces ‘‘quasielectric’’. In addition, at p-n homojunction the electron and hole 

potential barriers or confinement (spatial distribution) cannot be independently 

controlled.  

The Knowledge of the band alignment is essential to understand every aspect of 

the fundamentals behavior of a heterostructure. Until late 1960s, it was generally 

accepted the electron affinity theory (Andersons’ rule) to describe the phenomenon, 

according to which the discontinuity in the conduction band edge is the difference of 
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the electron affinities for the constituents. Soon, it becomes evident that this theory 

does not fit well with experiments, owing that it relies on the assumption that the 

interactions of surface charges and dipoles on vacuum were equally in contact. 

Anderson's rule ignores the real chemical bonding effects that occur with a small or 

nonexistent vacuum separation.  A common anion rule was proposed later, which is 

based on the zeroth order approximation of tight binding approach of the band 

structure. As a result, the valence band is determined from the anion wavefunction, 

deducing that structure with similar anion should perform similar valence band and 

that valence band offset should be negligible compare to the conduction band offset. 

Nevertheless, experimental measurement provided less conduction band offset, so 

this model became a heuristic approximation. In 1984, Tersoff also introduced a 

theory taking into account microscopic properties of the heterointerface, known as 

Quantum Dipole Theory. This model includes an interface induced gap state 

localized in a dipole layer between the two semiconductors analogous to metal-

induced gap states, which arises from electron tunneling from the conduction band 

of one material into the gap of the other. This model agrees well with systems where 

both materials are closely lattice matched.     

A qualitative analysis of the junction process will be made. Capital letter is used 

for wider band gap semiconductor. When two semiconductor parts are brought 

together, electrons are driven by diffusion from the initially higher N side Fermi 

level to the p-side, till thermodynamic equilibrium, where both Fermi levels are 

aligned. Reverse flow direction occur with hole charge carrier, as well. As a 

consequence, electron diffusion leaves on the N region a concentrated positive ions 

and opposite happens for holes on the p side, leading to an electric field that 

counterbalance diffusion. Near both surfaces a depletion region is created, where 

there are no mobile charges and the band edges are bent. In abrupt heterojunction 

discontinuities are expected (Fig. 1.10). The discontinuities in the conduction band 

EC and the valence band EV accommodate the difference in band gap between the 

two semiconductors Eg. When drawing the energy band gap account must be 

considered that band gap and electron affinity depend on the semiconductor 

material and not on doping, whereas work function depend on both. The local 

vacuum is defined, therefore, as the true vacuum level (from vacuum electrostatic 
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potential) minus the built-in potential, thus the electron affinity remain constant 

once semiconductor are joined together.     

The Poisson equation is necessary to obtain the exact potential profile on every 

heterostructure, particularly on the most interesting depletion region.   

 

1.2.2 ENERGY BAND IN ABRUPT HETEROJUNCTIONS 

This approach is applied to those semiconductor junctions with dissimilar 

chemical composition, where abrupt atomic composition occurs at the interface.  

However, we can consider this case as an abrupt limit of a graded band structure.  

 

Fig. 1.12 Abrupt Heterojunction types. Energy Band diagrams [29] 

 

Straddling lineups (Type I) 

The most common alignment is the straddling one (Fig. 1.12), the band gap 

entirely overlaps that of the other and the potential discontinuities for the 

conduction band EC and for the valence band EV are of opposite sign. This 

disposition is very appropriate for the formation of quantum wells and 

superlattices. Both carrier charges are confine on the same position, being the 

lowest conduction-band states in the same part as the highest valence-band states, 

making these pairs fundamental for bipolar devices (electrons and holes engaged in 

the device operation) like lasers. 
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Staggered lineups (Type II) 

Here, the band gaps do not overlap entirely. The two bands are displaced in the 

same direction, giving the highest valence band edge on one side and the lowest 

conduction band edge on the other, but with EC < Eg1 (wider band gap) so that 

there exist an overlap. This approach allows modulation doping, introducing donor 

confinement into the barrier instead of quantum wells.  

Broken-gap lineups (Type III) 

Type III is a staggered alignment where no overlaps occur. However, the valence 

band edge of the wider band gap material could interact with the conduction band 

of the other, leading to some interesting properties, where electron wavefunctions 

changes from electron-like to holes-like. 

 

1.2.2 THERMOIONIC EMISSION MODEL 

Four mechanisms may govern charge carrier transport in heterostructured 

diode. The processes are (1) thermionic emission model predominately occurring 

on moderately doped semiconductor in Schottky diodes, (2) quantum-mechanical 

tunneling of electrons through the barrier for heavily doped semiconductors, (3) 

recombination in space-charge region and (4) diffusion of holes, equivalent to 

recombination in the neutral region.   

In structures with narrow barriers (depletion region thinner than mean-free-

path), the electrons will not flow far enough to suffer collisions as they cross the 

barrier. Under these conditions, the thermionic emission theory is a more precise 

model of the current transport [30]. The main assumption is that the current depend 

solely on the density of electron capable of surpass the barrier height, without 

interferences to thermal equilibrium at the plane that determine emission. The 

current density is given by equation 1.16 

𝐽𝑛 =  𝐴∗𝑇2{𝑒[𝐸𝐹(𝑐)−𝑈𝐶(𝑏)]/𝑛𝐾𝑇 − 𝑒[𝐸𝐹(𝑎)−𝑈𝐶(𝑏)]/𝑛𝐾𝑇} =  𝐽𝑆 (𝑒
𝑞𝑉

𝑛𝐾𝑇 − 1)  (1.16) 
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Where 𝐽𝑆 is the saturation current density (eq. 1.17) and 𝐴∗is the Richardson 

constant given by eq. 1.18 

𝐽𝑆 = 𝐴∗𝑇2𝑒
−𝑞𝜑𝑏

𝐾𝑇  (1.17)  and 𝐴∗ =  
4𝜋𝑞𝑚∗ 𝑘2 

ℎ3   (1.18) 

Where 𝜑𝑏is the barrier height, V is the applied bias voltage, and n is the ideality 

factor which varies between 1 and 2 depending on the material and temperature, UC 

(x) position dependent conduction band-edge energy, 𝑚∗ effective mass [31].  
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1.3 TRANSPARENT OPTOELECTRONICS DEVICES 

 

This chapter presents a review of the existing literature and fundamental 

concepts pertaining to the development of transparent electronic devices. A brief 

introduction to transparent conducting and semiconducting materials is provided. 

 

1.3.1 TRANSPARENT CONDUCTING AND SEMICONDUCTING FILMS 

Transparent conducting thin films are a class of material that requires two 

physical properties ab initio antagonist: electrical conductivity and high 

transmission in the visible range of the electromagnetic spectrum. This is 

accomplished by doped ceramic materials with a band gap Eg > 3 eV, mobility larger 

than µ > 1 cm2 V-1 s-1 and free carrier concentration N > 1019-20 cm-3.  These films 

have a far-reaching range of applications from solar cells, thin film transistors, gas 

sensors to liquid crystal displays.  

Nowadays, mayor commercial products are based on n-doped metal oxide thin 

films. High transparency (80-90%) and high electrical conductivity (up to 104 

S/cm) characteristics are achieved upon Sn, F and Al doping of In2O3, SnO2 and ZnO 

metal oxides, giving Indium Tin Oxide (ITO), Fluor Tin Oxide (FTO) and (ZnO:Al), 

respectively[32]. The dominant material used is tin-doped indium oxide (ITO) due to 

its ease of deposition in the form of thin films, high optical transmittance and 

electrical conductivity. First cited in a Patent filed at 1947 by John M. Mochel [33], 

presents currently the most mature technology.  Although certain drawbacks such 

as scarcity of supply of indium, brittleness and increasing demand of flexible devices 

are triggering the introduction of new materials. 

 In the last two decades, there has been a significant progress to find an 

alternative. These conductive aspirants could be classified with regard to their raw 

material as carbon-based materials (conducting polymers, carbon nanotubes and 

graphene), metallic nanostructures (metal grid, thin film and nanowires), oxides and 

sulfides. Depending on which material property is of most importance, different 
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choices are proposed. For instance, whereas work function is irrelevant for resistive 

touch screens, they are decisive for organic solar cells and LEDs. Brittleness is vital 

for bendable devices but not determining for rigid substrate systems. Forward 

scattered transmitted light of specific transparent electrodes is favorable for high-

efficiency solar cells but problematic to certain types of displays. In addition, 

electrical sheet resistance can be chosen in wide range of values to satisfy the 

requirements of every purpose. Antistatic application can be reached with just 106 

Ω/sq, capacitive touch screen applications, on the other hand, is sufficient with 400-

1000 Ω/sq, while <10 Ω/sq is needed for OLEDs and solar cells [34].    

Carbon nanotube (CNT), although performing electron mobilities higher than 

100.000 cm2/Vs, every junctions knots presents high resistivity due to the 

ambivalent appearance of semiconducting and conductive CNT spontaneously 

occurred on the fabrication process [35]. Conducting polymers cover most of the 

shortcoming pertaining ITO, nonetheless it environmental instability (temperature, 

humidity or UV light) and the blue/green appearance curbs their commercial 

exploitation [36]. Graphene, while presenting stimulating features there should be a 

significant enhancement on the fabrication of large surface. Among the metal based 

materials the most compelling approach is Ag metal nanowires, because metal thin 

films has low transmittance/conductivity ratio by increasing layer thickness. By 

contrast, mesh silver nanowire can achieve 90% transparency for sheet resistance 

of 10 Ω/sq [34].  Nevertheless, the tendency to overheat due to Joule effect causes 

break-up nanowire line leading to ultimate reduction of sheet resistance and 

degradation. 

The existence of semiconductor materials simultaneously exhibiting optical 

transparency and semi-conductivity has been known for many years. In 1907, 

Bädecker reported the fabrication of the first p-type transparent semiconductor: 

iodized copper evaporated cuprous iodide, as well as the first n-type: thermally 

oxidized sputtered cadmium oxide [37]. Although, he didn’t recognize the hole 

conductivity of CuI because this concept was not introduced till a decade later. This 

work was performed at Leipzig Universität as Bädeker’s habilitation thesis, where 

CdO exhibited 103 S/cm with a yellow hue color and CuI presented a conductivity of 

102 S/cm.   
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n-type metal oxide semiconductor has receive the mayor development 

historically. Classically, intrinsically-doped binary compounds such as SnO2, In2O3 

and ZnO have cope the market and laboratory research, as seen in Fig. 1.13, 

although contemporarily, others ternary compounds has been explored to fulfill 

special applications. Most of them are combination of afore mentioned elements, 

such as Cd2SnO4, CdSnO3, CdIn2O4, Zn2SnO4, MgIn2O4, CdSb2O6 and In4Sn3O12 [38]. 

Usually, the attainable electrical properties of these materials strongly depend on 

the fabrication process. Magnetron sputtering, is greatly used to deposit thin films; 

nonetheless, other techniques are employed such as pulsed laser deposition (PLD), 

vacuum arc plasma evaporation (VAPE), metal organic molecular beam deposition 

(MOMBD) and metal organic chemical vapour deposition (MOCVD) in order to 

improve the deposition rate or other desirable parameters. 

In order to obtain practical optoelectronics devices, the feasibility of any 

material is essential. Among both semiconducting type, p-type TCO has been proved 

to be the most difficult to achieve due to the localized oxygen p nature of the valence 

band in most oxides that makes those bands very flat and leads to large hole 

effective masses [39]. The strong localization behavior of positive holes at the 

valence-band edge of the oxide materials is due to the ionicity of metallic oxides: 

valence orbitals of metallic atoms are substantially higher than the 2p levels on 

oxygen atoms. Thus, positive holes have high probability to be localized around the 

oxygen atoms leading to the formation of a deep acceptor level [40].  

The earliest published p-type transparent metal oxide with practical application 

was lithium doped NiO in 1997 [41]. However, the most relevant moment occurred 

when Kawazoe proposed a new strategy to overcome the inherent high hole 

effective mass in the late 90s.  Kawazoe et al. realized that the best way was forcing 

the dispersion of oxygen valence band by making hybridization with a similar d 

state energy cation. The Cu d states seems to be the best candidate as the interaction 

of Cu d and O 2p states reduce the effective hole mass in Cu2O [42]. Interestingly, the 

first data of semiconductivity in metal oxide was unearthed in 1917 by kernnard et 

al. with cuprous oxide [43]. Kawazoe conclusions led to the general rule of thumb of 

incorporate Cu1+ cation in high bandgap oxides such as defallosites CuCrO2, SrCu2O2 
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or Cu-based oxychalcogenides. Some of the most represented values of this p-type 

semiconductor are shown in Fig. 1.14. 

 

 

Fig. 1.13 Several n-type Transparent conducting metal oxides [44] 

Great effort has also been devoted to obtain p-type layers based on native n-type 

ZnO doped with nitrogen family elements (N, P, As, Sb), yet such ternary blend are 

not stable due to self-compensation i.e., the tendency of a crystal to lower its energy 

by forming point defects to counter the effects of a dopant. This was theoretically 

deduced specially in wide band gap semiconducting compounds [45]. 

Essentially, there are three constraints that should be verified in order to 

provide a prosperous extrinsically semiconducting doping: (i) extrinsic dopant 

should dissolve in the lattice, (ii) extrinsic dopant should provide shallow energy 

level within band gap and (iii) dopant should not mitigate low self-compensation by 

intrinsic defect [46].     
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Fig. 1.1 Evolution of >80% transmittance p-type semiconductor (a) resistivity and (b) 
hole mobility [47] 

Due to the fact of scarce existence of p-type metal oxide semiconductor, intensive 

research has been done in the field of semiconducting organic materials. Nowadays, 

most of intrinsically conducting polymers known are doped oxidatively to give p-

type materials. Hence, this characteristic makes them very attractive to be applied 

on hybrid structures, combining inorganic along with organics components. 

 One of the main benefits of these materials is the possibility to tune their 

chemical structure, which makes possible to manipulate their physical properties on 

demand. Furthermore, it presents low temperature fabrication process allowing the 
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production of bendable lightweight electronics. On the other hand, polymer has 

several shortcomings such as poor ambient or chemical stability compare to oxide 

materials, reducing the lifetime expectancy of these devices and limiting it near-

future commercialization. 

Organic materials, in turn, do not have the same performance as inorganic 

charge transport; performing low hole mobility µ< 2 cm2 V-1 s-1 [48] on p-type 

semiconducting polymer and much lower mobilities (10−2 to 10-1 cm2 V−1 s−1) in its 

counterpart n-type. Nonetheless, these values are sufficient to match with the 

prerequisite of band-gap energy, charge transportation properties, 

pseudocapacitance and light absorption/emission characteristics in various 

optoelectronics systems such as organic photovoltaic (OPV), organic light emitting 

diodes (OLEDs), supercapacitors (SCs) and organic thin film transistors (OTFTs). 

Substantial advances have been attained in OLEDs, reaching unity quantum 

efficiencies, allowing it to be already launched onto the market. 

  

1.3.2 TRANSPARENT DIODES 

Development of functional p-n junctions solely using transparent conducting 

oxide materials is a major goal for material scientists, as this would open up the 

possibilities of transparent electronics. As remarked earlier, diodes require high 

processing temperature in order to fulfill high quality materials and interfaces. 

Therefore, it remain a challenge to develop diodes with good performance and 

capable of be deposited on flexible substrate.    

The earliest reference of a transparent diode was given by Sato et. al. in 1993, 

where they described two similar arrangements: pn heterojunction Al / p-Ni0 / i-

Zn0/n-ZnO:Al / Al and pin junction diode Al / p-Ni0 / i-NiO / i-Zn0/n-ZnO:Al / Al 

grown by sputtering. IV curve rectification was registered on pin structure, acting 

the insulator as a broad depletion region. However, ohmic behavior was observed 

on the pn junction, so eventually they concluded, that the narrow depletion region 

between heavily degenerated semiconductors allows to the current to flow through 

tunneling effect. NiO p-type layer presented 40% transmittance, whereas the whole 

pin structure had barely 20%. Although this implementation displayed almost no 
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transparency, it represented a major breakthrough. Afterwards, numerous NiO-

based attempts followed to the precedent case, being the most recent published, as 

far as we know, transparent p-NiO/n-ZnO diodes used in circuit rectifiers [49]. Great 

improvements have been achieved recently in terms of forward/reverse current 

ratio exceeding 103 [50]. 

Concerning transmittance, highly transparent diodes were first reported by 

Kudo et al. in 1999, exhibiting 70% on average, composed of p-SrCu2O2 and n-ZnO. 

Subsequently, a few years later, this arrangement was stated of displaying 

electroluminescence in UV light region [51]. Many others papers were published 

combining n-ZnO with p-type containing Cu+ cation semiconductors, particularly, 

delafossites such as CuYO2:Ca or CuAlO2, although their performance were not 

sufficient for practical transparent electronics.  In addition, bipolarity was 

discovered on CuInO2, doping with Ca and Sn for p-type and n-type conduction, 

respectively, including the realization and electrical characterization of a p-n 

homojunction prototype. Besides, a team from Leipzig has recently revealed a 

remarkably rectification ratio of 6 x 106 at ± 2 V with an ideality factor of η = 2.14 

from a p-CuI/n-ZnO diode. Sputtered Cu films were iodized with iodine vapor, 

resulting in CuI transparent layers. Positive Hall effect was noted with a hole 

mobility of µh = 6 cm2/Vs, resistivity of  = 0.2 Ω cm and hole concentration p = 5 x 

1018 cm-3 [52]. This heterojunction presented 56% transmittance. 

Considerable efforts have been put into obtain ZnO p-n homo-junctions; although 

still exist significant doubt about the validity and reproducibility of these results. 

Self-compensation, as mention earlier, could be the reason thereof. Low 

forward/reverse current is claimed and most of them required high cost processing 

techniques; high temperatures and vacuum is necessary in order to ameliorate 

reproducibility and stability [53]. ZnO is an excellent candidate for short wavelength 

optoelectronics and transparent electronics due to its very interesting properties, 

such as wide band gap  3.3 eV, large binding energy  60 meV at room temperature 

and low cost. Nevertheless, complexity of obtaining p-type ZnO has led to explore 

other alternatives, combining polymer with inorganic materials. Polymers offer very 

low-cost material and facile fabrication route together with large-area manufacture 

compatibility. Inorganic materials, on the other hand, provide structural, thermal 
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and chemical stability. ZnO/polymer heterojunction has superb potential 

applications in light emitting diode (LED) and photovoltaics. In fact, most of the 

academic research of this field has been dedicated to develop such systems. 

 In contrast to organic photovoltaic, exciton lifetime and its diffusion length in 

inorganic solar cells are sufficiently large to escape from the depletion region and 

effectively encounter with the electrodes. Organic bulk heterojunction has faced this 

issue by judiciously mixing electron-hole charge transport polymers without 

discarding effective transport charge toward the electrodes [54]. Introducing 

inorganic material to this arrangement have benefits coming from some properties, 

such as combining low cost materials with high electron charge transport and 

enhanced light trapping. Furthermore, inorganic semiconductor can be prepared in 

numerous morphologies, making them suitable as framework where electron flows 

easily and additionally large interfacial area can be attained.  

 

Fig. 1.14 -Demonstration of a flexible organic light emitted diode (OLED) 

 

In terms of light emitting diodes, hybrid junctions prevent imbalanced carrier 

injection inherent of organic light emitting diodes (OLEDs). Organic materials 

preferentially transport holes, curbing the formation of exciton in the organic 

junctions. Most of the holes pass through the emissive layer without achieving 

radiative recombination, quenching at the cathode. Consequently, external quantum 

efficiency, which is photon emitted per electron injected, strongly decrease, [55] 

OLEDs have been vigorously investigated for the last decade with the scope of 

application in the field of full color flat panel displays, as seen in Fig. 1.14. PEDOT is 
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one of the most successful materials in the exploitation of such functionalities. It is 

used as buffer layer or electron block layer between the absorption/emissive layer 

and the cathode in organic solar cell and OLEDs. The ionization potential is close to 

the work function of indium tin oxide, reducing the barrier energy and enhancing 

the injection of holes, whereas the electron affinity is sufficiently high as to impede 

exciton quenching at cathode by blocking electrons.  Additionally, PEDOT has been 

proved to attenuate naturally crystalline spikes occurring in ITO, removing any 

protuberance and limiting possible short circuits [56].    

Liem et al., studied the interaction between PEDOT:PSS and ZnO films with 

Raman spectroscopy and evaluate the rectification ratio on a.c. voltage signal [57]. 

Furthermore, Sharma et al. examine the IV curve characteristic of an 

ITO/ZnO/PEDOT thin film grown by distinct techniques, ZnO film is deposited by 

spray pyrolysis and commercial PEDOT is directly spin coated on it [58].  Likewise, 

Soylu et al. investigated PEDOT:PEG/ZnO on p-Si substrate. Although a perfect 

modelling of the system is performed, no rectification characteristic is done to 

ZnO/p-Si junction, which presents diode rectification [59].     

ZnO nanorods has also been reported by other authors, this nanostructure 

improves the superficial interface area and creates a channel were the electron 

stream pass.  Yang et al. studied the effect of H2O2 on the polymer/ZnO nanorods 

output and ascribed to passivation, reduced number of oxygen interstitials, at the 

interface the improvement in rectification ratio and lowering of the leakage current 

by three-fold[60]. Hybrid LEDs based on electrodeposited PEDOT:PSS on ZnO 

nanorods has been accomplished by impregnating the nanorods with polystyrene, 

preventing the short-circuit contact of PEDOT with the anode. It has been suggested 

that polystyrene was causing unintentionally the accumulation of electron or space 

charge at ZnO interface when no controlled polystyrene surpass the length of ZnO 

nanorods, creating a pin heterojunction [61].  Besides, another potential application 

by this design is piezoelectric energy generation. Briscoe et al. demonstrated that a 

heterojunction ameliorates the performance in comparison with Schottky junctions 

[62]. 
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1.3.3 TRANSPARENT STORAGE DEVICES 

Transparent storage devices are still in its infancy, there are many hindrances 

complicating that this technology comes true. Most of the device components are 

intrinsically opaque, particularly for batteries.  As a result, one should come with 

imaginative solutions to resolve this difficult jigsaw puzzle. It has been developed a 

semitransparent cathode based on LiFeO2 compound mixed with submicronic 

grains of Ag, depositing layers near 0.5 µm of thickness in order to reduce light 

absorption, in concordance with Beer-Lambert law [63]. Another approach has been 

given by Cui et al. in 2011 using a patterned grid manufactured by microfluidics-

assisted method, with characteristic dimension below human eye resolution, 

providing 60 % transmittance for the full cell [64]. However, portable electronics also 

require high power density on certain occasions, thus, several examples can be 

found in bibliography claiming for transparent or semi-transparent supercapacitors.  

Graphene has been assured to be one of the great aspirants to provide high 

transparency along with high specific capacitance. Moreover, reported articles 

involving graphene material exhibits high transmittance in the range of 65 %, but 

very low specific capacitance with 409 µF/cm2 [65].  Randomly distributed carbon 

nanotubes or indium oxide nanopillars core@shell structures have been devoted as 

an alternative without mitigating transparency. Percolation effects in 

supercapacitors with nanotube electrodes have been studied by King et al., 

correlating transmittance with specific capacitance along with dependence of RESR 

and CV with thickness [66].  Chen et al. also demonstrated a supercapacitor based on 

vertically aligned carbon nanotube, with excellent transmittance up to 75%. 

However, it specific capacitance was very low of just 7.3 F g-1 [67]. We consider that 

vertically aligned is a good strategy to follow, because this arrangement foster 

special light interactions, allowing more light to pass through and at the same time 

improve the injection of charge increasing specific area and accessibility. Ryu et al., 

on the other hand, used RuO2-ITO nanopillars, however, ruthenium based 

supercapacitors are extremely expensive [68]. Besides, Sorel et al. has accomplished a 

flexible, transparent dielectric capacitor by spraying carbon nanotubes or silver 

nanowires onto either side of a polymer film achieving a transmittance up to 74% 

and capacitance ranging from 0.4 to 1.1 µF/cm2 [69]. 
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Integrating several devices in one implementation is a goal highly attractive.  

Energy storage and electrochromic function in one flexible device is performed by 

spin coating PEDOT and subsequently depositing polymerized PANI by Wang et al. 

presented in Energy & Environmental Science journal [70]. A similar conformation 

was done in our group with a symmetric PEDOT supercapacitor, except that it does 

not exhibited electrochromism. Finally, flexible semitransparent power generation 

in combination with energy storage is given by Zhao et al. in Nano Letters; they 

describe an interdigital two-dimensional comb-teeth arrange of one DSSC together 

with a planar supercapacitor.  Essentially, this conformation readily bear external 

mechanical stress due to the distribution of strain in every finger and, in turn, avoid 

short circuits [71].     
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1.4 ZnO 

 

1.4.1 BACKGROUND 

Zinc Oxide belongs to the group of II-VI binary semiconductors, which crystallize 

in several crystal structure phases, including hexagonal wurtzite, cubic zinc-blend 

and rocksalt. However, at ambient temperature and pressure, wurtzite is the most 

thermodynamically stable. Wurtzite presents a hexagonal structure with lattice 

parameters a =b= 0.3248 and c = 0.5206 nm on the basis of a Joint Committee for 

Powder Diffraction Studies (JCPDS) data card (JCPDS card 36-1451) pertaining to 

the P63mc space group in Hermann-Mauguin notation, shown in Fig. 1.15. Each 

anion is surrounded by four cations at the corners of a tetrahedron and vice versa. 

On the other hand, ZnO blende is stable only when grown on cubic substrate 

structures, whereas rocksalt form reversibly at high pressure.  Wurtzite structure 

gives piezoelectric property due to its non-centrosymmetric structure.   

 

Fig. 1.15 (a) Wurtzite Crystallographic ZnO Structure. Zn correspond to gray balls and O 

to yellow balls (b) Typical Hexagonal morphology of ZnO nanorods[99] 

  

The 3.3 eV direct band gap along with its large exciton binding energy (60 meV) 

provides to ZnO with a broad range of potential application in optoelectronics field, 

which overlap mostly with that of GaN. The availability of large and cheap bulk 

crystals is a big advantage of ZnO over GaN. Its high mobility and thermal 
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conductivity make them suitable for transparent thin-film transistor, light emitting 

diodes, laser diodes and photodetectors. The large exciton binding energy, stronger 

than GaN (25 meV) and thermal energy at room temperature (25 meV), facilitate 

theoretically, an efficient exciton emission at room temperature, specifically on the 

UV/blue light spectrum. In addition, intrinsic and extrinsic defects are responsible 

for wide radiative emission spectrum, violet, blue, green, yellow and orange-red 

color, giving rise to a potential white light emitted diode. Photoluminescence (PL) 

spectra is usually divided in two clear peaks, a sharp UV peak at 380 nm attributed 

to the band gap exciton emission and a broad peak between 400 nm and 600 nm. 

Table 3 ZnO Physical properties [76] 

Property Symbol (units) Value Reference 

Lattice constant a =b, c (Å) 3.248, 5.206 72 

Melting point Tm (K) > 2250 72,73 

Density  (g/cm3) 5.67 72 

Linear expansion 

coefficient 

αa (K-1) 

αc (K-1) 

6.5 x 10-6 

3.0 x 10-6 
72 

Band Gap Eg (eV) 3.35 72 

Exciton binding energy (meV) 60 74 

Electron Hall mobility µn (cm2/ Vs) 200 72 

Hole Hall mobility µn (cm2/ Vs) 5-50 72 

Electron effective mass mn* 0.28 m0 73 

Hole effective mass mp* 0.59 m0 73 

    

ZnO is transparent in the visible region of the electromagnetic spectrum and is 

inherently n-type in the absence of intentional doping. To enhance its electrical 

conductivity, group IIIA elements (Al, Ga, In) are used in n-type doping and group 

VA elements (N, P) in p-type doping, although there is still controversy on the 

reproducible feasibility of the last one due to self-compensation. For a long time, it 

has been argued that O vacancies or Zn interstitials defects has been responsible for 

the unintentional n-type, however, new theoretical studies and electron 

paramagnetic resonances experiments has neglect this assumptions, indicating that 

oxygen are actually deep donors and do not contribute to n-type conductivity [77]. 
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Instead, it has been suggested that omnipresent H interstitial impurity or more 

precisely substitutional H can act as a shallow donor level dopant [78].  

Its special properties proffer ZnO with a wide range of application, apart from 

optoelectronics. Large piezoelectricity feature, for example, allows its use in 

transducers, sensors, acousto-optic modulators and actuators. Non-ohmic 

resistance, almost diode-like characteristic of polycrystalline ZnO powers made it a 

common material in varistors. Non-linear optical coefficient dependence on 

crystallinity makes ZnO appealing in volume holographic storage of information or 

optical information carrying waves. Transparency along with its electrical n-type 

conductivity make it a contender to ITO for transparent electrodes. Likewise, high 

thermal conductivity makes this compound suitable as additive to prevent thermal 

damage of devices. ZnO presents biocompatibility, which is valuable for medical 

exploitation. Finally, radiation hardness has significant importance for aerospace 

applications. ZnO is also a promising candidate for spintronics application, with a 

predicted Curie temperature of >300 K. 

 Bulk ZnO crystals can be realized with a variety of techniques, due to its strong 

tendency for self-organize. Including gas-vapor transport, hydrothermal and 

pressurized melt growth [79]. Platelets and esthetically pleasing hexagonal nanorods 

with diameters up to millimeters can be grown with the first. Seeded assisted 

chemical vapor transport yields up to 1 mm/day rate of growth with a cylinder of 2 

inches diameter and 1 cm thickness.  By contrast, hydrothermal procedure performs 

much lower growth rate of approximately 0.03 inches/day and inevitably possess Li 

or K impurity coming from the solution. Industrial has opted for pressurized melt 

growth carry out in a crucible.  

Methods to growth large-area polycrystalline layer are rf or magnetron 

sputtering, spray pyrolysis, pulsed lased deposition, sol-gel techniques or 

electrochemical deposition [80].  
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 1.4.2 ZnO NANOSTRUCTURED SYNTHESIS 

It is well known that ZnO can easily forms various nanostructures, such as 

nanotubes, nanowires, nanorods, nanobelts, nanorings, nanocages and nanosprings, 

which have the potential for catalysis, solar cell, sensors and nanoresonators, 

applications due to their high specific area and reactivity. The diverse structures of 

ZnO nanomaterials produce unique useful and novel characteristics that are 

applicable for high-performance devices. In fact, porosity, large surface area, high 

electron mobility and variety of feasible technique make nanorods structure very 

attractive [81]. 

Defect free crystals are more facile to get with nanorod structure than for 

epilayers, since the strain in the nanorods can be efficiently relieved by elastic 

relaxation. In addition, vertically aligned nanorods and nanowire are interesting 

owing to the quantum confinement effect arising from its conformation, electronic 

quantum transport and enhanced radiative recombination of carriers, promoting 

higher electron diffusion coefficient of ZnO nanowire arrays [82].  

ZnO nanorods can be made by a large variety of techniques, including metal-

organic chemical vapor deposition (MOCVD), vapor phase epitaxy (VPE), pulsed 

laser deposition (PLD) [83], direct carbo-thermal evaporation. However, recently low 

temperature method (<100 ºC) such as hydrothermal methods and 

electrodeposition have devoted much attention, in particular for flexible substrate, 

owing to its simplicity, low cost, large area deposition and high quality nanowires 

and nanorods.  

More than a decade ago, ZnO thin film deposition was the aim of 

electrodeposition, but recently ZnO nanorods growth has become more attractive. 

Adjusting the nucleation position, numerous ZnO nanostructures can be achieved. 

Most of the electrodepositions are performed in zinc nitrate or zinc chloride 

solutions with additive precursor such as O2, NH3, CaCl2, or KCl. The controlled 

growth can also be accomplished on metallic layers or other conducting oxide. The 

ZnO nanorod growth mechanism follows a three-dimensional nucleation on the 

substrate, ensuing in hexagonal cross-sections columnar grains. This comes from a 
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favored growth along the c-axis of the hexagonal structure of zinc oxide. The lateral 

growth is associated with the growth perpendicular to the (100) and (010) planes. 

The mechanism controlling 1D dimension nanostructures together with thin 

films conformation is followed by the reactions, 1.19 and 1.20: 

1
2⁄ 𝑂2 + 𝐻2𝑂 + 2𝑒− → 2 𝑂𝐻−  (1.19) 

𝑍𝑛(𝐼𝐼) + 2 𝑂𝐻− → 𝑍𝑛𝑂 + 𝐻2𝑂  (1.20) 

The standard potential of this reaction is 𝐸0
𝑍𝑛𝑂 = 0.88 V vs NHE (normal 

hydrogen electrode), whereas Zn metal reaction has 𝐸0
𝑍𝑛= - 0.76 V vs NHE, 

therefore there is a great span between reactions preventing interferences within 

each other.  

In the presence of Cl- another reaction does occur as a precursor of OH-, given by 

the equation (1.21), with the rate depending on its concentration and the electrode 

material: 

𝑂2 + 2𝐻2𝑂 + 2𝑒− → 𝐻2𝑂2 +  2 𝑂𝐻−  (1.21) 

Near the pH neutral the predominant specie is ZnCl-, giving rise to the 

electrosynthesis of ZnO governed by equation 1.22: 

𝑍𝑛𝐶𝑙− + 2 𝑂𝐻− → 𝑍𝑛𝑂 + 𝐻2𝑂 + 𝐶𝑙−  (1.22) 

The crucial parameter, which defines the final structural morphology, is Zn 

precursor concentration. High concentrated solution results in a dense ZnO film, 

while low concentrated solution gives rise to nanorods. The formation of hexagonal 

cross-section ZnO nanorods has to be explained by a lateral face growth block 

mechanism in conjunction with a c-axis growth rapid propagation. It has been 

postulated that rate-limiting step in the nanocolumnar regime is zinc depletion 

gradient, being governed by diffusion. However, there is a predominant concomitant 

effect arising from acidification of surface grains surroundings. pH determine the 

complexation of Zn(II). Initially, at neutral pH 7, zinc is in the form of ZnCl+ and 

Zn(OH)+. Since deposition is performed at cathodic potential, cations are 

electrostatically attracted to the electrode, encouraging the nucleation of ZnO from 
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the reaction described above. Subsequently, when an excess amount of hydroxide is 

produced, the peripheral of the just grown nucleus become alkaline, leading to Zn 

anion complexes to be repelled against the electrode. In case of high Zn 

concentration, path 1 (Fig. 1.16), each generated OH- , readily react chemically with 

cation complexes creating a ZnO film. In low Zn concentration, path 2 (Fig.1.16), 

peripheral acidification occurs due to the depletion of Zn. As a consequence, anions 

are expulsed damping the lateral growth. c-axis grows, on the other hand, proceeds. 

Face-selective electrostatic interaction govern differences from the tip to lateral-

surface growth rates. Negatively charged tetrahedrons corners of surface (0002) 

has been demonstrated to react with anionic Zn complexes by the next reaction (eq. 

1.23): 

𝑍𝑛(𝑂𝐻)3
−

+ 𝑍𝑛𝑥𝑂𝑥 →  𝑍𝑛𝑥+1𝑂𝑥+1 +  𝐻2𝑂 + 𝑂𝐻−  (1.23) 

       Therefore, the width of ZnO nanorods is given by the time anion complexes 

takes to be form, so with Zn concentration [84].  

 

 

Fig. 1.16 ZnO electrodeposition growth mechanism and species repartition diagram of 
Zn(II)[85] 
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1.5 CONDUCTING POLYMERS 

Organic polymers are macromolecules composed of repeated subunits, known as 

monomers, chemically bonded by a process called polymerization. These can be 

presented in the form of lineal, branched or networks. Historically, these molecules 

has been consider as electrically insulating, but three collaborating scientists, Alan J. 

Heeger, Alan G. MacDiarmid and Hideki Shirakawa received the noble prize in 2000 

for the discovery and development in the early of 1970s of electronically conductive 

polymers.   

Organic conductive polymers are those synthetic polymers that are capable of 

conduct electric charge.  Regarding on whether its conductivity originates 

inherently or by an ingeniously mixture with conducting materials, can be classified 

as intrinsically or extrinsically conducting polymer, respectively. The latter are 

compounds of insulated polymer combined with black or metallic power, metallic 

wires, etc. As long as the percolation effect is achieved, the composite begins to 

conduct, but with a dissimilar physical or thermal property with respect to the 

original insulating polymer. In contrast to extrinsically conducting polymer, 

intrinsically polymers render conductivity from a doped special distribution of 

carbons bonds in the polymer chain, i.e. an extended -bond conjugation all over the 

polymer skeleton, in conjunction with electron exchange by redox reactions 

between neighboring redox sites in the polymer (electron hopping), retaining their 

original mechanical properties, processibility, etc. 

 
Fig. 1.17 Carbon conjugation. (a) Polyacetylene. Heteroatom conjugation. (b) Polypyrrole 

 

Most common intrinsically conducting polymers are polyacetylene, polypyrrole, 

polythiophene and polyaniline, which have sp2 hybridization in the main polymer 

chain, coming from a backbone of double C=C bonds alternating with single C-C 

bonds. Those molecules have delocalized electrons due to the overlap of -orbitals. 
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In addition to extended conjugation on carbon bonds (Fig. 1.17a) it is plausible the 

conjugation by heteroatoms such as nitrogen, oxygen or sulfur (Fig. 1.17b).  

Polyaniline (Fig, 1.18) is probably the first conducting polymer prepared. Henry 

Letherby, obtained polyaniline by oxidation of aniline in 1862, which was 

conductive and showed electrochromism. In 1835, was already used the term black 

aniline to describe products with this color.  

 

Fig. 1.18 Polyaniline 

Afterwards, in 1950, Khomutov and Gorbachev discovered during 

electrocatalysis the electrooxidation of aniline, and in 1967 conjugated polymers 

such as polypyrrole, polythiophene and polyfuran, were compositionally 

characterized. Polyaniline (Fig. 1.18) was suggested to be a particularly 

representative material in the field of polyconjugated macromolecules 

semiconductors, where de Surville et al. reported that polyaniline had redox 

properties and the conductivity seemed to be electronics [85].  In 1975 a remarkable 

discovery unveiled, from fortuitous preparation by iodine oxidation, a glossy silver-

like of polyacetylene, very similar to aluminum, but with 109 times more 

conductivity than the standard polyacetylene. Similar results were obtained using 

chlorine or bromine.  

Tabla 1.3 Stability and processibility of conducting polymers [86] 

Polymer 
Conductivity 

(S cm-1) 

Stability 

(deep state) 

Processing 

possibilities 

Polyacetylene 103-105 poor Limited 

Polyphenylene 1000 Poor Limited 

PPS 100 Poor Excellent 

PPV 1000 Poor Limited 

Polypyroole 100 Good Good 

Polythiohenes 100 Good Excellent 

Polyaniline 10 good good 
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Among conducting polymers we can found polyvinylidenes, polyarylenes, and 

polyheterocycles. Polyvinylenes exhibit good thermal stability and electrical 

conductivity. Poly(p-phenylene) was the first nonacetylene that exhibited high 

conductivity in 1980. Many polyheterocycles can be added to the list as conducting 

polymers such as polypyrrole, polythiophene and polyfuran, all of them present a 

five-bonded ring with a heteroatom nitrogen, sulfur or oxygen.      

 

1.5.1 POLYMER ELECTRONIC CONDUCTIVITY MECHANISMS 

Doping is the essential concept that makes conducting polymers different to 

other polymers.  By adjusting the doping level one can control the conductivity from 

insulator or semiconducting to metallic behavior. When undoped, conducting 

polymers can present a conjugated chain backbone, as polyacetylene or a 

nonconjugating backbone, as polyaniline. The classical example, trans-polyacetylene 

was the first studied to comprehend where its electrical characteristic originates.  

Polyacetylene consists of a long chain of carbon atoms with alternating single and 

double bonds between them, each with one hydrogen atom. Carbon atoms are 

bonded by three-electron triangular hybridized sp2 orbitals and to one hydrogen, 

through a 2pz orbital with one free electron. This orbital is perpendicular to the 

plane formed by hybridized sp2, giving for N carbon atoms, N 2pz electrons.  If  

overlapping were uniform, i.e. equal carbon-carbon bond length, each carbon will 

contribute with one pz to the  band. Consequently, the  band would be half-filled, 

giving a metallic behavior. Instead, due to Peierls’s instability, which predicted that 

1D equally spaced chain with one electron per ion is unstable with respect to 

structural distortions, in conducting polymer these distorsions are ascribed to 

polyconjugation[87], the polymer is dimerized from trans-(CH)n to repeated moieties 

of (-HC=CH-)n, splitting the  band of the (CH)n into two  sub-band. A fully occupied 

 band corresponding to the Highest Occupied Molecular Orbital (HOMO), or 

valence band in inorganic semiconductor terminology and an empty * band known 

as the Lowest Unoccupied Molecular Orbital (LUMO), or conduction band, opening a 

semiconducting band gap Eg between them. In the case of polyacetylene of 1.5 eV [88] 



58| I n t r o d u c t i o n    

 

 

Fig. 1.19 (a) Carbon bonds arrangements on non-degenerated polymer. (b) Equal 

energy arrangements of degenerated polymer 

 

During the doping process, the transferred charge creates a new structural 

relaxation (lattice distortion), where the atom bonds are redistributed, seen in Fig. 

1.19.  As a result, positions with net charge are created, distinguishing two types: 

solitons and polarons/bipolarons. The charge appearing on the polymer chain is 

then neutralized by a counterion from the electrolyte solution. These localized 

charges on the chain distort the surrounding lattice. Ensuing from 

oxidation/reduction, a local downward/upward shift of LUMO/HOMO happens, 

introducing localized electronics states on the band gap. As opposed to inorganic 

semiconductors where the resultant hole/electron is delocalized on the lattice and 

where almost no lattice distortion is presented. A polaron is a quasiparticle 

composed of an electron and an associated strain field. The polarons are mainly in 

ionic crystals, where the interaction between electrons and lattice ions is large. The 

presence of polarons in covalent crystals is much lower, since the interaction 

between electrons and neutral atoms is much weaker. When another electron is 

removed from the polaron, a bipolaron is formed; a bipolaron is a bound pair of two 

polarons. 

Another kind of distortion, known as soliton, occurs in degenerated polymers 

(trans-polyacetylene, for instance), where no increase in distortion energy appears 

when oxidized or reduced (Fig. 1.20a). The soliton is a domain boundary between 

two degenerate ground-state configurations. The influence of the soliton is extended 

over several carbons. The presence of a soliton creates a localized state at the mid-

gap in perfect chain, which is unoccupied/doubly occupied in positively/negatively 

charged soliton. Depending on the number of electrons localized on the soliton (0, 1, 
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or 2) the soliton can have a charge + e, 0, and - e with respective spin zero, 1/2, and 

zero [89]. 

 

Fig. 1.20 (a) Formation of two charged soliton[90](b) Bipolaron Formation  

 

         Aromatics ring polymers, nondegenarated polymers, do not form solitons, 

but they form polarons or bipolarons.  

This net charge position can be achieved through numerous different doping 

processes, classified by the same criteria given by MacDiarmid [91]: 

 

1.5.1.1 Redox Doping 

This process involves a change in the number of electrons of the polymer 

backbone by chemical and/or electrochemical means.  It can be either p-doping 

(oxidation) or n-doping (reduction eq. 1.23). p-Doping (eq. 1.24) is the partial 

oxidation of the p backbone of an organic polymer, was first discovered by treating 

trans-(CH)x with an oxidizing agent such as iodine. Chemical doping is achieved by 

the incorporation of an oxidizing/reducing agent, whereas electrochemical doping 

comprises an electron extraction (injection) of the polymer backbone by an applied 

potential, leading both methods to a salt complexation. A counter dopant neutralizes 

the charge extracted or injected. One of the benefits of the latter is that allows a 

controllable oxidation/reduction degree of the polymer.    
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𝑡𝑟𝑎𝑛𝑠-(𝐶𝐻)𝑥 + (𝑥𝑦) 𝐿𝑖+ + (𝑥𝑦)𝑒−  →  [𝐿𝑖𝑦
+(𝐶𝐻)−𝑦]

𝑥
  (𝑦 ≤ 0.1)         (1.23) n-doping 

𝑡𝑟𝑎𝑛𝑠-(𝐶𝐻)𝑥 + (𝑥𝑦) (𝐶𝑙𝑂4)− → [(𝐶𝐻)+𝑦(𝐶𝑙𝑂4)𝑦−]𝑥 + (𝑥𝑦)𝑒−  (𝑦 ≤ 0.1)   (1.24) p-doping 

        

1.5.1.2 Doping involving no Dopant Ions 

This mechanism involves no counter ions adsorption. It is a transient state that 

occurs as long as the excitation is applied. It can emerge from two dissimilar 

excitations: Photoinduced (eq. 1.25) and charge-injection doping. Photoinduced 

doping is created upon light absorption of the polymer chain, rendering electron-

hole pair (exciton) and separation into free carriers.  

(𝜋-𝑝𝑜𝑙𝑦𝑚𝑒𝑟)𝑛 + ℎ𝜈 →  [{𝜋-𝑝𝑜𝑙𝑦𝑚𝑒𝑟}−𝑦 + {𝜋-𝑝𝑜𝑙𝑦𝑚𝑒𝑟}+𝑦]𝑛 (1.25) 

The recombination of this exciton could be radioactive or non-radioactive. 

Triplet excited state give rise to no luminescence radiation, whereas single excited 

state energy is usually release as vibration, phonons.  Photoconductivity is 

associated to theses transient states, arisen from the mobile localized energy state.  

   Charge-injection or extraction of electrons occur for example on metal-

semiconducting MS junctions, Metal inject/extract electron from the polymer 

without any counter ion adsorption as long as the potential is applied.  One 

technological interesting properties derived from metal-semiconductor junction is 

that no Fermi-level pinning is displayed.  

 

1.5.1.3 Non-Redox Doping 

This mechanism differs from the redox doping in that there is no change in the 

number of electrons. The first and most studied case is Polyaniline. This is 

accomplished with the immersion of the polymer in a protonated acidic aqueous 

media, as shown in Fig. 1.21. The steps followed by the polymer backbone is 

illustrated in the next figure, going from emeraldine to fully protonated emeraldine 
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hydrochloride salt, a stable delocalized polysemiquinone radical cation with a 

concomitant increase of the conductivity of nine orders [92].       

 

 

Fig. 1.21 Protonation of Polyaniline [92]  

 

1.5.1.4 Secondary Doping 

 As opposed to primary doping, this mechanism refers to the fact that upon 

reversible primary doping, the polymer suffers significant permanent increase of 

conductivity when subjected to an inert substance. This effect seems to be 

associated with structural conformational changes or crystallinity and is not linked 

to a specific substance, but a combination of primary/secondary dopant. 

Polyaniline, present a reduction of -defects, originated from ring twisting, when 

exposed to m-cresol vapor. Accordingly, polyelectrolyte protonated polyaniline 

presents a dense anion-cation polymer chain complex, creating a columbic repulsion 

of similar charge in the neighborhood of each other. Therefore, a polar solvent 

insertion displaces close chains, preventing coalescence. Secondary doping has been 

observed to have an influence on the electronic spectra, in agreement with 

delocalization of electrons in the polaron band [93].      
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1.5.2 CONDUCTING POLYMER ELECTRODEPOSITION 

Electrochemical polymerization is a technique based on applying an anodic 

current to a conductive substrate submerged in a solution composed of a solvent, 

electrolyte and a monomer (pyrrole, thiophene, aniline, furane, etc), giving rise to an 

adhered polymeric film over the anode. Such film can reach conductivities on the 

range of 105 S.cm-1. Although, many monomers are insoluble in aqueous solutions, 

this technique provides a high growth rate of film, showing an observable film on a 

few seconds. In addition, electrochemical deposition offers a greater advantage over 

chemical oxidation because it is highly efficient on material usage and formation of a 

homogeneous outer polymer layer with excellent substrate coverage. Furthermore, 

open the possibility to trace the evolution of the redox response of the polymer 

during the whole deposition process. On the other hand, some specific applications 

require an inert atmosphere to prevent polymer degradation.  

Doping is concomitant to polymerization, so that the electrons are readily 

transferred from or to the electrode. In electrochemical equilibrium, the final 

applied voltage defines the doping degree, facilitating and benefiting its control by 

this technique. The electrochemical polymerization potential used surpass by 100-

200mV the potentiostatic regime.  

Polymerization mechanism is complex, in a sense that every case should be 

studied independently for a deep understanding due to the number of parameters 

taking into place. Shifting from one electrolyte or solvent to another result in change 

of numerous final species, such as no polymeric moieties, contaminants, or detached 

conducting polymers in solution. The polymerization rate and properties of the film 

may also depend on the temperature, pH, convective motion, and other factors. The 

electrode also determines roughness, growing rate, adherence, etc.  

Firstly, most of researchers electrodeposited polymer layers onto inert 

electrodes: platinum (Pt), gold (Au) or glassy carbon substrate, owing to its 

mechanical stability and non-reactivity. Active substrates may arise with several 

issues, being passivation along with dissolution of electrode the mayor problems. 

This could be solved if cathode polymerization where easy to extend widely.  
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During deposition, the electrode is subjected to chemical transformations, from a 

metallic-solution to polymeric-solution interphase. As a consequence, overpotential 

are diminished creating a loop on reverse swept after polymerization peak on cyclic 

voltammetry, minimum current on  chronoamperometry experiments and a 

maximum on chronopotentiomety.    

The film formation process requires two electrons per molecule and an extra 

charge by extraction/injection for the oxidation/reduction doping of the polymer. 

Consequently, the electrochemical stoichiometry should be greater to 2 F mol-1, and 

usually in the range of 2.07-2.6 on every oxidative monomer.  

 

Fig. 1.22  EDOT Cyclic voltammetry electropolymerization process 

 

A cyclic voltammetry electropolymerization of a monomer in a three-electrode 

configuration is presented in Fig. 1.22. Every phases occurring to the polymer is 

described, between -0.8V and 0.8V a reversible doping happens, after 0.8V starts the 

polymerization and at 1.6V the polymer is degraded.  

The polymerization process starts by the monomer oxidation (eq. 1.26) at the 

electrode surface, giving a radical cation. It is not clear if there has to be a prior 
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adsorption because cyclic voltammetry curve exhibits a similar current shape with 

polymers not adhered.  

𝐻𝑀𝐻 −  𝑒− → 𝐻𝑀𝐻+  (1.26) 

Once the radical cation monomers are formed, different process has been 

postulated. Monomers dimerize at the α-position at the electrode, proton are 

removed from the doubly charged -dimers, resulting in aromatic neutral dimers 

(eq. 1.27). Subsequently, the dimer is oxidized following an oxidizing monomer 

coupling indefinitely. However, some reports demonstrate that after a specific 

oligomer length is deposited in acetonitrile solution no further polymerization 

occurs. This behavior has been associated to proton elimination as the determining 

rate.  Therefore, there is some controversy on whether it reacts mostly the cation 

radical of the monomer or of a similar oligomer [94].  The coupling is of the form of: 

𝐻𝑀𝐻+ + 𝐻𝑀𝐻+ → 𝐻𝑀𝐻𝐻𝑀𝐻++ → 𝐻𝑀𝑀𝐻 + 2𝐻+  (1.27) 

Considerable attention should be taken on not to exceed the electrolyte 

discharge potential in order to prevent polymer degradation. Radical generation is 

accompanied with a subsequent attack to polymer polaron/bipolarons [95].     

 

1.5.3 Poly(3,4-ethylenedioxythiophene)  PEDOT 

Poly (3,4-ethylenedioxythiophene) is a conducting polymer based on repeated 

units of 3,4-ethylenedioxythiophene, depicted in Fig. 1.23. Bicyclic ring with oxygen-

bearing substituents in the thiophene ring provide mesomeric stabilization upon 

doping oxidation, i.e. stabilize the free radical and positive charge carrying forms by 

further delocalization. In addition, it lacks its ability to perform α-β linkage and β-β 

linkage leading a regiochemical polymerization. The resultant polymer presents 

high ambient air stability, temperature stability (stands up to 150 ºC) and high 

conductivity. 
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Fig. 1.23 poly(3,4-ethylenedioxythiophene) polymer 

PEDOT has been chosen as a material for practical application owing its excellent 

characteristic, reversible doping states, excellent stability, regular structure, low 

band-gap and its electrochemical properties.    

Thanks to their reversible doping states, PEDOT has been studied as great 

candidate for electrochromic devices, with almost no degradation over cycling. 

PEDOT undergoes color shift from light blue in its oxidize state to dark blue in its 

reduced state. As opposed to viologens, it does not require a liquid electrolyte, but 

due to its sensitivity to UV-light cannot fulfill already commercial expectations. 

Alternatively, this polymer has found many applications in the real world, being the 

first in 1989 as antistatic in photographic films. Precedent photographic films 

exhibited humidity dependent conductivity and displayed toxicological and 

environmental issues. Likewise, one of the biggest market successes is the 

exploitation of conducting polymer in cathode solid electrolyte polymer capacitor, 

substituting solid electrolyte like MnO2 or TCNQ, yielding far lower equivalent serie 

resistances.  As mentioned earlier in chapter 1.4, this material has been conceived as 

an alternative to metal oxide ITO in solar cells, flat panels displays, touch-sensitive 

screens, electromagnetic shielding, antistatic coatings and so on, there where optical 

transmittance and conductivity are necessary. Besides, another interesting 

application which is gaining considerable attention is as an interlayer hole injection, 

smoothening surface of the anode in organic light emitting diodes (OLEDs) and as 

electron block layer or anode buffer layer in organic solar cells, avoiding electron to 

recombine at the anode and enhancing the collection and extraction of positive 

charge [96]. Some attempts has also been done on dye-sensitized solar cells, for 
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instance replacing Pt counter electrode with efficiencies reaching 5.8 % [97] or in 

organic field emission transistors (OFETs), as an active layer.   

Supercapacitor has also been an intensive field of development for PEDOT alone 

or combined with various materials, predominantly double-layer capacitance like 

activated carbon or with pseudocapacitance based like MnO2. Moreover, introducing 

nanoscale conformational scaffolds to enhance charge/discharge rate. On the other 

hand, conducting polymers, lacks from cycling stability, being one of the biggest 

drawbacks of this substances.     

PEDOT:PSS sulfonated poly(styrene-butadiene-styrene) compound has been 

extensively used in the industrial level due to its ability to be soluble in aqueous 

media. PSS acts as counter ion in p-doped PEDOT and forms a complex with it 

leading to a stable polyelectrolyte complex dispersion[98]. As consequence, many 

industrial procedures can be employed to deposited uniform PEDOT thin films, such 

as printing, spraying, slit coating, electrospinning, spin coating.     
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CHAPTER 2.- EXPERIMENTAL 

 

2.1 THIN FILM AND NANOSTRUCTURES DEPOSITION 

TECHNIQUES 

 

In this section all the processing techniques employed in this thesis with a 

general review of their operating capacity, suitability of use and shortcomings will 

be described. An exposition of the experimental conditions will be also given.  

Thin films deposition processes are deeply associated with the development of 

widespread technologies. Imperative industrial requirements, high quality and 

reliability, have forced a remarkable scientific advancement of many processes, 

adapting to reduce of cost and to improve efficacy. The intimately nature of the 

contact between thin layers has a decisive influence on their internal physical 

properties and processes of the final device. These coatings have a thickness 

between tenths of nanometer and several micrometers. Among all the technologies, 

which have had a great impact, is worth to be mentioned, electronics components, 

decorative coatings, optical coatings, mechanics-tribology elements, photovoltaics, 

and biomechanics.   

In essence, thin film deposition procedures can be classified based on the 

precursor state of matter i.e. gas-phase (vapor) or liquid-phase. However, another 

parameter should be taken in consideration, whether there are physical interactions 

or chemical reactions. Hence, physical vapor deposition process is comprised of 

vacuum evaporation, molecular beam epitaxy, cathodic arc evaporation, laser beam 

ablation, sputtering. On the other hand, chemical vapor deposition could be divided 

into low-pressure chemical vapor deposition and plasma enhanced chemical vapor 

deposition and finally, chemical solution deposition is reached by spray pyrolysis, 

spin coating, dip coating and electrochemical deposition methods.    

In summary, because of the diverse alternative methods to grow a thin layer 

onto a substrate, a general view of the every technique is deemed to be useful.  
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2.1.1 DIP-COATING  

Dip-coating technique is a process to obtain thin films adhered to a substrate. A 

substrate is immersed in a beaker filled with sol-gel or viscous solution, kept 

submerged for a while (dwell time), lifted by an automated controlled holder and 

allowed to drain by gravity or evaporate by a heater (Fig. 2.1). This process is 

becoming increasingly used for industrial applications due to its simplicity and 

ability to precisely control the film thickness; changing the fluid viscosity and/or 

withdrawal rate.  The main parameters determining the structural characteristic 

and ultimate film thickness are withdrawal speed, drying temperature, atmosphere 

composition, dilution grade and solvent chosen. Successive dip coating cycling is an 

appropriate manner to modulate the film thickness, as well.   

There are several drawbacks encountered by this method, one of them is to 

control ultra-thin (<20 nm) or ultra-thick (>1000 nm) layers, as they require very 

diluted or viscous solution, respectively. Moreover, thick layers present superficial 

cracking produced by the gas-liquid interphase capillary tensile stress that can be 

solved incorporating organic bonds to provide structural flexibility [1].    

 

Fig. 2.1 Dip-Coating deposition sequence. A)  Immersion, B) Evaporation and C) 
Drainning 
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Landau-Levich model [2] is usually referred when the fluid is kept in the 

Newtonian regime. Although, a more general functional equation could be applied as 

this model is restricted to a narrow speed rate of a few mm s-1, given by equation 

2.1.  

ℎ0 =  𝑘𝑖 (
𝐸

𝐿𝑢
+ 𝐷𝑢2/3)  (2.1) 

where, ℎ0 is the layer thickness, 𝑘𝑖  a constant linked to the solution composition,  

𝑢 withdrawal speed, E evaporation rate, L substrate width and D  a parameter linked 

to the solution physico-chemical characteristics [3].  

 

Among all the applications derived from sol-gel thin film deposition techniques 

on glass or metal substrate the more representative are anti-reflection coating, 

transparent conducting coatings, anti-static coatings, fluorinated coatings, coatings 

incorporating active dye molecules and ferroelectric coatings [4]. 

Our group has implemented a dip coating system, with a controllable 

withdrawing speed rate from around 0.5 cm/s up to 2 cm/s. At the end of the 

draining step there is a flat oven or a heating lamp, which permit to heat the sample 

from 50 ºC to 400 ºC. 

  The main purpose of our setting was to coat with a uniform solid ionic polymer 

film one of the supercapacitor electrode. The solution was a gel of poly-vinyl-

pyrrolidone (PVP) with a LiClO4 inorganic salt dissolved in ethanol. After being left 

dried in step three (Fig. 2.1), The electrode with the PVP layer was ready to be glued 

to a symmetrically electrode.    
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2.1.2 RF MAGNETRON SPUTTERING 

Radio-frequency (RF) magnetron sputtering is a physical vapor deposition 

process, schematically represented in Fig. 2.2. Physical vapor techniques as opposed 

to chemical vapor deposition, the ultimate coating layer present the same 

composition as the initial material. Sputtering, on the other hand, is referred as the 

atomistic deposition of a solid target ejected on a selected sample. A vapor phase is 

created upon electric-field driven collision of ionized noble gas into the target. 

Hence, the expelled atoms from the cathode condense upon and coat a substrate 

material. The plasma is produced and controlled by magnetron guns [5].  

Conventional magnetron sputtering in contrast to basic sputtering incorporates 

several electromagnet or permanent magnets below the target, so that the electrons 

are confined close to the cathode. A helicoidally flux of electrons moving from the 

externally located north pole to the centered south-oriented magnet is generated. 

These extra circulating electrons improve the plasma density adding more kinetic 

energy to the expelled atoms. As a consequence, the resulting coating layer 

possesses improved conformation coverage, better coating rate and film adhesion. 

In addition, as the ionization efficiency of plasma is enhanced, ionize gas formation 

easily occurred (sustained discharge at lower potential and pressure) allowing the 

deposition of materials in low temperature sensitive substrates [6]. 

Small variation in size or distribution of magnets strongly affects the magnetic 

field lines. In case the field strength remain in closed loops going from one magnet 

to the other is referred as balanced magnetron sputtering, whereas in the event that 

the outer field strike to a different surface is known as unbalanced. Such 

configuration result in significant structural layer alteration. Conducted ions 

towards substrate, found in unbalanced magnetron, ameliorate the density of the 

films [7]. 
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Fig. 2.2  DC diode planar sputtering setup. 

    

RF stands for radio frequency potential; alternating positive/negative potential 

is applied to the target. In every half-cycle the positive build-up charge of insulating 

target are neutralize by electron in the next half cycle, preventing the accumulation 

of reactive gas or arc formation on the surface of the target. This configuration 

allows the deposition of insulating substrate, although requires an impedance 

matching network to maximize the transference of the power source and minimize 

heat damage, which increase the cost of the system.    

In the article related to a ZnO/PEDOT heterojunction diode, magnetron 

sputtering was employed for the deposition of ZnO thin film. This method has the 

advantage that is possible to control the growth of pure and dense films along with 

room temperature deposition. Zinc oxide was sputter to a previously 

electrodeposited PEDOT layer by radio-frequency magnetron sputtering, at room 

temperature, for 30 min. AJA international Inc. provided us with an ORION-5-UHV 

system. During deposition the chamber pressure and RF power were set at 1.4 Pa 

and 150W, respectively. The target to the substrate distance was 13 cm.      
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2.1.3 SPRAY PYROLYSIS 

Spray pyrolysis is a process by which a liquid-atomized precursor solution is 

sprayed on a heated surface, where the constituents react to form a chemical 

compound (Fig 2.3). The chemical reactants are selected such that products other 

than the desired compound are volatile at the temperature of deposition. During 

operation a precursor solution is conducted together with a compressed air stream 

to an atomizer. There are different atomizers used in this technique are: air blast 

(liquid is exposed to a stream of air), ultrasonic (ultrasonic frequencies produce 

short wavelengths necessary for fine atomization), high pressure liquids and 

electrostatic (liquid is exposed to a high electric field).  Droplet size is determined 

by the atomizer method, ranging from 0.1-10 µm for electrostatic to 10-100 µm for 

pressured spray pyrolysis [8]. There are two fundamental applications for spray 

pyrolysis regarding on whether nano-spherical particles are synthesized or 

precursor solution is projected to obtain a thin coating, the last being the one chosen 

in our setting. 

 

Fig. 2.3 Materials and Surface Laboratory setup diagram 

 

 

Spray pyrolysis offer numerous advantages, standing out by its simplicity, the 

capability to produce large areas of highly sensitive films of uniform thickness, low 
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cost and low energy consumption. It has been used for many decades in the glass 

industry and in the solar cell production to deposit electrically conducting 

electrodes [9].  

This technique is the forerunner of the chemical vapor deposition (CVD), with 

great development in the first half of the twenty century, namely dedicated to anti-

reflexive glass coating. The first scientific reports that mention the use of this 

method dates back to 1966, where Chamerlin and Skarman published an article 

related to the deposition of II-VI thin film solar cell [10].  

The properties of the thin film obtained by spray pyrolysis can be controlled 

through several parameters such as droplet size, distance between the substrate 

and the atomizer, air pressure, precursor concentration. Nonetheless, the most 

decisive parameter is the substrate temperature, as it has the most influence on the 

final characteristic of sample and precise precursor pyrolysis. The best deposition 

conditions are those that allow the drop to reach the substrate just after the 

dissolvent is evaporated. The precursor solution is defined concerning the final 

grown material along with the physical temperature limitation of the substrate [11].  

Among the most used substrate employed are glass, quartz, silicon, ceramics 

materials and a wide variety of metals; copper, aluminum, titanium, stainless steel, 

etcetera [12].        

  Covellite copper sulphide was prepared by spray pyrolysis to enhance the 

conductivity of ZnO nanorods as well as improving the impregnation of PEDOT in 

vertically aligned supercapacitor arrangement. CuS nanocrystals were obtained 

using two aqueous solutions of 0.01M Thiourea and 0.01M copper acetate 

monohydrate (Sigma-Aldrich). Both solutions were simultaneously and directly 

sprayed on the sample heated at 250 ºC using two syringe pumps at a rate of 50 

ml/h and an auxiliary stream of pressured air of 30l/min and 2 bar. 
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2.2 ELECTROCHEMICAL TECHNIQUES 

 

2.2.1 ELECTROCHEMICAL DEPOSITION 

Special attention has been given to this experimental setting description due to 

its significant relevance in the implementation of every device, covering the growth 

of ZnO nanorod array structure and thin film conducting polymer PEDOT.  

Electrochemical deposition is a process by which a thin film or nanostructured 

materials is grown through an electric induced chemical reaction on a conductive 

substrate. The method is performed on an electrochemical cell, i.e. immersed 

electrodes in a filled precursor solution container, connected to a potentiostat. Glass 

vessel is typically chosen due to its low cost, high handiness and non-activity to 

most electrochemical reactions, although other materials can substitute it, such us 

Teflon, Kel-F and Nylon.  

A three-electrode cells (Fig. 2.4) consists of a working electrode, reference 

electrode and auxiliary or counter-electrode. The working electrode is where the 

desired reaction takes place. The potential of this electrode is established relative to 

the reference electrode, while the current flows between the working electrode and 

the counter electrode. 

 

Fig. 2.4 Three-electrode double-jacket electrochemical cell 
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This configuration prevents the reference electrode from polarization 

introducing high input impedance by an operational amplifier, passing negligible 

current in between. Moreover, the reference electrode is said to be a non-

polarizable electrode, which ideally, the potential is not influenced by the current 

intensity. This is accomplished using an electrode made up of phases having 

essentially constant composition, maintaining the activity of the species.  

In order to minimize the resistance of the solution the tip of the reference 

electrode is positioned as close to the working electrode as possible, but being 

careful of not interfering the mass transfer of the solution species.  On the other 

hand, it is recommended that the counter-electrode surface to be substantially 

bigger than that of the working electrode so that the current measurement is not 

affected by passivation, deactivation and blocking. Typically, the material chosen for 

the auxiliary electrode is platinum due to its high redox potential and catalytic 

behavior.  

Classically, theoretical calculations were usually done relative to the normalize 

hydrogen electrode, while practical experiment led to use a more convenient or less 

nuisance electrode. A common reference electrode is saturated calomel electrode, 

comprised of a platinum wire impregnated with a mercury, mercurous chloride and 

saturated potassium chloride paste. This electrode presents good stability against 

temperature making them ideal for deposition of solution till 80 ºC, though, if no 

chlorine interference with the precursor solution is desired, a mercurous sulfate 

shell in a potassium sulfate could be employed. To minimize any contamination 

disturbance or solution leakage, an electrolyte bridge with glass frit membrane is 

attached to the electrode.      
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Fig. 2.5  Electrode-Electrolyte interactions steps of simple reaction O + ne-  R 

 

Given the simplest interfacial O + ne- ↔ R reaction in Fig. 2.5, where O is the 

oxidized specie and R its reduced form, several preceded mechanisms are 

associated with the grown layer. Electrodeposition involves an interfacial electrode-

electrolyte interactions which can be divided in several steps:  

1. Mass transfer, Oxidize state specie approach from the bulk to the 

surface. 

2. Electron transfer at the electrode surface. 

3. Chemical reactions prior or afterwards electron transfer.  

4. Surface reaction, namely, adsorption, desorption, or crystallization 

(electrodeposition)  

In the present case, we will focus on the electrodeposition or electro-

crystallization step, essentially on metals.  The field is still largely experimental due 

to the complex interactions occurring during the process. Electrochemical reactions 

close the electrode may affect crystallization through electrolyte decomposition, 

local generation of OH- from oxygen reduction, hydrogen evolution, active electrode 

dissolution, alteration of the electrode surface. Moreover, the experiment is 

influenced by many controllable parameters such as, electrode potential, current 

density, temperature, metal ion concentration, hydrodynamic convection, acidity, 

inhibitors, complexation, substrate and so on. Therefore, a practical approach 

should be taken to fulfill our research purpose.  
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Winand diagram [13], depicted in Fig. 2.6, correlates the ratio current density/ 

diffusion-limiting (current density/ ion concentration) and the inhibition by 

additives in a diagram, summarizing Fischer’s main growth electrodeposit types 

proposal. 

1. Field-oriented isolated crystal type (FI); 

2. Basis-oriented reproduction type (BR); 

3. Twinning intermediate type (Z); 

4. Field-oriented texture type (FT); 

5. Unoriented dispersion type (UD). 

 
 

 

Fig. 2.6 Winand diagram. Crystal growth structure relative to inhibition intensity vs 
current density ratio [13]  

 

Two more crystal structures are distinguished, but not incorporated on this 

chart due to its specific condition. The first being nodular deposit (type N), where 

tiny electronic conducting or semi-conducting particles adsorb at the surface of the 

electrode, and rhythmic lamellar (RL) where inhibitor is captured or reacts at the 

surface of the cathode. 
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Inhibitors considered by Fischer are those species, apart from metallic ion, that 

limit the reaction rate. They could be present at the surface of the electrode, double 

layer or diffuse layer, generally, encountered at the electrode surface physically 

chemically adsorbed. In accordance with Fischer assumption, these additives 

influence the electro-crystallization process via negative catalysis of pre-or post-

reaction, simultaneous reduction of the inhibitor, crystallographic morphology 

alteration and overvoltage increase. The inhibition intensity is related to the 

concentration of given species in electrolyte or adsorbed at the electrode [14].     

A theoretical model approach of this phenomenon can be exerted through an 

approximation outlined by Milchev [15], where the rate of nucleation is linked to 

kinetics of reactions of metal ions with pre-steps of nucleus formation. Every 

deposition begins with the formation of a nuclei.  The place of growth is determined 

by topographical irregularities (dislocations, impurities, etc.), points where is 

initiated the nucleus formation, known as pre-steps. The formula describing the rate 

of nucleus is (eq. 2.2): 

𝑟𝑛𝑢𝑐 =  𝑘𝑛(𝐸, 𝐶𝑖𝑛ℎ) ∙  𝑁0(𝐸, 𝐶𝑖𝑛ℎ) ∙ 𝐶𝑀𝑒𝑧+      (2.2) 

Where, Kn is the apparent nucleation rate constant, 𝐶𝑀𝑒𝑧+  concentration of metal 

ion, N0 number of pre-steps depending on the potential (E) and on the concentration 

of inhibitors (Cinh).     

This model described the structures of the low inhibition intensity and low 

current density, namely type FI and BR, whereas a statistical nucleation growth 

approach, given by Becker and Döring between others [16], establishes the behavior 

of the upper corner of the Winand diagram.  Primarily, statistical atomistic model 

can be summarized with a general formula, considering the possible highest nucleus 

grown on a surface An, probability to develop a critical nucleus Bn and dependence 

on the overvoltage 𝜂𝑎𝑛 , expressed by equation 2.3: 

𝑟𝑛𝑢𝑐 =  𝐴𝑛 exp (
𝐵𝑛

𝜂𝑎𝑛
)     (2.3) 

A guide on the relationship between nucleation and current density versus time 

from a potentiostatic experiment will be presented, even though many progresses 
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are still necessary. Near-field microscopy methods along with electrochemical and 

spectroscopic techniques should make it possible in the near future to achieve 

significant progress in the theoretical understanding and practical control of 

nucleation and growth of electrodeposits. 

 Considering, the number of active sites governed by the equation 2.4: 

𝑁𝑡 =  𝑁0 [1 − 𝑒𝑥𝑝(−𝑘𝑛𝑡)]   (2.4) 

This formula leads to distinguish two extreme condition of nucleation, known as 

instantaneous nucleation and progressive nucleation. The former occur when the 

number of nucleation steps stay constant with time, whereas the latter, the rate is 

defined by a linear dependency with time. In the case that mass transport 

mechanism is the predominant the overall current density at time t is given by 

equation 2.5 

𝑗 ≈ ∫ 𝐴0(𝑡 − 𝜏)𝑣𝑛𝑑𝜏
𝑡

0
    (2.5) 

Where k is a modified rate constant, Ao is the active area of a single nucleus and 

rnuc rate of nucleation. Making some assumptions on such as instantaneous and 

progressive nucleation and hemispherical nuclei, i.e. no nucleus growth overlap 

happens; from equation 2.5 j follows a t2 and t3 relationship, respectively. This 

approximation should be contrasted by imaging techniques, because there is more 

complex nucleation types that are not considered in this model. 

ZnO nanorods were grown by electrochemical deposition method from a 0.5 mM 

zinc chloride aqueous solutions kept at 70 ºC in a three electrode cell configuration.  

Potassium chloride electrolyte 0.1 M was employed to ensure low electrolyte 

resistance in the aqueous solution. The pH of the solution was initially adjusted to 

6.8. The electrolyte was saturated with pure molecular oxygen by bubbling for 45 

min prior to start and continuously during the growth process. The 

electrodeposition was performed potentiostatically at -1.414 V vs. saturated 

mercury-mercurous sulfate reference electrode for 7200s either on fluorine-doped 

tin oxide (FTO) or on tin-doped indium oxide (ITO). After deposition the samples 

were thoroughly and carefully rinse with deionize water to remove unreacted 

products from the surface and dried under moderate air flux.  



 88| E x p e r i m e n t a l   

 

On the other hand, PEDOT thin film has been electrochemically grown in an 

aqueous solution composed of 3 mM EDOT (3,4-ethylenedioxythiophene) monomer 

and 0.2 M lithium perchlorate salt (LiClO4) in a 3:7 acetonitrile:water solution 

volume ratio. The electrodeposition was performed at room temperature cycling 

between -0.8 to 1.2V vs SME at 75mV/s, during 5 cycles using a PGSTAT30 

potentiostat. This experimental is adjusted in behalf of previous experience, where 

the acetonitrile was incorporated to the aqueous solution to improve the solubility 

of EDOT monomer, and eventually, the potential maximum was reduced in order to 

prevent degradation of grown polymer from protonation production. Nitrogen was 

flushed prior and during deposition to remove any oxidant on the solution. 

A potentiostat/galvanostat Autolab PGSTAT30 (Fig 2.7) has been used for either 

electrochemical deposition, electrochemical capacitor characterization or electrode 

electrochemical characterization. This device allows one to perform virtually any 

electrochemical measurement. It is a modular high current potentiostat/galvanostat 

with a maximum current of 1A, a compliance voltage of 30V and the possibility to do 

iR-compensation. In combination with the FRA2 module, especially dedicated to do 

Impedance Spectroscopy. The PGSTAT30/FRA2 system is capable of measuring 

impedances in the range from 1 mΩ up to 100 GΩ and capacitances from 0.1 pF up 

to 5000 F and can be used in fields like corrosion research, bio-electrochemistry, 

battery and supercapacitor research and many other areas. The equipment is 

controlled with two software on every method, using General Purpose 

Electrochemical Software (GPES) for galvanostatic charge-discharge, and NOVA 1.4 

for cyclic voltammetry and impedance spectroscopy. 

 

Fig. 2.7 Autolab PGSTAT30 
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PEDOT electropolymerization and ZnO nanorod on supercapacitor electrode 

have been carried out in a double-jacket three-electrode electrochemical cell. 

Comparatively, supercapacitors and diodes were characterized on room 

environment with two-electrode configuration, i.e. one device electrode is 

connected to the working electrode wire and the remained device electrode is 

connected to the short-circuited reference-counter wire.   

 

2.2.2 Cyclic voltammetry 

It is an electrochemical technique where a working electrode potential is 

swept between two voltages values at a controlled scan rate and the current 

response is simultaneously registered. When one voltage value is reached then 

the potential swept is inverted as much as the cycle number is programmed, as 

seen in Fig. 2.8 (a).  This technique provides qualitative valuable information on 

electrochemical reactions, allowing to readily identifying its redox potential. In 

our case, this technique has been used to electropolymerize PEDOT from the 

monomer EDOT and to characterize the electrochemical capacitor. Fig. 2.8 (b) 

presents a typical reversible redox cyclic voltammetry curve. Electrochemical 

reversibility is a practical concept. Essentially, it means that the Nernst equation 

can be applied, i.e. the activation energy is small and therefore high exchange 

current density j0. In the case of totally irreversible electrode reactions, only one 

peak will be visible. For quasi-reversible electrode reaction it is not easy to say 

how the peak potential difference can be. 

 

 
Fig. 2.8 (a) Cyclic voltammetry potential waveform. (b) Typical cyclic voltammetry of 

reversible redox reaction 
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2.2.3 Linear Sweep Voltammetry 

Linear sweep voltammetry is essentially almost the same procedure as cyclic 

voltammetry, with just one difference, there is not inversion of sweep once the final 

voltage value is reached and a fixed potential range is employed.  Rectifier devices 

have been analyzed by this technique to obtain their I-V characteristics at room 

temperature and in dark conditions. For solid-state devices, this was done making 

contact with a two-electrode configuration, n-type to the working electrode and p-

type to the reference-counter electrode.    

 

2.2.4 Impedance spectroscopy 

This technique is based on the application of a variable frequency of an 

oscillating voltage field with small amplitude on the sample. The resultant current 

should be small to prevent deviation from reversibility and possible damages.  

The applied potential is of the form of equation 2.6: 

𝐸 ̃(𝑡) =  𝐸0 ∙ 𝑒𝑖𝜔𝑡   (2.6) 

Where E0 is voltage amplitude and ω is variable angular frequency 

The measured current through the sample is a frequency function, as well equation 

2.7: 

𝐼(𝑡) = 𝐼0 ∙  𝑒𝑖(𝜔𝑡+ 𝜃)  (2.7) 

Where ϴ is phase difference between the applied potential and measured 

current. This value is equal to zero when there is just resistance component and -

90º when there is just capacitance.  

It is referred as impedance, the ratio between E(t) and I(t) given by equation 2.8. 

𝑍(𝜔) =  
𝐸 ̃(𝑡)

𝐼 ̃(𝑡)
=  |𝑍|𝑒(−𝑖𝜃)  (2.8) 

Impedance can be expressed in vectorial form, dividing real and imaginary 

components in the complex plane, equation 2.9: 

𝑍(𝜔) =  |𝑍| cos 𝜃 − 𝑖|𝑍| sin 𝜃 = 𝑍′ −  𝑖𝑍′′   (2.9) 
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The parametric plot of imaginary part 𝑍′′ in Y-axis versus the real part 𝑍′ in the 

X-axis is known as the Nyquist plot (Fig 2.9). This procedure allows obtaining an 

equivalent circuit with the aim to measure the physico-chemical processes.  

 

Fig. 2.9 Typical Supercapacitor Nyquist plot 

 

This procedure has been employed to evaluate the dynamic parameters of the 

supercapacitor electrode.  

 

2.2.5. Galvanostatic Charge/discharge 

Galvanostatic charge/discharge (Fig. 2.10) is an electrochemical technique, 

specifically chrono-potentiometry method, where a constant current is applied and 

the resultant potential is measured with respect to time in a two-electrode 

configuration. Multiple cycles are repeated to evaluate the stability of the 

supercapacitor. Normally, the device decreases its capacitance with every cycle 

together with an increase on the internal resistance. Therefore, this technique is 

essential to test the durability of the device fundamental for commercial usage. Ideal 

capacitor shows perfect triangle shape, with minimal drop voltage on the top and 

the bottom of the slopes at the shift on every steps. Fig. 2.10 outline the ideal 

supercapacitor shape, a deeper analysis has been given at section 1.1.6.  
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Fig. 2.10 Typical supercapacitor galvanostatic charge/discharge curve [17] 
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2.3 CHARACTERIZATION TECHNIQUES 

 

2.3.1 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

X-ray photoelectron spectroscopy is nowadays the superficial analytical 

technique most used. Studied by Siegbahn et al. was named as ESCA (Electron 

Spectroscopy for Chemical Analysis) to emphasize the chemical (rather than merely 

elemental) information that the technique provides, but currently that name is 

considered too general due to the amount of the surface electron spectroscopies 

that are used. 

XPS is a surface chemical analysis technique that can be used to analyze the 

surface chemistry of a material giving information of the elemental composition at 

the parts, empirical formula, chemical state and electronic state of the elements that 

exist within that material. 

The principle of this technique consists in irradiating the surface of the sample 

with soft X-ray photons. When a photon with energy h interacts with an electron in 

a level with a binding energy EB, the photon energy then is completely transmitted 

to the electron, resulting in the emission of one photoelectron with a kinetic energy 

(eq. 2.10) 

EKin = hν – EB - eφ   (hv>EB)    (2.10) 

The emitted electron can arise from an inner level or an occupied part of the 

valence band, but in this technique most of the attention is focused in the electron of 

the inner levels. As there are not two elements sharing the same band gap, 

measuring the kinetic energies provides an elemental analysis. Furthermore, any 

change in EB is reflected in the EKin, which means that changes in the chemical 

environment of an atom can be related with changes in the photoelectron energies, 

providing chemical information. XPS technique is able to analyze all the elements of 

the periodic table with the exception of the hydrogen and helium. 
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Although the XPS is essentially linked to photoelectrons and their kinetic 

energies, other interaction such as subsequent electrons emission can also occurs. 

An emitted photoelectron leaves an inner gap in the atom. The sequence that 

follows this event is shown in Fig. 2.11. The hole is created in the K layer, giving 

place to a photoelectron whose kinetic energy must be (hν-EKin), and this gap is 

occupied by an electronic transition from L2 layer. The EKin-EL2 energy associated to 

the transition can dissipate in an X-ray photon or losing an electron of a third layer 

(layer L3 in the example). 

 

Fig. 2.11 Electron Auger Phenomenon 

 

The other possibility is called Auger process because of its discoverer. The 

emitted electron is called Auger electron and its energy is the following (eq. 2.11): 

EKinL2L3 = EKin – EL2 – E*L3    (2.11) 

where E*L3 is referred to the band gap of the electron in the L3 layer in presence 

of a hole in L2 layer. The emission of X-ray photons (X-ray fluorescence) and the 

emission of an Auger electron are processes that compete with each other, but 

Auger process is favored due to the superficiality of the inner levels involved in the 

XPS and Auger processes. Therefore, in all the X-ray photoelectronic spectra 

photoemissions and Auger emissions are produced.  

In this work, the analysis was carried out by an ESCA 5701, from Physical 

Electronics (PHI), consisting of a standard dual X-ray source with Mg Kα (1253.6 eV) 
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and Al Kα (1486.6 eV) anodes and a hemispherical analyzer operating at a constant 

pass energy of 29.35 eV (Physical Electronics PHI 5700 spectrometer). Spectra were 

recorded with the X-ray generator operating at 15 kV and 300 W. The pressure in 

the analysis chamber was about 10-7 Pa. Binding energies were corrected against 

that for C 1s of adventitious carbon fixed at 284.8 eV before etching with 4 KeV Ar+ 

ions. Samples were mounted on a holder without adhesive tape and kept under high 

vacuum in the preparation chamber overnight prior to transfer to the spectrometer 

analysis chamber. Survey spectra over the range 0-1100 eV were recorded at a 

187.85 pass energy, each region being scanned several times to ensure an adequate 

signal-to-noise ratio. Spectral data were processed by using PHI-ESCA V8.0c and 

Multipack V9.3 software, both from Physical Electronics. High-resolution spectra 

were fitted after Shirley background correction, and XPS atomic concentrations 

were calculated from photoelectron peak areas using Shirley background 

subtraction and sensitivity factors supplied by the spectrometer manufacturer 

(PHI). 

 

2.3.2 FOURIER TRANSFORMED INFRARED SPECTROSCOPY  

Fourier Trasformed Infrared spectroscopy (FTIR) is useful to identify chemicals 

that are either organic or inorganic. It is a powerful tool for identifying types of 

chemical bonds (functional groups) through the wavelength of light absorbed which 

is characteristic of the chemical bond. 

Attenuated total reflection measures the changes that occur in a totally internally 

reflected infrared beam when the beam comes into contact with a sample (Fig 2.12) 

generating an infrared spectrum. An infrared beam is directed onto an optically 

dense crystal with a high refractive index at a certain angle. This internal reflectance 

creates an evanescent wave that extends beyond the surface of the crystal into the 

sample held in contact with the crystal. This evanescent wave protrudes only a few 

microns beyond the crystal surface and into the sample. In regions of the infrared 

spectrum where the sample absorbs energy, the evanescent wave will be attenuated 

or altered. Finally the evanescent wave goes to the detector in the IR spectrometer.  
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Fig. 2.12 Attenuated Total Reflection Scheme 

 

ATR spectra were obtained for the samples between 800 and 1600 cm-1. The 

analysis was performed in a spectrophotometer VERTEX  70, in the attenuated total 

reflectance mode, and a Golden Gate Single Reflection Diamond ATR System 

accesory from Specac was used for this purpose. This equipment allows the FT-IR 

spectra register of samples in the medium and near infrared range. 

 

2.3.3 FIELD EFFECT SCANNING ELECTRONIC MICROSCOPY (FESEM) 

FESEM images were taken by an Helios Nanolab 650 dual microscope from FEI. 

This SEM/FIB combines the most advanced scanning electron microscope (SEM) 

and focused ion beam (FIB) technologies with innovative gas chemistries, detectors 

and manipulators. 

 

 

Fig. 2.13 Electrons and radiation scheme of FESEM 



C h a r a c t e r i z a t i o n  T e c h n i q u e s  |97  

 

The equipment is composed of two columns. The FESEM column (Elstar XHR 

immersion lens) has a resolution of 0.8nm at 15 kV and 0.9 nm at 1 kV and it has an 

integrated monochromator (UC) and beam deceleration. It delivers sub-nanometer 

resolution across a 1-30 kV range. The FIB column (Tomahawk ion column) is 

vacuum-pumped at the lowest level, allowing a well-defined beam profile to hit the 

sample surface. The equipment has 5 different gas injectors for nanodeposition and 

local etching of certain materials. Furthermore, the equipment has electrical 

microprobes and nanoindenters, EDX, EBSD+CBD and STEM detectors. 

In this work this equipment was used to take pictures of the surface of the 

samples to check the homogeneity and the dimensions of the layers and/or 

nanorods. To analyse the topological composition of the nanodes EDX detector was 

used. 

 

2.3.4 X-RAY DIFFRACTION 

X-ray diffraction (XRD) is a form of electromagnetic radiation of high energy and 

low wavelength, in the order of the interatomic space solids. When an X-ray beam 

impacts in a solid sample, part of this beam is dispersed in all directions due to the 

electrons associated to the atoms or ions found in the way. But the rest of the beam 

may result in the phenomenon of X-ray diffraction which occurs if an ordered 

disposure of atoms exists and if the Bragg conditions relating to the X-ray 

wavelength and the interatomic distance with the incident angle of the diffracted 

beam are reached.  

The path difference between two waves undergoing constructive interference is 

given by 2dsinθ, being θ the scattering angle. This leads to Bragg's law (eq. 2.12), 

which describes the condition for constructive interference from successive 

crystallographic planes of the crystalline lattice. 

2dsinθ=nλ   (2.12) 

n: integer determined by the order given,  λ: wavelength  
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Then, a diffraction pattern is obtained by measuring the intensity of scattered 

waves as a function of scattering angle. Bragg peaks are related to very strong 

intensities and are obtained in the diffraction pattern when scattered waves satisfy 

the Bragg condition. In the case the Bragg law is not fulfilled, the interference is not 

constructive and the field of the diffracted beam has a very low intensity. 

The equipment used was a X’Pert Pro from PANalytical with X’Celerator detector, 

which enables a very high data acquisition rate. The system operates in two 

different configurations. The first one is the very high resolution mode, with the 

primary monochromator of Ge (111), which is ideal to study crystalline compounds, 

structural and textural analysis. The second configuration is the parallel beam mode, 

where the primary monochromator of Ge (111) is replaced by a primary hybrid 

monochromator which generates a parallel beam that is ideal for studying samples 

at tilted angles (thin layers) and samples with irregular surfaces. Depth profile 

diffractograms can be performed depending on the angle and the absorption 

coefficient of the sample. 

For the present work, X-ray diffraction was used to study the crystallinity of the 

thin layers prepared by magnetron sputtering and electrodeposition, with the aim 

to identify the crystal phases by comparison of the obtained diffractogram with the 

PDF (Powder Database File) database. 

 

2.3.5 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

Transmission electron microscopy (TEM) is a microscopy technique in which a 

beam of electrons is transmitted through an ultra-thin sample, interacting with the 

sample as it passes through. When the accelerated narrow electrons beam impact 

with the sample, signals related to the atomic structure of the researched object are 

generated. These signals are selected in order to generate different type of images 

and to obtain analytical data. Transmitted electrons are used to create transmission 

images of high resolution, giving knowledge of the inner structure of the samples, 

size and particle distribution, crystallographic network, interphases and defects of 

the atomic network… Generated x-rays are used to study the chemical composition 
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of the sample. A detailed crystallographic study of the material can be carried out 

through the electrons diffraction. 

The equipment used in this work was a Philips CM-200, with high zoom capacity 

(>1,000,000x) and high resolution power (<0.2 nm). The scanning images are taken 

with light field/black field detectors. 

In this work, TEM images were obtained with the aim to evaluate and discern the 

crystallographic interspace and surrounding layers of ZnO nanorods. Selected Area 

Electron Diffraction (SAED) was used to identify crystallinity of CuS nanoparticles. 

 

2.3.6 ULTRAVIOLET-VISIBLE SPECTROMETRY 

Ultraviolet–visible spectroscopy (UV-Vis) refers to absorption spectroscopy or 

reflectance spectroscopy in the ultraviolet-visible spectral region. This means it uses 

light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges. When the 

light spot interacts with the material, certain wavelengths are absorbed.  

The spectrophotometer used in this work was a Varian Cary 5000 model 

composed by a light source, a monochromator which splits the light into a 

continuous wavelength spectrum, and the detectors which register the intensity of 

transmitted or reflected light depending on the measuring mode. 

In this work, Varian Cary 5000 was used to obtain the transmittance of the 

semitransparent supercapacitor electrodes and diodes. 

 

 

 

 

 

 



100| E x p e r i m e n t a l    

 

REFERENCES 

[1] V. Nguyen, F. X. Perrin and J. L. Vernet, Materials and Corrosion, 55 (2004) 659. 

[2] L. D. Landau and B. G. Levich, Acta Physicochimica U.R.S.S., 17 (1942) 42. 

[3] M. Faustini, B. Louis, P. A. Albouy, M. Kuemmel and D. Grosso, Journal of Physical 

Chemistry C, 114 (2010) 7637. 

[4] L. L. Hench and J. K. West, Chemical Reviews, 90 (1990), 33. 

[5] P. J. Kelly and R.D. Arnell, Vacuum, 56 (2000) 159. 

[6] R. K. Waits, Journal of Vacuum Science and Technology, 15 (1978) 179.  

[7] N. Savvides and B. Window, Journal of Vacuum Science and Technology A, 4 

(1986) 504.  

[8] G. L. Messing, Journal of the American Ceramic Society, 76 (1993) 2707. 

[9] J. H. Bang, Y. T. Didenko, R. J. Helmich and K. S. Suslick, Material Matters, 7 (2012) 

15. 

[10] R. R. Chamberlin and J. S. Skarman, Journal of the Electrochemical Society, 113 

(1966) 86. 

[11] G. S. Grader, D. R. Machado, and R. Semiat, Journal of Materials Research, 9 

(1994) 2490. 

[12] S. Kozhukharov and S. Tchaoushev, Journal of Chemical Technology and 

Metallurgy, 48 (2013) 111. 

[13] M. Winand, Journal of Applied Electrochemistry, 21 (1991) 377. 

[14] H. Fischer, Electrochimica Acta, 2 (1960) 50. 

[15] A. Milchev, Electrochimica Acta, 30 (1985) 125. 

[16] R. Becker, and W. Döring , Annalen der Physic, 24 (1935) 719. 

[17] E. Frackowiak, Journal of the Brazilian Chemical Society, 17 (2006) 1074. 



P a p e r  I  | 101  

 

CHAPTER 3.-  RESULTS 

3.1 ELECTROCHEMICALLY GROWN VERTICALLY ALIGNED 

ZnO ARRAY/p+-Si (100) HETEROJUNCTION CONTACT 

DIODES  

 

In this work, an electrochemically grown ZnO nanorod array/p+-Si (100) 

heterojunction is presented. This process has been demonstrated as a low cost and 

low temperature process available for the fabrication of ZnO nanorod array/p+-Si 

vertical heterojunction diodes,   where both layer are tied by direct-bonding method. 

Unusual nanorod conformation was chosen due to its high aspect ratio and electron 

path characteristic. Most reported diodes are based on planar films junctions, 

lacking from these two benefits. It was also of interest to test this nanoconfiguration 

prior to be integrated in the supercapacitor that it is described ahead, because the 

supercapacitor needed of an increase of the superficial area, and also as previous 

step to obtain the diode ZnO/PEDOT, in this last case taken advantage of its high 

aspect ratio and electron path. Rectification behavior is shown, as a demonstration 

of polarities of either semiconductor.  Direct IV curve measurements have been done 

to FTO contact on ZnO and FTO contact on p+-Si, corroborating ohmic linear 

performance and no Schottky junction on contact electrodes. Remarkable 

rectification ratio of ca. 2.5 x 104 at a voltage of ±10 V is achieved just by direct 

contact of the two layers. The deduced energy band diagram associates this behavior 

to a staggered gap or type II junction. 
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3.2 PVP-LiClO4 SOLID POLYMER ELECTROLYTE AND ITS 

APPLICATION IN TRANSPARENT THIN FILM 

SUPERCAPACITORS  

 

A symmetric supercapacitor formed by electropolymerized PEDOT on study of 

polyvinylpyrrolidone (PVP) as a solid polymer electrolyte used in a semitransparent 

glass/ITO/PEDOT/PVP-LiClO4/PEDOT/ITO/glass supercapacitor is presented on 

this article. It was found that the conductivity of PVP depends on the concentration 

of LiClO4 but also on the residual amount of ethanol from the dip process, and it was 

shown that that residual amount preserves a good ionic conductivity. Thus, several 

PVP-LiClO4 layers were exposed to air and characterized by ATR and TGA-DSC. 

Furthermore, to know the stability of the supercapacitor it was studied the effect of 

the aging time on the performance of the capacitor.  In summary, it has some 

innovations as it performs both good transparency and ionic conductivity at room 

temperature in solid state. PVP binds exceptionally well to polar molecules, due to 

its strong withdrawing group, making this polymer behave differently to other such 

us PEO,PVDF, PVA, PPO, etc.  Besides, PVP can be easily obtained and due to its 

viscosity promptly adhered to the electrode surface, making very simple to control 

the film thickness by dip-coating. Although, PEDOT has been reported to render 

electrochromic function it was not recognized on this implementation. A future 

expectation is to materialize this behavior on arrangements to obtain 

simultaneously electrochromic and energy storing functions. This could be 

interesting to be used in smart windows by adjusting the amount of incident light 

and heating as user demands along with a approach to reduce energy consumption 

in architecture environment, car roofs, etc. as well as storage it when necessary.  
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3.3 SEMITRANSPARENT ZnO/PEDOT BASED HYBRID 

INORGANIC/ORGANIC HETEROJUNCTION THIN FILM DIODES 

PREPARED BY COMBINED RADIO-FREQUENCY MAGNETRON-

SPUTTERING AND ELECTRODEPOSITION TECHNIQUES. 

 

An innovative combined physical magnetron growth method and a low-cost 

electrochemical deposition technique has been applied to prepare heterojunction 

ZnO/PEDOT diodes. Initially, PEDOT, was electrically polymerized at low-

temperature solution onto ITO/glass substrates and afterwards ZnO thin film were 

vaporized in vacuum onto PEDOT. Organic materials presents several advantages 

compared to inorganic ones, therefore, hybrid heterojunction could fill the gap 

encounter by solely organic or inorganic diodes. Zinc oxide exhibits interesting 

properties that has upsurge its lab research into a number of applications, as has 

been described in the previous chapter, particularly on UV-Vis optoelectronics 

devices as well as piezoelectric energy generators. Likewise, PEDOT possesses low-

energy band gap, excellent electrical characteristic, inherent stability, low oxidation 

potential and excellent film forming. In this work, it has been proved that 

ZnO/PEDOT hybrid heterojunction shows good rectification characteristics.  
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3.4 VERTICALLY ALIGNED ZnO@CuS@PEDOT 

CORE@SHELL NANOROD ARRAYS DECORATED WITH MnO2 

NANOPARTICLES FOR HIGH-PERFORMANCE AND SEMI-

TRANSPARENT SUPERCAPACITOR ELECTRODE 

 

The hybrid nano-architecture is described in this article as shaping a semi-

transparent supercapacitor electrode shows some novelties with respect to other 

similar supercapacitors that have been reported. For instance, it is the first time that 

it has been employed covellite by spray pyrolysis as a good electrical conductor to 

improve the electron transfer to the nanorod and to facilitate the PEDOT 

electrodeposition onto the nanorod. The balance between transparency and 

capacitance is good comparatively to other reported results in the bibliography. 

Adding MnO2 to the PEDOT layer improves the performance and the transparency of 

the device. The techniques used are easy, template-free, low cost and 

environmentally friendly.  Supercapacitors, such as this proposed in this work, that 

combines good transparency and great specific capacitance, are of great interest due 

to the wide area of applications. The aim of this work was to enhance both 

parameters, necessary for the development of cutting-edge technologies, i.e. 

electronics devices, architectural environment, etc.  
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1. EXPERIMENTAL DETAILS  

Synthesis. 3.5 cm x 1 cm glass sheet substrates coated with a tin-doped indium 

oxide (ITO) thin film were previously sequentially ultrasonically cleaned in acetone, 

iso-propanol and finally in distilled water, 5 minutes in each solvent. ZnO nanorods 

has been grown electrochemically in a conventional three-electrode electrochemical 

cell following the procedure previously reported.S1 Copper sulphide was prepared 

by spray pyrolysis using two aqueous solutions of 0.01M Thiourea and 0.01M 

copper acetate monohydrate (Sigma-Aldrich). Both solutions were simultaneously 

and directly sprayed on the sample heated at 250 ºC using two syringe pumps at a 

rate of 50 ml/h and a auxiliary stream of pressured air of 30l/min and 2 bar. PEDOT 

thin films have been grown by electropolymerization of (3,4-ethylene 

dioxythiophene) (EDOT) monomer by a cycling potential procedure in a 

conventional three-electrode electrochemical cell. The electrolytic bath was 

composed of: 3 mM EDOT monomer (Sigma-Aldrich) and 0.2 M lithium perchlorate 

salt (LiClO4) (Sigma-Aldrich) in a 3:7 acetonitrile:water solution volume ratio. The 

electrode potential was cycled between -0.8 to 1.2 V vs. a saturated mercury-
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mercurous sulfate reference electrode (SME) at 75 mVs-1 and for 10 cycles. In order 

to coat the ZnO NR@CuS@PEDOT nanorods with MnO2 nanoparticles, these samples 

have been soaked in a 10mM KMnO4 (Sigma-Aldrich) aqueous solution for 10 

minutes. 

Morphological characterization. Morphological characterization of the ZnO 

nanorod arrays and the different hybrid nanostructures have been carried out by 

field emission scanning electron microscopy images (FESEM-FIB. FEI-Helios 650), 

high resolution transmission electron microscopy (HRTEM Philips CM-200 

microscope). Specimens for TEM were prepared by removing the nanostructured 

grown material by grating with a scalpel, collected and ultrasonically dispersed in 1 

ml of ethanol.  A small drop of the suspended solution was placed onto a porous 

carbon film supported on a nickel grid and left dry in air. HRTEM images have been 

captured with a high speed digital camera TVIPS FastScan F-114 model at 200KV. 

The chemical composition of the samples was analyzed through a linear energy 

dispersive X-ray (EDX) spectrometer attached to the HRTEM (Genesis-4000) and 

SEM-FIB equipment, respectively. Raman spectra were recorded with a combined 

dispersive Raman spectrometer (SENTERRA) and a confocal microscope (Olympus 

BX series) device equipped at 532 nm Nd:YAG laser. X-ray Photo-electron 

Spectroscopy (XPS ESCA 5701 Physical Electronics (PHI)) with a monochromated 

Mg Kα source at 300W was used to study the state of oxidation of the elements. C 1s 

at 284.8 eV was established as referenced for charge correction. The infrared 

spectra were recorded with a FTIR spectrometer (VERTEX 70) equipped with a 

Golden Gate Single Reflection Diamond ATR System from Specac. The UV-vis-NIR 

spectra were recorded using Cary 5000 from Varian spectrometer, only the direct 

transmittance was measured.  

Electrochemical testing. Cyclic Voltammetry (CV), Galvanostatic Charge-

Discharge (GCD) and Electrochemical Impedance Spectroscopy (EIS) have been 

performed in a potentiostic electrochemical workstation (PGSTAT 30 AUTOLAB) at 

room temperature. A three-electrode cell configuration has been used to evaluate 

the behavior of the supercapacitor electrode in 1M LiClO4 aqueous solution in a 

potential range from -55 mV to 50 mV vs. SME. EIS measurements were carried out 

at 0 V vs. SME by applying a sinusoidal signal of 10 mV amplitude at frequencies 
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ranging from 100 mHz to 10 KHz.  The specific areal capacitances were calculated 

from CV and GCD curves respectively according to the following two equations: (1) 

𝐶𝑠 =  ∫ 𝐼 𝑑𝑉 (𝑘𝑉𝑆)⁄ , where the numerator is the integrated area of CV curve in one 

cycle,  the integrate is applied to a half cycle and  k, V and S are the scan rate, voltage 

window and geometrical electrode surface, respectively. (2) 𝐶 =  𝑖∆𝑡
∆𝑉⁄ , where i, t 

and V are the applied geometrical areal discharge current density, charge period of 

time and voltage windows, respectively.  Dielectric relaxation time is determined 

according to the equation𝜏 = 1 2𝜋𝑓⁄ , where f is the peak frequency, where the 

maximum value is reached for the imaginary complex capacitance C’’(ω).  

By Spray pyrolysis is possible to obtain copper sulphide phases (CuxS) with 

variable stoichiometry by modulation of the substrate temperature. In fact, for 

substrate temperatures lower than 260 ºC, copper sulfide phases with x values 

ranging from x=1 to 1.75 are obtained, whereas at higher substrate temperatures 

copper-rich phases with x values from x=1.8 to 2 are obtained.S2-S6 Fig. S1 shows ex 

situ Raman spectra (in the wavelength region from 300 to 800 cm-1) of a bare ZnO 

NRs array (spectrum a), and a ZnO NRs array coated by a copper sulfide 

nanocrystalline layer grown by spray pyrolysis (spectrum b).  The peak at 570 cm-1 

(Fig. S1 spectrum a) is characteristic of the wurtzite structure of the ZnO nanorods.S7 

The sharp peak at 474 cm-1 (Fig. S1 spectrum b), which has been assigned to S-S 

stretching mode indicates that the copper sulphide is present as covellite CuS 

phase.S8 
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Fig. S1 Ex-situ Raman spectra of different samples recorded at an excitation 

wavelength of 532 nm: (a) ZnO NRs arrays (b) ZnO NRs@CuS  (c) 

ZnONRs@CuS@PEDOT, (d) ZnONR@CuS@PEDOT@MnO2   

Raman spectra corresponding to ZnO NRs@CuS@PEDOT and ZnO 

NRs@PEDOT@MnO2 samples are displayed in Fig. S1 spectrum c and d, respectively. 

According to literature reported data these peaks have been assigned as follow 

around 440 cm-1 to be due to SO2 bending and at 573 cm-1 to C-O-C oxyethylene ring 

deformation, at 860 and 990 cm-1 to O-C-C and oxyethylene ring deformation 

respectively;S8-S10  and peak at 1247, 1370, 1430 and 1507 cm-1 correspond to C-C 

inter-ring stretching, C-C stretching, C=C(-O) stretching, and C=C asymmetric 

stretching respectively. The similarity of the spectrum of Raman spectrum shown in 

figure 1 spectrum c with the spectra in the earlier reported studies shows that there 

is no significant difference between the structures of the PEDOT film obtained in 

this work with that obtained by other authors.S9-S11 In Fig. S1, spectrum d, no peaks 

due to Mn-O stretching vibration have been observed in the region from 500 to 700 

cm-1,S12 in part due to the interference of the PEDOT peaks.  
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The decreasing in the Raman signal in the wavelengths from 1200 to 1600 cm-1 

would confirm the oxidation process of the polymer through the redox reaction of 

KMnO4 (oxidation reaction of KMnO4 and its corresponding reduction to MnO2).S13 

The formation of these MnO2 nanoparticles has been described elsewhere,S14 by the 

reaction illustrated in Fig. S2 and it would have as consequence the oxidation of the 

thiophene sulfur atom into O=S=O group.   

 

 

Fig. S2 Reaction occurred between KMnO4 and PEDOT.S14 

 

Fig. S3 exhibits the ATR-FTIR ex-situ spectra of a PEDOT layer: as 

electrodeposited (spectrum a), after being cycled by CV between ±0.4V (spectrum 

b), and post KMnO4 soaking treatment (spectrum c). In Fig. S3 it can be seen that the 

spectrum for the PEDOT layer as has been grown by electropolymerization 

(spectrum a) is in agreement with other published works. S15-S17 

 



132| R e s u l t s   

 

Fig. S3 Ex-situ ATR-FTIR spectra of (a) PEDOT layer as has been grown by 

electropolymerization. (b) PEDOT layer after being cycled by voltammetry between 

±0.4V and (c) PEDOT layer after being soaked in KMnO4 and voltammetric cycled 

between ±0.4V. 

The major characteristic absorption bands for PEDOT are in the range of 1600 – 

600 cm‒1. The absorption peaks from 1540 to 1300 cm-1 are attributed to the 

stretching modes C=C and C-C of the thiophene ring, whereas the C-O-C bonds 

stretching in the ethylene dioxy group are linked to the band going from 1300 to 

1050 cm-1 . Additionally, the stretching bands of C-O-C bond are located at 1085, 

1145 and 1210 cm‒1. The absorptions due to C-S bond stretching in the thiophene 

ring are observed as three peaks at 985, 850 and 690 cm-1. The peaks at 959, 872 

and 667 cm−1 are assigned to C-S bond stretching in the thiophene ring.S18  

Increasing intensity of peaks at 1357, 1200, 1100 and 980 cm-1 for CV cycled 

PEDOT (Fig. S3 spectrum b) is associated to electron withdrawing in the oxidation 

process from the polymer counter ion balancing.S16 When charge carriers enter the 

polymer and polarize the polymer backbone the vibrations become IR active due to 

breaking of the bond symmetry, and are enhanced because the charge distribution 
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causes changes in dipole moments during vibration.S10 The peak at 1738 cm−1 has 

been related with a doped state of PEDOT.S18-S19  

The main difference that can be observed for the spectrum after KMnO4 

impregnation and potential cyclation is the intense peak at 550 cm-1 (Fig. S3 

spectrum c), which has been assigned to Mn–O lattice vibrations, which is a proof of 

the presence of the MnO2.S20 

Fig. S4 shows comparatively the spectra of PEDOT as electropolymerized 

(spectrum a) and after being soaked in a KMnO4 solution and potential cycled by CV 

(±0.4V) (spectrum b). The absorbance peak at 1351 cm-1 (curve c from 

deconvolution of the spectrum b) grows relatively to the nearest peaks can be 

assigned to the sulfoxide SO2 stretching mode, which suggests oxidation of the 

thiophene sulfur into sulfoxide by KMnO4. Others authors have suggested 1044 cm-

1.S21 The new peak around 1553 cm−1 (Fig. S3 curve d) could be attributed to O−H 

stretching vibrations on a Mn atom and/or to hydrated sulfonate groups.S22-S23 

 

Fig. S4 Ex-situ ATR-FTIR spectra of: (a) a PEDOT layer as electropolymerized 

and (b) PEDOT layer after being soaked in KMnO4 solution and potential cycled by 

CV between ±0.4V. 
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Fig. S5a (spectrum 1) is due to undeconvoluted S2p3/2, S2p1/2 peaks of CuS (Fig 

S5c shows the corresponding region of the Cu 2p). As it is known, PEDOT contains 

one sulfur atom per repeated unit in the thiophene ring.  The peak shifts to 163.7 eV 

for the PEDOT layer (Fig. S5a spectrum 2) corresponds to the spin-split components 

of the sulfur atoms in PEDOT, but the intensity ratio of the deconvoluted 

S2p3/2/S2p1/2 is not the expected 2/1, which had been reported by others 

authors.S24-S26 The binding energies in the range of 163.4–165.6 eV are attributed to 

S 2p in the C–S bond of PEDOT chains.  

 

 

Fig. S5: XPS regions S2p (a): (a-1) ZnO NRs@CuS, (a-2) ZnO NRs@CuS@PEDOT, 

(a-3) ZnO NRs@CuS@PEDOT@MnO2. Region O1s (b): (b-1) ZnO NRs@CuS@PEDOT, 

(b-2) ZnO NRs@CuS@PEDOT@MnO2. Region Cu2p (c) ZnO NRs/CuS. Region Mn 2p 

(d) ZnO NRs@CuS@PEDOT@MnO2. 

The S 2p region for the PEDOT after being soaked in KMnO4 solution (Fig. S5a 

spectrum 3) exhibited an increase in intensity in the broad peak near 168 eV. It is an 
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indication of sulphur oxidation of the PEDOT thiophene ring by the KMnO4 

according to the Figure S2,S14 as the peak at 168 eV is attributed to the sulfur in a 

sulfone group (R-SO2-R) created upon oxidation.S27-S29 

Fig. S5d shows the Mn 2p XPS region. The Mn valences of 3+ and 4+ have Mn 2p3/2 

and Mn 2p1/2 binding energy peaks with similar separations, but pure MnO2 has the 

2p3/2 and 2p1/2 peaks located at 642 and 653.6 eV (separation of 11.6 eV) which is 

coincident with the values obtained in the Mn 2p region (Fig. S5d),S30-S31 and this 

confirm the presence of MnO2. Oxygen in MnO2 is expected to appear at 530 eV 

(figure 4b-2) .S30 Fig. S5b (spectrum 1), shows a peak at 533 eV assigned to the 

oxygen atoms in the dioxyethylene bridge C-O-C of the PEDOT subunits in the 

polymer chain.S25,S32 Deconvolution of spectrum 2 (Fig. S4b) corresponding to the 

O1s region indicates O–Mn–O (Mn4+) at 530 eV.S30,S33 

The C 1s region (do not show here) can be deconvoluted in peaks at 284.8 eV 

assigned to C-C bonding, 285 eV assigned to C-S bonding in the aromatic ring, and a 

peak at 286 eV attributed to the C-C-O bond.S34 The C 1s spectrum of the PEDOT 

exhibits maxima in the range between 284 and 286 eV.   

Figures S6 shows the SAED of isolated CuS nanoparticles, the rings and points 

pattern prove the nano-crystallite nature of the covellite CuS.  
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Fig. S6: Selected Area Electron Diffraction (SAED) of a nano-crystallite CuS 

obtained by spray pyrolysis. 

Figure S7, shows a High Resolution TEM image of the outer shell of a 

NRs@CuS@PEDOT@MnO2 nanorod. The particles were estimated to be about 5 nm 

and some crystallographic planes were identified by FFT which appear to be 

compatible with ramsdellite MnO2 (ICCD *78321), but due to the amount of 

polymorphs that MnO2 presents others polymorphs are possible, for example 

pyrolusite (ICCD*393). 

 

Fig. S7: High Resolution TEM of the outer shell of ZnO NRs@CuS@PEDOT@MnO2 

nanorod 

 

A direct comparison between the performance of planar vs. nanopillar 

architecture based supercapacitor electrodes has been done. Fig. S8a shows   cyclic 

voltammetric curves for different planar hybrid layered samples (i.e.: PEDOT, 

CuS@PEDOT, PEDOT@MnO2 and CuS@PEDOT@MnO2 grown onto ITO/glass 

substrates). Clearly, CV curves of supercapacitor electrodes based on planar 

architectures present deeply distorted shapes compared to those of supercapacitors 
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based on 1D nanostructured structures. As a consequence, lower mass transfer 

process is associated with the just stated arrangement. On the other hand, Fig. S8b 

shows comparative cyclic voltammograms for a PEDOT layer and different hybrid 

1D nanostructures (i.e.: ZnO NRs@PEDOT, ZnO NRs@CuS@PEDOT and ZnO 

NRs@CuS@PEDOT@MnO2) grown onto an ITO/glass substrate, based electrodes. 

The ZnO NRs@CuS@PEDOT@MnO2 electrode exhibits a specific areal capacitance of 

14.20 mF/cm2 at 100 mV/s, three times higher than that of a PEDOT planar layer 

deposited onto an ITO/glass substrate (4.86 mF/cm2). Improved specific 

capacitance with the addition of the different materials is in agreement with afore 

mentioned. 

Typical galvanostatic charge-discharge curves at 0.05 mA/cm2 for a bare and 

MnO2 NPs decorated PEDOT planar layer and different hybrid 1D nanostructures 

(i.e.: ZnO NRs@PEDOT, ZnO NRs@CuS@PEDOT and ZnO NRs@CuS@PEDOT@MnO2) 

grown onto an ITO/glass substrate, based electrodes, are given in Fig. S8c. Faradic 

reaction contributions are observed between 0.45V to 0.5V and -0.4V to -0.55V, 

attributed to structural evolution of LixMnO2 in successive stages.S35 Therefore, it is 

suggested to carry out these experiments between -0.4V to 0.5V, where fast 

capacitive respond is appreciated. Furthermore, MnO2 nanoparticles conformation 

reduce considerably internal resistance (IR drop) associated with metal oxide, 

preventing intensive volume expansion and facilitating charge/discharge operation.  

Electrochemical impedance spectroscopy (EIS) was used to further understand 

the electrochemical process associated with every coating layer. Fig. S8d displays a 

Nyquist plot for a PEDOT layer and different hybrid 1D nanostructures (i.e.: ZnO 

NRs@PEDOT, ZnO NRs@CuS@PEDOT and ZnO NRs@CuS@PEDOT@MnO2) grown 

onto an ITO/glass substrate, based electrodes. Increased internal resistance is 

appreciated as far as ZnO nanowire is introduced, owing to its lower conductivity. 

Nevertheless, oxidation of PEDOT chain arisen from the inclusion of MnO2 

nanoparticle improves the ultimate internal resistance. Broader semicircle span 

indicates higher charge transfer resistance (radius of semicircle), corroborating 

faster polymer pseudocapacitance reactions in regards to MnO2. Imaginary complex 

capacitance vs. frequency curve (not shown) confirms an increasing dielectric 

relaxation time, with the deposition of MnO2 film, indicating a less power output for 
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this arrangement. On the other hand, knee frequency, which determines the 

transition between stable double layer and mass transfer process, is of the same 

order in every sample. Therefore, they begin to exhibit capacitive properties 

approximately at the same time. 
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Fig. S8 (a) Cyclic voltammetric curves for different planar hybrid layered 

samples grown onto ITO/glass substrates: PEDOT (black curve), CuS@PEDOT (red 

curve), PEDOT@MnO2 (green curve) and CuS@PEDOT@MnO2 (blue curve). Scan 

rate: 100 mV/s.  (b) Cyclic voltammograms for a PEDOT layer (black curve) and 

different hybrid 1D nanostructures: ZnO NRs@PEDOT (red curve), ZnO 

NRs@CuS@PEDOT (green curve) and ZnO NRs@CuS@PEDOT@MnO2 (blue curve) 
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grown onto an ITO/glass substrate. Scan rate: 100 mV/s. (c) GCD at 0.05mA/cm2 

and (d) EIS electrochemical performance of a PEDOT layer (black square), and 

successive deposited nanostructured layers: ZnO NRs@PEDOT (red circle), ZnO 

NRs@CuS@PEDOT(green triangle) and ZnO NRs@CuS@PEDOT@MnO2 (blue 

triangle). 
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CHAPTER 4.-  GLOBAL DISCUSSION 

 

In the earlier chapters were shown the most relevant results obtained, however 

here it is discussed and analyzed in global the aspects concerning each of them, 

trying to give a general view and introspection of the most relevant aspects of the 

research. It will be briefly presented every technique in order to comprehend 

promptly their role in the systems carried out and it will be also outlined the idea 

that guided the preparation of every system.  As it was mentioned before in the 

thesis objectives, this research can be divided in two blocks, a first one where solely 

PEDOT or ZnO were employed and a second one where both materials are used. 

Both blocks correspond to the following published papers: 

 

 BLOCK I- ZnO OR PEDOT based Systems: J. Rodríguez-Moreno, E. 

Navarrete-Astorga, R. Romero, F. Martín, R. Schrebler, J. R. Ramos-

Barrado, E. A. Dalchiele, Thin Solid Films 548 (2013) 235-240;  J. 

Rodríguez, E. Navarrete, E. A. Dalchiele, L. Sanchez, J. R. Ramos-Barrado, 

F. Martín Journal of Power Sources 237 (2013) 270-276. 

 

 BLOCK II- ZnO & PEDOT based Systems: J. Rodríguez-Moreno, E. 

Navarrete-Astorga, F. Martín, R. Schrebler, J. R. Ramos-Barrado. E. A. 

Dalchiele, Thin Solid Films 525 (2012) 88-92. J. Rodríguez-Moreno, E. 

Navarrete-Astorga, E. A. Dalchiele, R. Schrebler, J. R. Ramos-Barrado, F. 

Martín, Chemical Communications 50 (2014) 5652–5655. 

 

In the first block the groundwork was led by the intention to test the behavior of 

the ZnO and PEDOT in two very different devices, a supercapacitor and a diode, 

looking ahead to obtain the bases for a push towards the development of new 

devices, integrating ZnO and PEDOT, both prepared by affordable processes and 

taking advantage of their physical properties with intention of gaining synergies 

from which electrical properties and transparency take benefits.   
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Electrochemical deposition procedure has played the main role in the 

experimental setting. This technique provides a clean, low-cost and versatile 

method of deposition of a broad range of materials onto conductive substrates, from 

conducting polymers, metal-oxide semiconductors to metals. The instrument itself 

is relatively cheap and requires low maintenance. Moreover, most of the depositions 

are done at temperatures below 100 ºC, making this procedure available for 

polymer deposition.  

Thin films of Poly(3,4-ethylenedioxythipohene) PEDOT were grown 

electrochemically from EDOT monomer onto tin-doped indium oxide (ITO)-coated 

glass substrate for semitransparent capacitors and ZnO/PEDOT diodes. PEDOT is 

interspersed between ITO and ZnO so that it could act as an electron-blocking layer 

and smoothen ITO roughness. Additionally, electrochemical deposition enhances the 

contact with the cathode, ensuring electrical conductivity at the interface. This 

electrochemical method has also been used for growing nanostructured ZnO 

nanorods arrays in ZnO/p+-Si diode. Magnetron sputtering was employed to 

prepare ZnO thin films for semitransparent ZnO/PEDOT diodes configuration due to 

its ability to create a homogeneous and adherent thin film at relatively low 

temperature. In fact, vacuum environment allows the control and minimize any 

contaminants in a given system, thus, ensuring reproducible samples after applying 

the same conditions. 

The ionic conductive polymer (PVP/LiClO4) was used in a symmetrical PEDOT 

supercapacitor, the dip-coating technique was employed to deposit the PVP/LiClO4 

onto the PEDOT electrode. This procedure enables to control the thickness of the 

PVP layer and time of curing. Dip coating also was used for the oxidation of PEDOT 

electrodeposited on ZnO nanorods with KMnO4 to obtain nanoparticles of MnO2. 

ZnO and PEDOT are great candidate materials to create functional 

semitransparent devices. ZnO has been extensively studied as an n-type transparent 

conductive oxide. ZnO is suitable for a wide range of devices, including transparent 

thin-film transistors, solar cells, photocatalysis, photodetectors, short-wavelength 

light-emitting diodes and laser diodes. The last decade has been an intensive 

moment in the development of a wide variety of ZnO morphologies (nanoparticles, 
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nanosheets, nanowires, nanotubes, etc). ZnO nanorods in this thesis have been used 

in a supercapacitor electrode as enhanced specific surface area and to provide an 

electron path. Not only does this arrangement has been explored in energy storage 

devices, but also it has been possible to achieve an easy contact by pressure in the 

ZnO nanorod/p+-Si diode by this method.   

On the other hand, PEDOT is an excellent film forming, possess high conductivity, 

low bandgap (~1.6eV) and undergoes fast charge/discharge reactions. In order to 

solve the fact that the electron injection is more difficult than hole injection in most 

conjugated polymers due to higher energy barrier and lower electron mobility, a 

possible solution is to combine polymers with inorganic semiconductors, which 

have lower energy barrier and higher electron mobility.  

Vertically aligned ZnO@PEDOT core/shell combined pseudocapacitance 

materials to enhance both specific capacitance and cycling stability has been 

developed. In turn, taking advantage of oxidation reaction between KMnO4 with 

PEDOT, which transform the colored state of PEDOT to a clear oxidized state more 

transparent. This configuration provides very good specific capacitance of 19.85 

mF/cm2, good rate capability and cycling stability. Spray pyrolysis was used to grow 

conductive covellite nanocrystals on the ZnO nanorods trying to improve the charge 

injection in the ZnO and the eletrodeposition of the PEDOT. 

Chemical and structural analysis were done by several techniques such as 

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR), X-Ray 

Photoelectron Spectroscopy (XPS), High Resolution TEM with a Selective Area 

Electron Diffraction (SAED), Energy Dispersive X-Ray (EDX), and Raman 

spectroscopy. ATR-FTIR was recorded to identify the absorption bands of 

semitransparent ZnO/PEDOT rectifier and evaluate the oxidation process of PEDOT 

produced by permanganate ions in ZnO@CuS@PEDOT@MnO2 supercapacitor 

electrode, as well as to appraise the ATR-FTIR peaks alterations of Li+ cation and 

ClO4- anion with the solid conductive polymer by complexation. It was also studied 

the effect of increasing concentration of LiClO4 for the symmetrical PEDOT 

supercapacitor. Moisture absorption in hydrophilic PVP was also analyzed by ATR-

FTIR. Besides, manganese oxide stoichiometry and the formation of sulfone group in 
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the PEDOT chain were confirmed by XPS for the semitransparent supercapacitor 

electrode. Likewise, Raman spectroscopy was used to corroborate the presence of 

wurtzite ZnO and covellite CuS in the same arrangement.  

 Field Emission Scanning Electron Microscopy (FE-SEM), Atomic Force 

Microscopy (AFM), mechanical profilometer and Transmission electron microscopy 

(TEM) were used to do the morphological characterization of the samples. PEDOT 

thin films SEM micrograph images at different magnifications are appreciated at 

ZnO/PEDOT diode in conjunction with its respective AFM morphology three-

dimension images and roughness distribution. ZnO nanorods arrays were carefully 

examined in ZnO/p+-Si diode by practically every morphological setup indicated 

above.  

Single wurtzite crystallinity together with lattice structure was corroborated by 

HRTEM and SAED images in addition to ZnO nanorods array density by FESEM. In 

the same way, in chapter 3.4, it is investigated the wrapping steps of the core@triple 

shell composition with high magnification FESEM images. Line scan EDX exhibits the 

allotment of elements in the nanorod and TEM picture displays the different layers 

of the architecture. Cross-section of a symmetrical device is provided at the 

PEDOT/PVP/PEDOT paper, which clearly shows the different size magnitude of the 

layers.  Structural characterization of the ZnO thin film and nanorods arrays was 

done by X-Ray diffraction (XRD) in semitransparent ZnO/PEDOT and ZnO/p+ -Si 

diode papers, respectively. Specific characterization, such as Thermogravimetric 

analysis (TGA) and Differential Scanning Calorimetry (DSC) were registered to 

discern the amount of water and solvent in the PVP polymer matrix. 

Devices properties were determined using IV curves, AC impedance 

spectroscopy and optical transmittance. Diodes were characterized by linear sweep 

voltammetry were DC rectification ratio was obtained. Ideality factor and barrier 

height were deduced from this data using the thermionic emission model. Charge 

transport mechanism was also inferred by a log V-log I curve in ZnO/p+-Si diode 

paper. Besides, electrical characterization of supercapacitor was studied by cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), cyclic number 

performance and electrochemical impedance spectroscopy (EIS). Specific mass and 
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areal capacitance were calculated by CV and GCD, whereas dynamic properties, such 

as charge transfer resistance, knee frequency and dielectric relaxation time were 

deduced by EIS.  
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CHAPTER 5.-  CONCLUSIONS 

 

 A ZnO nanorod array/p-Si vertical heterojunction diode has been 

fabricated by the direct-bonding technique. The heterojunction diode 

device showed a very good rectifying behavior with a rectification ratio 

of the forward-to-reverse bias current as ca. 4.8 × 103 and 2.5 × 104 at a 

voltage of ±2 V and ±10 V, respectively. The obtained ideality factor and 

the barrier height values of the diode are 2.8 and 0.85 eV, respectively. 

 

 A symmetric supercacitor PEDOT/PVP-LiCLO4/PEDOT have been 

formed using films of solid polymer electrolyte consisting of mixtures of 

polyvynilpyrrolidone (PVP) and LiClO4. The ionic conductivity reaches 

an optimum for a LiClO4/PVP weight ratio equal to 1.2. A residual 

amount of ethanol solvent is important for preserving a good ionic 

conductivity. A decrease in the mass specific capacitance is found when 

the electrolyte is aged over months periods under ambient conditions, 

but the mass specific capacitance of 8 F/g is recovered after several 

hundred charge/discharge cycles. 

 

 A n-ZnO/p-PEDOT semitransparent inorganic-organic hybrid vertical 

heterojunction thin film diodes have been fabricated with PEDOT and 

ZnO thin films. The heterojunction showed good rectifying diode 

characteristics, with a ratio of forward current to the reverse current as 

high as 35 in the range -4 V to +4 V. The ideality factor and barrier 

height were 4.0 and 0.88 eV respectively. 

 

 An hierarchical ZnO NRs@CuS@PEDOT@MnO2 hybrid nano-

architectures with high electrochemical performance as electrode for 

supercapacitors has been made. This hybrid nano-structured electrode 

exhibits excellent electrochemical performance, with high specific areal 

capacitance of 19.85 mF/cm2, good rate capability and cyclic stability.  

Conductive CuS has been used to improve the electron injection to the 



C o n c l u s i o n s  | 149  

 

ZnO and the electrodepotion of the PEDOT. This was the first time that 

CuS has been used for this purpose. MnO2 from KMnO4 improves the 

capacitance and transparence of the electrode. 

 

 The symmetric supercapacitor, the n-ZnO/p-PEDOT diode, and the ZnO 

NRs@CuS@PEDOT@MnO2 electrodes, showed transparency in the 

visible range.  All of them showed optical transmission in the visible 

region with colored appearance.   

 

 It has been demonstrated that is possible to combine ZnO and PEDOT to 

obtain devices with different capabilities. The future challenge would be 

to integrate these capabilities in a unique device. 
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APPENDIX A: SUPPLEMETARY WORK 

A.1 WORK IN PROGRESS LINKED TO THE THESIS 

 

A.1.1 ION GEL: PVP POLYMER IN HEIm[BF4] 

 

Some additional experimental work has been done to improve the 

electrochemical voltage windows as well as to enhance the maximum temperature 

of operation.  It is well known that the energy accumulated by a capacitor depend 

on the square of the voltage between electrodes, so our aim is not just to enhance 

the specific capacity but to extend the potential window of the appliance as much 

as possible.  Ionic liquid combined with polymers provide several benefits to 

previous stated ionic salt polymer electrolyte improving the mechanical and 

thermal properties and incorporating non-volatility.  This means that a completely 

compatible incorporation of ionic liquid into polymer networks has been achieved. 

The electrochemical window was determined in conjunction with the ionic liquid 

conductivity. A thermogravimetric study of the ion gels was done together with 

measurements of the visual transmittance of the ionic gel. 

A symmetrical sandwich-like capacitor PEDOT/ion gel/PEDOT was assembled 

along with the confirmation of a broader electrochemical window.  As can be seen 

in Fig. A.1 the decomposition of the electrolyte starts around ∓ 1.8V, at this 

potential current increases exponentially, indicating irreversible redox reaction at 

the electrode interface.  In contrast, water oxidation start at -0.5V, zoom is shown 

in the inset to make it clear.  The intermediate current between irreversible redox, 

caused by double layer capacitance and pseudocapacitance, is at least one order of 

magnitude greater for ionic liquid with respect to water. Thus, it is inferred that 

the ion gel developed much more capacitance than water itself.   
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Fig. A.1 Electrochemical potential window of ion gel. 

Fig A.2 corroborates the improved electrochemical potential window of the 

new assembled symmetric PEDOT/ion gel/PEDOT supercapacitor.  Potential 

window of the supercapacitor is improved half volt in each cycle.  As the energy 

density of electrochemical capacitor is 𝐸 =
1

2
𝐶𝑉2, the ultimate energy is four times 

greater than the PEDOT/PVP/PEDOT capacitor.  
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Fig. A.2 PEDOT Symmetrical Supercapacitor cyclic voltammtery. Black line: PVP solid 
electrolyte. Red line: ion gel solid electrolyte.  
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A.1.2 ZnO nanorods/ZnO:Ga/PEDOT diode 

 

It has been improved the injection current magnitude, growing vertically ZnO 

nanorod array surrounded by a ZnO:Ga shell and afterwards electrodepositing 

PEDOT onto it. In this way, improving the contact area of both doping type 

materials and facilitating the polymerization of PEDOT, as the conductivity of the 

substrate is increased. Moreover, degenerate doped ZnO provides a significant 

electron injection to the heterojunction. In order to solve the fact that the electron 

injection is more difficult than hole injection in most conjugated polymers due to 

higher energy barrier and lower electron mobility, a possible solution is to 

combine polymers with inorganic semiconductors, which have lower energy 

barrier and higher electron mobility. Thin films of n type ZnO obtained by 

sputtering and electrodeposited ZnO nanorods were coated by electrochemical 

polymerization with Poly(3,4-ethylenedioxythiophene) (PEDOT) to create p-n 

heterojunctions. PEDOT is a p-type organic semiconductor. Electropolymerization 

of PEDOT was carried out from a solution of the 3 mM EDOT monomer by cyclic 

voltammetry from -0.8 to 2 V in a three-electrode cell. A platinum wire and a 

saturated calomel electrode (SCE) were used as counter and reference electrode 

respectively. As substrates for the working electrodes have been used coated glass 

with F:In2O3 for ZnO nanorods. ZnO:Ga were sputtered for 30 minutes at 100W on 

ZnO nanorods, which were grown from a solution of 0.5 mM ZnCl2, 0.1 M KCl in a 

saturated oxygen solution. Analysis of the current-voltage (I-V) of FTO/ZnO 

NW/ZnO:Ga/PEDOT was used to characterize the p-n heterojunction. It was 

applied negative voltage to the ZnO electrode, forward bias.  
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Fig.  A.3  ZnO NW/ZnO:Ga/ PEDOT heterojunction IV curve 

Fig. A.3 displays the IV characteristic of ZnO NW/ZnO:Ga/PEDOT 

heterojunction. When compared with the ZnO film/PEDOT diode, current is one 

order of magnitude greater. The origin of this enhancement is attributed to an 

improvement of the aspect ratio length/area of nanorods. This configuration 

provides better contact between the conducting polymer and the inorganic part. 

On the other hand, ZnO:Ga increased the minority carrier concentration injection, 

which is also responsible for this current enhancement. However, the rectification 

ratio remain almost constant.  
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A2- WORK PERFORMED DURING   

PREDOCTORAL STAY IN FREIBURG 

 

The aim of the work in Freiburg, Germany has been to grow films of copper oxide 

(Cu2O) by electrochemical techniques as well as the development and 

characterization of ZnO/Cu2O heterojunction (Fig, A.1 a) and Cu2O homojunction 

(Fig. A.1 b).  Cu2O is usually obtained as p-type semiconductor due to Cu 

stoichiometry deficiencies, with a direct band gap of 2 eV. They possess a very large 

exciton bond energy of 150 meV at room temperature. The hole mobility at room 

temperature is reported to around 100 cm2V-1S-1. In addition, there is a massive 

quantity in earth crust and consequently it has low cost. However, difficulties to 

control their electrical and optical properties restrict their use in optoelectronics. 

Recent researches have shown that under certain deposition conditions, 

electrochemically deposited Cu2O layers show n-type behavior. Mott-shottky 

analysis has been done to evaluate the inherent doping of the layers, XRD to confirm 

the existence of Cu2O, without any Cu impurity and SEM images to observe the 

semiconductor conformation. 

 

Fig. A.1 (a) ZnO/Cu2O heterojunction. (b) Cu2O homojunction 
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A3- FUTURE DEVOLPEMENTS 

 

As indicated in the objectives of the thesis, this work is a preliminary 

contribution in pursuit of an integrated opto-electonics and energy generator 

device. We look forward to improve every aspects of this system, from the ionic 

conductor to rectification ratio of the diode or transparency/capacity of the 

supercapacitor. The benefits from this field of knowledge are to come and this 

project require further time to reach maturity. The topic is on the edge of the 

technology.  

It would be necessary to enhance both transparency and capacity even more by 

two mechanisms: (1) creating a micropatterned interdigital structure and (2) 

depositing electrochemically pre-intercalated Li-ion MnO2. As stated before, when 

the magnitude of one dimension is below the resolution of the eye, then it became 

transparent, even more if no opaque materials are used.  Pre-intercalated Li-ion 

MnO2 has been demonstrated to facilitate electrochemical ion diffusion, 

intercalation/deintercalation and transport process. Additionally, interdigital 

separation span could to have a beneficial effect on power performance, as well.  On 

the other hand, getting rid of PEDOT could improve the cyclic stability.      
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APPENDIX B: RESUMEN EN ESPAÑOL 

 

B1. RESUMEN 

Esta tesis se centra en el desarrollo de dos dispositivos bien diferenciados los 

cuales comparten materiales comunes y a su vez son intercambiables: (1) diodos 

electrónicos y (2) condensadores electroquímicos, también llamados 

supercondensadores.  Se ha prestado especial atención en que fuesen transparentes 

o al menos translucidos. Este trabajo supone un primer paso para desarrollar un 

dispositivo integrado que presente tanto generación (celda solar) como 

almacenamiento de energía, compartiendo ciertos materiales.   

Con la intención de resolver estos objetivos, se ha seleccionado al ZnO y al 

PEDOT como materiales idóneos para crear tanto un supercondensador como un 

diodo. Se han elegido dos morfologías para el ZnO, una en forma de capas finas y 

otra en nanohilos. Inicialmente, se comprobó que el ZnO se comporta como un óxido 

semiconductor de tipo-n en un diodo heterounión de nanohilos de ZnO pegado a un 

silicio tipo-p+.  En el siguiente artículo, se evaluó el comportamiento del PEDOT en 

un supercondensador semitransparente compuesto por dos electrodos simétricos 

unidos por una capa intermedia de PVP/LiClO4.  

Posteriormente, ambos materiales se combinaron para realizar un diodo 

heteroestructurado y un electrodo de supercondensador. El primero se desarrolló 

con capas finas de ZnO/PEDOT. Sin embargo, el electrodo del supercondensador se 

ha llevado a cabo directamente con una estructura de nanoestructurada: nanohilos 

de ZnO sobre la que se ha depositado sucesivas capas de CuS y PEDOT decorada con 

nanopartículas de MnO2. Con ello se ha mejorado sustancialmente la energía 

almacenada y la transparencia. El uso de CuS mejoró la electrodeposición de PEDOT 

sobre los nanohilos de ZnO y la transferencia de carga. 
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B.2 OBJETIVOS 

 

La motivación de este trabajo ha sido demostrar la posibilidad de emplear 

materiales comunes e intercambiables para desarrollar dos dispositivos bien 

diferenciados, con la perspectiva, a su vez, de combinarlos y crear un único 

dispositivo integrado. Todo ello, siguiendo un procedimiento asequible, fácil de 

escalar y no contaminante. Desde este enfoque se estudian dos tipos de dispositivos 

semi-transparentes, concretamente, diodos heteroestructurados y 

supercondensadores. En un futuro próximo se vislumbra un gran desarrollo de esta 

tecnología, cuyas aplicaciones creemos están en concordancia con las necesidades 

más urgentes de la humanidad. 

Para lograr estos objetivos se ha seleccionado el ZnO y el PEDOT, para ser 

combinados. El ZnO ha sido crecido con dos morfologías diferentes, tanto en capa 

fina como en una matriz de nanohilos. Inicialmente, se desarrollaron dos 

dispositivos usando sólo ZnO o PEDOT. El primero, un diodo compuesto por p+-Si y 

nanohilos de ZnO crecidos sobre un vidrio conductor mediante un proceso 

electroquímico (ver el diagrama de objetivos). El segundo, un supercondensador 

formado por dos electrodos simétricos de PEDOT electrodepositados en un vidrio 

conductor intercalados con una capa de polímero conductor iónico (PVP/LiClO4). 

Posteriormente, se combinó el ZnO y PEDOT (ver diagrama de objetivos), formando 

un diodo heterounión de capa fina PEDOT/ZnO y un electrodo de supercondensador 

formado por una capa de nanohilos de ZnO crecidos sobre un vidrio conductor, 

como el ZnO/p+-Si descrito anteriormente. La idea futura idea es combinar ambas 

estructuras para obtener un dispositivo integrado con características tanto de 

supercondensador como de diodo. En el siguiente diagrama se detalla el trabajo ya 

completado así como el trabajo futuro a desarrollar. 
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Diagrama de objetivos 
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B.4 SUPERCONDENSADORES 

Entre las necesidades de nuestro planeta, la escasez de energía es actualmente 

un problema prioritario; la mayor parte de la generación energética proviene de 

fuentes no renovables. Las energías renovables parecen ser una buena alternativa 

para resolver los desequilibrios que están surgiendo debido al uso de una única 

fuente de combustible de origen fósil. Una producción diversificada debería reducir 

los precios, gracias al aumento de la competencia, reducir las emisiones de CO2 y 

aportar mayor independencia geopolítica. Sin embargo, debido a la intermitencia en 

el suministro de algunas de estas fuentes alternativas urge encontrar una solución 

medioambientalmente no dañina para almacenar la energía excedente. Los 

condensadores electroquímicos se han propuesto como una solución y de hecho 

están bajo estudio para reducir las fluctuaciones de alta frecuencia originadas por 

las turbinas así como para compensar la oferta y la demanda energética.  

Tan pronto como se ha profundizado en las medidas adoptadas por los gobiernos 

para intensificar la producción de energía mediante fuentes renovables, el 

almacenamiento y la distribución de la energía ha adquirido una mayor relevancia. 

La oferta inherentemente intermitente insta a desarrollar de forma intensa las 

tecnologías de almacenamiento energético. Por otro lado los dispositivos 

funcionales transparentes han atraído una gran atención, ya que ofrecen una gran 

oportunidad de desarrollo de nuevas tecnologías punta, tales como las 

optoelectrónicas (pantallas planas, paneles sensibles al tacto, sensores, RFID 

invisibles, tarjetas electrónicas, circuitos de transistores electrónicos…), celdas 

solares poliméricas, dispositivos portátiles (gafas inteligentes, pantallas en retinas, 

monitorización de la salud…), etc. Únicamente el mercado de pantallas planas 

aportó un beneficio de 65 mil millones de euros al año, por poner un ejemplo. 

Además, los sistemas transparentes pueden desencadenar el desarrollo de nuevos 

dispositivos integrados en prendas y aplicaciones optoelectrónicas. La directiva 

europea para el desarrollo de edificios de consumo de energía nulo promueve 

medidas urgentes para la implementación de tecnologías que puedan reducir 

drásticamente el consumo energético para 2020, para así asegurar el objetivo fijado 

a largo plazo para la UE. Por lo tanto, una solución consistiría en integrar 

dispositivos transparentes o semitransparentes junto con generadores de energía 
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en las fachadas de los edificios (baterías/supercondensadores para almacenamiento 

transparentes integrados en ventanas de poca baja emisividad).  

Los condensadores consisten en dos electrodos (cátodo y ánodo) y un electrolito, 

aunque usualmente tienen un separador permeable de iones (no conductor 

electrónico) como cuarto componente. El separador permeable de iones se localiza 

entre los electrodos para impedir cualquier cortocircuito. 

En un condensador electrostático, la energía se acumula electrostáticamente en 

un campo eléctrico. Los electrones fluyen y se acumulan en un conductor cuando se 

aplica un potencial eléctrico entre los electrodos. La densidad de energía total 

acumulada es proporcional a la densidad de carga por el cuadrado del potencial 

entre los electrodos divido por dos. Si consideramos unos electrodos homogéneos y 

paralelos, el campo eléctrico se puede considerar perpendicular a los electrodos con 

una magnitud de E =  / , donde   es la densidad de carga y  es la permitividad 

dieléctrica. Por lo tanto, el voltaje entre los electrodos está dada por la ec. 1.1 y la 

capacitancia por la ec. 1.2. 

𝑉 =  ∫ 𝐸 𝑑𝑧 =  
𝜌𝑑

𝜀
=  

𝑄𝑑

𝜀𝐴

𝑑

0

 (1.1) 

𝐶 =  
𝑄

𝑉
=

𝜀𝐴

𝑑
  (1.2) 

Donde, 

C, capacitancia; A, área de los electrodos; Q, carga eléctrica; d, distancia entre 

electrodos, z es el eje perpendicular al electrodo con origen en uno de los electrodos, 

Los condensadores electroquímicos, también conocidos como 

supercondensadores (SCs), acumulan la carga de una manera similar, sólo que aquí 

no hay material dieléctrico. En su lugar, la carga se acumula en la interfase entre la 

superficie del conductor y el electrolito. Estos sistemas se puede cargar 

completamente y descargar en segundos, desarrollando una alta densidad de 

potencia de 10 KW Kg-1, sin embargo poseen un densidad de energía muy baja de 

entre 5-20 Wh kg-1, dos órdenes de magnitud por debajo de las baterías de ión Li. 

Los SCs se pueden clasificar esencialmente en dos tipos: condensadores eléctricos 
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de doble capa (EDLCs), resultado de la adsorción/desorción reversible de iones, y de 

pseudocapacitancia derivada de reacciones rápidas farádicas. Ambos almacenan 

carga sólo en la superficie o en una capa fina del material activo (varias décimas de 

nanómetros desde la superficie). La primera se observa normalmente en materiales 

carbonosos con muy alta superficie específica o metales nanoporosos, mientras que 

las reacciones farádicas de los pseudocondensadores ocurren en óxidos metálicos y 

polímeros conductores. Sin embargo, ambos mecanismos pueden coexistir en el 

mismo material.  

Las mayores ventajas de los condensadores electroquímicos frente a las baterías 

son su alta densidad de potencia, capacidad, reversibilidad cerca del 95% y una 

sorprendente estabilidad frente a ciclos de carga y descarga, especialmente en EDLC 

con 105 ciclos. Aunque también presentan algunas desventajas como son la auto-

descarga, baja ventana de potencial, en algunas aplicaciones no se puede usar todo 

el rango de energía y aún poseen muy baja densidad energética, normalmente la 

décima parte de la de una batería. 

 

B.5 DIODOS HETEROESTRUCTURADOS 

Los diodos heteroestructurados tal como es definido por el laureado premio 

nobel Herbert Kroemer es una estructura semiconductora heterogénea creada por 

la unión de dos o más semiconductores diferentes, de tal forma que la región de 

transición en la interfase entre los diferentes materiales juegan un papel esencial en 

cualquier acción del dispositivo. A menudo, se podría decir que la interfase es el 

dispositivo. Alternativamente, y más específicamente, definido por su estudiante de 

doctorado Bill Frensley como un estructura semiconductora en la que la 

composición química cambia con la posición. La heteroestructura más sencilla 

consiste en una heterounión individual, que es una interfase en el semiconductor 

sobre la que cambia la composición química. Algunos ejemplos pueden ser unión de 

los semiconductores GaSb y InAs, uniones entre el GaAs y AlxGa1−xAs soluciones 

sólidas, donde X cambia entre 0 y 1, o uniones entre el Si y la aleación de GexSi1−x. La 

mayoría de los dispositivos y ejemplos experimentales contienen más de una 
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heterounión, y por eso deben ser propiamente descritos por el término de 

heteroestructura de multiunión. 

Los semiconductores heteroestructurados se han convertido en las últimas 

décadas en pieza clave en la aplicación práctica directa de la física del estado sólido. 

La electrónica heteroestructurada ha tenido un gran impacto en muchas disciplinas. 

Algunos ejemplos de sistemas heteroestructurados esenciales son los diodos 

emisores de luz basados en heterostructuras, transistores de alta movilidad 

electrónica (HEMT) para aplicaciones de alta frecuencia como la televisión de 

satélite o los laser de doble heteroestructuras (DHS) para telecomunicaciones y de 

uso cotidiano en los reproductores de CD y los transistores bipolares 

heteroestructurados. Las celdas solares heteroestructuradas han sido ampliamente 

usadas tanto en el espacio como aquí en la tierra. 

Un diodo es una unión p-n, compuesto por un semiconductor tipo p que se pone 

en contacto con un semiconductor tipo n.  Dependiendo de su composición se puede 

clasificar como homoestructura, donde tanto el semiconductor tipo n y tipo p están 

basados en el mismo material pero que tienen distinto dopado y las 

heterostructuras donde tanto el tipo n como el tipo p son materiales diferentes. 

 

Fig. 1.10 Parámetros de una heterounión p-n antes de estar en contacto 

La Fig. 1.10 describe los diferentes parámetros de una heteroestructura antes del 

contacto. Ecn, Evn, EFn son el nivel de energía más bajo de la banda de conducción, el 

más alto de la banda de valencia y el nivel de Fermi, respectivamente para el 

semiconductor tipo n. Ecp, Evp, EFp son los correspondientes valores para el tipo p.  E0 



164| R E S U M E N  E N  E S P A Ñ O L    

es el nivel de vacío, Ec y Ev son la diferencia de energía de la banda de conducción 

y valencia de ambos tipos de semiconductores.  es la afinidad electrónica.  

La heteroestructuras normalmente se crecen por técnicas como deposición 

química por vapor metal-orgánico (MOCVD) o crecimiento epitaxial por haz 

molecular (MBE) para obtener estructuras cristalinas perfectas y ajustar la 

composición del material a escala atómica. El acoplamiento de las redes cristalinas 

juega un papel fundamental en los sistemas heterostructurados. Cuando dos 

estructuras entran en contacto sin acoplamiento de red producen defectos. Estos 

originan nuevos estados localizados que atrapan los transportadores de carga 

afectando a sus características eléctricas.  

 

B.6 DISPOSITIVOS TRANSPARENTES 

El desarrollo de uniones p-n usando únicamente óxidos conductores 

transparentes es un gran incentivo para los científicos de materiales, ya que esto 

puede abrir radicalmente las posibilidades de la electrónica transparente. Tal como 

ha sido destacado anteriormente, los materiales que conforman los diodos 

requieren procesos de alta temperatura para satisfacer los requerimientos de alta 

calidad de materiales y de interfases. Por lo tanto, hoy día sigue siendo un desafío 

desarrollar diodos con buena respuesta y a la vez ser capaz de ser depositados en un 

sustrato flexible.  

Sato et. al. en 1993 es la primera referencia de un diodo transparente, donde se 

describe dos disposiciones similares: una heterounión pn Al / p-Ni0 / i-Zn0/n-

ZnO:Al / Al y un diodo unión pin Al / p-Ni0 / i-NiO / i-Zn0/n-ZnO:Al / Al crecido por 

sputtering. La capa de NiO tipo p presentaba una transmitancia del 40%, mientras 

que el dispositivo completo pin apenas llegaba al 20%. Aunque esta implementación 

apenas tenía transmitancia en el visible, supuso un cambio de tendencia y un punto 

de partida. Posteriormente, muchos ejemplos basados en NiO siguieron a este caso, 

siendo el artículo publicado más reciente, que sepamos, un diodo transparente de p-

NiO/n-ZnO.  Actualmente, se ha alcanzado valores muy aceptables de rectificación 

sobrepasando los 103.   
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En términos de transmitancia, el primer artículo publicado por Kudo et al. en 

1999 se describía una transmitancia nada desdeñable de 70%, estando compuesto 

el diodo por p-SrCu2O2 y n-ZnO. Posteriormente muchos otros artículos fueron 

publicados combinando n-ZnO con semiconductores que contenían Cu+ p-type, 

particularmente, delafositas como el CuYO2:Ca o CuAlO2, aunque su comportamiento 

no era suficiente para cumplir con los requerimientos necesarios en un dispositivo 

electrónico transparente comercial. 

Los dispositivos transparentes de almacenamiento de energía están todavía en 

su infancia en cuanto a su desarrollo, existiendo todavía muchos obstáculos que 

dificultan que esta tecnología se haga realidad. La gran mayoría de los componentes 

son intrínsecamente opacos, particularmente en las baterías. Por ello, se debe 

buscar soluciones creativas para resolver estos inconvenientes. Se ha desarrollado 

un cátodo basado en un compuesto LiFeO2 combinado con partículas 

submicrométricas de Ag, depositando capas de espesor cercanas a los 0.5 µm para 

así reducir la absorción de la luz, en concordancia con la ley de Beer-Lambert [63]. 

Otra estrategia ha sido aportada por Cui et al. en 2011 [64] usando un patrón en malla 

creada mediante un método asistido por microfluidos, con dimensiones 

características por debajo de la resolución óptica humana, exhibiendo una 

transmitancia de la celda completa del 60%.  El grafeno es un serio aspirante para 

satisfacer simultáneamente una alta transmitancia junto con una alta capacidad 

específica. De hecho, algún que otro artículo en el que el grafeno está presente 

reclaman transmitancias del 65%, aunque la capacitancia aún es baja de 409 

µF/cm2. Nanotubos de carbono distribuidos de forma aleatoria o nanopilares de 

óxido de indio con estructura nucleo@cascara se ha reivindicado como una 

alternativa para mejorar la capacidad específica sin para ello mitigar la 

transmitancia. El efecto de la percolación en un supercondensador con electrodos de 

nanotubos ha sido estudiado por King et al. [66], relacionando la transmitancia con la 

capacidad específica junto con la dependencia de RESR y CV con el espesor. Chen et al. 

También mostró un supercondensador basado en nanotubos alineados 

verticalmente, con una excelente transmitancia de hasta el 75% [67].   

Integrar varios dispositivos en una implementación es un objetivo muy atractivo. 

Wang et al. presentaron en Energy & Environmental Science journal [70] un 
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dispositivo que desarrollaba tanto almacenamiento de energía como funciones 

electrocrómicas en un mismo dispositivo, depositando por spin coating PEDOT y 

posteriormente polimerizando PANI. Un configuración similar fue adoptada por 

nuestro grupo con un supercondensador simétrico de PEDOT, excepto que el 

nuestro no exhibía electrocromismo. Finalmente, Zhao et al. en Nano Letters 

presentaron un dispositivo flexible semitransparente que combinaba generación de 

energía y su almacenamiento;  se describe una configuración interdigital en dos 

dimensiones con aspecto de diente de peine donde se integra un DSSC y 

supercondensador plano. Esencialmente, esta configuración se adapta muy bien a 

carga mecánicas externas debido a la distribución de deformaciones en cada finger y 

a su vez, evita cortocircuitos [71].  

 

B.7 ZnO 

El óxido de zinc pertenece al grupo de semiconductores II-VI, que cristaliza en 

varias fases cristalinas, wurtzita hexagonal (mostrada en la Fig. 1.15), Zinc blenda 

cúbica y sal de roca. A presiones y temperaturas ambientales, la wurzita es la 

estructura termodinámicamente estable. La wurzita presenta una estructura 

hexagonal con parámetros de red a =b= 0.3248 y c = 0.5206 nm (JCPDS 36-1451) 

según la base de datos cristalográficos. En la wurzita cada anión está rodeado de 

cuatro cationes en cada esquina del tetraedro y viceversa (Fig. 1.15). Por otro lado, 

la blenda de ZnO es estable sólo cuando se crece sobre un substrato de estructura 

cúbica, mientras que la sal de roca se origina de forma reversible a altas presiones. 

La estructura de wurzita es el origen de las propiedades piezoeléctricas, gracias a 

que posee una estructura no centrosimétrica.   
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Fig. 1.15 (a) Estructura Wurzite Cristalografica del ZnO. La bolas grises corresponden al 

Zn y las amarillas al O (b) Morfología hexagonal típica de los nanorods de ZnO [99] 

 

El ZnO tiene una banda prohibida directa de 3.3 eV, que junto con su gran 

energía de enlace del exciton (60 meV) proporciona al ZnO un amplio potencial de 

aplicaciones en el campo de la opto-electrónica. La gran disponibilidad y precio 

asequible de cristales de tamaño macroscópico de ZnO es una gran ventaja frente a 

otros semiconductores como el GaN. La alta movilidad electrónica y conductividad 

térmica hacen al ZnO muy atractivo para su aplicación en transistores de capa finas 

transparentes, como diodos de emisión de luz, diodos laser y fotodetectores.    

Los nanorods de ZnO se pueden crean mediante varias técnicas, tales como 

deposición química por vapor metal-orgánico (MOCVD), deposición por laser 

pulsado (PLD) [83], evaporización carbo-térmica directa. Sin embargo, recientemente 

se le ha prestado mayor atención a método de crecimiento a baja temperatura (<100 

ºC) y que no necesitan vacío tales como los método hidrotérmicos y de 

electrodeposición, particularmente útiles en sustratos flexibles, debido a su 

simplicidad, bajo coste, deposición de grandes superficies y la posibilidad de 

depositar nanohilos de gran calidad.     
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B.8 POLIMEROS CONDUCTORES 

Los polímeros orgánicos son macromoléculas compuestas por subunidades 

repetidas, conocidas como monómeros, unidos químicamente por un proceso 

llamado polimerización. Pueden adquirir distintas morfologías tanto lineales, 

ramificadas o en forma de red. Históricamente estas moléculas se consideraban 

aislantes eléctricos, pero gracias a la colaboración de tres científicos, Alan J. Heeger, 

Alan G. MacDiarmid y Hideki Shirakawa, que recibieron el premio nobel en el 2000 

por el descubrimiento y desarrollo de los polímeros conductores electrónicos a 

principio de la década de los 70. 

Los polímeros conductores orgánicos son aquellos polímeros sintéticos capaces 

de conducir cargas eléctricas. Dependiendo de si su conductividad se origina de 

forma inherente o si requiere de una combinación de materiales conductores, se 

pueden clasificar como polímeros conductores intrínsecos o extrínsecos, 

respectivamente. Los últimos son una mezcla de polímeros aislantes combinados 

con polvos de carbón pirolítico, hilos metálicos, etc. Tan pronto como se alcanza el 

efecto de percolación, el compuesto conduce. Sin embargo, cambian tanto sus 

propiedades físicas como térmicas respecto al material de origen. Por el contrario, 

los polímeros intrínsecamente conductores presentan conductividad gracias a un 

cambio en la distribución de los enlaces de carbono en la cadena polimérica tras ser 

dopados, es decir, una prolongación de enlaces conjugados tipo  en toda la cadena 

del polímero, junto con intercambio de electrones mediante reacciones redox entre 

grupos redox del polímero, manteniendo sus propiedades mecánicas, 

procesabilidad, etc.   

El Poly(3,4-ethylenedioxythiopheno) es un polímero conductor basado en 

unidades repetidas de 3,4-ethylenedioxythiopheno, representado en la Fig. 1.23. La 

incorporación de átomos de oxígeno en los anillos bicíclicos de tiofeno le 

proporciona estabilidad mesomérica frente a un dopaje por oxidación, es decir, 

estabiliza los radicales libres y cargas positivas provocadas por deslocalizaciones. 

Además, impide el enlace de las posiciones α-β y β-β dando lugar a una 

polimerización regioquímica. El polímero resultante presenta alta estabilidad al aire 

libre, estabilidad térmica ( hasta 150 ºC) y alta conductividad.  
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Fig. 1.23 poly(3,4-ethylenedioxythiophene) polymer 

 

PEDOT ha sido elegido para su aplicación en distintos dispositivos gracias a sus 

excelentes características, estados de dopado reversible, excelente estabilidad, 

estructura regular, pequeña banda prohibida y propiedades electroquímicas.  

 

 

B.9 ARTÍCULOS 

ELECTROCHEMICALLY GROWN VERTICALLY ALIGNED ZnO ARRAY/p+-Si 

(100) HETEROJUNCTION CONTACT DIODES  

En este trabajo, se presenta una heterounión de nanohilos de ZnO crecidos 

electroquímicamente con p+-Si (100) y se demuestra la posibilidad de fabricar 

mediante un proceso de bajo coste y baja temperatura este diodo heterounión 

ZnO/p+-Si, donde ambas capas se fijan por un método de contacto directo. Se eligió 

la morfología concreta de nanohilos debido a su alta relación de aspecto, longitud 

respecto a diámetro, y a que sirve como camino para guiar a los electrones. La 

mayoría de los diodos en la literatura están basados en uniones de capas planas y  

carecen  de estas ventajas. Ha sido de gran interés también probar esta morfología 

como experiencia previa antes de integrarlo en el supercondensador descrito más 

adelante, ya que los supercondensadores requieren de una gran área superficial, y 

también desde el punto de vista de caracterización eléctrica como paso previo para 

obtener el diodo de ZnO/PEDOT. El comportamiento de rectificación de la unión 
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ZnO/p+-Si es una demostración de la distinta polaridad de cada semiconductor. 

Medidas directas de contacto del electrodo FTO con ZnO y del p+-Si mediante curvas 

IV corroboran un comportamiento óhmico lineal sin componente de unión Schottky 

por parte del contacto con los electrodos. Es decir, los electrodos forman un 

contacto óhmico. Se ha logrado obtener una relación de rectificación de aprox. 2.5 x 

104 a un potencial de ±10 V sólo mediante el contacto directo de las capas. El 

diagrama de energía de esta heterounión se corresponde a una banda escalonada o 

de segundo tipo.  

 

PVP-LiClO4 SOLID POLYMER ELECTROLYTE AND ITS APPLICATION IN 

TRANSPARENT THIN FILM SUPERCAPACITORS  

En este artículo se presenta un supercondensador simétrico compuesto por un 

polímero conductor electrónico PEDOT, obtenido por electropolimerización, 

realizándose un estudio de la polivinilpirrolidona (PVP) como electrolito de estado 

sólido polimérico intercalado en una estructura simétrica tipo vidrio/PEDOT/PVP-

LiClO4/PEDOT/vidrio. Se ha encontrado que la conductividad del PVP depende de la 

concentración de LiClO4 así como de la cantidad residual de etanol proveniente del 

dip-coating después de secada la capa y que ésta cantidad residual permite 

mantener una buena conductividad iónica. Para ello, varias capas de PVP-LiClO4 se 

secaron y dejaron al aire libre y se caracterizaron por ATR y TGA-DSC. Además, para 

conocer la estabilidad del supercondensador se estudió el efecto del envejecimiento 

sobre las características eléctricas del condensador. Resumiendo, este polímero 

presenta algunas innovaciones, como son buena transparencia junto con una buena 

conductividad iónica. El PVP enlaza fácilmente  con moléculas polares, debido a la 

polaridad del grupo pirrolidona, diferenciándolo claramente de otros polímeros 

como el PEO, PVDF, PVA, PPO, etc. Por otra parte, el PVP se puede obtener 

fácilmente y gracias a su viscosidad se puede adherir rápidamente a la superficie de 

los electrodos, permitiendo controlar de forma muy simple el espesor de las capas 

por dip-coating. Aunque, se sabe que el PEDOT presenta electrocromismo no ha sido 

posible apreciarlo en nuestro dispositivo. En un futuros desarrollos se intentará 

materializar en un mismo dispositivo tanto el electrocromismo como el 
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almacenamiento de energía. Esto podría ser interesante para usarlo en ventanas 

inteligentes que ajusten la cantidad de luz incidente y calor a demanda del usuario, 

así como una manera de reducir el consumo de energía en un ambiente 

arquitectónico, techos de los coches, etc y almacenar la energía cuando sea 

necesario. 

SEMITRANSPARENT ZnO/PEDOT BASED HYBRID INORGANIC/ORGANIC 

HETEROJUNCTION THIN FILM DIODES PREPARED BY COMBINED RADIO-

FREQUENCY MAGNETRON-SPUTTERING AND ELECTRODEPOSITION 

TECHNIQUES. 

 

En este artículo se ha aplicado de una forma innovadora la combinación de un 

magnetrón sputtering y la deposición electroquímica, un método de bajo coste, para 

preparar un diodo heterounión de ZnO/PEDOT. Inicialmente, el PEDOT se depositó 

electroquímicamente en una disolución a baja temperatura sobre un electrodo de 

vidrio/ITO y posteriormente el ZnO se vaporizó en vacío sobre el PEDOT. Los 

materiales orgánicos presentan varias ventajas comparado con los inorgánicos, por 

ello, la heterounión híbrida puede completar las deficiencias propias de los diodos 

compuestos únicamente por materiales orgánicos o inorgánicos. El óxido de zinc 

presenta propiedades muy interesantes que ha provocado que en los últimos años 

haya resurgido su investigación con una clara orientación a aplicaciones directas, 

como ya se ha mencionado en el capítulo 1.5 correspondiente al ZnO, en concreto 

como dispositivos optoelectrónicos en el espectro UV-Vis y como generadores de 

energía piezoeléctricos.   Del mismo modo, el PEDOT posee una banda de energía 

prohibida estrecha, excelente propiedades eléctricas, estabilidad inherente, bajo 

potencial de oxidación y forma fácilmente capas. En este trabajo, se ha probado que 

la heterounión híbrida de ZnO/PEDOT presenta una buena rectificación.  
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VERTICALLY ALIGNED ZnO@CuS@PEDOT CORE@SHELL NANOROD ARRAYS 

DECORATED WITH MnO2 NANOPARTICLES FOR HIGH-PERFORMANCE AND 

SEMI-TRANSPARENT SUPERCAPACITOR ELECTRODE 

 

La nano-arquitectura híbrida descrita en este artículo como parte esencial del 

electrodo semitransparente del supercondensador aporta diferentes novedades con 

respecto a otros supercondensadores publicados en otros trabajos. Por ejemplo, es 

la primera vez que se ha usado covelita por spray pirolisis por ser buen conductor 

eléctrico para mejorar la transferencia de electrones al nanohilo y como medio para 

facilitar la deposición del PEDOT, permitiendo que éste se introduzca hasta la base 

del nanohilo. El equilibrio entre transparencia y capacitancia es buena en relación 

con los resultados descritos en bibliografía. Al añadir los nanocristales de MnO2 a la 

capa de PEDOT se mejora sustancialmente la capacidad y transmitancia del 

dispositivo. Las técnicas usadas son sencillas, son de bajo coste y no dañinas al 

medioambiente. Los supercondensadores, como los que se proponen en este 

trabajo, que combinan buena transparencia y una alta capacidad específica son de 

extraordinario interés debido a la amplia variedad de aplicaciones. El objetivo de 

este trabajo ha sido el de mejorar ambos parámetros, necesarios para el desarrollo 

de tecnología punta, tales como los dispositivos electrónicos, edificios sostenibles, 

etc. 
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B.10 DISCUSIÓN GLOBAL 

En los capítulos anteriores se ha mostrado los resultados más relevantes, sin 

embargo, aquí se va a discutir y analizar de una forma global todos los aspectos 

relacionados con ellos, intentando dar una visión general así como una 

introspección de los aspectos más relevantes de la investigación. Se presenta de 

forma abreviada cada técnica para así comprender cuál ha sido su papel en los 

dispositivos obtenidos y también se esboza la idea que ha guiado la obtención de los 

distintos sistemas. Como se ha mencionado anteriormente en los objetivos de la 

tesis, esta investigación está dividida en dos bloques, una primera donde se emplea 

sólo ZnO o PEDOT y una segunda donde se mezclan éstos. Ambos bloques se 

corresponden con los siguientes artículos: 

 BLOCK I- ZnO OR PEDOT based Systems: J. Rodríguez-Moreno, E. 

Navarrete-Astorga, R. Romero, F. Martín, R. Schrebler, J. R. Ramos-

Barrado, E. A. Dalchiele, Thin Solid Films 548 (2013) 235-240;  J. 

Rodríguez, E. Navarrete, E. A. Dalchiele, L. Sanchez, J. R. Ramos-Barrado, 

F. Martín Journal of Power Sources 237 (2013) 270-276. 

 

 BLOCK II- ZnO & PEDOT based Systems: J. Rodríguez-Moreno, E. 

Navarrete-Astorga, F. Martín, R. Schrebler, J. R. Ramos-Barrado. E. A. 

Dalchiele, Thin Solid Films 525 (2012) 88-92. J. Rodríguez-Moreno, E. 

Navarrete-Astorga, E. A. Dalchiele, R. Schrebler, J. R. Ramos-Barrado, F. 

Martín, Chemical Communications 50 (2014) 5652–5655. 

 

En el primer bloque se hizo un trabajo preliminar guiado por la intención de 

comprobar el comportamiento del ZnO y el PEDOT en dos dispositivos diferentes, 

un supercondensador y un diodo, y con ello usar esta experiencia para desarrollar 

dos dispositivos nuevos, integrando ZnO y PEDOT, ambos preparados mediante 

técnicas económicas, para crear sinergias que mejorasen tanto las características 

eléctricas como la transparencia del dispositivo final.  
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La deposición electroquímica ha jugado un papel muy importante dentro de las 

técnicas experimentales empleadas. Esta técnica ofrece un método de deposición 

limpio, de bajo coste y versátil, donde una amplia diversidad de materiales pueden 

ser depositados, desde polímeros conductores, óxidos metálicos semiconductores 

hasta metales, pero sólo sobre un electrodo conductor. El instrumento en sí es 

relativamente barato y requiere muy poco mantenimiento. Además, la mayoría de 

los crecimientos se realizan a temperaturas por debajo de los 100 C, permitiendo 

crecer materiales poliméricos. 

Se crecieron capas finas de PEDOT electroquímicamente a partir del monómero 

EDOT sobre un vidrio cubierto de óxido de indio dopado con estaño (ITO) tanto 

para el condensador semitransparente como para el diodo de ZnO/PEDOT. En este 

último dispositivo, el PEDOT se intercala entre el ITO y el ZnO para que actúe como 

una capa bloqueante de electrones y a su vez suaviza la rugosidad del ITO. Además, 

la deposición electroquímica mejora el contacto con el cátodo, asegurando una 

buena conductividad eléctrica en la interfase. Esta técnica electroquímica se ha 

utilizado también para crecer nanoestructuras de ZnO en forma de nanohilos para el 

diodo ZnO/p+-Si. Por otro lado, el magnetrón sputtering se ha empleado para 

preparar capas finas de ZnO en el diodo semitransparente de ZnO/PEDOT, gracias a 

su capacidad para crear capas homogéneas y adherentes a una temperatura 

relativamente baja. De hecho, al crecer prácticamente en vacío permite controlar y 

minimizar cualquier impureza, asegurando una alta reproducibilidad tras aplicar las 

mismas condiciones de crecimiento. 

El polímero conductor iónico (PVP/LiClO4) se usó en un supercondensador 

simétrico de PEDOT. Mediante la técnica de dip-coating se depositó este polímero 

sobre uno de los electrodos de PEDOT. Una de las ventajas de este procedimiento es 

que nos permite controlar el espesor de la capa de PVP y el tiempo de curado. Por 

otro lado, esta técnica también se utilizó para oxidar el PEDOT depositado sobre los 

nanohilos de ZnO con KMnO4 y así obtener nanopartículas de MnO2. 

Tanto el ZnO como el PEDOT son unos grandes candidatos para ser utilizados en 

un dispositivo funcional semi-transparente. El ZnO se ha estudiado intensamente 

como conductor oxido transparente tipo n. A su vez, es bien conocida la idoneidad 
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del ZnO como material para una gran variedad de aplicaciones, abarcando desde 

transistores de capa fina, celdas solar, fotocatálisis, fotodetectores, diodos de 

emisión de luz de onda corta y diodos laser. En última década ha habido una 

explosión de ideas en el desarrollo de morfologías del ZnO (nanopartículas, 

nanocapas, nanotubos, nanohilos, etc.), Los nanohilos de ZnO en esta tesis se han 

utilizado en un electrodo de supercondensador, ya que aumentan sustancialmente 

el área específica de contacto y actúa como un camino de electrones, mejorando la 

capacidad específica y la potencia del dispositivo, respectivamente. No sólo ha sido 

explorado esta configuración en dispositivos de almacenamiento de energía sino 

también en un diodo de nanohilos de ZnO/p+-Si realizado empleando contacto por 

presión.  

Por otro lado, el PEDOT se adhiere fácilmente en forma de capas, posee una alta 

conductividad, tiene un estrecha banda prohibida (~1.6eV) y experimenta 

reacciones de carga/descarga muy rápidas. Para resolver el inconveniente de que la 

inyección de electrones es más difícil que la de huecos en la mayoría de los 

polímeros conductores eléctricos debido a su alta barrera de energía y menor 

movilidad electrónica, una posible solución puede ser combinar polímeros 

conductores con semiconductores inorgánicos, los cuales tienen menor barrera 

energética y una mayor movilidad electrónica.   

Se ha desarrollado una estructura núcleo/carcasa de nanohilos orientados 

verticalmente de ZnO@PEDOT, combinando materiales pseudocapacitivos para 

mejorar tanto la capacidad específica como la ciclabilidad. A su vez, aprovechando la 

oxidación del PEDOT con KMnO4 para transformar el estado coloreado del PEDOT a 

otro menos coloreado oxidado más transparente. Esta configuración aporta muy 

buena capacidad específica de 19.85 mF/cm2. Se usó spray pirolisis para crecer 

nanocristales conductores de CuS sobre los nanohilos de ZnO intentando mejorar la 

inyección de carga hacia los nanohilos de ZnO y la electrodeposición de PEDOT. 

La caracterización  química y estructural de las muestras se hizo mediante varias 

técnicas, como son Reflectancia total atenuada del infrarrojo con transformada de 

Fourier (ATR-FTIR), espectroscopía fotoelectrónica de rayos X (XPS), TEM de alta 

resolución y difracción de electrones en el área seleccionada (SAED),  Dispersión 
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energética de rayos X (EDX) y espectroscopía Raman. Se registró el ATR-FTIR del 

dispositivo rectificador ZnO/PEDOT para identificar las bandas de absorción del 

polímeros y se evaluó el proceso de oxidación del PEDOT producido por los iones de 

permanganato en el electrodo del supercondensador de ZnO@CuS@PEDOT@MnO2, 

así como para determinar las variaciones de los picos de ATR-FTIR del cation Li+ y 

ClO4- con la complejación de éstos con el polímero. También se estudió el aumento 

de concentración de LiClO4 para el supercondensador simétrico de PEDOT. La 

absorción de humedad en el PVP hidrofílico también se analizó por ATR-FTIR. A 

parte, la estequiometría del óxido de manganeso y la formación del grupo sulfona en 

la cadena del PEDOT se confirmó por XPS en el electrodo del supercondensador 

semitransparente. Del mismo modo, se usó la espectroscopía Raman para 

corroborar la presencia de ZnO wurzita y covelita para la misma configuración.  

Para estudiar la morfología de las muestras se utilizaron distintas técnicas. tales 

como el microscopio electrónico de barrido de emisión de campo (FE-SEM), 

microscopio electrónico de transmisión (TEM) y dispersión energética de rayos X 

(EDX). Las capas finas de PEDOT del diodo ZnO/PEDOT se observaron mediante 

SEM a distintas magnificaciones junto con sus respectivas imágenes AFM, donde se 

aprecia las tres dimensiones así como la rugosidad. Por otro lado, los nanohilos de 

ZnO se examinaron cuidadosamente con prácticamente cada una de las técnicas 

enumeradas anteriormente para el diodo de ZnO/p+-Si.  

Se confirmó que el ZnO creció con estructura cristalina tipo wurzita junto con los 

parámetros de red mediante HRTEM y SAED. A su vez, se calculó la densidad de 

nanohilos crecidos en la muestra mediante FESEM. Del mismo modo, en el capítulo 

3.4 se investigan las diferentes capas que envuelven el núcleo de ZnO con imágenes 

FESEM de alta magnificación. Las líneas barrido de EDX demuestran la distribución 

de elementos en el corte transversal del nanorod y las imágenes TEM muestran la 

estructura de cada capa. La sección transversal del dispositivo PEDOT/PVP/PEDOT 

también se aprecia con la técnica SEM, donde se distinguen perfectamente las 

dimensiones de cada capa. La caracterización estructural de las capas finas y de los 

nanohilos se hizo mediante difracción de rayos X para el diodo semitransparente 

ZnO/PEDOT y el diodo de nanohilos ZnO/p+-Si. En el caso del PVP se utilizó la 
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técnica de termogravimetría (TGA) y calorimetría de barrido diferencial (DSC) para 

discernir la cantidad de agua y disolvente absorbida por la matriz polimérica.  

Las propiedades de los dispositivos se determinaron mediante las curvas IV, la 

espectroscopía de impedancia (EIS) y transmitancia óptica. Los diodos se 

caracterizaron mediante voltametría de barrido lineal, con la que se obtuvo la 

proporción de rectificación en DC. El factor de idealidad y la barrera energética se 

dedujo a su vez de estos datos usando el modelo de emisión termoiónica. Los 

mecanismos de transporte de carga se dedujeron con la curva log V- log I en el diodo 

de ZnO/p+-Si. Por otro lado, la caracterización eléctrica del supercondensador se 

estudió mediante voltametría cíclica (CV), carga/descarga Galvanostática (GCD), 

estabilidad con el número de ciclos y espectroscopía de impedancia electroquímica 

(EIS). La capacitancia másica y superficial se calculó mediante CV y GCD, mientras 

que las propiedades dinámicas, tales como la resistencia de transferencia de carga, y 

el valor a la frecuencia de corte y el tiempo de relajación dieléctrica se dedujeron 

por EIS.   
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B.11 CONCLUSIONES 

 Se ha realizado varios diodos formados por heterouniones de nanohilos 

ZnO/ p+-Si mediante contacto directo.  La heterounión obtenida 

presentó muy buen comportamiento de rectificación con una 

proporción de rectificación de corriente directa/ corriente inversa de 

aproximadamente. 4.8 × 103 y 2.5 × 104 a un potencial de ±2 V y ±10 V, 

respectivamente. El factor de idealidad y la barrera de energía del diodo 

es de 2.8 y 0.85 eV, respectivamente. 

 

 Se ha creado un supercondensador simétrico PEDOT/PVP-

LiCLO4/PEDOT usando un electrolito polimérico sólido consistente en 

una mezcla de polivinilpirrolidona (PVP) y LiClO4.  La conductividad 

iónica alcanza un óptimo para una proporción en peso LiClO4/PVP de 

1.2.  La cantidad residual del disolvente etanol después del secado del 

electrolito es importante para conservar una buena conductividad. Se 

comprobó una disminución de capacidad de ciclación del electrolito al 

cabo de varios meses de envejecimiento, recuperándose la capacitancia 

después de varios ciclos de carga y descarga, alcanzando una capacidad 

másica de 8 F/g.   

 

 Se ha fabricado una heterounión inorgánica/orgánica de n-ZnO/p-

PEDOT en forma de capas finas.  Esta heterounión exhibe muy buena 

características como diodo rectificador, con una proporción de corriente 

directa e inversa de 35 en el rango de -4V a 4V. El factor de idealidad y la 

barrera de energía de la heterounión es de 4.0 y 0.88 eV, 

respectivamente. 

 

   Se ha realizado una nano-arquitectura híbrida de 

ZnONRs@CuS@PEDOT@MnO2 con altas prestaciones electroquímicas 

para su uso como electrodo de supercondensador. Esta nano-estructura 

exhibe excelentes característica electroquímicas, con una capacidad 

específica superficial de 19.85 mF/cm2, alta potencia y estabilidad 

cíclica. Se ha usado la fase conductora, covelita, del sulfuro de cobre para 
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mejorar la inyección de electrones al ZnO y facilitar la electrodeposición 

del PEDOT. Esta ha sido la primera vez que el CuS se ha usado para este 

propósito. El MnO2 mejora la capacitancia y transparencia del electrodo. 

 

 Tanto el supercondensador transparente como el diodo n-ZnO/p-PEDOT 

y el electrodo ZnO NRs@CuS@PEDOT@MnO2 presentan transparencia 

en el rango visible. Su aspecto es translucido con un color específico. 

 

 Se ha demostrado que es posible combinar el ZnO y el PEDOT para 

obtener dispositivos con diferentes aplicaciones. El desafío futuro es el 

de integrar ambos en un único dispositivo. 

 


