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Resumo 

Este trabalho compreende o estudo de óxidos semicondutores (Sb:SnO2 e TiO2) e 

isolantes (ZrO2) obtidos via sol-gel, e a investigação de suas propriedades, de modo a avaliar 

estes materiais como alternativa para aplicação em dispositivos eletrônicos, tais como Capacitor 

Metal-Isolante-Metal (MIM), transistores de filmes finos (TFT) e memristores. Os filmes finos 

de SnO2 foram obtidos através de duas soluções com diferentes tempos de envelhecimento. Os 

filmes finos de ZrO2 também foram obtidos a partir de duas soluções, produzidas por dois 

métodos distintos, não-alcoóxido e polimérico. A deposição dos filmes finos foi realizada por 

dip- e spin-coating, e as caracterizações foram realizadas através das técnicas de DRX, AFM, MEV, 

Microscopia Confocal, EDX, RBS, TG/DSC, Espectroscopia no espectro UV-Vis, Voltametria 

Cíclica e Espectroscopia de Impedância, afim de melhor compreender as relações entre 

propriedades morfológicas e estruturais dos filmes e suas propriedades elétricas. As 

características de filmes finos de Sb:SnO2 e ZrO2 foram analisadas em dispositivos TFT e MIM, 

respectivamente. Alternativamente, TiO2 foi acoplado ao Sb:SnO2 e juntos foram aplicados em 

memristores devido às propriedades elétricas da junção destes semicondutores. Os resultados das 

análises dos diferentes tipos de dispositivos eletrônicos investigados neste trabalho são discutidos 

considerando suas diversas características, e são também propostas opções de possíveis 

melhorias para tais dispositivos tornarem-se comparáveis aos estados-da-arte já existentes. 

 

Palavras-chave: Óxidos inorgânicos, SnO2, ZrO2, Dispositivos eletrônicos. 
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Abstract 

This work comprises the study of oxide semiconductors (Sb-doped SnO2 and TiO2) and 

insulating materials (ZrO2) obtained by sol-gel, and the investigation of their properties, aiming 

to evaluate these materials as alternative for application in electronic devices, such as Metal-

Insulator-Metal (MIM) capacitors, Thin Film Transistors (TFT), and Memristors. The SnO2 thin 

films were obtained by two solutions with different aging times. The ZrO2 thin films were also 

obtained by two solutions, synthesized from two distinct methods, non-alkoxide and polymeric. 

The thin film deposition occurred mainly by dip- and spin-coating techniques, and the 

characterizations were performed through the techniques of XRD, AFM, SEM, Confocal 

Microscopy, EDX, RBS, TG/DSC, UV-Vis Spectroscopy, cyclic voltammetry and Impedance 

spectroscopy, in order to better understand the relations between the morphological and 

structural properties of these films and their electrical properties. The properties of Sb:SnO2 and 

ZrO2 thin films were analyzed in TFT and MIM devices, respectively. Alternatively TiO2 was 

coupled with Sb:SnO2 and applied to Memristors due to the electrical properties of this 

semiconductor junction. The analysis and results of the different devices investigated in this 

work are discussed considering their several characteristics, and it is also suggested options for 

possible enhancements for these devices become comparable to existent state-of-the-art devices. 

 

Keywords: Inorganic oxides, SnO2, ZrO2, Electronic devices. 
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Motivation and Objectives 

 

The motivation of this work is based on the necessity of new materials obtained by cost-

effective processes to follow the advances in research and developing of new electronic devices. 

This issue requires high-quality materials for improvement of the properties of devices to reduce 

their size and final consumed energy. Among these materials, high-k insulating materials have a 

very important role in transistors, which can reduce their consumed energy through the higher 

control of the conduction channel and smaller leakage current within the device. ZrO2 films 

obtained through the relative simple sol-gel process is a very promising material for such 

application. Semiconductors are also important materials used in transistor and other electronic 

devices due to their charge carrier mobility and electronic density that produces devices 

operating at low voltages and low energy consumption.  

The objectives of this work are to present a study about the semiconductor and dielectric 

materials above mentioned as well as their applications in MIM, TFT and memristor devices. It 

is also worth noting that this is one of the first works in UNESP, campus Bauru-SP, and in the 

program POSMAT, about the evaluation of materials applied to different electronic devices. 

The semiconductor tin oxide (SnO2) obtained by the sol-gel process was studied and 

presented interesting results when coupled with other semiconductors (SnO2/TiO2, 

SnO2/PCBM) and applied in devices such as Memristors and TFTs, whereas zirconia obtained 

by two different routes showed promising results through high impedance and capacitance 

values, comparable to values found in SiO2. 
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General Considerations 

 

An impressive part of the modern research in the field of advanced electronics is 

nowadays focused on the study and application of Memristors and Field-Effect thin-film 

transistors (TFT). TFT is a version of the Metal-Oxide-Semiconductor Field-Effect Transistors 

(MOSFETs) that are the fundamental building blocks for a large variety of electronic systems, 

including very large-scale integrated circuits, flat screens in portable electronics, 

telecommunications microcircuits and microprocessors that may contain billions of operating 

MOSFETs. Doped transparent oxides such as tin oxide (SnO2) and zinc oxide (ZnO) are 

currently extensively explored as candidate materials for active layers in TFTs of flat panel 

displays. 

Chapter 1 presents concepts of conductivity in materials, as well as the working 

mechanisms of MOSFETs and TFTs, and the leakage mechanisms that occur in real devices, 

which reduces their performance. In chapter 2 the concepts of the preparation and 

characterization of samples related to the work developed here are presented. 

In the chapters from 3 to 6, alternatives of sol-gel processed materials for application in 

electronic devices are presented. In chapter 3, results concerning the TFTs investigation are 

presented, in order to understand the role and properties of the semiconductor antimony-doped 

tin oxide (Sb:SnO2) obtained by two different solutions. The deposition of organic PCBM 

(Phenyl-C61-butyric acid methyl ester) on top of the Sb:SnO2-based transistors is accomplished in 

order to obtain a hybrid device with increased ambipolar conduction characteristic influenced by 

the organic layer. The chapter 4 and 5 presents the study of thin films of zirconium oxide 

(ZrO2), an insulating and dielectric material, deposited by two different suspensions. This 

dielectric layer is proposed as an alternative to SiO2 in order to improve the channel modulation 

in FETs. Within the chapter 6, the combination of two semiconductors obtained by sol-gel 

process is presented, SnO2 and titanium dioxide (TiO2), which was applied in resistive random-

access memory (RRAM) devices. The study of these devices with the SnO2/TiO2 working as 

storage layer assists the understanding of the conduction mechanisms occurring within the 

semiconductors. 
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Chapter 1  

 

Fundamentals of  transistors 
 

 

INTRODUCTION 

Important concepts on materials and their conduction nature and processes are 

presented in this chapter. The concepts related to some devices such as MOSFET and TFT 

transistors are also introduced. Special attention is given to semiconductors that in the past half 

century have been studied and applied in electronic devices, being developed and improved at an 

incredible rate [1,2] in certain way that solid-state devices are now elementary part of any 

consumer electronics. 

 

1 Metal, Semiconductor and Insulating Materials 

Metal, semiconductor and insulating materials are fundamental for any electronic 

application. Metals are responsible for charge transfer and electronic conduction, while insulators 

are materials that are used to obstruct the electronic conduction, which is essential in many 

applications. The semiconductors are responsible for controlling the electrical transport due to 

their intermediate electronic conduction. The electronic conductivity is highly dependent on the 

free charge carriers concentration present in these materials, that are responsible for their electric 

and thermal conduction, thermal capacity and magnetic susceptibility [3].  

Negative free carriers, electrons, are responsible for the materials conductivity and are 

preferentially located at the bottom of the conduction band of metals, semiconductors, and 

insulators, as schematic represented in figure 1.1. The figure shows the conduction (CB) and 

valence bands (VB) and a forbidden region between them, the bandgap. Insulators present a high 

gap of energy, while smaller gap is found for semiconductors, and finally, metals present the 

conduction band partially filled even at 0 K without the presence of bandgap [3]. 
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Figure 1.1: Schematic diagram showing different valence and conduction band for Metal, 
Semiconductor, and insulating materials. (adapted from 
http://energyeducation.ca/encyclopedia/Band_gap, accessed in 27/11/2017) 

 

 

The red color region represents the valence band that contains the electrons in the 

materials lattice, which are used in chemical bonds, therefore are not free for conduction under 

applied potential. Semiconductors with bandgap require energy to break covalent bonds and 

produce free electrons into the conduction band that usually presents abundantly empty states 

[4]. The same occurs for insulating materials, but due to the higher bandgap energy, higher 

energy is required to release electrons from chemical bonds. At room temperature some 

semiconductors have enough thermal energy to present reasonable free electron concentration 

and fair electrical conduction, while insulators present high electrical resistance. Intrinsic 

semiconductors present the Fermi energy centered between the conduction and valence bands at 

T = 0 K, that means their free concentration of electrons and holes are equal. Semiconductors 

can be doped by different types and concentration of impurities in order to modify their 

conductivity [5]. N-type doping in semiconductors consists of inserting atoms with more 

electrons than the original atom of the lattice. The concentration of electrons (n) added by the 

dopant may be found by the equation 1.1 [6]: 

 

     (1.1) 

http://energyeducation.ca/encyclopedia/Band_gap
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Where ni is the intrinsic carrier density of the non-degenerate semiconductor, EF and Ei are the 

Fermi and intrinsic Fermi level, respectively, kB is the Boltzmann constant, and T is the absolute 

temperature. The Fermi energy is shifted upward, towards the CB bottom for n-type doping. On 

the other hand, the Fermi level is shifted downward, towards the VB top, upon p-type doping. 

Insulating materials are generally dielectrics, that under electric field exhibit electric 

dipoles through the separation of positive and negative entities in molecular and atomic level. 

These dipoles are opposite to the applied electric field, which reduces the resultant electric field 

and current through the material. The dielectric constant (k), also known as relative permittivity 

(εr), is the ratio of the absolute permittivity of the material (ε) and the vacuum (k = εr = ε/ε0). 

Insulating materials with high k are of great interest in applications in devices like capacitors and 

field effect transistors [7,8]. 

 

 

2 Electronic and Ionic Conductivities 

Electric current is the result of the movement of charge carriers due to an applied electric 

field. The electronic (σe) and ionic (σi) conductivity occur by electrons and holes, and ions, 

respectively. The electronic conductivity is related to the elementary charge (q), density of 

electrons (n) and holes (p) and their respective mobility (μe and μh):  

 

𝜎𝑒 = 𝑞 (𝑛 𝜇𝑒 + 𝑝 𝜇h)    (1.2) 

 

The lower conductivity present in nanocrystalline or amorphous semiconducting 

materials is related to their lattice defects and impurities that difficult the charge transport and 

reduce the mobility of the charge carriers in the material through scatterings within the material 

[5]. 

The ionic conduction occurs predominantly in ionic materials [4,6] and relies on the 

temperature and on defects in the material, such as interstitial atoms, ion concentration, and 

vacancies, allowing the ions to diffuse through the material under electric field. The ionic 

conductivity σi is given by the Nernst-Einstein equation,  

 

𝜎𝑖 = 2 d 𝑞 𝐷 𝑘B 𝑇     (1.3) 
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which is related to volume density of ions (d), ion diffusion coefficient through the material (D), 

and absolute temperature (T) [9]. In ionic materials, such as Al2O3 and ZrO2, the conduction may 

occur by both types of carriers and the resultant conduction (σR) is their sum (σR = σe + σi). 

Important factors concerning the predominance of one conductivity over the other, are the type 

of material (e.g. semiconductor, insulator, metal), purity, and temperature [4,6]. 

 

 

3 Transistors 

Transistor, a contraction for transfer resistor, is a multi-junction semiconductor device. It 

is normally integrated with other circuit elements for voltage, current or signal-power gain. 

Opposite to Field Effect Transistors (FET) where predominantly only one kind of carrier 

participates in the conduction process, a bipolar transistor is a semiconductor device in which 

both electrons and holes participate in the conduction process. In the past decades both FET 

and bipolar transistors have been extensively studied and applied in high-speed circuits, and 

power applications [6]. 

 

3.1 Metal Oxide Semiconductor Field Effect Transistor (MOSFET) 

The metal–oxide–semiconductor field-effect transistor (MOSFET) is the main 

component of the microelectronic industry. MOSFETs are the building blocks of memory chips, 

telecommunication microcircuits and microprocessors [5] that may contain billions of transistors. 

MOSFETs are multipurpose but mainly used as switches in logic microcircuits [10]. 

A typical architecture of a n-type MOSFET (NMOS) is shown in figure 1.2 and 

comprises two highly doped n+-type semiconductor regions, called source and drain, separated 

by a p-type substrate. A gate contact is separated from the substrate by a thin insulating material, 

the gate oxide. The source is grounded and a positive voltage is applied to the drain. A p-type 

MOSFET, or PMOS device, would have the opposite doping in the source and drain (p+-type) 

and substrate (n-type) regions [10]. 
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Figure 1.2: Architecture of a NMOS with electrical connections. Source is grounded, gate and 
drain are positive biased (adapted from 
https://www.doitpoms.ac.uk/tlplib/semiconductors/mosfet.php, accessed in 27/11/2017). 

 

 

At first, between drain and substrate there should not have electrical current because the 

p-n junction is reverse biased, as well as between source and substrate, due to zero bias across 

the source p-n junction. Therefore, there is no drain-source current and the transistor is in the 

off-state, as an open switch [10]. The creation of a conduction channel starts when a positive 

gate voltage (VG) greater than a threshold voltage (VT) is applied relative to the grounded source. 

This channel is formed by electrons (e-) injected by the electron-rich region, the source, by 

induction into the p-type semiconductor-insulator interface. This interface repels the positive 

carriers from the p-type substrate and a continuous electron bridge, called the channel, is formed 

between the source and drain, that flows current under drain positive potential bias relative to 

the source (VDS).  

There are three different types of conduction in FETs: Accumulation, Depletion and 

Inversion. For NMOS the electronic bands of the semiconductor are bended downward when 

positive VG is applied, and the bottom of the conduction band (CB) of the semiconductor layer 

bends closer to the Fermi level (EF), as shown in figure 1.3a. In this case the transistor operates 

in accumulation regime, the “on-state”, like a closed switch [10–12]. The electron depletion 

mode occurs at zero or negative applied gate voltage that bends the CB upwards and reduces the 

free electron concentration on the channel (figure 1.3b), turning the device into the off-state. 

The inversion regime occurs when a much larger negative voltage is applied to the gate, and both 

the CB and valence band (VB) bend even more upward and the intrinsic Fermi level (Ei) 

eventually crosses the Fermi level, which causes the density of holes to exceed the density of 

electrons, and a predominant hole conduction start to flow [12,13] as shown in figure 1.3c.  

 

https://www.doitpoms.ac.uk/tlplib/semiconductors/mosfet.php
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Figure 1.3: (a) Accumulation, (b) depletion, and (c) inversion modes in n-type FET. (adapted 
from [12]). 

 

 

An ideal and perfect switch should present zero current when off and maximum current, 

without resistance, when on, being capable of switching instantly from these two states. 

However, real transistors are imperfect switches with electrical current different of zero in the 

off-state and a limited on-current occurs, and consequently requires time in the switching 

process. As transistors are being shrunk in size, their switching behavior tends to become worse. 

Ferain and collaborators [13] suggest the change of the planar gate configuration into a channel-

rounded by a gate electrode. In that way, the electrostatic control of the channel is improved and 

could allow the further shrinking in size without downgrading transistor performance. 

The linear plot of the output characteristic of a generic n-type transistor (figure 1.4a) 

shows no significant current below a particular minimum gate voltage applied, called the 

threshold voltage (VT). Above the threshold voltage, the current initially increases linearly with 

the applied gate bias, at constant VDS [10]. For a constant VG, the current also increases linearly 

with the VDS, then gradually levels off into a constant value within the saturation regime [12]. The 

equation 1.4 presents the linear dependence of VT as function of free charge carrier 

concentration (Ne) [12–14]: 

 

      (1.4) 

 

where q is the elementary charge, and t and Ci are the dielectric layer thickness and capacitance 

per unit area, respectively. Therefore, VT is influenced by higher doping level and thicker 

dielectric layer. Park et al [14] presented a study about the control of the transistor threshold 
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voltage by adjusting the dielectric thickness rather than chemical doping technique, without any 

modification of essential properties of the transistors, whereas Moon et al [15] added a layer of 

transition metal oxide with high work function on the gate interface with the dielectric. 

Moreover, the VT can also be extracted either from transfer curves (ID
1/2 vs VG) as presented in 

figure 1.4b of the transistor in the saturation region, or by plotting (ID)1/2 vs VG and extrapolating 

the linear curve to ID
1/2 = 0 [16]. 

 

 

Figure 1.4: (a) Output and (b) transfer curves of a generic n-type transistor. (a) A region of 
linear current occurs prior the saturation region. (b) The VT indicates the minimum gate voltage 
required to create the conduction channel, increasing significantly the drain current. (adapted 
from http://www.rfwireless-world.com/Terminology/Depletion-MOSFET-vs-Enhancement-
MOSFET.html, accessed in 27/11/2017). 
 

Both linear and saturation output currents shown in figure 1.4a are related to dimensions 

of the channel and intrinsic properties of the semiconductor material that forms the conducting 

channel on the interface with the dielectric layer. Equations 1.5 and 1.6 present these relations 

[12]: 

 

(Linear)     (1.5) 

(Saturation)        (1.6) 

where µ is the mobility of the charge carriers in the channel, W and L are the channel width and 

length, respectively. 

http://www.rfwireless-world.com/Terminology/Depletion-MOSFET-vs-Enhancement-MOSFET.html
http://www.rfwireless-world.com/Terminology/Depletion-MOSFET-vs-Enhancement-MOSFET.html
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The ratio of the maximum and minimum current (ION/IOFF) that can be verified on the 

transfer curves (ID vs VG) is an important characteristic for transistors along with the channel 

transconductance (gm), expressed in Siemens (S), given by the linear variation of ID as function of 

the gate voltage applied on the transfer curves [12,17], as presented in the equation 1.7 [17]: 

 

   (1.7) 

 

for small values of VD, representing the linear region on output curves. µFE is the field-effect 

charge carrier mobility induced by the transconductance [18]. At saturation region in output 

curves the transconductance is obtained by equation 1.8 [16]: 

 

 (1.8) 

 

Another fundamental characteristic of transistor is the subthreshold current (IOFF) that 

occurs at VG < VT. It is a sort of leakage current undesirable for a transistor, where at an ideal 

case a transistor would present IOFF = 0 and an infinite gm. The subthreshold slope (SS) indicates 

how effectively a transistor can be turned off as function of VG ( for VG < VT) [19]. The SS is 

presented in equation 1.9 as the inverse of the slope in the subthreshold region presented in 

figure 1.5. 

  

   (1.9) 

 

where n is the body factor, that represents the electrostatic control efficiency of the gate voltage 

on the channel region, inversely proportional to change in channel potential (ΦCH): 

. The SS is expressed in millivolts per decade of current (mV/decade). In the 

ideal case, where the electrostatic coupling between the gate and the channel region is 100% 

effective at room temperature n would be equal to 1, leading the minimum value for SS to be 

59.6 mV/dec [10]. However, one shall notice that in real cases n varies between 1.2 and 1.5, 

which results in larger SS values, from 70 to 90 mV/dec. The SS = 70 mV/dec obtained on 

single-walled carbon nanotube (SWNT) FETs with ZrO2 film as dielectric is superior to devices 

with bottom gates with either Al2O3 or SiO2 as dielectrics (SS~180 and 400 mV/dec, 
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respectively) [20]. They also present better performance with extremely low static power 

dissipation than single-gate silicon MOSFET with SS of 80 mV/dec. Thus, the SWNT FETs 

present excellent switching capabilities, as well as on–off ratio greater than 104, that are features 

required from a successor of the silicon based MOSFETs. For conventional FETs, these features 

require the bandgap of the semiconductor material to be larger than 0.4 eV, therefore, n- and p-

channel FETs with this range of bandgap and symmetrical threshold voltages for e- and h+ 

charges that present bipolar conduction are also desired for application on complementary MOS 

(CMOS) operations [10,17].  

 

 

Figure 1.5: Logarithmic and linear scale of ID vs VG. The log (ID) shows the contribution of SS 
on the current for VG < VT. (adapted from [10]). 

 

 

3.2 Thin-Film Transistor (TFT) 

Thin-film transistor (TFT) concept was first introduced by Weimer in 1962 [12]. The 

main difference from MOSFETs is the substrate, because in the MOSFET the substrate works 

as an active semiconductor (e.g. silicon wafer), while the substrate of TFTs only supports the 

films. The TFT presents a simpler structure compared to MOSFETs, composed of metal 

(gate)/insulator/semiconductor/metal (drain and source), as shown in figure 1.6a. The source 

and drain electrodes ideally form ohmic electric contacts directly to the conduction channel, with 

no depletion region to turn-off the device, unlike the p-type substrate on n-MOSFETs that acts 
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as depletion region. Thus, the IOFF depends directly on the low conductivity of the 

semiconductor and on the VG (< VT) to reduce charge carriers on the channel. Therefore, these 

devices are better enhanced when using low conductivity semiconductors such as amorphous 

silicon [12] or SnO2 [21] and C60 that are active semiconductors used in the TFTs investigated in 

this work. Some TFTs architectures are shown in figure 1.6. Other kind of transistors with 

different architectures and functionalities exist [12] but are not considered in this work.  

The working process of n-TFT is similar to the process presented for n-MOSFETs 

which occurs through the accumulation of electrons and forms the channel on the insulator-

semiconductor interface under VG > VT. These charges are driven by the voltage difference 

between the source and drain electrodes. Therefore, by changing the gate voltage, the number of 

accumulated electrons can be varied from accumulation to depletion, or even inversion, modes 

which results in the variation of the channel conductivity. The scheme of how the depletion 

region arises in these devices is presented in the figure 1.6b. When high negative VG is applied, 

electrons are repelled from the semiconductor/insulator interface by the electric field, and an 

accumulation of minority charges (h+ in n-TFTs) grows up into the semiconductor/insulator 

interface creating a depletion region (I1) that reduces the current by electrons (I2). At higher 

negative applied VG, the accumulation of holes become predominant and starts to conduct in the 

channel (ID) in the inversion mode.    

 

 

 

Figure 1.6: (a) Four different possible architectures for TFT devices with top and bottom gate 
electrode. (b) Diagram of the mechanism for depletion mode in TFT devices. ((a) and (b) are 
adapted from https://en.wikipedia.org/wiki/Thin-film_transistor, accessed in 27/11/17. 
 
 

https://en.wikipedia.org/wiki/Thin-film_transistor
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4 Leakage mechanisms 

The miniaturization of transistor devices through the reduction of channel length and 

dielectric oxide thickness present adverse effects called short-channel effects (SCE) which may 

increase the leakage current of the transistor. To maintain a reasonable SCE immunity while 

scaling down the channel length, oxide thickness must be reduced nearly in proportion to the 

channel length. Decrease of the oxide thickness results in increase in the electric field across the 

gate oxide, that along with low oxide thickness result in considerable current flowing through the 

gate of a transistor [5,19,22]. This current destroys the classical infinite input impedance 

assumption of MOS transistors and thus affects the circuit performance severely. Figure 1.7a 

shows the main leakage mechanisms that occur in transistors. The major contributors to the gate 

leakage current are gate oxide tunneling (Igate) and the injection of hot carrier (IHC) from the 

substrate to the gate, illustrated in figure 1.7b. Gate-induced drain leakage (GIDL) is another 

significant leakage mechanism that occurs in depletion mode at the drain surface, below the gate-

drain overlapping region. Subthreshold leakage (Isub), GIDL and channel punch-through current 

are off-state leakage mechanisms, while Ijunction (for reversed VD) and Igate occur in both ON and 

OFF states. Gate current can occur in the off-state due to hot-carrier injection but typically 

occurs during the transition bias states of the transistor [19]. In Si-SiO2 MOSFET the injection is 

more likely for electrons than holes, as electrons have a lower effective mass than that of holes 

and the barrier energy for holes (4.5 eV) is higher than for electrons (3.1 eV) [19].  

 

Figure 1.7: (a) Different types of leakage mechanisms in n-MOSFET devices. (b) A gate leakage 
mechanism, the hot carrier injection (IHC), occurs at high electric fields, where electrons gain 
enough energy to cross the interface potential barrier to enter the gate electrode. (adapted from 
[5]). 
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Chapter 2 

 

Fundamentals of  Experimental Methodology 
 

 

INTRODUCTION 

In this chapter are presented the general concepts of the experiments used to produce 

and characterize the thin films and electronic devices used in this work. Specific methodology, 

materials and equipment information, e.g. brand and model, are presented in the chapters where 

they are applied. 

Sample preparations were done mainly by sol-gel spin-coating and dip-coating processes, 

as well as by resistive evaporation technique. The characterizations were more widely explored 

through the techniques: X-Ray Diffraction, Rutherford Backscattering Spectrometry (RBS), 

Ultraviolet-Visible-near-Infrared Transmittance Spectroscopy (UV-Vis-nIR), Atomic Force 

Microscopy (AFM), Confocal Laser Scanning Microscopy, Scanning Electron Microscopy 

(SEM), Energy Dispersive X-Ray Spectroscopy (EDX), Electrical Impedance Spectroscopy 

(EIS), and Current vs Voltage (IxV). 

 

 

1 Sample preparation 

1.1 Sol-Gel 

Inorganic oxide compounds were synthesized by the sol-gel process, that is based on the 

hydrolysis and condensation of molecular precursors such as metal alkoxide or hydroxylated 

metal ions in aqueous solutions. The colloid suspension is in the sol state when the dispersed 

particles are separated by the continuous phase, the dispersant. The gel state occurs when the 

particles get closer due to reduction of the dispersant in the suspension [1]. Inorganic 

polymerization is responsible for the link between particles that produces solid materials through 

the conversion of monomers into a colloidal solution [2]. A variety of materials can be obtained 

from this process, such as fibers, xerogel, aerogel, particles and thin films [1]. Figure 2.1 presents 

the many possibilities of materials obtained through this process. The sol-gel process is used in 
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this work for obtaining thin films of the semiconductor oxides SnO2, TiO2, and the insulating 

oxide ZrO2. 

 

 

Figure 2.1: Many materials obtained by sol-gel process through different methods. (adapted from 
https://en.wikipedia.org/wiki/Sol-gel ), accessed in 27/11/17. 

 

 

1.2 Spin and Dip-Coating 

Spin and dip-coating are methods of deposition of thin films that use chemical solutions 

to form the xerogel on a substrate surface. A diagram of the spin-coating deposition technique is 

presented in figure 2.2a, where the substrate is placed inside a deposition chamber and hold by 

vacuum. The deposition occurs by dropping the sol-gel suspension on the area where the 

material shall be deposited, and the equipment starts the rotation, accelerating until reaches the 

desired speed in order to spread the suspension on the substrate. Then, the film is dried in air 

before calcination on hotplate or furnace to eliminate the solvents. 

A diagram of the dip-coating process is shown in figure 2.2b. It is carried out using an 

equipment with high control of the immersion and emersion speed of the substrate in the sol-gel 

suspension placed in a beaker. The emersion process forms the thin film that dries in air after 

being removed from the suspension. This process is followed by a calcination between deposited 

layers and, a final thermal annealing in order to eliminate solvents and crystallize the material. 

 

https://en.wikipedia.org/wiki/Sol-gel
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Figure 2.2: (a) Spin-coating and (b) dip-coating, both processes of deposition of thin film. ((a) 
and (b) are adapted from http://large.stanford.edu/courses/2007/ph210/hellstrom1/, accessed 
in 27/11/17, and [3], respectively.  

 

 

1.3 Thermal Evaporation 

The physical vapor deposition (PVD) is a useful method for deposition of insulating, 

semiconductor and metal films onto large area substrates. This deposition method can be 

accomplished in different equipments such as conventional resistive evaporation, electron beam 

(e-beam), Molecular Beam Epitaxy (MBE) and Pulsed Layer Deposition (PLD). A high vacuum 

is necessary in all of these equipments in order to minimize the collisions of the evaporated 

particles with gases in the chamber [4], in order to produce films with higher purity. In this work, 

the resistive evaporation is used to deposit metallic and semiconductor thin films under pressure 

of 3 x 10-5 torr. 

For the simple thermal evaporation process to occur, it is necessary to use either a 

twisted-wire coil or a dimpled sheet-metal “boat”, both made from refractory metals (e.g. 

tungsten W, molybdenum Mo, and tantalum Ta). The material used in this work was W. The 

figure 2.3a presents the “boat”. The evaporating material is placed on the “boat” to be heated by 

Joule effect through currents of about 100 Ampère [4]. 

The diagram of a thermal evaporation chamber is presented in figure 2.3b. The 

evaporation starts with the source being heated generating the vapor that reaches the substrate 

surface placed above the source material, that adsorbs the vapor by fisisorption through Van der 

Waals bondings with energy around 0.1 eV/atom [4]. The next step is the superficial diffusion, 

where the atom allocates itself among the surface sites to be incorporated through strong 

bonding such as covalent (> 1 eV/atom) at the surface. Then, the nucleation of groups of atoms 

starts to occur, forming the layer of thin film [4]. The evaporation of materials was carried out in 

http://large.stanford.edu/courses/2007/ph210/hellstrom1/
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a Boc Edwards Auto 500 evaporation chamber, located at the Electro-Optical Phenomena 

Laboratory under supervision of Prof. Dr. L. V. A. Scalvi at UNESP, Bauru. 

 

Figure 2.3: (a) Tungsten boat where the evaporating material is placed to be heated. (b) Diagram 
of the evaporation chamber showing the deposition processes of thin films. (adapted from 
http://www.betelco.com/sb/phd/ch3/c34.html, accessed in 27/11/17) 

 

 

The Clausius-Clapeyron’s equation (2.1) relates the vapor pressure (pv) generated by the 

evaporating material as function of the absolute temperature (T) and its latent heat (LVAP) [4]: 

 

   (2.1) 

 

where R is the gas constant and C is a constant of integration. 

A minimum vapor pressure necessary to produce enough particles to achieve the 

substrate is pV > 10-2 torr [4]. A plot of the log10pV vs 1/T plot shows a straight line, according to 

equation 2.1, that shows the temperature required to achieve any vapor pressure of many 

materials. Such graphs may be verified at appendix B from reference [4]. 

 

2 Sample Characterization 

2.1 X-Ray Diffraction (XRD) 

X-Ray diffraction is an important source of information about structural aspects of 

crystalline materials since its discover in 1912 [5]. The XRD pattern is unique for each crystalline 

material, which allows the understanding and recognizing of crystalline structures of materials 

http://www.betelco.com/sb/phd/ch3/c34.html
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[6,7]. Diffractograms of powder and thin film are capable of giving information about interplanar 

distances and position of the crystal plans through the Bragg’s law, and to determine the 

crystalline structure of the material [6,8,9]. This law explains the diffraction of X-ray beams after 

collision and interaction with the electrons of the atoms of the material under investigation. 

Beams scattered are collected by the equipment detector, with constructive and destructive 

interferences [4], as shown in figure 2.4, and a graph of the X-ray intensity as function of the 

scattering angle is obtained. 

Most of XRD measurements performed in this work were done in Rigaku DMAX at the 

Multiuser laboratory of UNESP campus Bauru. The equipment is equipped with CuKα beam 

and Ni filter to attenuate CuKβ radiation, at scan of 2θ/θ for powder mode and 2θ for thin films 

mode, with X-ray incident angle of 1.5°. 

 

Figure 2.4: X-ray diffraction on a regular array of atoms, with incident angle that results in 
constructive interference (left diagram) and destructive interference (right diagram). (adapted 
from https://www.azom.com/article.aspx?ArticleID=3604, accessed in 27/11/2017) 
 
 

2.2 Rutherford Backscattering Spectrometry (RBS) 

The backscattering spectrometry is based on classical scattering in a central-force field. It 

consists basically in elastic hard-sphere collisions between the high kinetic energy particle (4He++ 

ion beam, the “projectile”) and the stationary particle located on the sample (the “target”) [4], as 

illustrated in figure 2.5a. An accelerator provides a collimated beam of particles that collides on 

the sample surface and the scattering of the projectile ions is collected by the detector, at certain 

θ angle, as shown in figure 2.5b.  

This elemental-analysis technique is one of the most quantitative among all techniques 

[4]. High energy ions (MeV) undergo close-impact and scatters after collisions governed by the 

https://www.azom.com/article.aspx?ArticleID=3604
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well-known Coulomb repulsion between the positively charged nuclei of the target atom and 

positively charged projectile [10]. The kinematics of the collision and the scattering cross-section 

are independent of chemical bonding, therefore backscattering measurements are insensitive to 

electronic configuration or chemical bonding within the target [10]. RBS is commonly used to 

determine elemental concentrations and their depth profiles within the material, by analyzing the 

energy spectrum of the backscattered particles (4He++ ions) in experimental results and 

comparing with simulation ones. 

In this work the RBS was performed at the Western University Tandetron Accelerator 

facility with a 2.5 MeV 4He2+ ion beam and detection of backscattered ions at an angle of 170° 

using a silicon barrier detector in Cornell geometry. 

 

 

Figure 2.5: (a) The illustration of elastic collision between the beam (“projectile”) and the 
material (“target”). (b) Experimental schematic of the RBS spectrometry. High energy collimated 
ions collide at the sample and the backscattered beam is collected on the detector at a θ angle. ((a) 
and (b) adapted from https://www.hzdr.de/db/Cms?pOid=29856&pNid=3537 (accessed in 
27/11/2017) and [10], respectively). 
 
 

2.3 Ultraviolet-Visible Transmittance Spectroscopy (UV-Vis) 

Spectroscopy on the UV-Vis spectra is a method used to study the optical properties of 

materials by measuring their transmittance, absorbance and reflectance from the ultraviolet 

through the visible spectrum up to the near infrared. A parallel beam of monochromatic 

radiation at initial intensity (I0) reaches the surface and a fraction of this intensity passes through 

the films and substrate, figure 2.6b. The beam interacts with the atoms, ions and electrons within 

the material [11] by absorbing or reflecting part of this electromagnetic energy, decreasing the 

final intensity (I) of the beam that reaches the sensor. The transmittance is the fraction of the 

intensity that passes through the sample (T = [I/I0] x 100%) [11,12]. All materials present 

absorption and reflectance in some part of the electromagnetic spectrum, and this absorbed 

https://www.hzdr.de/db/Cms?pOid=29856&pNid=3537
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energy is transformed in vibrations of the atoms in the lattice (phonons) or electronic transitions 

[13]. The transmittance is related to the optical absorption coefficient (α) of a material through 

the Beer-Lambert law [14] by the equation α=log10(1/T). 

Figure 2.6a presents a generic plot of transmittance as function of incident angles, 

different of 90°, to show the transmittance dependence on incident angle. Some incident beams 

are refracted by the difference in the speed of light in the material and air, and some are reflected 

on the interfaces. Optical characterizations performed in this work occurred most in a Perkin 

Elmer system, model Lambda 1050, placed in the Multiuser laboratory under supervision of 

Prof. J. H. D. Silva at UNESP, campus Bauru. 

 

Figure 2.6: (a) Generic transmittance/reflectance as function of the incident angle (related to the 
normal) of electromagnetic beams on the surface of a material. (b) Diagram of the portions of 
light that are transmitted, absorbed and reflected, in a generic case with incident angle of 30°. 
(adapted from http://www.commercialwindows.org/transmittance.php, accessed in 
27/11/2017). 

 
 

2.3.1 Optical bandgap calculation 

The optical bandgap (Eg) of materials can be obtained using the absorption coefficient in 

Tauc plots [15,16] accordingly to the equation 2.2. This equation has been largely used in 

literature to estimate the direct/indirect bandgap energy of mono/polycrystalline semiconductors 

and consists of an approximation, hence it was developed for amorphous materials where the 

absorption occurs due to band-to-band transitions [17]. 

 

   αhν = A (hν – Eg)
n
    (2.2) 

 

http://www.commercialwindows.org/transmittance.php
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where the hv is the photon energy, A is a proportionality coefficient related to the structure of 

the nanocrystalline and/or amorphous materials, whereas n depends on the nature of electronic 

transitions at photon energies sufficiently close to the band gap. Specifically, n = 2 for indirect 

transitions, whereas n = ½ for direct transitions, or for non-direct transitions in disordered 

materials [14]. 

 

2.4 Confocal Laser Scanning Microscopy 

Confocal microscopy is a non-destructive technique of optical sectioning that allows a 

3D reconstruction of the surface of the material, as a topographic surface study [18]. It works 

similarly to optical microscope, where light is emitted through an aperture in a conjugated plan 

(confocal) with the sample, and a second aperture is positioned in front of the detector, as 

shown in figure 2.7. The rays of excitation light reach different focal planes of the sample and 

only scattered in-focus light rays reach the detector [18]. 

The Confocal microscopies were performed in a Leica DCM 3D placed at Multiuser 

Laboratory at UNESP, campus Bauru. 

Figure 2.7: Schematic diagram of the 
confocal microscopy. (adapted from 
https://www.olympus-
lifescience.com/de/microscope-
resource/primer/techniques/confocal/conf
ocalintro/, accessed in 27/11/2017) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.5 Scanning Electron Microscopy (SEM) 

SEM is a characterization used to study superficial microstructures with high resolution 

and large focus compared to optical microscopies. The equipment emits high kinetic electron 

beam with small diameter that scans determined area of the sample and the scattered electrons 

https://www.olympus-lifescience.com/de/microscope-resource/primer/techniques/confocal/confocalintro/
https://www.olympus-lifescience.com/de/microscope-resource/primer/techniques/confocal/confocalintro/
https://www.olympus-lifescience.com/de/microscope-resource/primer/techniques/confocal/confocalintro/
https://www.olympus-lifescience.com/de/microscope-resource/primer/techniques/confocal/confocalintro/
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are collected by a detector [19] well synchronized with the beam scan. The collected signal is the 

result of the interaction of the incident electron beam on the sample surface, that after scattering 

on the surface reaches the detector with different energies [19,20]. 

 

2.6 Energy Dispersive X-Ray Spectroscopy (EDX)  

The EDX is used for qualitative compositional analysis through a scanning of a sample 

surface. This equipment is coupled to a SEM that uses its high kinetic electron beam to ionize 

the atoms in the sample. The atoms produce electromagnetic radiation, like X-rays, and other 

particles, as shown in figure 2.8, but only X-rays are collected by the EDX equipment sensor. 

The characteristic emitted X-rays related to specific atoms in the sample allow the determination 

of the elements present in the investigated sample region. A quantitative analysis can be done by 

comparing the peaks intensities of determined X-ray energy in the graph of X-ray intensity as 

function of X-ray energy [19]. 

Both SEM and EDX measurements were performed in Zeiss EVO 15 equipped with 

EDX sensor from Oxford Instruments. The equipment is located at UNESP, campus Bauru. 

 

Figure 2.8: Schematic diagram of a EDX 
characterization. The electron beam collides on 
the atom and removes electrons from their 
orbits, that are rapidly replaced by other 
electrons at higher energy. This replacement 
causes the emission of electromagnetic 
radiation. (adapted from 
https://en.wikipedia.org/wiki/Energy-
dispersive_X-ray_spectroscopy, accessed in 
27/11/2017). 
 
 
 
 
 
 

 

 

2.7 Atomic Force Microscopy (AFM) 

AFM is a technique capable of manipulate the surface of materials and is also used to 

study these surfaces through imaging. Due to the high sensibility to surfaces forces, this 

equipment produces images through the scanning of the surface by measuring the reaction of the 

https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
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forces between the probe tip and the sample surface. A schematic diagram of the AFM operating 

system is presented in figure 2.9. 

The AFM measurements performed in this work were done at University of Western 

Ontario in a Witec GmbH, model Alpha 300S operating in non-contact mode, with 325-kHz 

cantilevers (model HQ-NSC15, Mikro-Masch Inc.). 

 

Figure 2.9: Diagram of the AFM technique. (adapted from 
http://www.farmfak.uu.se/farm/farmfyskem/instrumentation/afm.html and 
https://www.keysight.com/main/editorial.jspx?ckey=1774141&lc=por&cc=BR), accessed in 
27/11/17. 
 
 

2.8 Electrical Characterization 

Electrical measurements such as current as function of the applied voltage and 

Impedance spectroscopy are very important to determine the electrical properties of materials 

[21,22]. 

The current as function of the voltage (I vs V) measures the current, that is the rate at 

which electric charge flows in a material, as function of a potential difference, the voltage, 

between the electrodes. The I vs V curves are the simplest electrical characterization to perform 

in order to obtain the electric resistance of a material. In this work, the equipment required for 

this measurement is either the electrometer or the sourcemeter, which may achieve high 

precision on the applied voltage and the obtained current. 

Impedance spectroscopy is the technique that measures the impedance (Z), the 

opposition that a material or device presents to a current when a time-dependent voltage is 

applied. It is the extension of the concept of resistance (R) to AC circuits. The concept of 

impedance is necessary in AC circuits due to the effects of the alternating current on inductive 

http://www.farmfak.uu.se/farm/farmfyskem/instrumentation/afm.html
https://www.keysight.com/main/editorial.jspx?ckey=1774141&lc=por&cc=BR


33 
 

and capacitive elements such as the reactance (X), that is the imaginary part (j) of complex 

impedance, while the resistance forms the real part, as shown in the following equation 

Z=R+j.X. 

Cyclic voltammetry and Impedance Spectrocopy were performed at UNESP, campus 

Bauru, in a Metrohm AutoLab PGSTAT302 equipment equipped with FRA32M module. The 

equipment is located at the Laboratory of New Materials and Devices (LNMD) under 

supervision of Prof. Dr. C. F. O. Graeff. 
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Chapter 3 

 

SnO2 based Thin Film Transistors[1] 
 

INTRODUCTION 

This chapter presents a study on the sol-gel processed antimony-doped tin oxide (4 at% 

Sb:SnO2) thin film as the semiconductor channel in Field Effect Thin Film Transistors (TFT). 

An investigation of transistor properties was done to understand the effects of longtime aging on 

antimony-doped tin oxide (ATO) solutions. The properties of the semiconductor layer and 

transistors, such as electron transport, mobility, on/off ratios, etc. are presented here in order to 

understand the non-reproducibility of different sol-gel solutions in same TFT assembly and 

deposition. The part of this chapter concerning the aging time of tin oxide solutions was 

published in the Journal of the American Ceramic Society [1] in collaboration with professors G. 

Fanchini and L.V. Goncharova from University of Western Ontario, Canada. 

The deposition of PCBM (Phenyl-C61-butyric acid methyl ester) on top of ATO based 

TFT devices was performed to investigate the hybrid heterostructure and the influences of the 

organic layer on the transistor active channel and TFT properties. Both semiconductor layers 

were obtained by cost-effective solution process and their junction applied in transistors is an 

original contribution.  

Tin oxide (SnO2) is a n-type inorganic semiconductor material with large bandgap of the 

order of 3.6 eV [2], high optical transparency in the UV-Vis region, low resistivity, and high 

thermal stability. These properties represent a promising and alternative low-cost transparent 

semiconducting material for application in transparent and flexible electronics, such as 

transistors, solar cells and sensors [1,3–7]. Presley et al. [8] demonstrated the fabrication of 

transparent TFTs utilizing ultrathin (10-20 nm) channel layers of SnO2, with field-effect mobility 

of the order of 0.8 and 2.0 cm2/V.s in enhancement and depletion mode, respectively, with 

active layers grown by radio-frequency magnetron sputtering under ultrahigh vacuum. Although 

superior performance may be desirable for some specific applications and have been achieved 

with advanced growth techniques [4,7], low-cost growth methods are in even higher demand for 

                                                             

[1] M. H. Boratto et al, Journal of the American Ceramic Society, 99, 12, 4000, 2016. 
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depositing transistor-grade-quality SnO2. SnO2 TFTs have been obtained at relatively low-cost 

process by sol-gel spin-coating method [9], but reproducibility and stability of these methods 

have normally been given little attention. Sol-gel is an attractive and low-cost technique with 

potential applications for tin oxide transparent and flexible electronics. Colloidal sol-gel methods 

have been successfully used to produce SnO2 semiconductor nanocrystals of well-defined crystal 

structure and size-dependent electronic and thermal properties [10,11]. However, device 

reproducibility is still a serious issue to be resolved to make them competitive with other SnO2 

thin-film fabrication methods. Precursor solutions used in sol-gel processes are relatively 

concentrated and the formation of clusters and aggregates may evolve as a function of their 

aging time. Small fluctuations in the actual fabrication conditions and different aging times of 

solutions are parameters that may significantly affect the reproducibility of sol-gel-based tin-

oxide devices. Small variations in the process parameters may be equally important. For instance, 

sol-gel processes are normally concluded by thermal annealing of the samples to nucleate solid 

crystallites in the semiconductor and eliminate undesirable adsorbed oxygen species and 

impurities originated from the solvents. Small fluctuations in the annealing temperature may lead 

to significant differences in crystallite size and device properties [12]. In this chapter the study of 

the Sb:SnO2 solutions prepared by dialysis sol-gel process is presented, in order to identify the 

major factors of influence that may determine the non-reproducibility of SnO2 based TFTs that 

impacts important properties of the semiconductor channel. Factors that contribute for 

characteristics of the samples and are considered in this work include: aging of the solution, local 

inhomogeneity in the thin solid films, and small fluctuations in the annealing temperatures.  

The hybrid TFTs were also investigated in this work. The devices were obtained by the 

addition of the organic PCBM layer on the analyzed ATO TFTs in order to increase the 

ambipolar characteristics of the transistors. PCBM is a known n-type organic semiconductor 

with bandgap of about 2.4 eV commonly used as electron acceptor in organic photovoltaic cells 

[13,14]. Ambipolar devices are semiconductor devices in which both electrons and holes 

significantly participate in the conduction process through modulation via gate voltage, unlike 

most Field Effect Transistors (FETs) where the predominant transport occurs by only one type 

of charge carrier [15,16] that forms either a n-channel or a p-channel. The unipolar conduction 

occurs due to difficulties in accumulating the minority carrier through strong inversion 

condition, which is obstructed by traps within the semiconductor as well as at the 

semiconductor/insulator interface. Even intrinsic semiconductors present asymmetry between 

hole and electron conduction due to difference of bandwidth of the conduction and valence 

bands [16]. Factors that contribute to the efficient functioning of ambipolar transistors are the 
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charge carrier injection and the interface properties. Meijer and coworkers [17] show that 

ambipolar transport is observed experimentally by reducing the injection barriers by low bandgap 

semiconductors. Intensive research has been done to find a beneficial strong inversion condition 

by different strategies [16] to change a n-type FET into an ambipolar or even p-type FET by 

adjusting the electrode Schottky barrier [18] or doping the semiconductor [19]. Ambipolar charge 

transport is a desirable property for semiconductors as it enables the fabrication of more 

compact complementary logic circuits such as CMOS transistors with a single active layer [20]. 

Besides, it has been extensively used in high-speed circuits, power applications, and have the 

potential to be part of new devices such as light-emitting transistors [16,20]. 

Along with other transparent semiconducting oxides (TSO) like In2O3, ZnO and TiO2, 

tin dioxide is a well-known inorganic n-type semiconductor that is widely tested for various 

electronic/optoelectronic applications as passive or active components [21]. Performance of p-

type oxide materials are mainly limited by the low mobility of holes in the valence band 

compared to the higher mobility of electrons in the conduction band [21]. Tin monoxide (SnO) 

has bipolar behavior as consequence of its small bandgap (0.7 eV), small ionization potential (IP) 

and large electron affinity (χ) that favors the alignment of both band edges to the source and 

drain electrodes of the transistors [21]. However, the SnO2 presents small χ and large IP that 

facilitates the n-type and p-type doping, respectively [22], and the ionic character of this 

semiconductor results in an oxygen-derived valence band (VB) with a dominant 2p character, 

and a metal-derived conduction band (CB) with a dominant 4s character that results in large 

bandgap and excellent n-type conduction when donor doped or with intrinsic non-stoichiometry 

that generates oxygen vacancies [22].  

Most of organic semiconductor films display unipolar charge transport, and the majority 

of them are p-type, where conduction is dominated by holes [20]. However, the Phenyl-C61-

butyric acid methyl ester (PCBM), that is a soluble variety of fullerene, is a n-type organic 

semiconductor. This small molecule widely used as an electron acceptor in photovoltaic cells 

[14,23] has recently been applied in a cooperative combination with SnO2 and exhibited 

improvements of all photovoltaic parameters compared to cells using only SnO2 [23]. Also, a 

hole doping and electron trapping were detected in graphene by coupling this layer with C60, 

which reinforces the widespread use of C60 derivatives as electron acceptors in organic 

photovoltaic devices [24]. In that work, authors identified the change in the transport properties 

of graphene induced by C60 through Raman and THz spectroscopies, and showed that the C60 

thin film act as hole donor and electron acceptor for the graphene layer, presenting a hole 

doping concentration of 5.6x1012 cm-2 [24]. 
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The organic-inorganic heterojunction promises hybrid materials with both the superior 

carrier mobility of inorganic semiconductors and the easy fabrication of organic materials [25] 

allowing its use in higher speed devices when compared to devices with a-Si or organic 

semiconductors. The characteristics of multilayer hybrid systems and their performance in 

devices depend on interfacial electronic interactions and charge transfer. In the context of 

photonic applications, the response of such hybrid materials to optical excitation and the role of 

interfacial charge transfer are of particular importance [24]. 

In the present chapter the ATO/PCBM is investigated on thin film transistors (TFT) and 

an improvement of the balance of bipolar characteristics is found in these devices. Section 1 of 

this chapter presents the methodology for obtaining the inorganic and organic semiconductors as 

well as the assembling of the TFTs. The section 2 focuses on the results and discussions of the 

SnO2 and hybrid TFTs. 

 

 

1 METHODOLOGY 

1.1 SnO2 based devices 

The dialysis-based process used to prepare ATO started by dissolving 8.94 g of 

SnCl4·5H2O and 230 mg of antimony chloride (SbCl3) in 50 mL of deionized water. Solution of 

0.5 M were thus obtained at room temperature by magnetic stirring of these precursors. NH4OH 

was subsequently added drop wise until reach pH = 11. Precursors were purchased from Sigma-

Aldrich and used without purification. The solution was then transferred to semipermeable 

cellulose tubes (25 mm diameter, D9777, Sigma-Aldrich) to carry out the dialysis process. After 

12 days, the suspension with reduced pH and with 0.05 M of 4 at% Sb:SnO2 concentration in 

water was obtained. Two different colloidal suspensions were considered in this study: the first 

one was stored for 5 years prior to its use for thin-film transistor fabrication, whereas the second 

one was utilized no more than 2 weeks after preparation. The process conditions, starting 

materials, and concentrations were the same for both obtained suspensions. Solutions were 

concentrated up to 0.3 M by slow solvent evaporation at 100°C prior to their use for spin-

coating deposition, to promote better adhesion and thin-film deposition on specific substrates. 

Three different substrates were used for thin-film deposition, characterization, and TFT 

fabrication: BK7 glass (Corning) and quartz were used for analytical characterization, whereas 10 

mm x 10 mm pieces of highly doped n-type Si (100) wafers with 100 nm thick of thermally 

grown SiO2 (Silicon Valley Microelectronics) were used for the fabrication of TFTs and electrical 
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characterization. All substrates were cleaned by four consecutive 15 min ultrasonic baths in 

detergent mixture, water, acetone, and methanol (in the bath sonicator model 8890, Cole-Parmer 

Inc.). Substrates were dried using a flow of medical-grade nitrogen prior to thin film depositions 

by spin-coating (model WS-400BZ-6NPP, Laurell Technology Co.) at 6000 rpm on all 

substrates. Two different sets of samples were prepared, and each set was annealed at either 

450°C or 500°C in air.  

For field-effect TFT fabrication, the ATO layer was deposited on the Si/SiO2 substrate 

followed by aluminum evaporation, 200 nm thick, as electrodes. Metal contacts were thermally 

evaporated in chamber at low pressure (6 x 10-4 Pa) through a pre-patterned shadow mask (figure 

3.1a and b) resulting in square electrodes of 800 µm x 800 µm distant from each other by 50 µm. 

The resulting contact arrangement produced a matrix of 4 x 2 electrodes, resulting in an array of 

four TFT devices on the same chip with 800 µm and 50 µm channel width (W) and length (L), 

respectively, as shown in figure 3.1c. This matrix of contacts on one single chip enables the 

investigation of the inhomogeneity effects on the transistors performance, at different locations 

along the x-axis. The aluminum electrode was chosen for the better alignment with the 

conduction band of the n-type semiconductors used in this work. The antimony doping on the 

SnO2 layer was accomplished in order to optimize the charge injection by increasing the 

conductivity and reducing charge-trapping effects in the conduction channel of the inorganic 

layer [19]. It also drives de Fermi level towards the bottom of the conduction band [26]. 

The TFT structure consists of a metal-insulator-semiconductor (MIS) junction with two 

electrodes on the semiconductor Sb:SnO2 layer. The Si/SiO2 substrate works as the 

metal/insulator layers, where the SiO2 works as the dielectric layer, while the highly doped n-type 

Si work as back gate. A droplet of graphite colloid (Pelco, Ted Pella, Inc.) is used on an edge of 

the gate to connect with the probe station.  

Common features of devices with ambipolar conduction are the use of a low-work 

function metal for the electron-injection electrode and a high-work function metal for the hole-

injection electrode. In this work only the Al that presents low-work function (~4.1 eV) was used 

[1,20]. 
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Figure 3.1: (a) Shadow mask for deposition of square shaped metallic electrodes (800 µm x 800 
µm). (b) Optical image of the semiconducting channel among four different electrodes (corners) 
deposited on the sample. (c) Diagram of the TFT devices with top aluminum source-drain 
electrodes. The glass substrate is used to support the sample and hold the graphite gate connected 
to the Si substrate. 
 

 

Electrical characterization of all devices was performed at room temperature using 

probes (model S725, Signatone) equipped with two source-meters (model 2400, Keithley), one 

for source–drain voltage sweep and current measurement, and the second for gate voltage scans. 

Source-meter control was automated using a National Instruments IEEE 488 interface operated 

by a custom-built MatlabTM (The MathWorks Inc.) routine. Unless otherwise noted, the values 

of the transistor performance parameters reported in the following sections refer to the average 

values of the transistors assembled on the same chip, whereas the uncertainties have been 

calculated from their standard deviations. 

Thin-film transmittance measurements in the ultraviolet visible (UV-Vis) were recorded 

in the 200 – 600 nm range using an UV-Vis spectrophotometer (model DMS 80, Varian Inc.). 

The optical band gap of the ATO layer was subsequently determined by the Tauc plot [27,28]. 

The samples were also investigated by X-Ray diffractometry (XRD, with CPS detector, Inel Inc.) 

with instrument equipped with a CuKα radiation source operating in film configuration with 

fixed beam incidence angle of 5°. Sample morphology was characterized by Confocal 

microscopy (Leica, model DCM-3D), and Atomic Force Microscopy (AFM, model Alpha 300S, 

Witec GmbH) operating in tapping mode (non-contact) and mounting 325-kHz cantilevers 

(model HQ-NSC15, Mikro-Masch Inc.). Sample composition was investigated by Rutherford 

Backscattering Spectrometry (RBS). A 2.5 MeV 4He2+ ion beam was used for these 
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measurements and the detection of backscattered ions was carried out at an angle of 170° using a 

silicon barrier detector in Cornell geometry [29]. 

 

1.2 PCBM 

Solution of PCBM was obtained by dissolving its powder in chloroform, in a 

concentration of 1 mg/mL. The mix was dissolved in sonicating bath for 30 minutes and filtered 

through glass fiber filter of 0.1 µm prior to the deposition. The PCBM deposition occurred on 

the ATO TFTs after their characterizations. The deposition was performed by sinking part of 

the samples into a beaker with the filtered solution along with the solvent evaporation. The 

deposition occurred in room atmosphere and no enclosing was done on the PCBM layer after 

deposition to protect from oxygen exposure. 

 

2 RESULTS 

2.1 SnO2 based TFTs 

Additional analytical characterization of the ATO active layers was performed to gain 

insight into the differences between field-effect TFTs fabricated from solutions at different aging 

time, and to understand their electrical characteristics. The crystallinity was obtained using x-ray 

techniques, while their morphology and composition were obtained through AFM and RBS.  

Figure 3.2 presents the comparison of the XRD patterns from ATO layers obtained 

from fresh and aged solutions. In both cases, the ATO thin films appear to be polycrystalline, 

with diffraction peaks that can be assigned to SnO2 rutile tetragonal phase [3] (JCPDS, datasheet 

088-0287). The XRD patterns also present contributions from the underlying amorphous SiO2 

layer due to the grazing angle at which the diffractograms are recorded. The mean crystallite size 

(MCS) of the SnO2 rutile phase was estimated by means of Scherrer equation [30], by using the 

diffraction peaks corresponding to (110), (101), and (211) planes, as indicated in figure 3.2. The 

estimated crystallite size was found to be about the same in all the analyzed samples. The fact 

that crystallite sizes are at the nanometer-scale level suggests the films are relatively disordered in 

nature. On the other hand, the little dependence of MCS on the type of the solution indicates 

that the amount of disorder is similar in all cases and it is not a determining factor for the large 

differences on the devices characteristics, as will be verified at the end of this section.  
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Figure 3.2: XRD of aged and fresh ATO thin film on glass substrate. Aged sample is annealed at 
500˚C and fresh one is annealed at 450˚C. A polycrystalline thin film with SnO2 rutile tetragonal 
structure is observed. The high amorphous contribution from the glass substrate is related to the 
high incident angle of the X-Ray beam. 

 

 

Figures 3.3a and b compare the micrographs of two films deposited from aged and fresh 

solutions, respectively. From these images, it is apparent that both films are granular and present 

particles one order of magnitude larger than the 3 nm crystallite size determined from XRD data 

[31]. From a qualitative analysis of the AFM images it is convenient to observe that the particles 

are significantly larger in films made from fresh solution than the observed in films made by aged 

solution. This phenomenon may occur due to colloidal solution degradation along the aging 

process.  
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Figure 3.3: AFM topographic image obtained by tapping mode of the (a) thin film obtained 
from aged solution, and (b) thin film obtained from fresh solution where larger particles are 
observed.  

 

 

To better understand the causes of different electron concentrations and electron 

mobility in samples made from the two types of solutions, an analysis of the total surface area of 

each sample must be done. Films obtained from aged solution present larger total surface area 

due to larger grain boundary area per unit volume. The grain boundaries are populated with the 

most of Sb ions [32], and the Sb centers in these regions may contribute to the formation of high 

concentration of defects [3,4,32,33]. This higher density of Sb ions at grain boundaries reduces 

the doping efficiency and consequently the charge carrier concentration in these samples.  

Figure 3.4 shows the experimental and simulated RBS spectra for ATO thin films 

deposited on silicon substrates. The composition of the films from both samples was 0.04 Sb, 

0.96 Sn and 1.94 O, which rules out the possibility that the different charge carrier 

concentrations is determined and assigned to different Sb contents. Therefore, it is perfectly 

consistent with RBS data that Sb reconstructs in different environments, consistently with the 

AFM results. The oxygen content is slightly under stoichiometry in both samples, which may 

account for the presence of oxygen vacancies at the grain boundaries. 
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Figure 3.4: Experimental and simulated RBS data for Sb:SnO2 films obtained from aged and 
fresh solutions, deposited on Si/SiO2 substrates. Due to close atomic mass between Sb and Sn, 
their peaks are largely overlapping. 

 

 

To acquire additional information about the degree of electron confinement in our active 

layer, the transmittance of the ATO at photon energy (hv) from 2.5 to 6.0 eV has been 

performed and is shown in figure 3.5a. Both films exhibit a transmittance of about 90 % in the 

entire visible range, which suggests that active layers prepared by this method may be suitable for 

transparent electronic devices [9,34]. Figures 3.5b and c present the determination of the 

bandgap energy (Eg) for thin films prepared from aged and fresh solutions, respectively. The 

optical bandgap of ATO films deposited from aged solution was estimated as Eg = 3.0 eV or Eg 

= 4.5 eV under the assumptions of indirect or direct transitions, respectively. The corresponding 

values extracted from ATO obtained from fresh solution were Eg = 3.25 eV and Eg = 4.0 eV. It 

can be noticed that the direct bandgap values are larger than Eg = 3.6 eV, the bandgap that is 

reported for crystalline SnO2, assuming a direct-gap material [4,35–37]. This effect can be 

assigned to the disordered nature of our samples and electron confinement effects associated 

with it. A similar effect was observed in electrospun tin-oxide nanofibers with Eg > 4 eV where 

lateral electron confinement was present [2] and corroborates to the role played by electron 

confinement in our samples. Although the SnO2 bandgap is said to be direct, there is also few 

works that present this semiconductor as an indirect bandgap material [11]. 
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Figure 3.5: (a) Transmittance spectra in the near-ultraviolet and visible range for ATO thin films 
made from aged and fresh solution on quartz substrates and annealed at 500°C and 450°C, 
respectively. Allowed direct and indirect band gap transitions were obtained by Tauc plot (b) for 
films from aged, and (c) fresh solutions. 

 

 

Figure 3.6 presents the electrical output characteristics for two different transistor 

samples. The two transistors have been selected randomly within the matrix presented in figure 

3.1c. Both TFTs have an active layer with the thickness of 60 ± 20 nm. 

A clear saturation trend can be observed in figure 3.6a for aged ATO devices at high 

drain (VD) and low gate voltage (VG). The channel pinch-off conditions (VD ≥ VG - VT) [8] are 

achieved in this sample due to the relatively low threshold voltage (VT =-2 V). On the other 

hand, TFTs made from fresh solution with higher VT (= -19 V) do not exhibit any current 

saturation and channel pinch-off conditions. Consequently, they require higher gate voltage to 

turn on the channel and higher negative gate voltages to turn it off. The consequence of high VT 

is the low current modulation of the channel that produces low on/off ratio found in this sample 

[8,9]. 

 

 
Figure 3.6: Output curves of ATO TFT obtained from (a) aged, and (b) fresh solution. 
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Figure 3.6 shows that both devices exhibit an active layer with n-type characteristics, as 

expected from donors present in the SnO2 film, such as oxygen vacancies and Sb doping. This is 

noticeable from the increase in source–drain current (ID) at increasing positive gate voltages (VG). 

Despite the identical fabrication conditions, the two devices exhibit striking dissimilarities in 

electrical resistivity, about 200 times, which suggests a critical role of solution aging in such 

dissimilarity. The resistivity is ρ = 1.1 ± 0.2 Ω·m for films deposited from freshly prepared 

solution, and it is significantly higher when the aged solution is used: ρ = 220 ± 40 Ω·m. The 

latter is relatively high for Sb doped SnO2 [38–43]. 

Figure 3.7 shows the transfer characteristics at constant drain voltage VD = 7 V. The 

threshold voltages found are VT = -2.0 ± 0.6 V and VT = -19 ± 2 V for devices obtained from 

aged and fresh solution, respectively. Negative values of VT indicate that these devices operate in 

depletion mode and present considerable current in the absence of gate bias [8,9,44]. This 

difference of VT can also be assigned to considerable doping effects from antimony centers at 

high doping level (4 at.%) that leads to significant concentration of free carriers in devices made 

from fresh solution. Antimony located at grain boundaries give rise to oxygen vacancies [32,45] 

that may contribute to higher number of defects which produces smaller grains responsible for 

trapping free charge carriers in devices obtained from aged solutions. Such traps are responsible 

for releasing electrons upon applied gate bias. The on/off current ratio found in devices made 

from aged and fresh solutions are 100 ± 50 and 5 ± 2, respectively. It can be noticed that the 

uncertainties associated with performance fluctuations of devices assembled on the same chip 

are considerable (respectively, 50% and 40%), but the influence of the type of solution is even 

more significant. Specifically, the on/off current is more than 20 times larger after solution aging. 

The current is better modulated by electric field [8,9] in samples made from aged solution due to 

larger concentration of trapped carriers that are de-trapped under gate-bias. 
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Figure 3.7: Transfer characteristic of one TFT device for each sample, at VD = 7 V: (a) TFT 
fabricated from aged ATO solution shows on/off current ratio ION/IOFF = 150 and threshold 
voltage VT = -2.5 V. (b) TFT fabricated from fresh solution, which shows ION/IOFF = 5 and VT = 
-20 V. 

 

 

The transconductance of TFTs built from both solutions are also obtained from the 

transfer curves presented in figure 3.7 through the equation 1.5 presented in chapter 1. The 

values differ by about two orders of magnitude: (2.9 ± 0.6) x 10-8 Ω-1 and (2.4 ± 0.3) x 10-6 Ω-1 

for ATO devices prepared from aged and fresh solutions, respectively. As consequence of the 

different solutions, the different resistivity and transconductances corroborate to the importance 

of the aging time of the starting solution in the electrical properties of devices. The electron 

mobility (µe) of ATO was determined from the transconductances within the long-channel 

approximation [44]. It is very low for devices obtained from aged solution (µe = (4.6 ± 2) x 10-3 

cm2/V.s). However, a significantly higher mobility (µe = (3.3 ± 2) x 10 -1 cm2/V.s) is extracted 

from TFTs with active layers deposited from the fresh solution. The difference is about 70 times 

higher which suggests that solution aging has pronounced effect on electron mobility due to 

smaller grains, as seen in figure 3.3, that increases the electron scattering on the larger amount of 

grain boundaries present in the electron path [5,46]. The electron density (nd) as function of the 

thin-film resistivity (ρ) and mobility was calculated by the constitutive equation 3.1 [33,38] 

 

nd = 1 / (q ρ µe)           (3.1) 

 

in which q is the elementary charge. Electron density nd = (6.7 ± 1.2) x 1016 cm-3 and nd = (2.7 ± 

1.8) x 1017 cm-3 were obtained for films obtained by aged and fresh solution, respectively. The 

charge carrier concentration (ne) was also calculated from equation 1.2 (in chapter 1) and the 
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values found are ne = (4.5 ± 0.9) x 1011 cm-2 and (4.2 ± 0.4) x 1012 cm-2 for devices made from 

aged and fresh sol-gel, respectively. These values show that even though the nd or ne are about 

one order of magnitude higher in fresh solution based-devices the mobility was also increased, 

which may occur due to reduced number of defects [9,33], or, perhaps, to the donor level closer 

to the conduction band [9,47] in thin films made from the fresh solution. The gate leakage 

current is about 10-9 A at VG = 0 in both cases and does not increase considerably at high applied 

VG, thus, it does not affect the calculations in a significant way [9]. 

It was also explored the role of a relatively small increase of annealing temperature from 

500 °C to 450 °C of active layers made from fresh solutions to investigate the effect of annealing 

temperature fluctuations on the TFT performance. Moreover, the effects of this variation in the 

devices properties were determined. A chip with four devices that were thermally annealed at 

450 °C present electrical characteristics not dissimilar from their counterparts annealed at 500 

°C. The most likely difference is in the n-type carrier concentration that increases about 40 %. 

This raise of the mean value of ne at increasing temperature is accompanied by a consistent 

decrease of about 20 % of the on/off current ratio. The calculated values of field-effect mobility 

and threshold voltages are also within the standard deviation of the statistical set of data. 

Therefore, it is inferred from this analysis that small fluctuations in the annealing temperature are 

not as important as solution aging in determining the performance of sol-gel–processed ATO 

TFTs. 

In summary, from electrical measurements of field-effect transistors, it is possible to 

evaluate the potential applications of either aged or fresh solution according to the electric 

characteristics of the resulting ATO thin films. A synthesis of the results obtained from the 

samples is presented in table 3.1. The properties of devices made from aged solution indicate 

they are still suitable for applications requiring high on/off ratio and low threshold voltage. On 

the other hand, devices made from fresh solution show higher mobility at a constant level of 

doping which indicates that a lower doping level should be desirable to achieve higher on/off 

current ratio and lower threshold voltage [48]. In general, it is apparent that the aging of the 

solution affects the TFTs performance, including field-effect mobility, density of charge carrier, 

on/off current ratio and threshold voltage more significantly than small fluctuations of thermal 

annealing temperature or local fluctuations of each film. 
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Table 3.1: Synthesis of the results obtained and discussed in this section. 

Property Aged samples Fresh samples 

Resistivity (Ω.m) 220 ± 40 1.1 ± 0.2 

Electron density (cm-3) (6.7 ± 1.2) x 1016 (2.7 ± 1.8) x 1017 

Threshold voltage (V) -2 ± 0.6 -19 ± 2 

Transconductance (Ω-1) (3 ± 0.6) x 10-8 (2.4 ± 0.3) x 10-6 

Mobility (cm2/V.s) (4.6 ± 2) x 10-3 (3.3 ± 2) x 10-1 

ION/IOFF 100 ± 50 5 ± 2 

 

 

2.2 SnO2/PCBM based transistors 

In this section, results concerning the junction of SnO2 with organic PCBM are shown in 

order to compare SnO2 TFT devices, studied and discussed in the previous section, with TFT 

devices with PCBM deposited. Figures 3.8a and b show a diagram and optical microscope image 

of the Al electrodes on ATO layer. Confocal microscopy was carried out on samples with PCBM 

organic layer deposited on the TFT devices to verify the surface homogeneity and PCBM effect 

on the electrodes and channels, as can be seen in figure 3.8c and d. The organic deposition 

occurred by sinking part of the TFT devices into a beaker with the fullerene-chloroform mixture. 

The deposition of PCBM on the Sb:SnO2 surface occurred along with the solvent evaporation. 

The microscopy images, figures 3.8c and d, show that after the organic layer deposition the 

surface becomes non-homogeneous, marked by the presence of clusters of fullerene. Such 

clusters may appear possibly due to the long-time deposition, of about few hours, and exposure 

to room atmosphere. The presence of the clusters on the tin oxide surface may affect the 

inorganic layer as previously presented by Jnawali and collaborators [24]. Their work 

demonstrated the absence of relation between thickness of the fullerene and the charge-transfer 

effect on the C60/graphene interface. Thus, in our samples may occur an overlay of non-

homogeneous effects from surface regions without C60 clusters and regions where fullerenes are 

more concentrated. Charge transfer may occur through electron transfer from Sb:SnO2 that are 

captured by unoccupied trap states in C60 clusters. These defects are associated with the influence 

of oxygen exposure of the organic layer during the deposition at room atmosphere. 
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Figure 3.8: (a) FET arrays assembled on Sb:SnO2. (b) Optical microscope image of the Al 
electrodes with channel width of 800 µm and length of 60 µm. (c) Schematic of the FETs surface 
after addition of PCBM. (d) Confocal microscopy of the transistor surface after deposition of 
PCBM. Inset shows an optical image of the channel and its respective confocal image. 

 

 

The electrical output curves of the TFTs without and with PCBM on top of SnO2 are 

shown in figure 3.9a and b, respectively. Black curves represent scans at VG > 0, when the 

channel is expected to operate (in both panels) in electron accumulation mode. Blue curves are 

scans at VG = 0. The ATO as well as the ATO/PCBM TFTs operate in accumulation mode 

upon application of positive gate bias through the increase of ID. The application of a negative 

gate bias creates a depletion region in the channel that turns the device off (IOFF). Further 

increase in negative bias takes the device to strong inversion condition that accumulates holes as 

charge carriers on the semiconductor/dielectric interface, thus increasing the electric current (red 

lines) [18]. When compared at positive applied gate voltage, the conduction by electrons is 

reduced after deposition of the organic layer, whereas, at negative gate bias a strong growth of 

conduction by holes is observed with the PCBM present on the devices. These results show the 

inorganic as well as the hybrid layer form a predominant n-type channel in the TFTs with 

significant enhancement of p-type characteristics after PCBM deposition. 
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Figure 3.9: (a) Output curves of TFT devices based on Sb:SnO2 and (b) on Sb:SnO2/PCBM. 
Inset of both figures show the diagram of the devices and electrical circuits. Positive gate voltages 
are represented by black lines, VG = 0 by blue ones, and high negative gate bias are represented by 
red ones.  

 

 

The transfer characteristics are presented in figure 3.10 to better compare and 

understand the electrical contribution of the organic layer on the TFTs. The curves were taken at 

VD = 10 V. The threshold voltages for electrons (VT,e) and holes (VT,h) at accumulation and 

inversion regimes are presented in the figure but also synthesized in table 3.2. 

 

 

Table 3.2: The values of threshold for different charge carriers. VT,e for electrons, and VT,h for 

holes. 

Sample VT,e (V) VT,h (V) 

ATO -12 ± 2 -26 ± 2 

ATO/PCBM -7 ± 1 -22 ± 3 

 

 

It is noticed that at gate bias larger than threshold voltage for electron VG > VT,e = -12 V 

on ATO devices, or VG > VT,e = -7 V on ATO/PCBM devices the channels are turned on and 

start the electron accumulation conduction regime. On the other hand, the accumulation of 

holes, or strong inversion regime, starts at lower threshold voltage for the hybrid devices, VG < 

VT,h = -22 V, while for ATO TFT it occurs only at VT,h = -26 V. Prior to PCBM deposition, 

weak hole current is present in inversion region which is changed into stronger current after 

PCBM deposition. This reduced threshold voltage for hole accumulation relocates the depletion 

regime towards positive gate voltages, which represents a more balanced hole-to-electron 
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concentration. The enhanced balance of electron and hole concentration within the 

semiconductor affects directly the electrical characteristics of the devices. Among the different 

characteristics between the two devices investigated, it is possible to verify that the reduced 

threshold voltages for holes and electrons occur due to significant increase of hole and decrease 

of electron densities, respectively.  

 
Figure 3.10: Transfer curves of the FET devices at VD = 10V. Two different devices on same 
sample (filled and non-filled circles) are presented. Devices with (green) and without (red) PCBM 
layer. A VG > VT,e is necessary to start conduction by electrons in accumulation regime, and VG > 
VT,h is necessary to start conduction by holes in inversion regime. The depletion layer with no 
carrier charge moves to positive gate voltages after deposition of the PCBM layer on SnO2. 
 

 

As previously presented, it is possible to notice the important role caused by the fullerene 

changing the ionization potential of the SnO2 at the ATO/PCBM interface. A downshift of the 

SnO2 Fermi energy occurs due to the loss of electrons when in contact and equilibrium with the 

organic layer, as shown in figure 3.11a and b. The figure presents the interaction between the 

semiconductors where electrons are transferred from the inorganic to the organic layer. These 

charges are trapped on defects below the Fermi energy (EF) of the PCBM that causes a 

downshift of the Sb:SnO2 Fermi energy toward the valence band (fig. 3.11b). Creation of gap 

states from chemical defects and structural disorder on the SnO2/PCBM interface are related to 

the reduction of electron density in the conduction band (CB) of the Sb:SnO2 at positive gate 

bias [49] along with the capture of electrons by similar states in the acceptor organic layer [24]. 

After equilibrium, the Sb:SnO2 valence band (VB) and CB are shifted toward the vacuum energy. 
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With lower EVB and ECB energies a better alignment occurs between the PCBM HOMO and the 

Sb:SnO2 VB that increases the probability of injection of holes from the organic material under 

gate electric field. 

At VG < VT,h, figure 3.11d, the holes are further accumulated in the Sb:SnO2/SiO2 

interface due to EF closer to intrinsic Fermi energy (EINT) after equilibrium. The bended EINT 

crosses the EF at lower gate voltage and increases the hole concentration [44] that starts the 

strong inversion regime with electrical conduction by holes. This increase of positive charges 

available in the channel is responsible for filling traps that enables additional charges to move 

along the source-drain electric field with higher mobility [25]. 

Also, the upshifted Sb:SnO2 VB allows better line up with the positive drain electrode, 

which improves the injection of holes from this electrode into the inorganic VB. The hole 

injection can be improved in order to enhance even more the ambipolar characteristic of the 

PCBM/Sb:SnO2 FETs by reducing the Schottky barrier between the drain-electrode and the 

Sb:SnO2 VB through the deposition of a metal electrode with higher work function [17,50], 

which would require lower applied VG to bend the valence band and increase hole injection. 

 

Figure 3.11: (a) Band diagrams of Sb:SnO2 FETs in contact with PCBM layer. The Sb:SnO2 
valence (VB) and conduction bands (CB) are located at EVB = -8.3 eV and ECB = -4.5 eV, 
respectively. A Sb energy band is located at Fermi level (EF) below Sb:SnO2 CB. The PCBM 
LUMO and HOMO are located at -3.7 eV and -6.1 eV, respectively. After transfer of electrons 
from Sb:SnO2 CB and Sb energy to PCBM traps below EF and LUMO, a downshift of the 
Sb:SnO2 EF occurs before the (b) equilibrium is achieved, which leaves the Sb:SnO2 with reduced 
density of electrons. (c) At VG > 0 the lower concentration of electrons are attracted and form 
the conducting channel in the Sb:SnO2/SiO2 interface. (d) At VG < 0 the holes are further 
accumulated in the Sb:SnO2/SiO2 interface due to EF closer to intrinsic Fermi energy (EINT). The 
bended EINT crosses the EF allowing the conduction by holes in the FETs. 
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The results reported here are in good agreement with PCBM/SnO2 junction previous 

reported [23], and also to other works where other semiconductors are coupled with fullerenes. 

Jnawali and collaborators [24] have found that C60 layer deposited on graphene increases the 

graphene hole density and mobility by causing a downshift of graphene Fermi level by 160 meV. 

The trapping of electrons occurs by unoccupied trap states in C60 associated with the influence of 

oxygen exposure. Xiao et al [13] also found that the hole mobility and density are increased in 

organic semiconductor PCDTBT due to downward shift of the Fermi level. 

The possibility of existing a film of PCBM on the Sb:SnO2 surface may contribute to 

explain the higher inversion conduction present in this sample, where the conduction of holes 

could occur in the organic film. Although this may be a possibility to explain the higher 

ambipolar behavior on the PCBM/SnO2 samples, the organic layer is farther than the inorganic 

one from the semiconductor/dielectric interface, where the conduction channel is formed due to 

the high electric field generated in the interface by the potential difference between gate and 

source electrodes. 

Finally, we may summarize the matter presented in this section as a study of Thin Film 

Transistors with distinction on the influences of the PCBM on Sb:SnO2 layer, where the organic 

works as a p-type dopant on the inorganic layer. The hybrid material obtained by this assembly 

demonstrated a higher ambipolar characteristic through higher inversion conduction at lower 

threshold voltages for holes. Also, a lower electron accumulation current related to the strong 

acceptor characteristic of the PCBM were verified in the devices investigated due to presence of 

defects trapping negative charges on the hybrid interface. 

 

 

CONCLUSION 

An investigation of the effects of long time aging solution on the electrical, optical, and 

electronic properties of sol-gel processed Sb:SnO2 applied on TFT devices were presented. The 

results show that Sb:SnO2-based transistors can be prepared regardless of the age of the solution, 

which, however, is important to determine the transistor characteristics. Specifically, higher 

electron mobility, carrier concentration and transconductance, along with lower sheet resistivity 

could be achieved from TFTs obtained from fresh solutions due to better Sb-doping efficiency 

observed in these samples. Degradation of aged solution led to slower nucleation of grains 

during the annealing process consequently leading to segregation of Sb ions into the grain 

boundaries. Although the performance of sol-gel–processed ATO TFTs are inferior than those 

from materials prepared through more expensive methods, the lower free carrier concentrations 
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achieved in devices made from aged solutions led to higher on/off ratios and lower threshold 

voltages, which are positive characteristics for TFT applications. 

The investigation of the influence of the PCBM layer on ATO TFTs showed that the n-

type organic semiconductor PCBM act as p-type dopant on the investigated devices, by 

capturing electrons and donating holes. Furthermore, even though the data suggests the increase 

of the hole density on SnO2/PCBM devices, the hole concentration is not large enough to 

equilibrate the electrical conduction but contributes to a higher ambipolar characteristic on the 

active layer, which is desirable for applications in CMOS transistors or light-emitting transistors. 
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Chapter 4 

 

ZrO2 based devices: The non-alkoxide method *
 

 

 

INTRODUCTION 

The current chapter presents content recently published in the Ceramics International 

with the title “Annealing temperature influence on sol-gel processed zirconium oxide thin films 

for electronic applications”. 

Zirconium oxide (ZrO2), also known as zirconia, is a ceramic material characterized by its 

hardness, high melt point (2700°C) and chemical inertness to acid and base. The zirconia 

ceramics are usually used as refractory materials in furnaces, laser mirrors, ionic conductors, 

pigments, and electronic devices [1]. This material occurs most naturally with monoclinic 

crystalline structure in the mineral baddeleyite. The phase diagram of pure zirconia shows at least 

three crystalline forms: monoclinic, tetragonal and cubic. The phase transitions, at room 

pressure, occur from: amorphous to metastable tetragonal at approximately 430°C; metastable 

tetragonal to monoclinic between 600-800°C; monoclinic to tetragonal between 950-1230 °C and 

from tetragonal to cubic at approximately 2370°C [1–3]. 

In order to find a substitute for SiO2 in metal-oxide-semiconductor (MOS) devices, 

dielectric oxides with high dielectric constant (k), also called high-k, such as HfO2, Al2O3 and 

ZrO2 have been investigated and are suitable to improve the channel modulation and reduction 

of tunneling current in such devices even with thinner layers [4–6]. Zirconia is an optimal 

alternative due to its high dielectric constant (k = 18 - 26), wide bandgap (Eg = 4.7 - 7.8 eV), 

good thermal stability against silicate formation, excellent chemical inertness, and high 

breakdown field [7–10]. 

ZrO2 thin film has become an interesting subject for researches due to their extensive 

use within a wide variety of technical and high-temperature applications such as catalysts, fuel 

cell technology and gas sensor applications [7]. Thus far, it has been one of the most promising 

oxides for functional and structural materials [7]. Along with properties of wide bandgap, high 

                                                             
* M. H. Boratto et al, “Annealing temperature influence on sol-gel processed zirconium oxide thin films 
for electronic applications”, Ceramics International, 44(9), 770-776, 2018.  
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refractive index and low absorption ranging from 240 nm to ~8 µm, ZrO2 based thin film is also 

suitable for use as active-waveguide sensors and coatings of optical filters in the ultraviolet to 

infrared spectral region [7,10–12]. 

ZrO2 thin films are obtained for application in electronics by costly methods either at 

high temperatures (> 500°C) [13] or by high vacuum methods, such as reactive sputtering, 

atomic layer deposition (ALD) [8,11], electron beam evaporation [14], oxidation of Zr film by 

thermo-oxidation or ultraviolet ozone [10], and pulsed layer deposition. The approach of sol-gel 

deposition for ZrO2 thin films offers besides the reduced cost, significant technical/application 

advantages, such as the simple and fast fabrication process [7]. The preparation of ZrO2 thin 

films at low temperature remains challenging and many approaches have been proposed to 

decrease the process temperature for fabrication of zirconia films on both glass and flexible 

substrates [13,15–18]. 

This chapter presents a study of homogeneous, non-porous and stable ZrO2 obtained by 

the non-alkoxide method, which is well known for obtainment of porous films [19] and 

powders. An investigation of the influences of the thermal annealing temperature on the 

elemental composition is done to better understand these relations with the electrical properties 

of the zirconia thin films. The films were deposited on substrate, applied in Thin Film 

Transistors (TFT) and Metal Insulator Metal (MIM) capacitors to verify their properties and 

evaluate their possible application in electronic devices. 

Section 1 of this chapter presents the methodology to obtain the colloidal solution, films 

and devices assembled. Section 2 presents the characterizations and results related to the films 

and devices. The dielectric films were deposited on substrates of glass, quartz, Si/SiO2, and 

ITO/PEN, whose use depend on specific characterizations. 

 

 

1 METHODOLOGY 

This section describes the methods for obtaining the chemical solution of zirconia by the 

non-alkoxide method along with the preparation of thin films and devices. 

 

1.1 Preparation of colloidal suspension 

The stable ZrO2 solution was obtained through the method proposed by Chiavacci and 

coworkers [19], by using zirconyl chloride precursor (ZrOCl2·8H2O) dissolved in hydrochloric 

acid (HCl) added dropwise to a warm (80 °C) solution of sulfuric acid (H2SO4) at 0.21 M, in a 
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molar ratio of Zr4+:H2SO4 of 3:1. The final volume of 500 mL produced at concentration of 0.2 

M suffered dialysis against distilled water reaching the colloidal suspension at pH 1.6 and 

concentration of 0.1 M [17,20]. To increase the viscosity, 100 mL of the solution was 

concentrated at 98 °C until final volumes (and concentrations) of 25 mL (0.4 M) and 10 mL (1.0 

M) are reached. The concentrated solution was used for thin film deposition without any 

supplementary step.  

Zirconia powder was obtained by completely evaporating the solution at 98 °C. The as-

obtained material was used for thermal characterization (TGA/DSC) and structural analysis 

(XRD) to obtain information about phase changes, mass losses and the crystalline structure. 

Thermal Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) were carried 

out using a STA 409 (Netzsch) with a rate of 10 °C/min from 50 °C to 1200 °C in a controlled 

N2 atmosphere. The powders annealed at 1000 °C for 1 hour were also investigated through X-

Ray Diffraction (XRD) in a Rigaku DMAX with CuKα beam, Ni filter, at scan of 2θ/θ from 10° 

to 80°. 

Different substrates of quartz, glass, indium tin oxide coated polyethylene naphthalate 

(ITO/PEN) and Si/SiO2 were used for thin film deposition for specific characterizations. The 

cleaning of the substrates followed two steps under sonication bath: 1) in a mixture of water and 

detergent, and 2) in isopropyl alcohol. In different cases, the films were deposited by spin-

coating at 3000 rpm for 1 min, and by dip-coating at 100 mm/min with different intermediate 

and final thermal annealing (TA) procedures. Annealing was performed to eliminate the organic 

and solvent residues to obtain the ZrO2 film. Even though most of the literature reports that 

under thermal annealing higher than 400 °C the amorphous zirconia changes to metastable 

tetragonal phase (t-ZrO2), Soo and collaborators [7] show that coated substrates baked under 

infrared lamp followed by annealing at 450 °C results in amorphous ZrO2. 

Deposition of 4 layers of ZrO2 on Si/SiO2 occurred by spin-coating the concentrated 

zirconia solution (1.0 M) at 3,000 rpm followed by thermal annealing after the deposition of the 

last layer. These samples were used for Rutherford Backscattering (RBS) and Atomic Force 

Microscopy (AFM) characterizations to study the films composition and morphology. The AFM 

analysis was performed in a Witec GmbH model Alpha 300S. RBS result helps the verification of 

the elimination of solvent residues from the precursor solution in the zirconia film. The RBS 

measurement was performed at the Western University Tandetron Accelerator facility, using the 

4He2+ beam with energy of 2.5 MeV and the silicon barrier detector in Cornell geometry at an 

angle of 170°. The data analysis and simulation were done with SIMNRA software [21]. 
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ZrO2 thin films deposited on quartz substrate were used for UV-Vis-NIR transmittance 

that was carried out in a spectrophotometer Varian Inc, model DMS 80 to verify the 

transparency on the UV-Vis-nIR spectra and the bandgap of the dielectric material. Deposition 

of zirconia thin films by dip-coating on glass substrates followed by TA at 450 °C for 1 h were 

also investigated through XRD with scan of 2θ and incident angle of 1.5°. 

 

 

1.2 Preparation of films and devices 

A preliminary study was performed to define the suspension concentration to be used to 

deposit zirconia thin films. The higher concentration of the sol-gel suspension revealed to 

produce more uniform films, with less pores. Therefore, the zirconia layers were obtained from 

suspension with 1 M concentration. 

A first deposition of ZrO2 on Si/SiO2 was specifically done for Rutherford 

Backscattering Spectrometry (RBS) characterization to evaluate the film composition as function 

of the TA temperature, and to check the elimination of solvent residues from the solution. The 

films were deposited by spin-coating at 3000 rpm, with a total of four layers and TA only after 

the last one. 

The assemble of devices with ZrO2 film (figure 4.1a) occurred with the deposition of this 

film on soda-lime glass substrate by dip-coating of four layers, using the solution at 

concentration of 1 M and thermal annealing at 450°C for 1 hour after the deposition of the last 

layer. The evaporation of indium electrodes for electrical measurements were performed on top 

of the dielectric layer. The thickness of the electrodes and channel length are 100 nm and 300 

µm, respectively.  

 

 

Figure 4.1: Zirconia on glass substrate with channel length of 300 µm for planar electrical 
characterization. 
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Thin film transistors (TFT) were also assembled to investigate the field-effect properties 

of the zirconia layer as dielectric. The TFT was mounted with ZrO2 deposited by dip-coating on 

top of 100 nm thick Al (gate) electrode followed by the deposition of SnO2 as shown in figure 

4.2a. The obtaining method of tin oxide sol-gel was previously described in chapter 3. A total of 

5 layers deposited by dip-coating at 100 mm/min was obtained. Calcination at 200°C for 10 

minutes after each layer and annealing at T = 400°C for 1 hour were performed on the 

transistor. 100 nm thick Al top electrodes were evaporated on top of the semiconductor as drain 

and source electrodes. MIM capacitors were obtained by dip-coating 2 layers of ZrO2 with 

intermediary and final TA at 450°C for 10 and 60 minutes, respectively. The same deposition 

occurred also on flexible and transparent ITO/PEN substrates. In these substrates the ITO layer 

acts as bottom electrode and a top Al electrode is evaporated to finish the device. A schematic 

diagram of the steps to obtain the employed MIM devices is presented in Fig. 4.2b and c. 

 

  

Figure 4.2: (a) The zirconia based TFT with aluminum electrodes and tin oxide as 
semiconducting layer. (b) Obtaining steps of the zirconia thin film-based metal-insulator-metal 
capacitor on glass substrate, and on (c) ITO/PEN flexible substrates. The top square aluminum 
electrode presents area A = 0.04 cm2. 
 

 

2 RESULTS 

This section presents the characterizations, results and discussion related to ZrO2 thin 

film and devices based on ZrO2 fabricated by the non-alkoxide method. 
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The characterizations were obtained by UV-Vis transmittance, Rutherford Backscattering 

Spectrometry (RBS), Atomic Force Microscopy (AFM), Energy Dispersive X-rays Spectroscopy 

(EDX), Confocal microscopy, X-Ray Diffraction (XRD), Thermal Gravimetric Analysis (TGA) 

and Differential Scanning Calorimetry (DSC), and electrical measurements such as IxV curves 

and Impedance Spectroscopy (IS).  

 

2.1 XRD of film and powder 

Zirconia powder thermally annealed at 1000 °C for 1 hour and thin films thermally 

annealed at 450 °C for 1 hour were analyzed by XRD to investigate the crystallinity of the 

samples obtained by the non-alkoxide method. The XRD was performed in a Rigaku DMAX 

with CuKα beam, at scan of 2θ/θ for powders and 2θ for films. Ni filter were used in order to 

eliminate the CuKβ radiation. The incident angle for thin film configuration was 1.5°. Figure 4.3a 

shows the diffractogram of the thin films with amorphous structure even with TA at 450 °C. On 

the other hand, the powder thermal annealed at 1000 °C shows high crystallinity with monoclinic 

structure, figure 4.3b (JCPDS #100-8297).  

 

Figure 4.3: (a) Diffractogram of the zirconia thin film after TA at 450°C and (b) powder after 
TA at 1000 °C for 1 hour. Inset of (b): ZrO2 monoclinic structure with Zr atoms in red, and O 
atoms in blue. 
 
 
 

2.2 Thermal analysis 

In order to understand the temperature-induced mass loss occurring during the sample 

annealing, TGA/DSC measurements were performed on zirconia powder. The results show the 

release of compounds from the precursor solution and thermal processes (endo/exothermal) 
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occurring during the material heating. Thermal Gravimetric Analysis (TGA) and Differential 

Scanning Calorimetry (DSC) was carried out with a rate of 10 °C/min from 50 °C to 1200 °C in 

a controlled N2 atmosphere in a STA 409 from Netzsch equipment. 

The results are shown in figure 4.4 where it is possible to see a mass loss up to 15% from 

100 to 350 °C, probably due to the elimination of adsorbed water and hydroxyl groups (ZrO2-

OH) in the range 150-250 °C, and Cl2 in the range of 300-400 °C. From 350 to 700 °C another 

significant mass loss ( about 15%) is noticeable probably due to the elimination of SO4, as also 

reported by Rizzato et al [20]. Up to 350 °C the density of the solid remains the same through 

the volume reduction that follows the mass reduction, although the density decreases above 

350°C probably as consequence of the increase of porosity due to gaseous species evolution 

related to Cl2, ClOX, S, and SOX compounds. 

The DSC curve shows endothermic peaks at 142 °C and 342 °C that may be related to 

the temperatures that start to promote the liberation of Cl2 and SO4. The endothermic peak at 

655 °C is probably related to the phase-transition from metastable tetragonal to monoclinic. This 

monoclinic structure of the zirconia annealed at 1000 °C is also observed in XRD data (figure 

4.3b). An overall mass loss of approximately 35 wt.% is achieved until the end of the 

temperature ramp [7]. 
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Figure 4.4: TG/DSC curves of the powder of ZrO2. 
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2.3 Rutherford Backscattering Spectrometry (RBS) 

To verify the surface homogeneity and composition of the thin films obtained from the 

non-alkoxide method and compare with the results presented by TG/DSC, the suspension 1 M 

was used to deposit thin films on Si/SiO2 substrates with a total of 4 layers without intermediate 

calcination but with final thermal annealing in the temperature range of 250-450°C for 1 hour. 

The samples were characterized by Rutherford Backscattering Spectrometry (RBS) and the data 

analysis through simulation was carried out with the help of SIMNRA software [21]. 

Figure 4.5a shows the RBS experimental and simulated data of 4 layers of ZrO2 thin film 

spin-coated and thermal annealed at 450°C after the last layer. The continuous experimental 

curve represents a homogeneous and regular thin film surface. The composition of the ZrO2 

film shows presence of hafnium (Hf) at concentration of 0.5%. This element is found as 

impurity in the ZrOCl2·8H2O precursor used to produce the sol-gel suspension. The residual 

presence of Cl and S from the precursor solution is due to zirconia film deposition of four layers 

with thermal annealing only after the last layer. The total removal of Cl2 and SO4 at 350 °C and 

500 °C [20] are not achieved due to superficial elimination and subsequently trapping of these 

elements within the first layers. Figure 4.5b shows the dependence of the annealing temperature 

to eliminate the S and Cl elements. The initial atomic concentration of S and Cl in the films 

thermally annealed at 250 °C was 7% and 0.8%, respectively. After increase in the annealing 

temperature (up to 450 °C) the concentration of S reduced to 5.5% and Cl reduced to 0.6%, 

following a linear reduction as function of the temperature. The total specific reduction of the 

impurities is 21% for S and 25% for Cl. Once more, the considerable concentration of these 

elements is due to their incorporation within the first deposited layers with no thermal annealing.  

 

Figure 4.5: (a) RBS experimental and simulated data of the ZrO2 spin-coated on SiO2/Si 
substrate. (b) Composition of S and Cl in the ZrO2 films as function of the annealing 
temperature. 
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2.4 Atomic Force Microscopy (AFM) 

The zirconia deposited on silicon substrate with TA at 450 °C previously characterized 

by RBS was also characterized by AFM, as shown in figure 4.6. The image presents a 

homogeneous and non-porous surface reinforcing the findings of RBS measurements. Figure 

4.6b with higher amplification shows that the sample present granular surface with low 

roughness, as detailed in the cross-section profile (inset). 

 

 

Figure 4.6: (a) Atomic Force Microscopy of the ZrO2/Si/SiO2 deposited by spin-coating at 3 
krpm. (b) region that shows similar topography and detail of the grains on the surface. The inset 
shows the cross-section profile. 

 

 

2.5 UV-Vis Transmittance 

The UV-Vis transmittance was carried out in a UV-Vis spectrophotometer Varian Inc, 

model DMS 80. The transmittance was performed on the sample with four layers of zirconia 

film spin-coated on quartz substrate in order to investigate its transparency on the UV-Vis 

spectra and its optical bandgap. The results of transmittance vs wavelength and Tauc plot [22] are 

shown on figure 4.7. The zirconia film presents high transparency in the visible region spectra 

and a direct bandgap EG = 5.8 eV in good agreement with published values [9,23].  
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Figure 4.7: (a) Transmittance of the ZrO2 deposited on quartz substrate, and the (b)  estimated 
optical bandgap by Tauc plot. 

 

 

2.6 Electrical Characterization 

After the study on the optical, structural, compositional, and morphological 

characteristics of the ZrO2 obtained by the non-alkoxide method, the electrical characterization 

of ZrO2 based devices were performed to check whether the presence of impurities within the 

zirconia films may affect the overall electric characteristics of the dielectric layer. To reduce such 

possible influences, the zirconia films were deposited with reduced number of layers and thermal 

annealing after each deposited layer. 

Aiming the application of the zirconia films into capacitors, initial investigations occurred 

with thin film obtained from the solution at concentration 0.4 M. However, the first devices 

analyzed on MIS (ITO/ZrO2/SnO2) and MIM (Al/ZrO2/Al) architectures exhibited no 

electrical insulation, and after several fail attempts, the solution for resolving this issue was to 

increase the thickness of the dielectric through either a more concentrated sol-gel suspension or 

reduce deposition speed. Several tests with slower spin-coating deposition led to inhomogeneous 

films with no electrical insulation. Thus, the sol-gel solution was concentrated to 1.0 M to obtain 

a more viscous suspension. The higher concentration was obtained through heating the solution 

at 100 °C. The films obtained from the new concentrated suspension were applied to MIM and 

TFT devices with appropriated characteristics that are presented in this section. 

Firstly, the zirconia films with two layers and intermediary thermal annealing were 

evaluated through Energy Dispersive X-Ray Spectroscopy (EDX) to obtain qualitative data to 

verify the presence/absence of the S and Cl elements in the insulating film. The figure 4.8 shows 
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the presence of S and Cl in small concentration even with calcination and annealing at 450 °C 

after deposition of each layer. Other elements such as K, Ca, Na, Mg, Al, and Si are related to 

the soda-lime glass substrate. 

 

Figure 4.8: EDX obtained on the zirconia film obtained with annealing after each deposited 
layer. 

 

The topographic characterization of ZrO2 thin films deposited by dip-coating on glass 

substrate was performed through confocal microscopy using a Leica DCM 3D microscope. A 

root mean square roughness of 40 nm and film thickness of about 200 nm was obtained for 

films deposited through this new solution concentration (Fig. 4.9). This deposition method 

became the standard deposition for the samples electrically characterized in this section, thus the 

zirconia thickness presented here is considered in the calculations of the resistivity and dielectric 

constant of the films.  

 
Figure 4.9: (a) Surface topography of a typical ZrO2 thin film deposited on a glass substrate by 
dip-coating. (b) In a border region, sequential confocal images have been acquired to register the 
profilometry to obtain the film thickness. 
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The first devices based on ZrO2 were assembled on glass substrate with In electrodes 

and channel length (L) of 300 µm on top of the zirconia layer. The electrical measurement 

performed with coplanar contacts to obtain the ZrO2 resistivity occurred at room temperature 

and pressure. The proposed device was built with two layers of ZrO2 deposited by dip-coating 

followed by 10 minutes of calcination and 60 minutes of annealing at 450 °C after the first and 

second layers, respectively. 

Figure 4.10 presents the output of the current as function of the applied voltage where 

an Ohmic behavior and a resistance R = 7 GΩ were obtained. The film resistivity (ρ) was 

calculated by the equation  (presented in chapter 2), where A = W.t, W= 3.4 mm, t 

= 200 nm. The resistivity of 1.6 × 104 Ω.m is comparable to values in literature [24] even though 

the presence of ionized impurities in the film may contribute to higher ionic conductivity within 

the amorphous material. 

 

Figure 4.10: Planar electrical characterization of the ZrO2 film between two electrodes (side by 
side) with channel length of 300 µm.  

 

 

The MIM capacitors were assembled as previously described. The electrical 

measurements of these samples were performed at room temperature through Cyclic 

Voltammetry (CV) and Impedance Spectrocopy (IS) in a Metrohm AutoLab PGSTAT302 

equipped with FRA32M module. 

Figure 4.11 presents the results obtained from cyclic voltammetry at several triangular-

shape voltage scan rates. It is verified that at faster scan rates the electrical resistance is reduced 

from R = 5 x 108 Ω to R = 1 x 107 Ω, at 0.1 and 100 Vs-1, respectively. Moreover, an increase in 
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capacitive characteristic arises through the hysteresis of the current curve that represents the 

charge loading in the Al electrodes assisted by the dielectric characteristic of the zirconia film.  
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Figure 4.11: Cyclic Voltammetry at voltage scan rate from 100 mVs-1 to 100 Vs-1 performed on 
the MIM shown in the inset. A total of 5 cycles was obtained for each curve. 

 

 

In order to better evaluate the dielectric properties of the zirconia films, electrical 

impedance of the MIM devices were performed. The impedance results are presented through 

the black curve in Fig. 4.12a. The maximum impedance Z = 2 x 108 Ω obtained at 0.1 Hz is 

drastically reduced to Z = 5 x 102 Ω at 1 MHz. The resistivity ( ) was calculated considering the 

electrical resistance at DC voltage (R = 5 x 108 Ω) through the equation , where L is 

the distance between contacts that corresponds to the film thickness L = 200 nm, and A = 0.04 

cm2 is the cross-section area between contacts. The high resistivity  = 9.9 x 109 Ω.m was found 

and is within reported values [24].  

The presence of capacitive characteristic in the zirconia thin film present in cyclic 

voltammetry (figure 4.11) was further investigated through the electrical impedance and leads to 

results presented in Fig. 4.12a. The current-voltage phase difference (blue curve) shows phase 

values higher than -60° from 1 Hz through 105 Hz, with a maximum at -80°. These results 

represent a behavior close to a perfect capacitor that present -90° phase. The Nyquist plot 

present in figure 4.12b was performed with a RP = 9.9 x 105 Ω commercial resistor in a parallel 

configuration with the zirconia based MIM device working as a capacitor in the circuit, more 

details in the inset of the figure. The result shows the capacitor presents a relatively high specific 
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capacitance of about 1.7 x 10-8 F/cm2. An average value of capacitance (CM) was taken from 

different samples that resulted in CM = 3.7 x 10-8 F/cm2. The dielectric constant (k) of the 

zirconia within the capacitor was then obtained k = 8.5. The relative low dielectric constant 

compared to values reported for zirconia (k = 18 to 23) [7,10] may be related to the presence of 

impurities in the dielectric layer that may weaken the dipole formation. Although this result is 

not the state-of-the-art, it is still greater than SiO2 dielectric constant (k = 3.9) [4,10] which is a 

positive characteristic and indicates a potential application of this ZrO2 deposited by sol-gel for 

replacement of the silicon oxide. 
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Figure 4.12: (a) Bode plot with Impedance (Z) and Phase as function of frequency. (b) Nyquist 
plot of the ZrO2 based MIM device in parallel with a RP = 9.9 x 105 Ω commercial resistor. 

 

 

ZrO2 thin films were also obtained at low temperature (T = 100 °C) on ITO coated 

polyethylene naphthalate (PEN) polymeric substrates (ZrO2/ITO/PEN), as shown in inset of 

figure 4.13a. The same deposition method was applied in these samples, although the calcination 

and final thermal annealing were performed at 100 °C for 20 and 60 minutes, respectively. 

Electrical characteristics of these MIM devices were also evaluated to verify the thermal 

annealing and ITO electrode effects in such devices. As seen in TG/DSC and RBS results on 

figures 4.4 and 4.5, samples with lower thermal annealing temperature tends to present higher 

concentration of S and Cl elements that may impact considerably the dielectric performance and 

capacitance of these devices. 

Bode and capacitance plots are presented in Fig. 4.13a and b. Even though the annealing 

temperature is much smaller, the samples still present impedance as high as Z = 2 x 108 Ω at low 

frequencies which is similar to values found for samples with higher annealing temperature 

between Al electrodes. However, the current-voltage phase difference presents higher variation 
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in these samples. The values of capacitance obtained fluctuates between C = 3 x 10-10 F/cm2 and 

C = 3 x 10-9 F/cm2, at frequencies of 106 and 101 Hz, respectively.  

 

Figure 4.13: (a) Bode plot of Impedance vs frequency (left axis) and phase vs frequency (right 
axis). Inset: ZrO2 based MIM devices on flexible substrate with square Al electrodes (A = 0.04 
cm2). (b) Specific capacitance as function of frequency at different top electrodes on the sample. 

 

 

The ZrO2/ITO/PEN devices present more resistive characteristic than devices 

deposited on glass substrate, which is observed through the phases closer to 0° at low 

frequencies (< 103 Hz). That difference may be related to higher concentration of ionic 

components and its consequently higher disorder within the zirconia layer annealed at 100 °C. 

This condition also may be the responsible for the lower maximum capacitance (3 x 10 -9 F/cm2) 

found for these devices. The resistive characteristic preserves the high impedance at higher 

frequencies, i.e. the impedance of samples annealed at 450 °C decreases to Z = 106 Ω at 102 Hz 

while the impedance of polymeric samples decreases to Z = 3 x 107 Ω, at the same frequency. 

The higher impedance found in ZrO2/ITO/PEN may be related to the higher work function 

(4.7 eV) of the ITO electrode [25] that increases the conduction band discontinuity [26] 

decreasing the carrier injection and the leakage current. 

 

ZrO2 based transistors - ZrO2/SnO2 

Zirconia based MIS devices were preliminarily investigated but presented high leakage 

current and low channel current modulation which motivated a change on investigation direction 

concerning ZrO2/SnO2 n-type TFTs. Results of electrical characterization of these devices are 

presented in figure 4.14a. Many devices were built and presented the same results described as 
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follows. The figure shows the output drain and gate currents of the TFT as function of the 

applied drain voltage. Unfortunately, the dielectric layer does not control the channel due to high 

leakage current (IG) that is responsible for the decrease of drain current (ID) at higher applied VG. 

A possible explanation for this high leakage is the large area (of about 0.4 cm2) of the bottom 

gate electrode below the dielectric and semiconductor. The large area is represented by the red 

box in figure 4.14b. This figure also shows a schematic diagram of the possible leakage current 

where the processes I, II, and III represent the charges flowing in different regions. Process I 

represents the drain current from the source to drain electrode. The process II symbolizes the 

charges following different path, oriented by the gate electric field. Finally, the process III 

represents the leakage current where the charges are still oriented by the large electric field 

generated by the gate and penetrates into a defect/pore on the dielectric layer and achieves the 

gate terminal. 

 

 

Figure 4.14: (a) Output of Drain and Gate currents of the ZrO2/Sb:SnO2 n-type TFT. (b) 
Schematic diagram of the possible leakage mechanism that increases linearly with the gate bias. I 
shows the charges flowing in the channel, II shows the charges flowing in the semiconductor 
layer oriented by the gate electric field, and III shows the gate current (IG) after the charges 
penetrate a defect on the insulator layer and reach the gate electrode. 

 

 

The leakage may occur in nano-areas where the dielectric presents pores caused by three 

different conditions: a non-homogeneous deposition of the zirconia; semiconductor SnO2 

deposited by sol-gel route followed by thermal annealing that possibly causes damages to the 

dielectric layer on the bottom; and the very low pH (1.5) that in some cases corrodes the bottom 

gate electrodes. Another possibility is not related to presence of pores but to the small 

conduction band discontinuity between the SnO2 and ZrO2 due to the relatively large bandgap of 

the semiconductor. In this case, a large contribution of leakage current may occur by gate oxide 

tunneling (Igate) and injection of hot carriers (IHC). 
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An alternative to overcome this problem is to reduce the gate dimensions that would 

reduce the possibility of pores occurrence that causes the high leakage currents. Simultaneously, 

small bandgap semiconductors obtained by evaporation could be used to avoid eventual damage 

on the bottom dielectric layer. 

 

 

CONCLUSION 

In this chapter, the investigation of ZrO2 thin films obtained by non-alkoxide sol-gel 

method at different annealing temperatures was reported. High transparency and homogeneity, 

non-porous surface and high bandgap were found in these films. The compositional analysis 

showed residues of S and Cl elements from the precursor solution that may contribute for the 

reduced dielectric constant found for the zirconia thin films.  

Zirconia based MIM capacitors with thermal annealing at 450 °C and 100 °C showed 

high and interesting insulating and capacitive characteristics. Although a low dielectric constant 

was obtained due to impurities, it is still larger than the dielectric constant of SiO2 which 

constitute an indicative of possible application of the sol-gel deposited ZrO2 in electronic 

devices.  

Even though the results obtained through the TFT samples are not ideal, this study is 

important to verify and understand the application of the dielectric in a stacked architecture 

where the influence of many parameters may affect the performance of the device. 
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Chapter 5 

 

ZrO2 based devices: The Pechini method 

 

 

INTRODUCTION 

This chapter presents a study of a second method, Pechini, to obtain homogeneous, non-

porous and stable thin films of ZrO2. Even though this route is well known for obtaining porous 

films [1] and powders [2,3], an investigation of the influences of the deposition rate and thermal 

annealing temperatures is done to define the best conditions for deposition of high quality 

zirconia thin films. The films were deposited on substrates of soda-lime glass or quartz for 

specific characterizations and applied to capacitors and TFTs in order to investigate their 

electrical properties. The morphological, optical and electrical properties of the zirconia thin 

films are investigated in order to apply this insulating layer in future electronic applications, such 

as in memristors [4,5] and in transistor devices [4]. 

The section 1 of this chapter presents the methodology to produce the polymeric 

solution, films and devices. The section 2 presents the characterizations, results and discussions 

related to the films and devices. 

 

 

1 METHODOLOGY 

The polymeric method that produces crystalline, pure, and stable zirconia powder is used 

for production of functional ZrO2 films, and the results are reported in this chapter. Among the 

several techniques for deposition of ZrO2 thin film the polymeric precursor method is a cost-

effective route with potential to obtain a smooth and non-porous insulating layer. This method 

consists on the formation of a polymeric resin from polymerization and esterification reaction 

between a chelate metal cation and poly-hydroxyl alcohol [3,6]. 

The main purpose of this section is to describe the obtainment of zirconia thin film 

directly on substrates, to further understand the characteristics that may affect the application of 

this layer in TFT devices. Even though the use of the Pechini method for fabrication of thin film 
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is commonly used for ZnO [7] and platinum (Pt) [8], the obtainment of ZrO2 films by polymeric 

route is not reported in literature, as far as we know. 

 

 

1.1 Preparation of colloidal suspension 

The obtaining of ZrO2 polymeric resin was performed in order to produce thin films 

with a more neutral solution (pH~3.5), less acid than the previous sol-gel solution (pH = 1.5), 

obtained by the non-alkoxide method, investigated in chapter 4 . This increase of the pH reduces 

significantly the corrosion caused on the bottom electrode during this oxide deposition.  

Zirconium (IV) butoxide (Zr(OC4H9)4) (80 wt% in 1-butanol, purity > 99.99 %), citric 

acid (C6H8O7) (purity 99.5 %), and ethylene glycol (C2H6O2) (purity 99.5 %) were used to obtain 

the resin. Firstly, citric acid was dissolved in distilled water and heated at 70 °C under magnet 

stirring followed by the addition of zirconium butoxide, in a ratio of metal/acid of 1/2.5, to 

favor the complexation of the metal with the citric acid, forming the zirconium citrate (chelate). 

The solution presented clear and slight yellow color after the complete dissolution of the 

zirconium citrate under stirring. The glycol ethylene was then added in a mass ratio of citric 

acid/glycol ethylene of 60/40, resulting in the esterification reaction that polymerizes forming an 

organic matrix through the solution [6]. The final solution for deposition of thin films was 

dissolved in water (volume 50/50) to obtain a lower concentration and less viscous solution. 

 

 

1.2 Preparation of films and devices 

Previously to any film deposition, the substrates were cleaned in sonicated bath in 2 steps 

as follow: 15 min in water/detergent followed by washing under distilled water before another 15 

min in isopropyl alcohol. Subsequently they were dried with serigraphic blower. For preparation 

of metal-insulator-metal capacitors (MIM) and thin film transistors (TFT) aluminum contacts 

were evaporated on the substrate to form the gate (bottom) electrode. The deposition of ZrO2 

thin film on the substrate/electrode occurred by dip-coating the substrate with rate of 100 

mm/min for 3 times, which was repeated twice, producing 2 layers of ZrO2 on top of the Al 

electrodes. Thermal annealing occurred at 150 °C for 1 hour after each layer. The MIM was 

finished with the evaporation of the Al top electrode (figure 5.1a).  

Figure 5.1b presents the assembly of the TFT device that occurred by depositing the 

fullerene (C60) as active semiconductor on top of the dielectric by evaporation. The thickness of 
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approximately 45 nm was achieved by a film growth rate of 0.05 nm/s. Evaporation of Al 

(source and drain) electrodes was done, completing the TFT device. 

 

 
Figure 5.1: (a) Diagram of the MIM capacitors (Al/ZrO2/Al). (b) Diagram of the TFT 
(Albottom/ZrO2/C60/Altop). 

 

 

Semiconducting polymeric thin films are usually produced by solution routes and 

deposited by spin coating at low temperature to avoid high temperature processes [9]. Polymers 

consist of large molecules with long chains of repeating monomers that decomposes during 

thermal evaporation [10]. However, small molecules with low molecular weight such as C60 [11] 

can be directly deposited under high vacuum conditions, without decomposition at high 

temperature. These films can easily lead to uniform films with large areas [9], precise controlled 

thickness, and designed shapes through shadow masks [12,13]. Therefore, the evaporated C60 

was chosen to be the semiconductor layer to avoid that other chemical suspensions deteriorate 

the bottom dielectric layer. 

A parallel study on the zirconia layer was also carried out to reduce the thickness, cracks 

and leakages on the ZrO2 thin films and is presented at the end of this chapter. The study 

considered the variation of deposition rate from 2 to 70 mm/min of the dip-coating. Also, in 

order to eliminate more organic components, the films were calcined at 150 °C for 2 hours 

followed by another annealing with increased temperature up to 250 °C for 1 hour. Both 

temperatures were achieved at slow heating ramp of 1 °C/min to avoid any cracking on the 

films. 
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2 RESULTS 

The characterizations, results and discussion related to ZrO2 thin film and devices 

obtained by the polymeric method are presented in this section. The characterizations were 

obtained by UV-Vis transmittance, X-Ray Diffraction (XRD), Thermal Gravimetric Analysis 

(TGA) and Differential Scanning Calorimetry (DSC), Energy dispersive X-rays Spectroscopy 

(EDX), Confocal microscopy, Scanning Electron Microscopy (SEM), and electrical 

measurements such as IxV curves and Impedance Spectroscopy (IS). 

 

 

2.1 TGA/DSC  

The resin of ZrO2 was evaluated through thermogravimetric analysis (TG) and 

differential scanning calorimetry (DSC) with temperature up to 500 °C in order to verify the 

temperatures that occurs the largest loss of mass as well as the high energy changes in the 

sample. The formation of chemical bonding of cations in the lattice favors the development of a 

polymeric resin of high viscosity, which is capable of chelate and keep the cations 

homogeneously distributed. Even when the bondings are broken during calcinations, the high 

viscosity prevents the cation motion, thus preventing their segregation [14]. 

Figure 5.2a presents the TG plot of the weight as function of the temperature for the 

synthesized precursor resin. The derived loss of mass (DTG) shows the temperatures of higher 

decomposition of the resin. The results obtained indicate the decomposition of the resin 

involves three processes of loss of mass. The first shows 10.4% of loss between 50°C and 

128°C. The second shows decomposition in the interval from 128 °C to 233 °C with loss of 

mass of about 20.6%, while the third process presented a loss of 58.1% between 233°C and 

500°C. The mass loss can be attributed to elimination of organic ligands and water generated by 

the sterification reaction, decomposition of polyester chain with elimination of CO2 and H2O, 

decomposition of carboxyl bonded to metals and elimination of organic residues with 

consequent formation of the stable and pure phase metal-oxygen.  

The figure 5.2b presents the endothermic and exothermic processes involved in the 

decomposition of the ZrO2 resin. The first endothermal band, between 122 °C and 165 °C, 

occurs due to physical desorption and evaporation of H2O molecules and ethylene glycol excess 

generated by the polysterification reaction. The exothermal band between 243 °C and 285 °C 

involves the energy liberation due to the beginning of decomposition of organic ligands with 

consequent liberation of CO2 and H2O molecules. In the interval of 285 °C and 330 °C the 

endothermal band is associated to a process of heat absorption. The intense exothermal band at 
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388°C e 450°C shows maximum of heat released due to final decomposition of the organic 

ligands that takes to the chemical reactions responsible for formation of crystalline zirconia 

phases [15,16]. 

 

Figure 5.2: (a) TG and DTG curves, and the (b) DSC curve of the ZrO2 resin with thermal 

annealing from 32 °C to 500 °C.  

 

2.2 Scanning Electron Microscopy 

The zirconia films were deposited by the polymeric route on glass substrate by dip-

coating 3 times at rate of 100 mm/min with a total of 2 layers and TA at 150 °C for 1hour for 

each one. The zirconia film polymerizes at this temperature with no crystallinity, even with TA 

up to 400 °C [2,7].  

The ZrO2/substrate assembly was analyzed by SEM in order to verify the homogeneity 

of the surface and presence of pores. Figure 5.3 shows the image of the zirconia thin film to 

verify the surface homogeneity. It can be observed that it presents no exposed pores on the 

surface. 

Figure 5.3: (a) SEM of the ZrO2 film 
surface deposited on glass substrate. 
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2.3 UV-Vis Transmittance 

ZrO2 thin film deposited on quartz substrate was submitted to UV-Vis transmittance 

measurement, to verify the transparency and optical bandgap of the dielectric film. The 

measurement was performed in a Perkin Elmer Spectrophotometer (model Lambda 1050) at 

different spots of the sample. The result is presented in figure 5.4. It shows that the zirconia 

layer is quite transparent and achieves a maximum transparency of about 95% in the wavelength 

from 260 to 1800 nm. Figure 5.4b shows the direct bandgap obtained through the Tauc plot, 

with energy EG = 5.45±0.03 eV, in good agreement with the energy found for the zirconia 

obtained by non-alkoxide method (EG = 5.8 eV) presented in chapter 4, and with values reported 

in literature [17,18]. 

 

 
Figure 5.4: (a) Transmittance of zirconia film on quartz substrate in the ultraviolet-visible-near 

infra-red spectra. (b) The bandgap of the zirconia is obtained by the Tauc plot. 

 

 

MIM capacitors 

MIM capacitors were assembled with aluminum electrodes and 2 layers of zirconia 

deposited by dip-coating at 100 mm/min followed by thermal annealing at 150 °C. The devices 

were investigated through cyclic voltammetry and Electrical Impedance Spectroscopy (EIS) to 

understand the dielectric properties of the zirconia layer and their relations for application in 

TFTs. 

 

 



84 
 

2.4 Cyclic Voltammetry 

Cyclic voltammetry was carried out on Al/ZrO2/Al samples at voltage range from -2 V 

to +2 V and scan rate varying from 0.1 to 1000 V/s, and the results are shown in figure 5.5a. It 

is possible to notice the capacitive characteristic of the sample through the accumulation of 

charges that produces a considerable current at zero voltage applied. The current at V = 0 as well 

as the maximum current (Imax) at ±2 V is proportional to the scan rate. The higher current at 

faster voltage scan rates represents a reduction of electrical resistance in the MIM at higher scan 

rates. 

The hysteresis index (HI) [19] is a parameter that correlates and quantify the 

resistive/capacitive characteristics of a device with the hysteresis presented in the electrical 

measurement. The HI was obtained through the equation 5.1: 

 

    (5.1) 

 

where ΔI is the difference between positive (I+) and negative currents (I-) at V = 0, and Imax and 

Imin are taken at +2 V and -2 V, respectively. HI = 1.0 represents perfect capacitor curves, while 

HI = 0.0 represents perfect resistors. The results obtained show maximum hysteresis index HI = 

0.63 and HI = 0.65 at scan rates (or frequencies) of 10 to 20 V/s (1.25 to 2.5 Hz), which 

represent a more capacitive characteristic on the samples [20]. 
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Figure 5.5: (a) Cyclic Voltammetry of the MIM capacitors with voltage scan rate from 0.1 to 
1000 V/s. Inset shows the curves for slow scan rates (0.1 to 1V/s). 
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2.5 Electrical Impedance Spectroscopy (EIS) 

The Impedance spectroscopy was carried out on Metrohm AutoLab PGSTAT302 with 

FRA32M Module operating with AC potential variation of 10 mV. The EIS was carried out on 

the same MIM devices analyzed through cyclic voltammetry to verify their electrical Impedance 

and Capacitance as function of the AC frequency. Figure 5.6a shows the Bode plot of current 

phase vs frequency at different DC voltages applied. The result shows a voltage-current phase of 

-85 ° at zero DC voltage applied at frequencies lower than 103 Hz, that means the device is 

mainly capacitive at this frequency range. The application of DC voltage (from 2 to 4 V) implies 

on the reduction of phase angle (close to 0 °) turning the device into more resistive characteristic 

at lower frequencies. It is possible to notice that the -45° phase angle occurs at frequencies (f ) 

from 3 to 4 kHz and the RC constant of time (τ) calculated through the equation  results 

in τ = 0.3 ms. Such small constant of time has comparable value with LSG-EC (33 ms) and 

commercial aluminum electrolytic capacitors (1 ms) [20]. 

Figure 5.6b shows the Impedance vs frequency plot as function of the DC voltage 

applied. The results present the reduction of the impedance at higher frequencies. At DC V = 0 

and 0.1 Hz the impedance presents the highest value Z = 30 MΩ. For higher applied voltages 

the impedance presents a proportional reduction. The minimum impedance at 0.1 Hz found was 

Z = 4.7 MΩ at V = 4 V which is only one order lower than the highest values. The reduced 

impedance at higher DC applied voltage is expected due to some leakage current that reduces the 

electric resistance of the dielectric film [21]. 

 

 

Figure 5.6: Bode plot of the (a) Current phase angle vs frequency, and (b) Impedance vs 
frequency. 
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The capacitance as function of frequency of the same MIM device prepared from 

polymeric method is plotted in figure 5.7. The figure shows the capacitance as highly dependent 

on the operation frequency of the capacitor, presenting the lowest value of 9 x 10-10 F/cm2 at 1 

MHz and the highest value at 1 Hz of 1.1 x 10-7 F/cm2.  
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Figure 5.7: Plot of the Capacitance as function of the frequency of operation of the capacitor. 

 

 

The dielectric constant (k) of the zirconium oxide was obtained through the equation 5.2 

[22]: 

 

     (5.2) 

  

where the thickness obtained by confocal microscopy is t = 1200 ± 42 nm, the vacuum 

permittivity ε0 = 8.85 x 10-12 F/m, and C is taken from the figure 5.7 at different frequencies. The 

dielectric constant as function of the frequency is shown in table 5.1: 
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Table 5.1: Values of capacitance as function of frequency, obtained from the figure 5.7, to 
calculate the dielectric constant, k (right column), of the zirconia thin film.  
 

Frequency (Hz) Capacitance (F/cm2) Dielectric constant k 

1 1.1 x 10-7 149.2 

103 5 x 10-8 109.4 

106 9 x 10-10 1.2 

 

 

The dielectric constant is intrinsically related to the capacitance, and therefore, it is also 

highly dependent of the operation frequency. The presence of dielectric loss, that is the delay of 

molecular polarization with respect to the alternating electric field inside the capacitor, at higher 

frequencies occur in the analyzed samples, which produces films with low k at 106 Hz, much 

smaller than the values reported in literature (k = 16 to 24) in the same frequency range [23–25]. 

This loss occurs due to the presence of impurity ions, from the precursor resin, that contributes 

to increase the dipole and ionic relaxations in the dielectric film. 

 

 

ZrO2 based transistors – ZrO2/C60 

 

2.6 Microscopy: Confocal and Scanning Electron 

 Thin film transistors (TFT) were assembled as previously shown in figure 5.1b with ZrO2 

and C60 working as dielectric and semiconductor layers, respectively, in the Al/ZrO2/C60/Al 

configuration. The surface of the fullerene deposited on ZrO2 was investigated by microscopy to 

verify the surface homogeneity and porosity. The figures 5.8a (b and c) show different regions of 

the same sample. These images are from the evaporated fullerene (upper part) on top of the 

ZrO2 (bottom part). In the first image the C60 is homogeneous and presents no clear porosity, 

but at the second image the same sample shows some parts with cracks on the surface. The third 

image, obtained by SEM, shows only the fullerene surface with presence of the same fissures 

observed in previous image. These fissures on the organic semiconductor layer occur due to the 

bottom zirconia film that cracks during thermal annealing. A better discussion about such 

fissures is presented in the next section. 

The compositional analysis of the C60/ZrO2 was done by Energy Dispersive X-Ray 

Spectroscopy (EDX) and the result is shown in figure 5.8d. A qualitative analysis of the atomic 
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composition of fullerene and zirconia films presents 2.3 at% Zr, 38.1 at% O, and 59.6 at% C. 

The results do not show presence of other elements, from non-intentional impurities or glass 

substrate, probably due to the thick zirconia film. The high concentration of oxygen is due to the 

inner layer of zirconium oxide along with some possible oxidation of the fullerene surface 

exposed to air. The carbon concentration is mostly from the C60 layer but may have some 

contribution from the organic solvents within the zirconia annealed at 150 °C. 

 

 
Figure 5.8: Confocal microscopy with 20 x lens shows the (a) homogeneous layers of C60 
evaporated on ZrO2. (b) Different region of the same sample presents some cracks on the 
semiconductor layer. Scales of 50 µm. (c) SEM of the C60 surface. 500 times of amplification. 
Scale of 100 µm. (d) EDX composition of the C60/ZrO2/glass substrate. 

 

 

The electrical characterization of the C60/ZrO2 transistors was carried out on two 

Keithley electrometers. The I vs V curves with the output and transfer characteristics of only one 

TFT is presented in figures 5.9a and b, respectively. The output characteristic of other devices is 

not considered in this discussion due to the large leakage current obtained. Therefore, this 

sample represents the only working device that presented lower leakage and considerable current 
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modulation due to some particularity and absence of fissure close to the semiconducting 

channel. The leakage present in other devices can also be related to the discussion about the 

leakage current in the ZrO2 non-alkoxide transistors, in the previous chapter. 

 The output curves present modulation of the drain current (ID) by gate voltage up to VG 

= 4 V. The transfer characteristic shows the transistor on and off-states. The off-state occurs at 

gate voltage lower than the threshold (VT = 1.1 V) at IOFF = 2.5 x 10-8 A, while the on-state 

occurs at ION = 7.1 x 10-7 A and VG > 3 V, showing an on/off ratio equal to 28. The 

transconductance (gm) and the mobility (µ) of the semiconductor channel were calculated at VG = 

2 V through equations presented in chapter 1. The values of transconductance is gm = 3.5 x 10-7 

S and mobility is µ = 0.26 cm2/V.s, showing that the device presents high mobility for an organic 

semiconductor and comparable to a-Si [26], but lower compared to the outstanding mobility of 

graphene [27] or of inorganic compounds such as MoS2 with µ = 200 – 500 cm2/V.s [28]. The 

leakage current (IG curve) is still high and even comparable to ID due to the fissures on zirconia 

layers as presented in microscopy images. The leakage is responsible for the low performance of 

the device and absence of transistor characteristics in other devices. Again, the leakage 

mechanism that may explain the behavior of these samples is presented in the previous chapter. 

 

 

Figure 5.9: (a) Output and (b) transfer curves of a ZrO2/C60 TFT . 

 

 

 

 

 



90 
 

Improvement of the film morphology 

 

2.7 Different immersion speed and thermal annealing 

In order to reduce the thickness and cracking on the film surface, as observed in 

previous microscopy images, a study was performed to understand the effects of the film 

thickness obtained at different deposition rates under higher thermal annealing temperature. 

The zirconia films obtained by dip-coating with immersion rate of 100 mm/min and 

thermal annealing at maximum temperature of 150 °C presented thick films and cracked surface. 

The low annealing temperature occurred due to beginning of the film deterioration and 

detachment from the substrate at higher temperatures. To solve this problem, new zirconia films 

were systematically obtained and investigated in order to get thinner films, which were resistant 

to higher temperatures. For that reason, the dip-coating rate was varied from 2 mm/min to 70 

mm/min. 

Figure 5.10 shows the plot of the thickness and surface roughness of the films as 

function of the deposition speed and thermal annealing. The data were obtained through 

Confocal microscopy. It is possible to notice that slower deposition leads to thinner films. The 

thickness shows a tendency to reduce at higher thermal annealing temperature, as verified in the 

figure.  

The surface roughness presented in figure 5.10b shows a close relation with the film 

thickness. The thicker films remain with low roughness at thermal annealing at 150 °C, which is 

the case of the samples and devices first analyzed in this chapter. However, when thicker 

samples are thermal annealed at 250 °C the film starts to crack and detach from the substrates, 

showing large increases in the surface roughness as can be seen in figures 5.10b. The figure 5.11 

presents the confocal and scanning electron microscopies images of the different samples 

thermal annealed at 250 °C. 
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Figure 5.10: (a) Thickness and (b) root mean square roughness of the zirconia films as function 
of the deposition speed and thermal annealing at 150°C for 2 hours, and 250°C for 1 hour.    

 

 

The images (a) and (b) show the ZrO2 deposited at 10 mm/min that produced the 

thinnest film that remained intact, without fissures nor detaching from the substrate. Samples 

deposited at 30 mm/min (images c and d) show higher roughness and presence of fissures on 

the surface that is further increased for deposition speed of 50 mm/min (e and f). The thicker 

zirconia film obtained at 70 mm/min starts to detach from the substrate, as can be seen in 

images (g) and (h), where the films begins to wind, producing rolled sheets on the surface. The 

cracks are product of the higher annealing temperature that leads to the elimination of the glycol 

ethylene from the films. 
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Figure 5.11: Confocal and electron microscopy of the ZrO2 films on glass substrate after thermal 
annealing at 250 °C and deposition speed of (a-b) 10 mm/min; (c-d) 30 mm/min; (e-f) 50 
mm/min; (g-h) 70 mm/min. 

 

 

The figure 5.12a shows the elemental analysis of the samples to obtain a qualitative 

analysis of the influence of the thermal annealing at 250 °C on the remained material in samples 

deposited at different rates. The elements plotted are only oxygen and zircon, totalizing atomic 

composition of 100%, because they are related to the dielectric oxide film. It is important to 
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emphasize that the oxygen is abundantly present in the glass substrate. Other elements like Ca, 

K, Na, and Si, also related to the glass substrate, were removed from this evaluation. It is 

possible to verify in figure 5.12a that the zircon/oxygen ratio content is reduced for immersion 

rate higher than 10 mm/min, which can be related to the material detaching from the substrate 

surface that becomes higher at 50 and 70 mm/min. The low zircon content present in the 

sample deposited at 10 mm/min may be related to the lower thickness and consequently lower 

quantity of material on the substrate surface. 

The transmittance present in figure 5.12b shows the higher transmittance, of about 90 %, 

occurs on the sample with lower deposition speed. The high transmittance and interference 

fringes present in this sample may be related to the thinner, smoother and more homogeneous 

zirconia film obtained, as previously verified by its low roughness and thickness from figures 

5.10a and b. However, the sample deposited at 30 mm/min presents the lower transmittance 

that is probably associated to the presence of fissures on the film surface that scatters the light, 

thus reducing the transparency of the film. Finally, the samples deposited at 50 and 70 mm/min 

present higher transmittance due to the reduction of zirconia film caused by the film detachment 

from the substrate. 

 

 

Figure 5.12: (a) Characterization of the zirconia films by EDX to verify the layer composition 
and the (b) UV-Vis-NIR transmittance of the same samples deposited at different speeds.  

 

 

In summary, it was demonstrated in this section that the zirconia film can be improved 

aiming high quality electronic applications. The reduction of the immersion rate and increase of 

annealing temperature led to thinner, smoother, and purer zirconia films. This method is still 
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under study concerning the application to MIM capacitors, in order to verify the electrical 

properties of the enhanced zirconia films through electrical characterization.  

 

CONCLUSION 

Results related to zirconia thin film deposited by Pechini method is reported in this 

chapter. Samples and devices obtained with deposition speed of 100 mm/min and annealing up 

to 150 °C showed high transparency and homogeneity, although some cracking on the dielectric 

layer reduced the functionality of the evaluated transistors. However, MIM capacitors were 

better evaluated in order to understand the electric characteristics of the zirconia film. The 

capacitors showed high capacitance and electrical resistivity, all indispensable characteristics for 

applications in FETs. Due to the low annealing temperature, residues of carbon from the 

precursors may have contributed to the reduced dielectric constant obtained in electrical 

impedance spectroscopy. 

The utilization of different deposition rates and higher annealing temperature aims the 

obtaining of more homogeneous and thinner films with better dielectric characteristics. These 

films are being applied and investigated in capacitors. The new thinner and smoother ZrO2 film 

obtained by Pechini with deposition temperatures up to 250 °C promises good characteristics for 

application as insulating dielectric in capacitors and FETs, besides the suitability for applications 

on polymeric flexible substrates. 
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Chapter 6 

 

SnO2/TiO2 based Memristors[1] 
 

 

INTRODUCTION 

This chapter presents a study of SnO2/TiO2 heterostructure obtained by sol-gel, applied 

to resistive random-access memory (RRAM) devices in order to understand the conduction 

mechanisms of these semiconductor oxides in these devices. The current chapter was published 

in the Applied Surface Science as the paper entitled “Memristive behavior of the SnO2/TiO2 

interface deposited by sol-gel” [1], with collaboration of Prof. C. F. O. Graeff. 

The research in the field of advanced electronics is nowadays focused on the study and 

the application of memristors (memory resistors), a memory storage device. The memristor (MR) 

is a two-terminal element capable of changing its resistance as a function of the flowing charge 

Q. This special feature makes MR very interesting for several electronics applications such as: 

unconventional computing, logic and analogic operations [2,3], neural networks, and patterns 

recognition [4]. Resistive random-access memory (RRAM) belongs to memristor’s family and is 

basically a device with a switchable resistance by rapid voltage pulses (sub-nanosecond) [5]. A 

special attention from academic community is being given to this device, as shown by the 

increase number of publications per year and significant progress over the past decade, in order 

to understand the switching mechanisms behind RRAMs [6,7]. One of the most discussed issues 

are the improvement of the switching features such as the on/off resistances ratio, the operation 

speed, and the extreme endurance (>1012 cycles) in metal oxides [8]. 

In a typical configuration, a MR consists of a sandwich structure based on thin layers of a 

semiconducting or insulating material (e.g. TiO2) with specific charge-transport characteristics 

between two electrodes. The first model presented a thin layer of doped TiO2-x grown on 

undoped TiO2 [9] with memristive hysteresis behavior under application of an external bias. To 

understand the carrier-type dependent switching kinetics, much attention has been given by the 

academic community to NiOx and TiOx, p and n-type semiconductors, respectively [10]. Also, 

the combination of both ionic and electronic solid-state transport phenomena leads to a 

                                                             
[1] M. H. Boratto et al, Applied Surface Science, v.410, pp. 278-281, 2017. 
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reproducible resistance-switch [9]. The semiconducting layers for MRs, also called the storage 

layer, can be fabricated by several methods [6], mainly including atomic layer deposition (ALD) 

[11], pulsed laser deposition (PLD) [12], magnetron sputtering [13], thermal and plasma 

oxidation [14,15], and sol–gel chemical route [16]. As already mentioned in previous chapters, 

the sol–gel is a deposition method that requires considerably less technology and is potentially 

less expensive in comparison with the above cited techniques. This method is suitable for 

fabrication of thin oxide layers such as TiO2 [17,18] and SnO2 [19-22] as also reported in 

previous chapters. The interest in using transition metal oxides (e.g. TiO2, SnO2, ZrO2, ZnO) is 

due to their structural simplicity, low power consumption, fast switching and high integration 

density [6]. In respect to the electronic potential barrier (Schottky barrier), the work function of 

the metal electrode has shown no strong effect at the interface with TiO2 [23]. However, the 

defects generated by metal deposition and the oxygen vacancies from the oxide govern the 

electronic barrier at the metal-semiconductor interface [24]. In order to optimize the 

performance of RRAMs, research on material doping [25], electrodes [26], and interface [27] 

engineering have been reported. Inorganic RRAMs operating as storage media have a remarkable 

advantage over organic ones in switching stability, while organic RRAMs have advantage in high-

mechanical stability, simple fabrication, and low cost [6]. 

The inorganic RRAM based on low-cost Sb:SnO2 and TiO2 thin films deposited by sol-

gel working as storage layer presents nanocrystalline grains of rutile phase for SnO2 [19] and 

anatase phase for TiO2 [18], both intrinsic n-type semiconductors due to their oxygen vacancies 

and interstitial atoms [28-30], as already discussed in chapter 3, which may contribute to smaller 

grain size that is usually responsible for creation of electronic barriers at the grain boundaries 

[23,24]. These materials have comparable electronic bandgap energies (EG = 3.5 – 4 eV) but 

optical and electronic properties quite different [31], which are highly dependent on the 

deposition technique. 

 

1 METHODOLOGY 

1.1 Sb:SnO2 and TiO2 

The obtaining process of the colloidal suspension of antimony doped tin oxide (4 at% Sb 

: SnO2) has been previously described in chapter 3. 

The sol-gel fabrication of titanium oxide (TiO2) was carried out by hydrolysis and 

condensation of titanium (IV) isopropoxide alkoxide using a high molar ratio of water/alkoxide 

(200/1), isopropanol as co-solvent, HNO3 as catalyst, and Triton X-100 as surfactant [18,32]. 
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Nitric acid (2.6 mL) was added to a solution of deionized water (185 mL) and isopropanol (57 

mL) followed by dropwise addition of titanium (IV) isopropoxide (15 mL) under stirring and 

heating at 85 °C for four hours. The concentration of this solution was performed by 

evaporating the solvent and dispersants at 100 °C until reach a volume of 50 mL, which was 

followed by the addition of the surfactant Triton X-100 under stirring for 30 minutes. This final 

solution was used for thin film deposition on the devices.  

 

1.2 Device assembly 

Prior to any deposition, the glass substrates were cleaned in ultrasonic bath during 15 

minutes by three steps with different solutions: mixture of detergent and water, deionized water, 

and isopropanol. Aluminum contacts (bottom) were deposited on clean substrates by 

evaporation at a pressure of 10-3 Pa. A TiO2 layer was spin-coated at speed of 2000 rpm for 60 s 

on top of the as-deposited Al contact followed by layer calcination for 10 minutes at 80 °C. A 

Sb:SnO2 layer was then deposited following the same spin-coating procedure but with a final 

thermal annealing at 400 °C for 2 hours. To finish the device assembling, as shown in figure 5.1a, 

the top Al electrode was evaporated. 

 

 

Figure 6.1: Device diagram Al/Sb:SnO2/TiO2/Al (bottom)/substrate. The overlap area of 
electrodes is A = 0.04 cm2.  
 

 

TiO2 and Sb:SnO2 thin films were individually deposited on clean glass substrates by the 

same spin-coating procedure in order to study their structural phase through XRD and optical 

transmittance with bandgap evaluation by UV-Vis Spectroscopy. 

1.3 Characterization 

The XRD characterization was performed in a Rigaku model D/MAX 2100, in 2θ mode 

and incident angle of 1.5°. UV-Vis spectroscopy was performed on a Perkin Elmer system 

model Lambda 1050, and the bandgap of the two semiconductors were consequently obtained 
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by the Tauc plot [19]. These characterizations were performed on TiO2/substrate and 

Sb:SnO2/substrate. 

A confocal microscopy was performed on the Sb:SnO2 film on top of the TiO2 layer to 

determine their superficial morphology. The Leica model DCM-3D equipment was used for this 

characterization. The thickness of the SnO2/TiO2 layer was also obtained by confocal. Electrical 

measurements were performed by Current vs voltage (I vs V) curves, Cyclic Voltammetry (CV) 

from +5V to -5V at 100 mV/s, and square wave voltages of -5V (set), +5V (reset) and -0.5V 

(read) in an AUTOLAB PGStat301 equipment.  

 

 

2 RESULTS 

2.1 SnO2 and TiO2 Thin Films 

Figure 6.2 shows the Tauc plot of the thin films of Sb:SnO2 and TiO2 deposited 

separated on glass substrate, with thermal annealing at 400 °C for 2 hours. The indirect bandgap 

calculated for the TiO2 was about 3.5 eV, and the direct one for Sb:SnO2 was 4.2 eV. The option 

for considering the direct bandgap nature of the SnO2 relies in most of works reported in 

literature. Although matter of controversy, the indirect transition of the SnO2 was also 

considered in chapter 3 of this work, that relies on the recent work developed by Floriano and 

coworkers [33]. 
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Figure 6.2: Tauc plot of TiO2 and SnO2 thin films on glass substrate for bandgap calculation. 



101 
 

Figure 6.3 presents the XRD for the samples previously analyzed by UV-Vis: TiO2 and 

SnO2 thin films deposited on glass substrate. The structure found for these films are anatase 

(JCPDS #089-4921) and rutile (#088-0287) for TiO2 and SnO2, respectively. The Sb:SnO2 and 

TiO2 deposited by sol-gel presented rutile [19,22], and anatase [18] nanocrystals as reported in 

previous works developed by our research group. The crystallite sizes estimated by Scherrer 

equation for the three most intense peaks in each diffractogram (fig. 6.3) show average values as 

high as 10 nm and 7 nm for TiO2 and SnO2, respectively. The three most intense peaks 

considered for calculations are related to the plans (101), (200) and (211) for TiO2, and (110), 

(101) and (211) for SnO2. 
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Figure 6.3: Diffractogram of the TiO2 and Sb:SnO2 films that present anatase and rutile 
nanocrystalline phases, respectively. 

 

 

2.2 Memristor devices 

Figure 6.4a shows the positions on the sample surface where Confocal microscopy were 

performed. The region 1 is the border of the two oxide films on the Al bottom electrode, that 

shows the thickness of the Sb:SnO2/TiO2 (figure 6.4b). The mean thickness of the storage layer 

was obtained through several measurements on this region that presents 460 ± 20 nm. The 

relative thick layer obtained is related to the sol-gel viscosity and spin-coating speed, that 

unfortunately affects largely the memory switching speed. A thinner layer is favorable to a higher 

frequency of operation [26]. The region 2 in figure 6.4a is the SnO2 surface with confocal image 
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presented in figure 6.4c. The root mean square (rms) roughness of SnO2 surface is about 108 

nm, which represents a considerable roughness on the surface, which may contribute with 

generation of defects in the SnO2/Al (top electrode) interface. 

 

 

Figure 6.4: (a) Regions on the sample where Confocal Microscopy were performed. (b) Cross 
section confocal image of the Sb:SnO2/TiO2 on top of Al electrode (region 1 in image a) that 
presents the thickness of the oxides t = 460 nm. (c) Confocal Microscopy, topographic mode, of 
the SnO2 surface (region 2 in image a) prior to Al top electrode deposition. 

 

 

Figure 6.5a shows the reversible current response of the Sb:SnO2/TiO2 devices over 5 

successive cycles at a voltage scan of 100 mV/s at room temperature and atmosphere. In order 

to understand the memristive state transitions between two voltage values (+5V and -5V) a 

triangular wave function (ramp) has been considered for this measurement, figure 6.5b. Current 
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flowing through the device retraces almost the same pattern exhibited in the preceding cycle, 

which confirms a reversible behavior. In figure 6.5a a typical butterfly-shaped plot (in log10I vs V 

plot) is obtained, confirming the memristive feature of the device. This can be confirmed 

considering the “pinched” shape of the current curves, a sufficient and necessary condition to 

recognize a device as a memristor [34]. In fact, one can notice that, reading current at a fixed 

voltage (VREAD), it shows different values depending on the position in the cycle. The different 

current is due to the high resistance state (HRS) and a low resistance state (LRS), which presents 

low and high current, respectively. Such resistance states are induced by voltage sweep crossing 

specific voltage values: VSET (-3.0 V) sets the device into LRS, and VRESET (+1.5 V) sets it into 

HRS. This characteristic of opposite VSET and VRESET polarities means the device operates in 

bipolar switching, that may be related to trap controlled space charge limited current (SCLC) [6] 

due to the size of nanocrystallites that represent intrinsic crystal defects in both semiconductors 

of the storage layer. The device showed non-linear current (non-ohmic behavior) in LRS, typical 

phenomenon where the electric field rules the device’s current [23]. The average on/off current 

ratio, in LRS/HRS, was 8.3 x 102 at VREAD = -0.2 V.  

 
 

 

 

 

 

 

 

 

 
Figure 6.5: (a) Logarithm of current density vs Voltage curves for the (top) 
Al/Sb:SnO2/TiO2/Al memristor. Black arrows show the order of the current as function of the 
applied voltage, with positive bias applied on the top electrode. (b) The 5 cycles shown in (a) are 
plotted as voltage and current as function of time. Black curve represents the triangular sweep 
voltage applied, and the blue one represents the density of current. The cyclic voltammetry was 
performed with scan rate of 100 mV/s. 

 

Process (I) in figure 6.5a shows the threshold voltage (VT = -3.0 V), below which the 

device is in HRS or off-state. Process (II) shows the device setting into LRS, |VSET|> |VT|, that 

means the information (resistance value) is stored into the storage layer [10-26]. The reading 
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operation of on-state (process III) occurs at VREAD = -0.2 V. In process IV the device remains in 

LRS at positive bias and current increases linearly with voltage for values below VRESET, which 

marks the onset of the reset transition. In this process (V) the resistance starts to increase, 

leading to a current drop, probably due to the increase of depletion region width in the channel 

[35]. Furthermore, the oxygen vacancies as well as the interfacial defects that accommodate trap 

states for electrons emitted from the cathode, are involved in the reset process [24]. Process (VI) 

shows the device behavior in HRS. Now, reading the information at VREAD on off-state, one can 

notice that the current shows a lower value with respect to that shown in LRS, which means the 

information (resistance value) was erased from the storage layer (in process V). 

The forward bias is applied at the top electrode contacted to the Sb doped SnO2, and a 

higher current is found when reverse biased, showing a slight rectification behavior in figure 

6.5b, probably due to the n+-n junction of the Sb:SnO2/TiO2 storage layer. Multileveled trap 

states may be found in this device, such as: internal layer traps, semiconductors interfacial traps, 

and traps at the semiconductor-metal (Al) interfaces [10]. The rectifying phenomena usually 

appear at these last interfaces as consequence of the Schottky barriers, which are present due to 

the difference of energies between the electron affinity of the semiconductor and the work 

function of the metal electrode [6]. 

Both oxide layers are composed by nanocrystallites, and present defects such as oxygen 

vacancies within each layer but mainly at their interface. This interfacial oxygen vacancies 

probably contribute to cations interlayer diffusion. Besides the ionic contribution, electrons 

trapped in the multiple defects are the predominant carrier charge in the conduction mechanism 

and switching effect in these samples. The defects act as reservoir of carriers that cause the 

switching at the interface with less oxygen vacancies [24]. The combination of both ionic and 

electronic transport results in reproducible resistance-switch [9]. 

Looking at the transition to LRS (regions I-II in figure 6.5a), one can notice that the 

initial I vs V characteristic of the HRS follows a linear (I ∝ V) behavior at low voltage (process I), 

followed by an exponential term at higher voltage (I ∝ V2). Such characteristic is typical of 

insulator with shallow traps [6] and is represented in process II of figure 6.6. At increasing 

electric field, the injected electrons are pushed toward the conduction band by both Poole-

Frenkel field induced emission through tunneling from traps, and Fowler-Nordheim emission 

from the cathode [23], illustrated in processes i and ii in figure 6.6, respectively. The de-trapping 

processes are probably responsible for the HRS/LRS transition [24]. Electrons drawn from 

multilevel traps (located at Schottky barriers and semiconductor interfaces) leave positive 

charged ions working as traps. Such effect provides an additional electric field in the oxides layer 
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which reduces the built-in potential and the depletion width, responsible for creating a 

conduction path through the channel [10,24,36], setting the junction into LRS, the on-state. 

Electrons start tunneling into the Schottky barrier (metal/semiconductor) at positive 

voltage sweep (figure 6.5a IV-V), establishing a space-charge field opposite to the applied electric 

field, thus reducing the flowing current [6]. This effect produces a negative derived resistance 

region in figure 6.5a (region V). Another possible mechanism involves electrons filling trap states 

within the semiconductors and their interface, process V in figure 6.6. That filling results in 

neutral-charged occupied trap states [24]. These trapping mechanisms cause the degradation and 

reduction of the conducting filaments in the channel and resets the heterojunction back into the 

HRS, off-state, where the potential barriers recover their original state [6]. 

 

Figure 6.6: Schematic energy diagram of the semiconductors interface, charge trapping, and de-
trapping processes related to processes of the figure 6.5. In process II occurs the i) de-trapping by 
Poole-Frenkel field induced emission, and ii) Fowler-Nordheim emission from cathode. In 
Process V the trap-states are filled by electrons incoming from the cathode by tunneling. 

 

 

Figure 6.7a presents the cyclic voltammetry results for scan rates from 100 to 900 mV/s. 

The curves show a reduction of the memristive behavior of the samples at higher sweep voltage 

speed through the reduction of the on-state current presented in figure 6.7b. The off-state 

currents maintain similar values (~2 x 10-7A/cm2) that represents the maximum electric 

resistance of the storage layer. The on/off ratio is reduced from 8 x 102 to 101, a reduction of 

almost 3 orders of magnitude due to the lower on-state current at faster sweep voltages. It is also 

possible to notice that the absolute values of VT increase, from -2.9 to -4.0 V. As previously 

described, the VT represents the minimum voltage required to the device to set into on-state. The 
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faster scan rates reduce the time interval between VSET and VMAX, which reduces the time for de-

trapping and injection charge carriers into the channel, reducing the on-state current. 

Different charge states of Sb centers in the Sb:SnO2 layer could have an important role in 

the switching mechanism of the device. As reported before by Geraldo and collaborators [28], 

Sb5+ ions located at grain boundaries may generate more oxygen vacancies at this region, which 

produce more defects into the material grain boundary that allow more ionic diffusion. Such 

effects are noticeable by varying the scan rate. As presented in figure 6.7a, one can notice that 

the intensity of the anodic peak at +1.5 V decreases at higher scan rates, which suggests a 

possible ionic contribution driven by diffusion through the film. 

 

 

Figure 6.7: (a) Absolute logarithm of current density vs voltage curves of the 
Al/Sb:SnO2/TiO2/Al memristor. Black arrows show the order of the current as function of the 
voltage applied, with forward bias applied on the top electrode. (b) The absolute current and 
threshold voltage obtained from (a) are plotted as function of the sweep voltage speed at VMAX = 
+5 V and VMIN = -5V. 

 

 

Square wave voltages with VSET = -5 V, VRESET = +5 V, and VREAD = -0.5 V were applied 

at a frequency of 40 mHz and 50% duty cycle. The set and reset voltages were higher than the 

obtained from figure 6.5a to ensure the on-off switching. Figures 6.8a and b show the results of 

3 and 40 reproducible cycles under square wave voltage sweep, respectively. Figure 6.8a presents 

only 3 cycles for better conception. The on/off ratio is obtained from the output current at 

VREAD after VSET (on-state) and after VRESET (off-state). The on-state occurs at (3.4 ± 1.2) x10-5 A, 

and the off-state at (3.9 ± 1.1) x10-7 A, which produces an on-off ratio of about 9 x 101. The 

electrical current fluctuations presented in the figure may be related to different rates of de-

trapping and trapping of charge carriers that turn the device into on- and off-state, respectively.   
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Despite the low frequency, the device shows stability along several operation cycles and 

promising memristive characteristics that may be improved by optimizing the thickness, doping 

level, or electrode of the devices.  

 

Figure 6.8: Square wave voltage applied and corresponding output current as function of time. (a) 
3, and (b) 40 operation cycles of the Sb:SnO2/TiO2-based memristors are presented. VSET and 
VRESET occur at -5 and +5 V, respectively, and VREAD occurs at -0.5 V.  

 

 

CONCLUSION 

In this chapter, it was proposed the use of the Sb:SnO2/TiO2 heterostructure deposited 

by the sol-gel route as active layer of bipolar memristors. The interface of this binary oxide 

storage layer operates as bipolar switching that is related to the asymmetry in the interfaces 

which results in a repeatable switching behavior with well-defined switching polarity. The devices 

have shown repeatable switching at low operating voltages (VRESET ∼ 1.5V and VSET ∼ -3.0V), as 

well as a high switching resistance ratio of about 8 x 102. This switching mechanism could be 

explained by charges trapping/de-trapping in the multiple defects of the device interfaces, ruled 

mainly by the built-in and applied electric fields. Considering the low cost of sol-gel and the 

encouraging results, this memristor layout should be considered for a more in-depth study 

focused specifically on its optimization. Particularly, the whole thickness of the device should be 

reduced and optimized to increase its switching frequency. Furthermore, the effects of ionic 

diffusion also could be better investigated for future applications.  
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General Conclusions 

 

It has been shown in this work the investigation of oxides with semiconducting (SnO2 

and TiO2) and insulating (ZrO2) characteristics that can be obtained through cost effective 

processes. These materials were applied to thin film transistors (TFTs), capacitors and 

memristors, and were thoroughly characterized concerning their structural, compositional, 

morphological, and electrical properties. These properties, and their relations with the obtaining 

processes, help us to understand the processes that may affect the final properties of thin films, 

and respective devices where they are applied. The main parameters related to final properties of 

the materials were the different aging-time of suspensions, annealing temperature, and film 

thickness.  

In the study of the semiconductor materials, the combination of Sb:SnO2 with TiO2 and 

PCBM presented different and interesting characteristics. The junction with TiO2 showed 

memristive characteristic when applied in memristors, whereas the junction with PCBM showed 

an increase of bipolar conduction in the PCBM/SnO2 TFTs, promoted by the organic material. 

The study of the dielectric ZrO2 obtained by different suspensions showed that although 

a high dielectric loss was perceptive in capacitor devices, probably due to impurity ions remained 

from the chemical suspension, interesting capacitive and insulating characteristics were obtained 

from both ZrO2 materials. 

The results presented in this work aim to contribute in a wide area of electronic and 

semiconductor materials, helping readers and their future works about the conduction, working, 

and leakage mechanisms of the devices studied in this work. Besides, it must also contribute to 

the improvement of the knowledge of the investigated oxide semiconductors and insulators 

obtained through different methods that leads to novel results. Ways to improve the different 

materials obtained, in order to present comparable results to state-of-the-art materials, are 

described in their respective sections, and may be summarized through the improvement of 

annealing procedures, including time and temperatures, solution preparation, active layer 

thicknesses, and miniaturization of devices. 

 

 

 


