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Printed electronics have led to new possibilities in the development of low-cost and low-

temperature methods for materials production and processing. Inorganic oxide devices that are 

totally solution-processed offer an appealing approach, overcoming some limitations of organic 

electronics, such as performance and stability. Solution processes are simple and versatile 

however, there are still some drawbacks that need to be addressed. Currently, synthesis of these 

materials usually needs higher temperatures and longer annealing time which limits their use on 

flexible substrates being crucial for flexible and wearable device applications. 

In this thesis, a general overview is made to solution combustion synthesis (SCS) method to 

synthetize nanostructures, thin films and their application in thin film transistors (TFTs) with a 

low thermal budget. Also, new strategies towards processing of solution-based metal oxide TFTs 

such as, oxide synthesis, post deposition treatments, low temperature high-

emerging printing techniques are discussed. 

Relevant steps to boost solution-based metal oxide TFTs are analysed, since the optimization of 

metal oxide (MO) thin films processed at low temperature until their printability in Roll-to-Roll 

(R2R) compatible techniques. To go even further some tests are performed to decrease the 

processing time required for the formation of MO thin films. 

To finalize, special attention is given to solution-based metal oxide resistive switching devices in 

which the resistive states are quite important to represent different logic states (e.g. binary code) 

being useful for many digital applications. 
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A eletrónica impressa tem aberto novas possibilidades para o desenvolvimento de métodos de 

baixo custo e a baixa temperatura para a produção e processamento de materiais. Dispositivos à 

base óxidos inorgânicos que são processados totalmente por solução oferecem uma abordagem 

atraente, superando algumas limitações existentes na eletrónica orgânica, como o desempenho e 

a estabilidade dos dispositivos. Os processos de solução são simples e versáteis, no entanto, tem 

algumas desvantagens que devem ser consideradas. Atualmente, a síntese desses materiais 

geralmente necessita de temperaturas mais altas e tempos mais longos de recozimento que 

suprimem a sua utilização em substratos flexíveis sendo crucial para a sua aplicação em 

dipositivos flexíveis. 

Nesta tese é utilizado o método de síntese de combustão em solução (SCS) para sintetizar nano-

estruturas, filmes finos e a sua aplicação em transístores de filme fino (TFFs) utilizando baixas 

temperaturas. Além disso, são discutidas novas estratégias para o processamento de TFFs 

baseados em óxidos metálicos por solução tal como a síntese dos óxidos, os tratamentos pós-

deposição, dielétricos com alta constante dielétrica a baixa temperatura e técnicas de impressão 

emergentes.  

São também analisadas as etapas relevantes para impulsionar TFFs de óxidos metálicos 

processados por solução, desde a otimização de filmes finos de óxidos metálicos (OM) a baixa 

temperatura até à sua capacidade de impressão em técnicas compatíveis com rolo a larga escala. 

Para ir ainda mais longe, alguns testes são feitos para diminuir o tempo de processamento 

necessário para a formação de filmes finos de OM. 

Para finalizar, é dada especial atenção a dispositivos de comutação resistiva produzidos por 

solução nas quais os estados resistivos são muito importantes para representar diferentes estados 

lógicos (i.e., código binário) sendo úteis para diversas aplicações digitais. 
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µFE  field effect mobility 
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c  concentration (mol) 

Cox  oxide capacitance per unit area 

d  insulator thickness 
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Eg  bandgap energy 

gm  transconductance 
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T  Transmittance  
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Texp  experimental temperature of the reaction  
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TMAX  maximum annealing temperature 

Tth  theoretical temperature  
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W  channel width 
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  absorption coefficient 
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  wavelength of electromagnetic wave 
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CAF  cassia fistula 

CB  cross-bar  

CBE  common bottom electrode  

CB-PVS  current-blind pulse voltage stress 

CC  current compliance  

CD  charge density  

CEMOP  Centre of Excellence in Microelectronics, Optoelectronics and Processes 

CENIMAT  Centro de Investigação de Materiais 

Cf  capacitance-frequency 

CF  conductive filament  

CG  calotropis gigantean 

CMOS  complementary metal oxide semiconductor  

CP  cross-point  

CS  combustion synthesis 

CTA  conventional thermal annealing  

CTE  coefficient of thermal expansion  



XVIII 

 

CV  capacitance-voltage 

CVD  chemical vapor deposition 

CV-PVS  current-visible pulse voltage stress 

D  dielectric 

DC  direct current 

DEA  diethanolamine  

DOD  drop-on-demand  

DSC  differential scanning calorimetry 

DUV  deep-ultraviolet  

E  electrode 

ECM  electrochemical metallization 

EDS  energy-dispersive X-ray spectroscopy 

EDTA  ethylene diamine tetra acetic acid  

EFD  extremely fuel deficient  

EFE  extremely fuel excess  

EG  ethylene glycol 

EGCG  Epigallocatechin gallate 

EGT  electrolyte gate transistor 

EHD  electrohydrodynamic printing 

ELA  excimer laser annealing 

EOT  effective oxide thickness  

ETL  electron transport layer  

FD  fuel deficient  
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FIB  focused ion beam 

Flexo  flexo-printing 

Fru  frutose 

FTIR  fourier transform infrared  

FUV  far ultraviolet  

GA  glutamic acid 

GAXRD  glancing angle X-ray diffraction  
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GZTO  -tin oxide  

Hid  hydrazine 

HMT  hexamethylenetetramine 

HRS  high resistive state  

IGO  indium gallium oxide 

IGZO  indium gallium zinc oxide 

IJ  inkjet printing 

IoT  internet of things  

IPA  isopropyl alcohol  

IPL  intense pulse light  

 IT  indigofera tinctorial 

ITO  tin-doped indium oxide 

IV  current-voltage 

IZO  indium zinc oxide  

LA  laser annealing  

LAT  lactose 

LRS  low resistive state  

LSA  laser spike annealing  

MA  malic acid  

MEA  monoethanolamine  

MF  muffle furnace 

MIM  metal-insulator-metal 

MIS  metal-insulator-semiconductor 

MLA  melia azedarach 

MLC  multi-level cell  

MO  metal oxide  

M-O-M  metal-oxygen-metal 

MOSFET  metal-oxide-semiconductor filed-effect transistor 

MRAM  magnetoresistive random-access memory 

MW  microwave 

NA  nitric acid 

NAc  nitroacetylacetone  

NB  nanobelt 

NBS  negative bias stress 

NF  nanoflake 
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NFW  nanoflower 

NiO  nickel oxide 

NIR  near infrared 

NN  nanoneedle 

NP  nanoparticle 

NPT  nanoplate 

NPW  nanopowder 

NS  nanosheet 

NVM  non-volatile memory 
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OEL  oxygen exchange layer  

OLA  oleic acid 

OV  oxidizing valence 

PA  phenylalanine 

PANI  polyaniline  

PBS  positive bias stress 

PCRAM  phase change random-access memory 

PDMS  polydimethylsiloxane  

PEG  polyethylene glycol 

PET  polyethylene terephthalate  

PI  polyimide  

PLD  pulsed laser deposition  

PMMA  poly(methylmethacrylate)  

PVA  polyvinyl alcohol 

PVD  physical vapor deposition 

PVK  poly(N-vinylcarbazole)  

PVP  poly(4-vinylphenol)  

PVS  pulse voltage stress  

QD  quantum dot 

r.f.  radio-frequency 

R2R  roll-to-roll 

rms  root mean square 

ROP  reverse offset printing  
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SCS  solution combustion synthesis 

SEM  scanning electron microscopy 
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SHS  self-propagating high-temperature synthesis 
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STT  spin transfer torque 
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TAB  trimethylammonium bromide 
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TCM  thermochemical mechanism 
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TCR  temperature coefficient of resistance  

TEA  triethanolamine 
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Chapter 1.  

Motivation 

 

 

 

 

The production of inorganic electronic devices is a complex multistep process that resides mostly 

on vacuum deposition techniques and comprises patterning by several photolithographic 

processes. Research efforts have been focused on solution-based fabrication processes, such as 

printed electronics, which avoid most of the expensive production steps (reduction of 64 %). 1 

Lately, there has been remarkable development in solution processed semiconductors, however 

the development of insulator materials for such applications is still a step behind which can delay 

the realization of fully printed electronics. 

High-  metal oxides are key materials in several applications: gate dielectrics for thin film 

transistors (TFTs) and more recently as non-volatile memories. Regardless of application, thin 

films of these materials must be smooth, dense and exhibit low leakage current. The search for 

high quality insulator oxides that can be processed at low temperatures and by cost effective 

techniques is thus extremely important and highly required for a more sustainable world. 
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1.1. Introduction  

Inorganic metal oxide based transparent devices that can be solution processed have demonstrated 

impressive results in the last decade2 5. The synthesis of metal oxides via solution reactions is a 

promising alternative to high vacuum deposition processes currently used in conventional 

microelectronics fabrication. Synthesis via solution is a low-cost, simple and versatile method. 

However, it requires large stabilizing organic molecules and solvents. The decomposition process 

can lead to poor uniformity, impurities and film cracking. These effects can be minimized by 

reducing the organic content in the precursor solutions by using smaller molecules, adjusting the 

stoichiometry of the reaction chemistry and with ultraviolet treatment. Other variables (precursor 

salts, concentration, humidity, solvent and pH) must also be considered and optimized. 

The constant demands for new applications and high-throughput fabrication of electronic devices 

has led to the development of new materials and techniques. The current fabrication techniques 

applied in the optoelectronic industry usually require high vacuum and photolithographic 

processes which are expensive and consequently keep production at high costs. Solution based 

fabrication methods have been pursued as an alternative for economically viable large-scale 

electronics, without using high vacuum2,6 8.  

Recently the development of solution based oxide semiconductors2,3,9 and conductors10 has been 

well reported however for dielectric materials, which are a crucial component in electronic 

devices, such as capacitors and transistors, the development of a low temperature synthetic route 

still needs to be further investigated. 

Organic dielectrics have been studied for this purpose however they suffer from low dielectric 

permittivity and operational stability issues, falling short in performance when compared to 

inorganic materials2,3. High-  dielectrics have demonstrated high performance and suitability for 

such applications. These materials are also at the basis of the performance of sensor interface 

circuits11, driving circuits12 and non-volatile resistive switching memory devices13 15.  

Solution processed oxides precursor routes based on sol-gel or hydrolysis reactions have been 

reported for several high-  dielectrics; however high temperatures (>400 C), incompatible with 

flexible substrates, are still required for degradation of the organic load16 19. 

Lowering the organic content can be achieved with a new synthetic route, solution combustion 

synthesis2, which leads to a lower process temperature (<300 C). This method takes advantage 

of the chemistry of the solution precursors as a source of energy for localized heating. The 

exothermic reaction generates energy that can convert precursors into oxides at low process 
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temperatures. Moreover, the solution based amorphous metal oxides thin films possess a 

substantial amount of residual organic components and the exposure to high energy photons can 

improve film densification by cleavage of alkoxy groups, activate metals and oxygen atoms to 

simplify metal-oxygen-metal (M-O-M) network formation20. In order to achieve the desired film 

properties at lower temperatures an ultraviolet (UV) treatment is required to improve 

condensation and film densification in amorphous metal-oxide dielectrics3,21.  

The properties and quality of the oxide thin films is highly dependent on precursor solution 

characteristics, therefore the development and understanding of the solution chemistry for low 

temperature dielectric oxides is currently a challenging target and a key development milestone 

to allow application in printable flexible electronics.  
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1.2. Objectives  

In this PhD thesis, a low-cost process suitable to synthetize a variety of high-

oxides for electronic applications is proposed. This process relies on combustion synthesis of 

precursor solutions containing the metal ion that undergo reduction/oxidation reactions upon 

annealing assisted by different photonic curing tool processes on low-temperature substrates. 

The research was divided into three main objectives:  

 Precursor solutions development and optimization to produce dielectric oxides such as, 

Al2O3, HfO2 and ZrO2 using solution combustion synthesis (SCS) method; 

 Optimization of at 

low temperature; 

 Production of solution based electronic devices (capacitors, thin film transistors (TFTs), and 

non-volatile resistive switching (RS) devices) by spin-coating and printing techniques 

(flexographic and inkjet printing).  
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1.3. Thesis outline 

The structure of the work presented in this dissertation is divided in seven chapters where I set 

out to accomplish each one of the mentioned tasks. 

 Chapter 1 provides the motivation and aims of this study. 

 Chapter 2 summarizes solution combustion synthesis (SCS) method approach to produce 

metal oxides with different morphologies, mainly nanostructures and thin films for diverse 

applications. Special attention is given to thin films application in thin film transistors (TFTs).  

 Chapter 3 focuses on recent approaches to achieve solution-based oxides at low temperature 

such as, SCS and post processing irradiation (UV, NIR) treatments which allow their 

implementation in printable flexible TFTs. An appropriate concern is given to solution-based 

high-  oxide dielectrics that play a critical role to achieve low power consumption. Also, a 

detailed discussion of emerging printing techniques and current challenges is presented. 

 Chapter 4 describes the main results obtained for solution based TFTs. This chapter is 

subdivided in three sections: the optimization of solution-based high-

temperature for their application in electronic structures, the printing of metal oxides and the 

enhancement of the processing time of solution-based metal oxides using UV laser 

irradiation. 

 Chapter 5 focuses on the state-of-the-art of solution-based metal oxide resistive random-

access memory (S-RRAM). A detailed description of the solution synthesis parameters 

influence on S-RRAMs is performed, as well as the study of interface interaction between the 

layers. Then, the figures of merit and the main challenges in S-RRAMs are discussed and 

future trends are proposed. 

 Chapter 6 focuses on the main results achieved with solution-processed resistive switching 

memories based on metal oxides. This chapter is subdivided in two sections: the number of 

layers effect on spin-coated solution-based aluminum oxide (AlOx) memories and the 

response of low temperature printed AlOx resistive switching devices. 

 Chapter 7 is devoted to the main conclusions of this dissertation and further applications of 

the results and concepts reached.  
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1.4. Research impact 
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 Santanu Jana, Emanuel Carlos, Shrabani Panigrahi, Rodrigo Martins, Elvira Fortunato. 

-Processed High Mobility p-Type Thin Film Transistors Based on 

2020 (DOI: 10.1021/acsnano.0c02862); 

 Emanuel Carlos, Rita Branquinho, Rodrigo Martins, Asal Kiazadeh, Elvira Fortunato.  

-

Advanced Materials, 2020 (DOI: 10.1002/adma.202004328); 

 Emanuel Carlos, Rita Branquinho, Pedro Barquinha, Rodrigo Martins, Elvira Fortunato. 

2021 (DOI: 10.1016/B978-0-12-

819718-9.00003-0); 

 Emanuel Carlos, Rodrigo Martins, Elvira Fortunato, Rita Branquinho. Solution 

Combustion Synthesis: Towards a Sustainable Approach for Metal Oxides
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 Emanuel Carlos, Spilios Dellis, Nikolaos Kalfagiannis, Loukas Koutsokeras, Demosthenes 
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Materials Chemistry C, 2020, (DOI: 10.1039/D0TC01204A); 

 Emanuel Carlos, Jaakko Leppäniemi, Asko Sneck, Ari Alastalo, Jonas Deuermeier, Rita 

Branquinho, Rodrigo Martins, Elvira Fortunato. Printed, Highly Stable Metal Oxide TFTs 

with Ultra-Thin High-  Oxide Dielec 2020 (DOI: 

10.1002/aelm.201901071); 

 Abayomi Oluwabi, Atanas Katerski, Emanuel Carlos, Rita Branquinho, Arvo Mere, Malle 

Krunks, Elvira Fortunato, Luis Pereira, Rodrigo Martins, Elvira Fortunato, Ilona Acik. 

Application of ultrasonic sprayed zirconium oxide dielectric in zinc tin oxide-based thin film 

transistor 2020 (DOI: 10.1039/C9TC05127A); 
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 Nuno Branca, Jonas Deuermeier, Jorge Martins, Emanuel Carlos, Maria Pereira, Rodrigo 

Martins, Elvira Fortunato, Asal Kiazadeh. 

Zinc 2019 (DOI: 

10.1002/aelm.201900958); 

 Marco Moreira, Emanuel Carlos, Carlos Dias, Jonas Deuermeier, Maria Pereira, Pedro 

Barquinha, Rita Branquinho, Rodrigo Martins, Elvira Fortunato. 

Composition for Enhanced Fully Solution-

2019 (DOI: 10.3390/nano9091273); 

 Ghisman Plescan Viorica, Viorica Musat, Ana Pimentel, Tomas Calmeiro, Emanuel Carlos, 

Liliana Baroiu, Rodrigo Martins, Elvira Fortunato. 

nanocomposite thin films  Journal of Alloys and Compounds, 2019 (DOI: 

10.1016/j.jallcom.2019.06.373); 
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Carlos, Rodrigo Martins, Elvira Fortunato. 

Performances of P-Type Tin Oxide Thin-Film Transistors Processed at Low-Temperatur

Nanomaterials, 2019 (DOI: 10.3390/nano9030320); 

 Emanuel Carlos, Asal Kiazadeh, Jonas Deuermeier, Rita Branquinho, Rodrigo Martins, 

Elvira Fortunato. "Critical role of a double-layer configuration in solution-based unipolar 

resistive switching memories", Nanotechnology IOP, 2018 (DOI: 10.1088/1361-
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 Emanuel Carlos, Rita Branquinho, Asal Kiazadeh, Jorge Martins, Pedro Barquinha, Rodrigo 

Martins, Elvira Fortunato. "Boosting Electrical Performance of High-

Dielectrics and Electronic Devices by Combining Solution Combustion Synthesis and UV 

Irradiation", ACS Applied Materials & Interfaces, 2017 (DOI: 10.1021/acsami.7b11752); 

1.4.2. Presentations 

1.4.2.1. Oral presentations 

 Elvira Fortunato, Emanuel Carlos, Rita Branquinho, Pedro Barquinha, Rodrigo Martins. 
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 Emanuel Carlos, Rita Branquinho, Asal Kiazadeh, Pedro Barquinha, Nikolaos Kalfagiannis, 
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Martins, Elvira Fortunato. - 
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1.4.3. Master thesis guidance 

 Composition ratio effect in IGZO using solution combustion synthesis 

for TFT applications  

 Combustion Synthesis: Influence of the PVP 

 

 -friendly solution based zinc-tin oxide for device 

applications  

 -friendly solvents in solution-based ZrOx ; 

 -  

 -friendly solvents in solution-based AlOx dielectrics at low 

 

 José Menezes -based zinc-tin oxide diodes under infr  

 Raquel Martins , 2020 
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Figure 1.1. Number of citations achieved during this dissertation work until now (February, 2021) on the 

field of oxide electronic materials.  
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During the PhD acquiring soft skills is essential and highly valuable for the next career 
steps. They help us to develop character traits and interpersonal skills that will influence 
how well a person can work or interact with others. So, during this thesis some courses 
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  Techniques 

 Germany, 2017 
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Chapter 2.  

Solution combustion synthesis (SCS) of metal oxides 

 

 

 

 

 

 

Solution combustion synthesis (SCS) has been widely used to produce simple and complex oxides 

with a desired morphology (size and shape). SCS is valuable due to low cost, simplicity and 

energy efficiency synthesis. To guarantee the best molecular-level mixing of reactants in an 

aqueous or solvent-based solution some parameters need to be controlled, such as fuel type, metal 

cations precursors, stoichiometry ratio ( ), pH effect, atmosphere and initiation type. These 

determine the final properties of the oxide materials, having the potentiality to reach different 

morphologies, which are essential for their final applications. This review focuses on the crucial 

parameters in SCS and how these affect the overall materials properties from nanostructures to 

thin films. To finalize, special attention is given to the application of SCS to form metal oxide 

thin films at low temperature and their application in thin film transistors (TFTs). 

 

Keywords: solution combustion synthesis, fuel, metal oxides, nanostructures, thin film 

transistors. 

 

The literature presented in this chapter is published in:  

 Emanuel Carlos, Rodrigo Martins, Elvira Fortunato, Rita Branquinho. Solution Combustion 

Synthesis: Towards a Sustainable Approach for Metal Oxides  A European 

Journal, 2020.   
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2.1. Introduction 

Combustion is a universal technology, supplying most of the primary energy worldwide.22 For 

combustion to occur a fuel (oil, coal, natural gas, hydroelectricity, nuclear energy and renewables) 

is burnt with an oxidizer, commonly air, to generate heat being passed down for different 

purposes, for heating, propulsion and energy production.22,23 Also, combustion is useful to destroy 

harmful pollutants and to eliminate of biomass waste. Combustion is defined by a redox reaction 

or electron transfer process in which the fuel is oxidized (electropositive element), and the 

oxidizer is reduced (electronegative element) leading to an exothermic reaction. The equation 2.1 

that describes the formation of water from the redox reaction of hydrogen and oxygen is an 

example: 

 

  (2.1) 

 

The small subscripts in brackets refer to the oxidation state. The oxidation is related with an 

increase of the oxidation state from [0] to [+1] in hydrogen (fuel) and a decrease in the oxidation 

state in oxygen (oxidizer) from [0] to [2-]. Combustion processes that are common in society as 

wildfires, factories, vehicle exhausts, power generation and are characterized essentially by high 

temperatures, usually combined with high pressures and transient conditions. 

In general, products are typically pollutants; like carbon monoxide (CO), carbon dioxide (CO2), 

nitrogen oxide (NO), nitrogen dioxide (NO2), sulphur dioxide (SO2) and ammonia (NH3) which 

are harmful for public health.24 However, when combustion is applied for synthesis it allows a 

variety of inorganic materials to be produced at lower temperatures, such as ceramics powders 

and catalysts.25,26 To generate combustion three elements are required, an oxidizer, a fuel 

(reducer) and the necessary temperature, as depicted in Figure 2.1. 
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Figure 2.1. Demanded elements to occur combustion synthesis.27 Copyright © 2020, Wiley VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

Although, this synthesis has been used since the prehistoric times to produce carbon black from 

the fires for caves painting. The first real implementation of combustion synthesis was performed 

by Pechini in 1967. The Pechini process consist on resin intermediates to form oxides and which 

are sintered them into a dense ceramic to form capacitors.28 In the early seventies, Merzhanov 

pioneered self-propagating high-temperature synthesis, also known as combustion synthesis to 

produce refractory inorganic compounds.25 The process requires high-purity fine precursors 

which ignite at high temperatures (> 1000 °C)  and is highly exothermic reaching temperatures 

of 4000 °C to form oxides and non-oxide materials. However, it does not lead to homogeneous 

products resulting in coarse powders and low surface areas since it is a solid-state reaction.29 

The combustion synthesis (CS) processes depend on the nature of the reactants which can be 

gaseous, liquids or solids. For that reason CS processes are classified into gas phase combustion 

synthesis, solid phase combustion synthesis (subdivided into, the self-propagating high-

temperature synthesis (SHS) and volume combustion synthesis (VCS)) and liquid phase 

combustion synthesis.23 Gas phase combustion synthesis is not just a synthesis process where all 

the reactants are gaseous but also combustion processes that involve the gas phase through some 

part of the synthesis. This synthesis relies on a wide range of conditions, as the reactant 

concentration, the control particle morphology and temperature applied. The capability to produce 

nanometre particles is highly useful to promote the catalytic activity, superplasticity and lower 

reaction sintering temperatures.30,31 In solid phase combustion synthesis (SPCS) the solid 

reactants  (powder mixture) are pressed into a cylindrical pellet and ignited by an energy source 

(tungsten coil, laser or another suitable sources). In the case of self-propagating high-temperature 

synthesis the energy source acts locally (focus on a spot) igniting a highly exothermic reaction 

that self-propagates through the mixture, as shown in Figure 2.2 (a).25 For the VCS, the entire 

volume of the powder mixture sample is heated uniformly in a controlled way, as depicted in 
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Figure 2.2 (b). In this type of solid phase combustion synthesis, the reaction occurs simultaneously 

in the entire volume and is more convenient for a weak exothermic reaction and thus SPCS is 

normally used to synthetize single and multiphase ceramic nanocomposites.32 Figure 2.2 (c) show 

the liquid phase combustion synthesis, also named solution combustion synthesis (SCS) which 

start to be implemented in 1981 with the Jain method.33 The method consist on the stoichiometric 

proportion between the oxidizer and the fuel for SCS, which is based on propellant chemistry. 

This allows the calculation of the oxidizing/reducing valences (OV/RV) of a redox mixture being 

applied by Patil and co-workers in 1988 to produce metal oxides.34 The Jain method involve an 

exothermic reaction of metal nitrates (oxidants) and an organic fuel which should be a source of 

carbon and hydrogen. Most of metal oxides can be achieved by combining a metal nitrate, and 

fuel. Nitrates are preferred as the metal precursor because these provide a metal ion that is 

water/alcohol soluble and guarantee homogeneity. In general, SCS is a common method for the 

preparation of a wide variety of materials due to its simplicity, broad range of applicability and 

the possibility of easily obtaining products in the desired composition allowing diverse 

applications.32,35. 
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Figure 2.2. Schematic representation of (a) self-propagating high-temperature synthesis (SHS), (b) volume 

combustion synthesis (VCS) and (c) solution combustion synthesis (SCS) method.27 Copyright © 2020, 

Wiley VCH Verlag GmbH & Co. KGaA, Weinheim. 

In this review, we cover why SCS is so relevant to produce metal oxides (section 2.2) and examine 

the crucial parameters, such as fuel, metal cations precursors, pH, concentration, oxidizer to 

reducer ratio ( ), atmosphere environment and initiation type. These parameters are truly relevant 

to determine the oxide materials morphology and possible applications. SCS is becoming one of 

the most-convenient methods for the preparation of simple and multicomponent oxides thin films 

at lower temperatures. Thus, in section 2.3 we will cover their application in thin film transistors 

(TFTs) and discuss the implementation of UV irradiation in the annealing process to solve some 

of the current issues in low temperature combustion solution processed TFTs. In section 2.4 a 

brief conclusion and outlook on the possibilities of SCS are presented. 

2.2. Solution combustion synthesis (SCS) of oxides 

Solution combustion synthesis is a fast, simple, efficient and versatile method becoming highly 

popular globally for the preparation of oxide materials with controlled properties (high purity and 

homogeneity) for a wide number of applications, such as catalysts, solid fuel cells and 

electronics.4,36 39 SCS derives from sol-gel and propellant chemistry, however SCS is faster when 

compared to sol-gel and can provide higher quality final products.33,40 Solution combustion 
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synthesis is subdivided in three main steps, i) combustion mixture formation, ii) gel formation 

and iii) combustion of the gel. In a simple way SCS consists on a self-sustained redox reaction 

initiated by a source of energy (thermal or electric) between a fuel and an oxidant (usually metal 

nitrates) in the presence of metal cations. The fuel is typically composed by organics containing 

carbon and hydrogen that facilitate the liberation of heat by the formation of CO2 and H2O during 

the combustion process.41 Like previously mention, Patil et al. firstly reported the SCS of oxides 

by combining aluminum nitrate nonahydrate (Al(NO3)3·9H2O), the oxidant and urea (CO(NH2)2), 

the fuel, based on a stoichiometric balance of the redox mixture to attain aluminum oxide.29 In 

this method, the ignition temperature is not high, just a moderate temperature is required to trigger 

the combustion reaction leading to a strong exothermic redox reaction that deliver enough energy 

to form the metal oxide lattices. This allows the use of low process temperatures to convert the 

solution precursors into oxides. 

2.2.1. Crucial parameters in solution combustion synthesis 

The final characteristics of the resultant oxides from the SCS are highly dependent on the 

synthesis parameters, namely, the fuel type, the metal cations precursors, the pH, the reducer to 

oxidizer ratio ( ), the atmosphere environment and initiation type. 

2.2.1.1. Role of the fuel 

The fuel plays a central role in the final product properties and even act not just as reducer, but 

also as complexing agent and microstructural template. It is composed by organic compounds, 

usually carboxylate (urea, glycine, and citric acid) and aliphatic amine (hydrazides) groups, that 

can react with an oxidant initializing the combustion reaction. Fuels contain chelating agents that 

prevent precipitation of metal ions and preserve the compositional homogeneity between all the 

constituents which helps create strong coordinate bonds.42,43 For this reason fuels are widely used 

for the synthesis of metal oxides promoting a gel network after solvent evaporation that maintains 

the metal cations homogenously fixed in their position during the combustion process.  

The fuel type greatly affects the microstructure of the final oxide material which is related with 

the gel network formed by the fuel and its decomposition features.35,44 46 To clarify the different 

fuel types Deganello et al. established a multiple classification to select the right fuel mixture for 

diverse metal cations and ionic potentials.47 The fuels were divided in four categories depending 

on their functional groups: carboxylic, hydroxyl, amino and multifunctional. As reported by 

Varma et al. fuels containing amino groups ( NH2) are more reactive in the combustion reaction 

compared to hydroxyl groups ( OH) and carboxylic groups ( COOH), the less reactive redox.48 

Taking that into account the combination of different functional groups in the same fuel can be 

useful to improve the coordination with metal salts to form distinctive oxides. 
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Carboxylic functional groups ( C(=O)OH or COOH) consist on a carbon atom double bonded 

to an oxygen atom and single bonded to a hydroxyl group. These fuel groups ionize by releasing 

the hydrogen atom from the OH group. Therefore, carboxyl groups are found in acids, such as 

citric, ascorbic, tartaric, oxalic, glutamic and aspartic acid. Citric acid (C6H8O7) is a widely used 

fuel since it is inexpensive and request low ignition temperature when combusted with  nitrate 

salts precursors to form metal oxides.35,49 Also, it is a high carbon fuel composed by three 

carboxylic and one hydroxyl groups, and has the lowest decomposition temperature compared to 

other carboxylic fuels, as shown in Figure 2.3 (a). Nevertheless, citric acid directly affects the pH 

of the solution when mixed with metal salts thus disturbing the stability and homogeneity of the 

gel.50,51 Also, the combustion of citric acid generates higher amount of gaseous products being 

more favourable for the production of oxides powders than thin films.35 

Ascorbic acid (C6H8O6), also known as Vitamin C and tartaric acid (C4H6O6), which are extracted 

from oranges and grapes, respectively, have a high carbon content and are nitrogen free as is citric 

acid. The main issue of these fuels is the weak complexation capability of metal cations leading 

to an early precipitation if several cation oxidants are used.52,53 Nevertheless, they provide a slow 

combustion reaction which can be profitable for a more controlled oxide formation and the 

resultant oxide nanoparticles can be interesting for photocatalytic, sensor and antibacterial 

applications.   

Oxalic acid (C2H2O4), a dicarboxylic acid, is a strong and toxic organic compound with low 

molecular weight (Figure 2.3 (a)) widely distributed in nature. This fuel has been used for the 

production of oxide nanostructures, cathodes in batteries and solid oxide fuel cells.54 56  

Glutamic acid (C5H9NO4), aspartic acid (C4H7NO4) and ethylene diamine tetra acetic acid 

(EDTA) (C10H16N2O8) are mostly constituted by carboxylic functional groups but also contain 

amino groups. EDTA has two amino groups and is a widely used complexing agent to avoid the 

precipitation of insoluble metal compounds. As a result, the coordination with the metal ions is 

improved assuming homogeneity during the gel formation. Carboxylic fuels are typically 

nanomaterials with varied applications, such as thermoelectrics, ceramics and perovskite 

oxides.57 63 
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Figure 2.3. Reducing valence (+), decomposition temperature (melting point (MP) or boiling point (BP)) , 

and molecular weight for different fuel types applied in SCS: (a) carboxylic functional gro ups ( COOH); 

(b) hydroxyl groups ( OH); (c) amino functional groups ( NH2); (d) several functional groups. The boiling 

point is show only for liquid fuels (ethylene glycol, hydrazine, acetylacetone and 2 -methoxyethanol (2-

ME)). The melting point, boiling point and molecular weight data of the fuels were taken from the Sigma 

Aldrich website. The reducing valence of each fuel was determined considering the Jain method.27 

Copyright © 2020, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim.  

When the hydroxyl groups ( OH) are predominant in the organic compound the combustion 

reaction is more intense compared to the carboxylic groups and the decomposition temperature is 

lower in overall, as depicted in Figure 2.3 (b). Carbohydrates, such as glucose (C6H12O6), sucrose 

(C12H22O11), sorbitol (C6H14O6), xylitol (C5H12O5), erythritol (C4H10O4) and ethylene glycol (EG) 

(C2H6O2) are in this category. EG behaves as a gelating agent by the formation of an organic ester 

with the creation of a homogeneous network with the metal ions leading to an organize 

polymerization.64,65 Porous and thin film oxide materials have been obtained to produce 

nanocatalysts, supercapacitors and thin film transistors using these fuels group.65 69    

Organic fuels comprising mostly amino groups ( NH2) present a high exothermicity when the 

combustion reaction occurs and the lowest molecular weights compared to carboxylic and 
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hydroxyl functional groups, as shown in Figure 2.3 (c). Example of fuels in this category for 

oxides production are urea (CH4N2O), dimethyl urea (C3H8N2O), arginine (C6H14N4O2), 

tryptophan (C10H10N2O2), hydrazine monohydrate (N2H4·H2O) and hexamethylene tetraamine 

(HMTA)((CH2)6N4).47 Urea is the most commonly used in SCS due to its abundant availability, 

low cost, high exothermic reaction at a low ignition temperature, and enhanced coordination 

ability relative to metal nitrate precursors.70 Arginine and tryptophan can form a homogeneous 

gel due to the good correlation between them and metal ions. Arginine has the same number of 

amino groups as urea but also contains a carboxyl group which leads to an increase of 

decomposition temperature. Dimethyl urea should be selected if is desirable a very high 

exothermicity.62 HMTA and hydrazine monohydrate are rather unsafe as these can form highly 

exothermic explosive reactions.71 73 Nevertheless, hydrazine monohydrate has the lowest 

molecular weight and is an optimal fuel to avoid carbon impurities in the final product however 

a controlled environment must be used. 

In terms of fuels with equal proportion of various functional groups, some examples can be found 

for the oxides production, such as valine (C5H11NO2), phenyl alanine (C9H11NO2) and glycine 

(C2H5NO2).62 Valine has the highest decomposition temperature used in SCS, as depicted in 

Figure 2.3 (d), which is not ideal for the production of low temperature oxides. Glycine is a 

commonly used fuel like urea with high coordination ability toward nitrates, low cost, high 

exothermicity, however instead of two amino groups, it is constituted by one amino group and 

one carboxylic group at opposite ends of the chemical structure.74 Since glycine has carbon bonds 

the final product will have higher probability of carbon impurities compared to urea.75 

Interestingly, glycine is a zwitterionic molecule (has more than one functional group which 

contain at least one positive and one negative charge, being the molecule electrically neutral) 

which helps prevent selective precipitation and maintain a compositional equilibrium between the 

constituents.26 

Another interesting organic liquid fuel in SCS is acetylacetone (C5H8O2) that in the presence of 

metal nitrate ions result in a sharp combustion process with low activation temperature. This fuel 

has been used to perform not just metal oxide powders, but widely used to produce metal oxide 

thin films.76,77 2-methoxyethanol (2-ME) (C3H8O2) is generally used as solvent for the production 

of oxide thin films but recently was proven that it can also act as fuel, preventing the need of other 

fuels.78  

A mixture of fuels is sometimes required where a secondary fuel is demanded to stabilize metal 

complexes in multicomponent oxides. However, a good interaction between the primary and the 

secondary fuel, and with the metal cations needs to be assured.67,79  
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In general, organic fuels with different functional groups can achieve various phase formations 

and morphologies for diverse metal cations. The fuel selection plays a critical role in relation to 

the type of compound for the final product requirements, as the ignition temperature and presence 

of carbon impurities. 

2.2.1.2. Role of the metal cation precursors 

The metal precursors are the source of the metal cations in the solution combustion synthesis, 

thus determining the final metal oxide. The metal precursor are typically salts and can have three 

types of counter anions groups: oxidants, reducers or neutrals.80 From these ones, the oxidants, 

hydrated nitrates are preferable not just because of the high oxidizing power (negative charge), 

but also due to their great solubility in water or polar organic solvents and their low decomposition 

temperature, as depicted Figure 2.4.81 83  

Reducers as the case of oxalates, alkoxides, acetates and acetylacetonates precursors need 

additional oxidants to the combustion process regulation.77,84 88 The most common combustion 

aid are nitric acid (HNO3) and ammonium nitrate (NH4NO3).86,89,90 Neutral precursors are 

chlorine-based, since the anions do not contribute to the redox reaction during the combustion 

process. However, chlorine-based precursors are not desirable for SCS due to possible 

contaminations in the final powder or film and the release of HCl as a by-product.82,91,92 

 

Figure 2.4. Schematic diagram of thermogravimetric analyses of various precursors.93 Copyright © 2019, 

IOP Publishing Ltd. 

As observed in Figure 2.4, metal nitrate salts precursors have a lower decomposition temperature 

(Td) due to the electronic interactions between the metal and the nitrate group.94 Their low 

processing temperatures is related to the high volatility of the decomposition by-products leading 

to a higher purity in the final product.95 The nitrate thermal decomposition is related with the 

dissociation of the N O bond and its bond order.96,97 The molecular orbital theory or also called 
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band theory provides a model of metallic bonding and for the case of the nitrate anion will have 

a bond order of 4/3.98 This can be reduced by the back-donation of the nitrate electron cloud to a 

vacant d-orbital of the metal ion or by the electronic cloud polarization of the nitrate ion through 

the high charge density of the metal ion decreasing the Td.94 The metal-ion charge density (CD) 

as shown in equation 2.2 is the ion charge divided by the ion volume which allows to infer on the 

covalent nature of the metal and nitrate interaction.99 

 

 

 

The positive charged cations of the metals ions with high charge density (CD) can polarize 

effectively the electron cloud of the negative charged nitrates ions (NO3-) as defined by Fajans´ 

rule.98 Yuvaraj et al. observed that when low CD metal cations are used, the nitrate-salt 

decomposition occurs at higher temperature and the opposite occurs for high CD metal cation, as 

depicted in Figure 2.5 (a).94 Recently, Boettcher et al. studied the decomposition behaviour of 

different metal-nitrate hydrate salts to confirm the correlation between CD and Td.99,100 For that 

was defined Td as the temperature where a loss of 75 % of the metal salt volatile mass  was 

achieved, as depicted in Figure 2.5 (b). 
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Figure 2.5. a) Schematic depicting the electronic interaction between positively-charged metal cations (Mz+) 

and nitrate. Low charge-density (CD) metals are unable to polarize the nitrate electron cloud, resulting in 

high Td (left), whereas high-CD metals attract the electron density of nitrate (indicated by distortion and 

shading of the electron cloud), which lowers Td (right); b) Metal-nitrate decomposition temperature (Td) as 

a function of metal-cation charge density (CD). Metal-nitrate salts exhibit a broad range of decomposition 

temperatures due to differing electronic interactions between the metal and nitrate. As a general trend, Td 

increases with decreasing CD (i.e. the cation polarizing ability decreases). Td is defined as the temperature 

at which the salt has lost 75 % of its volatile mass.99 Copyright © The Royal Society of Chemistry 2019. 

To understand how the nitrate and metal ionic species interact in solution, some metal-nitrate (M-

NO3) complexes have been identified and quantified using Raman spectroscopy by Rudolph et 

al.101 104 The concentration conditions clearly impact the metal-anion complexes form in aqueous 

solutions. For all these metal cations, the quantity of metal nitrate-complexes formed decrease 

with decline of positively-charged metal cations (Mz+) and nitrates in solution. The relative 

thermodynamic stability of the aquo cations (M-H2O) and the M-NO3 complex can clarify the 

dependence between the metal cation and the M-NO3 complex formation. As described by 

Marcus et al. Ghyd) provides a measure of 

the thermodynamic stability of hydrated metal cations.99,105 The Al3+ and Ga3+ metal cations are 

strongly hydrated which leads to a more nega Ghyd and consequently are more 

thermodynamically stable and decompose at lower temperatures. This is explained through their 
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high charge densities which result in strong M-H2O bonds forming fewer and lower equilibrium 

concentrations of M-NO3 complexes. In Figure 2.6 (a) a linear relationship Ghyd and 

the cation size (r) can be observed.99  

Exchange kinetics allow determining how quickly equilibrium concentrations of M-NO3 complex 

are settled in aqueous solution, considering the water exchange rate ( ). The  for metal 

cations tend to increase with the increasing ionic radius due to the weakening of the first hydration 

sphere M-H2O bond strengths.106 In general,  for the reported metal cations occur in a matter 

of seconds leading to fast equilibrium of the aqueous metal nitrate solutions as shown in Figure 

2.6 (b).99 

In summary, chemical factors such as: i) the metal-nitrate decomposition temperature as a 

function of metal-cation charge density; ii) the relationship between cation radius and the standard 

molar Gibbs free energies of hydration; and iii) exchange kinetics play a critical role on the 

decomposition behaviour of metal nitrates and processing conditions to form different 

morphologies. 

2.2.1.3.  

In 1981, Jain and co-authors define a new approach to calculate the ratio of the oxidizing 

(commonly, nitrates) to reducing (fuel) elemental composition to reach a stochiometric proportion 

in the combustion mixture.33 In this method, oxygen (O) and nitrogen (N) are considered oxidizers 

their final valences corresponding to the metal valence. Carbon (C) and hydrogen (H) are treated 

as reducing elements with a valence of +4 and +1, respectively. The relation between the amount 

of reagents and their reducing and oxidizing valences (RV/OV) is shown in equation 2.3: 

 

 

 

where is  the fuel(reducer)/oxidizer ratio and n is the number of moles of fuel per mole of 

oxidizer.35,77 For the stochiometric ratio with balanced reducing and oxidizing species (  =1) 

atmospheric oxygen is not required for the reaction to occur. This stochiometric state indicates an 

intense and complete combustion of the precursor materials resulting in the conversion to metal 

oxide and gaseous products (H2O, CO2 and N2). If  > 1 or  < 1, indicates a fuel rich or a fuel 

lean mixture, respectively. 
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Figure 2.6. Metal-nitrate (M-NO3 Ghyd. 

Ghyd) are thermodynamically stable and tend 

to form fewer M-NO3 complexes. Deviation of z = +2 first-row transition metals from this trend is due to 

weak ligand-field effects, which results in cation radius expansion when eg orbitals are filled. (b) 

Relationship between cation radius (r) and . Exchange kinetics will dictate how quickly equilibrium 

concentrations of M-NO3 complex will be established in aqueous solution.99 Copyright © The Royal 

Society of Chemistry 2019. 

Overall, SCS is not a complete adiabatic process so the experimental temperature of the reaction 

(Texp) is always lower when compared to the theoretical temperature (Tth), since heat losses are 

not consider.107 Figure 2.7 shows the experimental and theoretical trend of temperature versus the 

 ratio. SCS can be classified in five main categories from fuel deficient to fuel excess ratio.47 
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Figure 2.7. Theoretical and the experimental trend of temperature versus the fuel oxidizer ratio (extremely 

fuel deficient (EFD), fuel deficient (FD), stochiometric, fuel excess (FE) and extremely fuel excess (EFE) 

combustion reaction).27 Copyright © 2020, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim. 

In extremely fuel deficient (EFA) combustion reaction almost no fuel is present, and an external 

heating is required to complete the reaction. This category is flameless and leads to massive 

evolution of gases.108 In fuel deficient (ED) combustion the slightly higher fuel amount leads to a  

slow combustion reaction which also requires an external heating to complete the reaction. The 

stoichiometric fuel/oxidizer ratio grant a self-combustion reaction and auto ignition process with 

an highly exothermic behaviour reaching high temperatures through a uniform distribution.2 Thus, 

when a stoichiometric combustion occurs an optimal amount of oxygen and fuel mix generates 

the most heat possible and maximum combustion efficiency is reached. In fuel rich conditions, 

the fuel excess (FE) and extremely fuel excess combustion reaction (EFE), the probability of 

tracing impurities (carbon and carbonates) in the final product is higher due to the larger quantity 

of fuel.92,108 

In the fuel/oxidizer ratio, the fuel should be always carefully chosen to have the best correlation 

with the metal nitrate precursor in order to accomplish the highest temperature of the reaction.  

2.2.1.4. Effect of pH 

The pH level of the metal precursors solution also plays a crucial role in SCS and should be 

maintained slight acidic to avoid the formation of metal hydroxides or other salts. When metal 

salts are dissolved in water normally a hydrolysis reaction occur which is the origin of metal 

cation acidity. The reaction depends on the oxidation state of the metal cation and the solution 

pH, according to charge-pH diagram defined by C. K. Jorgensen (Figure 2.8).109 Therefore, the 

existence of hydroxyl ligands (OH) enhances the formation of soluble, polynuclear cationic 

species through condensation reactions.99 These reactions have two mechanisms, olation (M-OH-

M + H2O) and oxolation (M-O-M + H2O).110,111 The olation products usually occur for metal 
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nitrate solutions, since most of the metal nitrates salts have a low valence states (z = 2 or 3).99 In 

the case of oxolation reactions with low-

of (oxy)hydroxides. Also, for a constant metal cation concentration, the solution pH can be 

changed by adding acidic or alkaline species. However, excess of acidic/alkaline species in the 

solution can affect the structure morphology of the final product. For solution combustion 

synthesis the pH control is crucial by the choice of a proper organic fuel (acidic or alkaline 

moieties) to have good interaction with the metal cations in solution. The fuel-to-metal cations 

ratio will regulate the pH for an efficient fuel dissociation and their chelating abilities to the metal 

cations. In SCS the precursor solution pH can mainly affect the intensity of the combustion 

process and the structure morphology of the final oxide material.50,112 114 

 

Figure 2.8. The charge-pH diagram according to C. K. Jorgensen. Condensation reactions are expected to 

occur when the system is brought from the aquo (low-valent cations) or oxo (high-valent cations) domains 

into the hydroxo one (middle domain).27,111 Copyright © 2020, Wiley VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

2.2.1.5. Atmosphere environment and initiation type 

The atmosphere environment is quite relevant in the quality of the combustion reaction, although 

it is not well explored. Yu et al. noticed that a faster reaction process occurs when was flowing air 

in comparison to nitrogen environment.115 Nonetheless, the mass-changing rate in nitrogen 

atmosphere is almost doubled, which is explained by the supply of N ions when nitrogen gas is 

in contact with the gel. This enhances the formation of NO3- ions that act as oxidants and 

subsequently improves the mass-changing rate in SCS.115,116 

For SCS different heating sources can be used to initiate the combustion reaction, such as muffle, 

hotplate, microwave and laser annealing. The most used initiation source is the muffle furnace, 

where a uniform heating is applied to the precursor solution resulting in a violent combustion 

reaction. However, some of the powder is lost during the reaction in the muffle which can 
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contaminate it.34,117,118 For the production of powders and mainly thin films, hotplate annealing 

has been quite used as initiation source in SCS.2,77,119,120 In microwave heating source, the 

radiation is absorbed and converted to thermal energy inside the xerogel. This initiation type 

results in a homogeneous heat distribution with fast reaction kinetics leading to interesting 

microstructural and textural properties, such as surface area, grain and crystal uniform size 

distribution by controlling the power and exposure time with a very high yield.69,121 124 However,  

some limitations exits like the high equipment cost and the scale-up to industry due to the small 

quantities produced.124 

2.2.2. Oxides` morphology and applications 

As observed previously, there are crucial parameters in solution combustion synthesis that 

determine the final morphology of the metal oxide materials.  The most promising products are 

nanostructured materials and thin films that have a high versatility for a wide range of 

applications, which tend to increase. In the last 15 years the number of oxide nanostructures and 

thin films produced via SCS has increased, as depicted in Figure 2.9.  

2.2.2.1. Nanostructures 

A vast effort has been made to define and control the morphology of metal oxides using SCS. 

Metal oxide nanostructures processed by SCS have an enormous potential due to the simple 

control, low-cost, versatility, scalability and higher purity compared to conventional sol-gel. 

These nanostructures can be formed with various controlled shapes, such as nanobelts125,126, 

nanoflakes127 133, nanoflowers134 137, nanoneedles138, nanosheets138,139, nanoplates140 143, 

nanorods124,144 149, nanowires150 153, nanopowders and nanoparticles. For nanobelts (NBs) as 

shown in Figure 2.10 (a) has been reported the use of triethanolamine (TEA), as organic fuel, 

which provides not only a homogeneous distribution of metal ions in solution, but also serves as 

shape-controlling agent.125,126 These nanostructures are mainly used for optoelectronic 

applications; however further studies are required to produce new metal oxides and boost their 

upcoming impact using SCS. 
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Figure 2.9. Metal oxides nanostructures and thin films produced via SCS in the last 15 years.27 Copyright 

© 2020, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim. 

The nanoflakes (NFs) have at least one nanometric dimension (1  100 nm) and are not perfectly 

flat being handled in different kind of applications, such as photocatalysis, spintronics, 

optoelectronics, chemical sensing, biomedical, battery electrodes and supercapacitors.127,129 133 As 

observed, in Table 2.1 various fuels have been implemented in the production of diverse metal 

oxides NFs to improve the ignition temperature required. To go even further instead of using the 

most common initiation type, the muffle furnace (MF), microwave (MW) is used allowing a short -

time consumption for the combustion reaction. K promote a fast synthesis of nickel 

doped zinc oxide (Ni:ZnO) magnetic semiconductor adopting MW oven for 20 min.129 The 

resultant grain structure is mainly composed by NFs with some voids and pores in the formed 

network, as depicted in Figure 2.10 (b). The porous structure is due to the gaseous products release 

during the combustion reaction. It was noticed that the energy bandgap of the semiconductor 

decreases with the increment of Ni concentration related with the increase of the carrier 

concentration on the Ni:ZnO which present a ferromagnetic behaviour. Recently, Sharma et al. 

reported highly pseudocapacitive nickel oxide (NiO) NFs with 10 nm for supercapacitor cells 

with mesoporous channels and high surface area produced by microwave-assisted route and using 

urea as fuel.133 The large surface area and porosity is highly demanded of an electrode material 

for charge storage devices. Since the obtained NiO NFs electrodes possess these characteristics 

the penetration of the electrolyte in the electrodes is facilitated, promoting the ion migration which 

improves the power capability and energy density. These NiO electrodes exhibited good 

electrochemical response leading to high specific capacitance, being then applied in a symmetric 

supercapacitor, that revealed an excellent cycling stability. 
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Figure 2.10. Various nanostructures via SCS: (a) Transmission electron microscopy images of 

SrAl2O4:Eu2+,Dy3+ nanobelts;126 Copyright © Materials Research Society 2011. (b) SEM picture of NixZn1

xO nanoflakes;129 Copyright © 2014 Elsevier Ltd and Techna Group S.r.l. (c) FESEM image of CuO 

nanoflower;134 Copyright © 2013 Elsevier B.V. (d) High-magnification FESEM of NaV6O15 nanoplates;141 

Copyright © 2015 The Electrochemical Society. (e) TEM images of a single VO2 nanorod;147 Copyright © 

The Royal Society of Chemistry 2013. (f) TEM image of MgO nanowire.151  Copyright © 2012 Elsevier 

Ltd. 

SCS of metal oxide nanoflowers (NFWs) structures have been applied as photocatalysts, cathodes 

for lithium ion batteries and biomedical applications, such as cancer detection and drug delivery 

for specific targets.134 137 In 2013, Umavedi et al. produced copper oxide (CuO) NFWs by SCS 

using glycine as fuel, which guarantee a good mixing of cations in the solution.134 These CuO 

NFWs as shown in Figure 2.10 (c) are composed by nanopetals and present excellent 

photocatalytic activity.  

The metal oxide nanoplates (NPTs) structure is similar to the NFs being mostly used for batteries 

and supercapacitors electrodes which demand high surface area and pores, enhancing the 

electrode-electrolyte interface.140,141 In 2015, Jiang et al. reported self-combustion synthesis of 

NaV6O15 nanoplates as cathode materials for sodium-ion batteries being quite relevant taking into 

account the toxicity of lithium-ion batteries currently used.141 These NPTs depicted in Figure 2.10 

(d) present a uniform size and shape with an average width of 100 nm and length of 400 nm and, 

when used as cathode, a high discharge capacity is achieved being comparable to hydrothermal 
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synthesis methods. This is reached due to the large specific surface area on these structures 

providing more sites for sodium ions exchange in the cathode-electrolyte interface.  

Nanosheets (NSs) are two-dimensional (2D) nanostructures and have been recently produced 

using SCS, but only iron oxides (Fe2O3) NSs were developed as anode in lithium ion batteries 

showing potential for other applications, such as energy conversion and storage, water treatment 

and gas sensors.138,139 Qin et al. reported the use of glycine as fuel and glucose as carbon source 

for the formation of network-like porous hematite NSs defined by a large quantity of well-formed 

round single pores with 40 nm in diameter.139 This structure formed in simple way has a high 

potential for gas sensor applications. In 2018, the same group tested different molar ratios ( ) of 

glycine to ferric nitrate and the morphology evolved from uniform to porous nanoneedles (NNs) 

(  = 0.5; 1). For a fuel rich condition ( >1) the morphology changed to aggregated nanoparticles. 

The stoichiometric product composed by porous NNs displays the best electrochemical 

properties, showing a high reversible capacity and superior recovery. This is attributed to the 

porous nanosheet structure and high specific surface area which guarantee an improved electrode-

electrolyte interface and lead to a fast charge transfer reducing the polarization effects.138 

Table 2.1. Developments of metal oxide nanobelts (NBs), nanoflakes (NFs), nanoflowers (NFWs), 

nanoplates (NPTs) and nanosheets (NSs) using SCS for different applications. Copyright © 2020, Wiley

VCH Verlag GmbH & Co. KGaA, Weinheim. 

Year Structure 
Metal 
oxide 

Tignition 

(°C) Fuel(s) 

Particle/ 
Crystallite 

Size 
(nm) 

2010 125 
NBs 

ZnO:Eu3+ 400 TEA 50  300 

2011 126 
SrAl2O4:Eu2+ 

SrAl2O4:Dy3+ 300 TEA < 100 

2012 127 

NFs 

Fe2O3 300 Gly 17 

2014 129 
NixZn1-xO 

(x = 0.0 0.2)  
1000 W U 33  44 

2015 130 CeO2 400 Glu 35.5 
2017 131 V2O5 400 CA 37 

2018 133 NiO 800 W Gly/ 
U 

10 

2018 132 MgO 400 VG 20  25 
2013 134 NFWs CuO 300 Gly 50 
2014 135 NFWs Si:MnZnFe2O4 350 Gly 10  40 

2016 136 NFWs ZnO 470 TEA/ 
CA/EG 

23 

2019 137 NFWs V2O5 900 W EDTA 20 
2014 140 NPTs Bi2MoO6 300 U 90  500 

2015 141 NPTs NaV6O15 450 CA 
Width (100) 
Length (400) 

2016 139 NSs -Fe2O3 500 
Gly/ 
Glu 18 

2018 138 NSs -Fe2O3/ Fe3O4 300 Gly 50  100 
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Tignition: temperature required for the ignition of the combustion reaction; VG: Vetiver grass; Gly: 

Glycine; Glu: Glucose; U: Urea; TEA: triethanolamine; CA: citric acid; EG: ethylene glycol; 

EDTA: ethylenediamine tetraacetic acid. 

Metal oxide nanorods (NRs) applications are vast, as shown in Table 2.2; they can be used in 

photocatalysis, antimicrobial, photoluminescence, nanoelectronics, UV sensors, filters, solar 

control and antireflection coatings.124,144 149 Umadevi et al. reported a novel combustion method 

to produce copper oxide (CuO) NRs with surface area using citric acid as fuel.144 Since copper 

presents a high antibacterial activity compared to organic antibacterial agents, these CuO NRs 

were tested against E. Coli and other microorganisms showing enhanced antimicrobial activity. 

In the same year, Chandrappa et al. produced vanadium dioxide (VO2) NRs in a faster way via 

SCS and at relative low temperature using malic acid as fuel, as shown in Figure 2.10 (e).147 

Lately, Hussain et al. reported one dimensional (1D) nanocrystalline molybdenum trioxide 

(MoO3) NRs synthesized by SCS using urea as fuel for high performance supercapacitors.149 

These NRs present 50 nm diameter and few microns long, and were tested as counter electrode 

in electrochemical measurements. A high specific capacitance and good cycling stability were 

reached with these NRs paste (PVDF + carbon black + MoO3 NRs) due to the increment of the 

surface to volume ratio leading to an easier ion exchange.  

Table 2.2. Developments of metal oxide nanorods (NRs), nanowires (NWs) and nanoneedles (NNs) using 

SCS for different applications. Copyright © 2020, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim. 

Year Structure Metal 
oxide 

Tignition 

(°C) 
Fuel(s) 

Width/ 
Length 
(nm) 

2013 144 

NRs 

CuO 300 CA (10 20)/ 
(100-250) 

2013 145 
MAl2O4:Eu 
MAl2O4:Dy 

M = Ba, Ca, Sr 
500 U 

(40)/ 
(1000) 

2013 146 
SnREO 

RE = Y,La,Gd, and 
Nd 

400* 
NA/ 
EG 

(8 12)/ 
(100 200) 

2013 147 VO2 470 MA 
(60)/ 
(600) 

2015 148 
MoO3 250 CA/NA 

(15)/ 
(>50) 

WO3 250 CA/NA (8)/ 
(40 100) 

2015 154 Fe3+-W18O49 nd Glu (50  250)/ 

(4000 10000) 
2018 124 Co3O4 850 W Starch n.d. 

2018 149 -MoO3 500 U 
(50 nm)/ 

n.d. 
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2007 150 

NWs 

Al4B2O9 
Al18B4O33 

1050 CA 
(50  200) 
(80  250)/ 

n.d. 

2012 151 MgO 1000 W U (6)/ 
(10000) 

2019 153 NiMoO4 200 U 
(35)/ 
(700) 

2018 138 NNs Fe2O3 300 Gly 
(5)/ 

(100) 

Tignition: temperature required for the ignition of the combustion reaction ; Gly: Glycine; Glu: 

Glucose; U: Urea; CA: citric acid; EG: ethylene glycol; MA: malic acid; NA: nitric acid; nd: not 

defined. 

In the last two decades nanowires (NWs) have been widely used in nanodevices (nanowire field 

effect transistors (FETs), complementary logic gates), sensing, biological cont rol and energy 

conversion applications.150,151,153,155 The NWs have diameters from one to hundreds of nanometres 

and lengths of tens to hundreds of microns offering a high surface-area-to-volume ratio which 

makes them very sensitive to changes in surface chemistry.155 They have been synthesized via 

several approaches such as thermal evaporation, sol-gel, and chemical vapor deposition (CVD). 

These methods normally require high temperature, catalyst particles or a series of steps. SCS 

allows a cost-effective method, usually more homogeneous and with fewer impurities.150,151,153 

El-Tantawy et al. reported the first 1D magnesium oxide (MgO) NWs via SCS as depicted in 

Figure 2.10 (f) using microwave hydrothermal process and urea as fuel.151 These NWs exhibit a 

diameter of 6 nm and lengths of microns with high surface area and enriched surface chemistry 

being susceptible for biological control due to their non-toxicity to human beings. Considering 

this, MgO NWs were tested in some bacterial species revealing a high antibacterial efficiency.  

Regarding the various metal oxide nanostructures mentioned above, nanopowders and 

nanoparticles are the most common outcome from SCS, as shown in Table 2.3 and 2.4, 

respectively. Nanopowders (NPWs) include nanoparticles (NPs) since they consist on solid 

powders or agglomerates of NPs. The NPWs are suitable for a wide range of applications such 

as, solid electrolytes for solid oxide fuel cells, catalysis, sensors (gas; humidity), laser, 

superconductors, dielectric resonators, photocatalysts, spintronics, superconductors, 

luminescence, hydrogen production, drug delivery and energy storage.156 194  
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Table 2.3. Developments of metal oxide nanopowders (NPw) using SCS for different applications. 

Copyright © 2020, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim. 

Year Metal 
oxide 

Tignition 

(°C) 
Fuel(s) 

Particle/ 
Crystallite Size 

(nm) 

2004 187 ZrO2:CeO2 200 
NA/ 
Gly 

20  50 

2006 184 CeO2 110 EG 7  10 

2006 166 
CeREO2 

RE = Sm or Gd 110 EG 5  7 

2008 156 

Y2O3 
Yb-Y2O3 

500 U 40  100 

Y2O3 
Yb-Y2O3 

200 CA 40  100 

Y2O3 
Yb-Y2O3 

500 Gly 40  100 

2009 179 LaAlO3 700 OLA 60 

2009 159 YAG:Ce 900 W 
Glyc 
Fru -- 

2009 189 ZrO2 Al2O3 400 CA 69  87 
2010 167 LaMnOx 300 ODH 30  50 

2010 186 Lu2O3:Sm3+ 
Lu2O3:Tb3+ 

800 NA 30  50 

2010 162 LaAlO3 345 CA/OA 41 
2011 178 ZnO 300 ODH 14  50 
2011 194 ZnO 100 Gly 25 

2011 177 
CuO 
Cu2O 440 Gly 150  200 

2011 185 NiO 327 Gly 150  200 

2011 165 MgAl2O4 300 
Gly/ 

U 3.9  13.6 

2011 176 Al:BiFeO3 200 CA 13  20 

2011 181 YAG 700 Gly/ 
U 

40  60 

2011 171 BiFeO3 300 
Ala 
Gly 32 

2011 161 ZnO:Cu 200 ODH 40 
2012 158 -Al2O3 900 W U 18  20 

2012 174 Fe3O4 400 
Suc 
CA 
Glu 

15 
18 
10 

2013 170 AZO 500* Gly 11  25 

2013 190 
CeMO3 

M = Ni, Cu, V, Fe 220 Gly 5  200 

2014 180 Al:ZrO2 500 Gly 17  44 

2014 183 Y2SiO5 500 
DFH 
Sugar 

U 

34  40 
35  42 
45  50 

2014 173 Ir:CeO2 350 Gly 14  54 
2015 175 ZnO 400 EGCG 10  20 

2015 191 Y2Ce2O7:Eu3+ 550 PEG/ 
NA/U 

40 

2016 157 CaTiO3 nd U 
CA 

20 
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Gly 

2018 188 ZnO 250 TAB 20  31 
2018 169 La2O3:Mo 160 Gly 20  40 

2018 193 CeO2 
210 
135 

Gly 
Hyd 

21.7  38.7 
10.2  14.8 

2018 172 VO2 200 Gly 
Gly/CA 

40 
 

20 
2018 160  -Fe2O3 350 ODH - 

2018 195 NaAl11O17 

259 
189 
169 

U 
Gly 
CA 

56 
55 
44 

2018 164 
ZrO2 400 

Gly/ 
ODH 26 

ZrTiO4 500 Gly 19 

2019 192 Fe-Mo/MgO 400 
Gly 
PEG 

- 

2019 168 Ni0.5Zn0.5Fe2O4 270 Gly 
U 

11  30 

2019 182 
ZnAl2O4:Eu 900 W EG 

CA 
100 

ZnAl2O4:Eu 900 W 
Gly 
Glu 2  50 

2019 163 La2Ce2O7:Eu3+ 550 U 15  120 

Tignition: temperature required for the ignition of the combustion reaction; Gly: Glycine; U: Urea; 

Glu: Glucose; CA: citric acid; EG: ethylene glycol; OLA: Oleic acid; W: width; L: length; NA: 

nitric acid; ODH: oxalyal dihydrazide; OA: Oxalic acid; EGCG: Epigallocatechin gallate; PEG: 

polyethylene glycol; TAB: trimethylammonium bromide; Hid: Hydrazine; Suc: Sucrose; Fru: 

Frutose; Glyc: Glycerine; Ala: Alanine. 

In 2006, Chen et al. reported a novel route to achieve high surface area ceria-based nanopowders 

by salt-assisted SCS using ethylene glycol as fuel.166 The salts inclusion, mainly potassium 

chloride (KCl), helps to break up the three-dimensional porous structure by splitting the particles 

composed of agglomerated nanocrystallites into well-dispersed nanoparticles which improves the 

specific surface area. Later, Yang et al. reported the importance of the fuel type and amount to 

reach pure phase magnetic bismuth ferric oxide (BiFeO3) nanopowders by SCS.171 Among all the 

tested fuels, glycine and L- -alanine reach the optimal fuel to oxidizer ratio for the formation of 

BiFeO3 phase. However, when fuel lean conditions are used only amorphous phase powders are 

obtained and in a fuel rich condition the appearance of impurities increases due to the high flame 

temperature involved. The ideal stoichiometric BiFeO3 nanopowders were applied as catalyst to 

degrade rhodamine B in the presence of hydrogen peroxide being highly efficient. In 2012, 

Laishram et al. -Al2O3 nanopowders in a 

single step via microwave annealing using urea as fuel.158 This method is energy and time efficient 

(3  5 min), and results in even finer particles (18  20 nm) compared to NPWs produced in a 
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muffle furnace (50  90 nm). Recently, Qin et al. reported the direct synthesis of vanadium oxide 

nanopowders via SCS adjusting the fuel type, atmosphere and fuel to oxidizer ratio.172 When 

glycine was added as fuel the average particle size of vanadium dioxide (VO2) was 40 nm. 

However, to decrease the particle size a mixture of fuels (glycine and citric acid) was used 

yielding an average particle size of 20 nm and increasing the specific surface area. Also, vanadium 

trioxide (V2O3) nanopowders were accomplished using an inert atmosphere. The adoption of SCS 

can be an essential approach to design a variety of nanostructures transition metal oxides leading 

to a wide range of applications. In the same year, Madhusudhana et al. reported the use of glycine 

to synthetize nanopowders of ZrO2 and ZrTiO4 for humidity sensing.164 The ZrTiO4 nanopowders 

present a higher dielectric constant (50), conductivity and linear response to atmospheric humidity 

(25  80 %) compared to ZrO2. Lately, Mollazadeh et al. reported Ni0.5Zn0.5Fe2O4 nanopowders 

to test antibacterial and photocatalytic activity.168 To synthetize these NPWs the effect of fuel to 

oxidizer ratio (0.8  1.4), fuel type (glycine and urea) and their mixture were studied, as shown 

in Figure 2.11. It was noticed that a higher amount of oxygen vacancies is generated in NPWs 

using a high molar proportion of urea leading to better magnetization saturation, antibacterial 

activity against E. coli and S. aureus bacterium, and photocatalytic activity. 
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Figure 2.11. FESEM images of Ni0.5Zn0.5Fe2O4 nanopowders synthesized with various fuel to oxidizer ratio 

Urea; G = Glycine).168 Copyright © 2019 Elsevier Ltd and Techna 

Group S.r.l. 

Nanoparticles (NPs) are the most typically obtained nanostructures using SCS. NPs have an 

extraordinarily high surface area-to-volume ratio and novel physical-chemical properties due to 

their very small sizes (1  100 nm). These properties allow broad applications, such as catalytic, 

photocatalytic, spintronics, solid oxide fuel cell, water splitting, photoluminescence, magnetic 

memories, anticancer activity, biomedical, medical diagnosis, gas sensors, bioimaging, 

antioxidant, antibacterial, magnetic drug delivery, electrochromic and electrodes for batteries, 

supercapacitors and solar cells.152,154,196 262 In 2014, Ayeshamariam et al. reported tin-doped 

indium oxide (ITO) nanoparticles with various levels of Sn content for gas sensing.210 This 

method results on a ITO nanopowder with a large surface area being highly required for sensing 

applications. The resultant gas sensor showed an increase of the sensitivity with the increment of 

the indium content (Figure 2.12) and temperature. 
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Table 2.4. Developments of metal oxide nanoparticles (NPs) using SCS for different applications. 

Copyright © 2020, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim. 

Year Metal 
oxide 

Tignition 

(°C) 
Fuel(s) 

Particle/ 
Crystallite Size 

(nm) 
2005 

206 
NiO 600 W 

Gly 
U 

30 

2006 
217 

CoFe2O4  SiO2 300 CA 3  30 

2007 
228 

TiO2:Sm3+ 250 EG/CA 12.8  16.3 

2007 
239 

Gd LnxGa5O12, 
 

Ln = Pr; Tm 
500 NA 30  100 

2007 
250 

MAl2O4:Eu2+,R3+ 
M = Sr, Ba 

R = Dy, Nd, La 
600 U 20  44 

2008 
260 

ZrO2-Al2O3 500 U 
U/Sta 

48/32 
23/21 

2008 
261 

MgO 100 U 15  60 

2009 
262 

(In1-xFex)2O3 
x = 0 0.45 

- Gly 40  50 

2009 
196 LiMNC 200 Suc 20  50 

2009 
197 LSCM 400 TA 95  220 

2010 
198 

Bi2WO6 200 Gly 20  30 

2011 
200 

ZnO:Eu3+ 350 CA 30  80 

2012 
202 

Co3O4 400 CA 30  40 

2013 
203 

NiO 300 CA/ 
Gly 

100  250 

2013 
204 

(La1-x Srx)(Fe1-x Nix)O3 
x = 0.0, 0.1 & 0.2 120 CA 12.7  21.9 

2013 
205 -Fe2O3 300 ODH 44 

2014 
209 

Au-ZnO 450 PEG 8.5  15.5 

2014 
210 

ITO 350 U 10  20 

2014 
207 

NiAl2O4 950 W Ses 15.2  18.2 

2014 
211 

Co3O4 350 CA 15  110 

2014 
208 

Y2O3:(Eu,Dy,Tb) 200 

AA 
Arg 
GA 
PA 
Gly 

10 
12 
14 
25 
29 

2014 
212 

BiFeO3 105 TRIS 100  120 

2014 
213 

-Fe2O3 400 Glu 12 
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2014 
214 

SrGdZrO3 300 CA 120 

2015 
224 

LaFeO3:Ce 120 CA/ 
EG 

24.1  28.7 

2015 
218 

CuO 400 CG 20  30 

2015 
222 MgO:Fe3+ 400 Aloe vera 12  22 

2015 
215 

Ag2WO4 
CuWO4 
ZnWO4 

350 U 
33 
22 
32 

2015 
220 

Gd2O3:(Er3+,Yb3+,Zn2+) 750 W U 33  52 

2015 
223 

CuO 400 TC 6  8 

2015 
225 

ZnO 400 CF 5  15 

2015 
216 MnO 300 Gly 50  400 

2015219 ZnO 400 AG 4  20 
2015 

221 MnFe2O4 300 
Gly/ 
TEG 30  35 

2016 
233 

Mn ZnxFe2O4 
x= 0  1 

450 
U/ 

Glu 
25  35 

2016 
227 

CoFe2O4 750 W CA 
U 

57 
32 

2016 
226 

SnO2 345 CA 11  30 

2016 
235 

ZnO 375 Sugar 96 

2016 
231 TiO2:Sn 450 U 12  24 

2016 
229 LR-SN 450 Suc 200 

2016 
230 

CuNb2O6 350 U 8.3  20.3 
ZnNb2O6 350 U 4.1 15.8 

2016 
232 

-Fe2O3 400 
Gly 
Glu 

21  62 

2016 
234 

Cr2O3 300 ODH 20  40 

2017 
242 

Fe3O4 160 Gly 39.1  87.4 

2017 
238 

Li0.5Fe2.5O4 
157 
403 

Gly 
CA 

12  20 
16  21 

2017 
240 

Bi2Ti2O7 350 
U 

HMT 61 

MxBi2-xTi2O7  
(M: Fe, Mn) 

350 
U 

HMT 57  63 

2017 
237 

ZnO 300 

Gly 
CA 
U 
RS 

50 

2017 
241 

CoFe2O4 250 
Gly 
CA 
U 

20  41 
30  52 
9  15 

2017 
236 ZnO 500 SA 19 
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2018 
245 

CeO2 150 Gly 20 

2018 
249 

Fe3O4 190 CA 13  20 

2018 
248 

ZnAl2O3 600 U 23.6 

2018 
243 ZnO:Eu nd CA/Gly 30 

2018 
247 CeO2:Cr 400 Gly 19.1  21.8 

2018 
251 

Bi1-xAlxFeO3  
 

550 U 80 

2018 
244 ZnO 375 

LA 13 
AI 7  12 

MA 7  18 
IT 8  12 

2018 
246 

La2O3 600 Ace 42 

2018 
263 

NiCo2O4 250 TA 4 

2019 
256 

ZnO 500 U 17.3  28 

2019 
258 Cr2O3 800 W Gly < 100 

2019 
257 

ZnO 600 
U 

Gly 
CA 

26  40 

2019 
252 

CuO/Cu2O/C 400 Glu ~ 20 nm 

2019 
253 

CuO (NRS) 
ZnO 

300 U 60  100 
15  19 

2019 
255 

CeO2 250 Gly 
U 

9  14 

2020 
259 

WO3 

200 
OA 
Gly 
CA 

18.4 
nd 

11.5 

500 
OA 
Gly 
CA 

22.9 
16.7 
18.3 

Init: Initiation; Tignition: temperature required for the ignition of the combustion reaction; Gly: 

Glycine; U: Urea; Glu: Glucose; Suc: Sucrose; Sta: Starch; Arg: Arginine; TEA: triethanolamine; 

CA: citric acid; EG: ethylene glycol; EDTA: ethylenediamine tetraacetic acid; MA: malic acid; 

OLA: Oleic acid; Ses: Sesame; NA: nitric acid; ODH: oxalyal dihydrazide; OA: Oxalic acid;  

EGCG: Epigallocatechin gallate; PEG: polyethylene glycol; TAB: trimethylammonium bromide; 

TA: Tartaric acid; AA: Aspartic acid; GA: Glutamic acid; PA: Phenylalanine; TRIS: 2-amino-2-

hydroxy- methyl-propane-1,3-diol; CG: Calotropis gigantean; TC: Tinospora cordifolia; CAF: 

Cassia fistula; AG: Artocarpus gomezeanus; TEG: tetra ethylene glycol; HMT: 

hexamethylenetetramine; RS: raphanus sativus; SA: succinic acid; AI: Abutilon indicum; MLA: 

Melia azedarach L; IT: Indigofera tinctorial; Ace: Acetamide; LAT: Lactose. 
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In the same year, Tyagi et al. reported the SCS of yttrium oxide (Y2O3) NPs doped with Dy3+, 

Eu3+ and Tb3+ together using various amino-acid fuels (glycine, phenyl alanine, arginine, glutamic 

and aspartic acids) for luminescence applications.208 These NPs processed with glycine and 

arginine lead to a smooth surface as a result from the higher heat generated. Nevertheless, NPs 

produced with glycine as fuel had lower surface area and smooth surface providing better 

luminescence properties, as shown in Figure 2.13 (a) and (b).  

 

Figure 2.12. Time response curve of Sn doped of In2O3 for 1000 ppm ethanol concentration at 200 °C (inset 

shows TEM image of Sn (5%) doped In2O3 of ITO).210 Copyright © 2013 Elsevier Ltd and Techna Group 

S.r.l. 

Later, Manoharan et al. reported an interesting topic to produce Au-ZnO  nanocomposites 

(clusters and nanoparticles) via SCS that act as an anticancer agent.209 The percentage of gold was 

varied from 0 to 5 % and it was observed that the most effective Au-ZnO nanoagent to destroy 

cancer cells has between 1.5 2 % of gold with the highest concentration (200 µg/mL). In 2015, 

Rajeshwar et al. reported time and energy efficient via SCS of binary metal tungstate (Ag2WO4, 

CuWO4 and ZnWO4) NPs using urea as fuel.215 In the synthesis of all these, the type of tungsten 

precursor, sodium or ammonium based, played a crucial role in their photocatalytic activity. 

ZnWO4 showed the highest photodegradation (90 % in 20 min) of methyl orange under UV/Vis 

light irradiation using the sodium-based tungsten precursor. The results even surpass the reference 

(90 % in 50 min) due to the pure, monoclinic single-phase and relatively small particle size being 

a good approach for environmental remediation applications. In terms of photoelectrochemical 

performance, the highest photocurrent was observed for the CuWO4 NPs showing potential for 

solar energy conversion. In 2017, Masoudpanah et al. reported the effect of the fuel type (citric 

acid, glycine and urea) for different fuel to oxidizer ratios (0.5, 0.75, 1 and 1.25) on CoFe2O4 NPs 

using SCS.241 Apart from the fuel type the specific surface area of the combusted NPs decrease 

with the increase of fuel to oxidant ratio. Since using glycine leads to a highly exothermic peak 
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compared to the other fuels, more gaseous products are released resulting in a higher specific 

surface area. Also, CoFe2O4 NPs using glycine as fuel revealed a higher saturation magnetization 

due to their particle size and crystallinity. 

 

Figure 2.13. (a) TEM images of Y2O3:Eu, Dy, Tb (2.5 at%) nanoparticles prepared using glycine as fuel 

and heated at 600 °C for 30 min; (b) Emission spectrum from Y2O3:Eu, Dy, Tb(2.5 at%) nanoparticles 

prepared using glycine and arginine as fuels and annealed at 600 °C (The samples were excited at 300 

nm).208 Copyright © 2013 Elsevier B.V. 

Later, Prashanth et al. reported a green synthesis of biocompatible ZnO NPs via SCS using leaf 

extracts as biofuels for anticancer activity.244 The results achieved proved that the use of biofuels 

have potential for anticancer and biocompatible ZnO NPs to substitute conventional fuels in the 

near future.254 AlDahoudi et al. reported the synthesis of ZnO NPs via SCS for photoanode of 

solar cells by the changing percentage of urea (stochiometric and fuel rich) in solution.256 The 

ZnO NPs processed in fuel rich condition lead to lower crystallite sizes and higher bandgap. 
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Furthermore, when these ZnO NPs were applied as photoanode in dye synthetized solar cells 

increased efficiency and current density were achieved, as depicted in Figure 2.14. 

 

Figure 2.14. Current density-voltage characteristic curves of the dye sensitized solar cells for different urea 

percentages.256 Copyright © 2019 Elsevier B.V. 

Varma et al. reported the SCS of CuO/Cu2O/C anode for long cycle lithium ion batteries using 

glucose as fuel.252 The fuel to oxidizer ratio ranged from 0.8 to 50 and the ideal condition to form 

CuO/Cu2O/C composite was fuel rich (  = 10) which lead to 26 % carbon content. The CuO/Cu2O 

nanoparticles displayed uniform spherical morphology in the carbon matrix and the composite 

offered high cyclability and rate capabilities in lithium ion batteries. The synergistic effect of 

anodes porous structure help to reach this high performance being SCS a promising method for 

anode materials applied in batteries. Lately, Haratizadeh et al. reported a novel approach for SCS 

of tungsten oxide (WO3) NPs testing different fuels (oxalic acid, glycine and citric acid) and heat 

sources (hotplate and muffle furnace) for photocatalytic and electrochromic applications.259 By 

changing the fuel type, different morphologies were achieved such as, sponge-like (glycine), rock 

style (citric acid), spherical (citric acid) and irregular shapes. The SCS using hotplate annealing 

results on orthorhombic and amorphous WO3 structures while using furnace annealing yield stable 

tetragonal WO3 structures. The WO3 NPs produced with both heat sources using glycine 

demonstrate a good electrochromic response. 

SCS has also been used to produce metal oxide quantum dots (QDs) are nanoparticles in quantum 

size regime characterized by the discretization of the energy levels inside the material. For 

semiconductor nanoparticles, the quantum size regime is reached when their dimensions are 

smaller than the exciton Bohr radius.264 The simple QDs synthesis via SCS significantly boost 

their application in biosensing, imaging, photocatalysis and solar energy.265 270 

In overview, all the above nanostructures are mainly produced in bulk using muffle furnace 

annealing and, in most cases, require a maximum temperature of 400 °C to convert precursors 
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into metal oxide nanostructures. Also, the most commonly used fuel is glycine a zwitterion 

molecule, which helps to maintain a compositional equilibrium between all the constituents. To 

further enhance their incredible properties such as, high specific surface area or porosity, the metal 

oxides have been mixed in pastes and solutions to allow their deposition in film form to boost 

functional devices.141,149,215,256,259,263 

2.2.2.2. Thin films 

As previously mentioned SCS is mainly used to produce materials in form of powders from micro 

to nanostructures. Nevertheless, almost two decades ago Epifani et al. reported using a chelating 

agent, acetylacetone, the formation of sol-gel based indium oxide (In2O3) thin films.271 Here, an 

intense exothermic reaction at 180 °C and significant mass loss was observed in the thermal 

analysis differential scanning calorimetry/thermogravimetry (DSC/TG). Then, a few years later, 

the same author formally reported for the first time the production of metal oxides via SCS using 

acetylacetone as fuel.77 The self-generated heat from SCS provides a localized energy supply, 

eliminating the need for high processing temperatures, not requiring external energy input once 

ignited. In 2011, Marks et al. adopt a new general route to produce various metal oxide thin films 

of In2O3, ZTO, ITO and IZO via SCS using different fuels (acetylacetone and urea) for thin film 

transistors (TFTs) application, as depicted in Figure 2.15 (a).2 All the thin films were processed 

at low temperatures (200 °C) presented lower thickness, smooth surface and negligible porosity. 

In2O3 semiconductor thin films of were applied in TFTs showing a high mobility of 13 cm2/Vs 

and a low operating voltage at low processing temperatures. This allowed a tremendous reduction 

of the required temperature to process metal oxide thin films compared the conventional sol-gel 

method opening the window for different electronic applications (Figure 2.15 (a)).  

In 2013, Li et al. reported the use of SCS to fabricate molybdenum oxide (MoO3) as hole selective 

layer for polymer solar cells using acetylacetone as fuel.272 To improve the film morphology a 

small amount of PEDOT:PSS was added to the combustion system to help supressing significant 

heat losses, which results in high charge transporting performance at low annealing temperature 

(150 °C). The simplicity of this method can boost their application in roll-to-roll (R2R) 

manufacture of polymer solar cells. In 2014, using the same fuel Gao et al. reported the SCS of 

nickel oxide (NiO) thin films as hole transport interlayers for optoelectronic devices processed at 

low temperature.273 One year later Jen et al. reported low-temperature Cu-doped nickel oxide 

(Cu:NiOx) as hole-transporting layer via SCS for perovskite solar cells.274 The Cu:NiOx thin films 

possess a homogeneous morphology, high crystallinity and better photoluminescent compared to 

sol-gel based Cu:NiOx. SCS showed a high potential for n-type flexible printed thermoelectric 

devices. In 2016, Cho et al. explored a new application via SCS as thermoelectric generators using 
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highly conductive indium zinc oxide (IZO) thin films.275 During SCS a strong exothermic reaction 

occurred using acetylacetonate as fuel decreasing the annealing temperature, which is essential 

for the formation of conductive metal oxides. These thin films retained a large power factor, 

exhibited a good Seebeck coefficient and an enhanced electrical conductivity for a composition 

ratio of In:Zn = 6:2 at low annealing temperature, as shown in Figure 2.15 (b). In 2017, Xu et al. 

reported that the use of SCS can produce AZO thin films at low temperature (250 °C) with high 

potential for transparent conductive films on flexible substrates.276 Later, Ullah et al. reported the 

influence of rapid thermal annealing on conductive IZO thin films with different In:Zn ratios 

through SCS.277 In the same year, Hsu et al. reported low temperature (180 °C) conductive p-type 

Cu:CrOx thin films via SCS using glycine as fuel, allowing their application for large scale 

manufacturing on solar cells.278 Fortunato et al. reported for the first time aluminum oxide (Al2O3) 

thin films for resistive switching memories via SCS as depicted in Figure 2.15 (c) using urea as 

fuel.279 In 2019, Song et al. reported the production of high-quality NiO thin films via SCS using 

acetylacetone as fuel by spray pyrolysis.280 These films were produced at relative low temperature 

and presented better results than films processed by spin-coating. A dense and uniform NiO thin 

film was achieved being incorporated as hole transport layer in perovskite solar cells, leading to 

an efficiency of 12.7 %. 

 Also, recently Fachetti et al. reported the production of zinc oxide (ZnO) through SCS and its 

application as electron transport layer (ETL) for stable and efficient perovskite solar cells.37 These 

devices present large power conversion efficiencies reaching almost 20 % using SCS ZnO without 

the need of ETL doping or surface functionalization, as shown in Figure 2.15 (d). In the same 

year Mandal et al. reported a highly conductive titanium doped indium oxide and copper oxide 

for electrode applications.281,282 

As observed the production of thin films via SCS has been widely used in the last decade for 

various applications such as, solar cells, memories, thermoelectrics and thin film transistors due 

to their numerous advantages (simple, low temperature compatibility and cost) allowing further 

implementation in R2R based techniques. 
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Figure 2.15. Various applications of metal oxide thin films produced via SCS: (a) Low-temperature 

solution-processing principles for metal oxides. Depiction of the two different synthetic approaches; 

Energetics of combustion synthesis-based processes versus conventional processes; Optical image of a 

flexible combustion-processed In2O3 device on AryLite (30nm Al gate electrode/41nm a-alumina dielectric, 

with 30nm Al source and drain electrodes) and optical image of an inkjet printed In2O3 line on n++Si/41nm 

a-alumina (inset);2 Copyright © 2011, Springer Nature. (b) Thermoelectric properties of the IZO thin films 

according to composition ratio of In to Zn: electrical conductivity (black circles), Seebeck coefficient (red 

circles), and power factor (blue circles);275 Copyright © 2016, American Chemical Society. (c) Retention 

of the transparent memory (ITO/Al2O3/IZO) with the respective optical image;279 Copyright © 2018 IOP 

Publishing Ltd. (d) SEM images of perovskite P3 films deposited on combustion ZnO (c-ZnO); Structure 

of perovskite solar cells (PSCs); Forward and reverse scan J V curves of champion devices with c-ZnO 

based on P3.37 Copyright © 2019 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

2.3. Application in oxide thin film transistors (TFTs) 

Amongst all the applications discussed in section 2.2.2.2 the most common use of SCS is to 

produce oxide thin films for electronic devices, namely thin film transistors (TFTs). Amorphous 

oxide thin film constituent layers of the TFTs are highly desirable since the electronic 

performances do not depend on the degree of films disorder and have ultra-smooth surfaces for 
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supressing interface traps and scattering centres.1,283 Also, these oxides can be produced with low 

temperature deposition routes such as, spin-coating or roll-to-roll techniques, being a viable 

option to implement in flexible electronics industry allowing a reduction of the associated costs 

and human footprint. Taking this into account, a more detailed outlook will be performed on this 

topic, as shown in Table 2.5. In general, it can be observed that spin-coating technique followed 

by a maximum annealing temperature of 300 °C is widely used for the constituent layers 

production (i.e. dielectrics, semiconductors, and transparent conductive oxides) of TFTs.  

2.3.1. TFTs via solution combustion synthesis (SCS) 

As mentioned earlier, Marks et al. implemented for the first-time metal oxide (MO) thin films via 

SCS in TFTs at lower processing temperatures. Since then, different TFTs constituent layers have 

been developed using SCS. In 2013, the same group tested the influence of the oxygen binding 

3+, Sc3+, Y3+, La3+) to control oxygen vacancies and 

improve lattice formation on microstructure and carrier transport of indium zinc oxide (IXZO).284 

High performance was achieved for the various oxygen binding metal ions, however the Ga3+ 

showed the highest metal oxide lattice enthalpy and the lowest metal ionic radius being the most 

efficient oxygen getter. IGZO TFTs presented the highest mobility of 5.4 cm2/Vs and the smallest 

threshold voltage shift under stress. Facchetti et al. reported the importance of bilayer metal 

oxides to boost the performance in TFT architectures processed a low temperature (250 °C).285 

In2O3/IGO TFTs with a mobility of 2.56 cm2/Vs and Ion/Ioff ratio of 108 surpass the monolayered 

In2O3 TFTs in terms of Ion/Ioff ratio (104) due to their higher off current. Marks et al. reported the 

first inkjet printed IGZO through SCS using acetylacetone as fuel on solution-based hafnia self-

assembled nanodielectrics.286 By using this high-

were achieved with a high electron mobility of 20.6 ± 4.3 cm2/Vs. In 2014, high-

to be developed for TFTs application via SCS by Branquinho et al. and Cho et al. for TFTs 

application.7,287 Branquinho et al. reported aqueous combustion synthesis of aluminum oxide 

(AlOx) dielectric using urea as fuel for solution- -tin oxide (GZTO) TFTs.7 The 

water-based AlOx thin films exhibited high stability, capacitance and negligible hysteresis 

compared to the toxic 2-methoxyethanol (2-ME) based thin films. This study represents a new 

and green route for amorphous metal oxide thin films. Cho et al. reported the incorporation of (3-

glycidoxy- propyl)trimethoxysilane (GPTMS) as polymeric binders into the oxide network to 

improve the surface morphology of the dielectric layer avoiding pores and cracks generated 

during the annealing, as depicted Figure 2.16 (a).287 By choosing the right molar ratio between 

the AlOx precursor and GPTMS (1:8) the lowest leakage current density was achieved for the 

dielectric layer, and applied in ZnO TFTs reaching a high mobility of 24.7 cm 2/Vs. In 2015, 

Facchetti et al. developed a new low temperature route to reach high-mobility amorphous indium 
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oxide semiconductor films via SCS and doping with poly(4-vinylphenol) (PVP), an insulating 

polymer.288 The addition of PVP suppresses crystallization, retains conducting pathways for 

efficient charge transport and improves mechanical properties, which is crucial for flexible 

applications, as shown in Figure 2.16 (b). In the same year, Facchetti et al. reported the first-time 

spray-combustion synthesis of metal oxide semiconductors (In2O3, IZO and IGZO) and 

conductors using acetylacetone as fuel for TFTs.289 The devices with IGZO as semiconductor 

processed at low temperatures provide high performance and stability similar to the results 

reached by sputtering. In 2015 and 2016, Branquinho et al. reported the influence of different 

solvents (Figure 2.16 (c)), fuels, temperatures and MO thin films via SCS for TFTs.6,35 This 

simple, friendly and low temperature annealing process is demanded for the application in low 

cost flexible substrates. Facchetti et al. explored the use of carbohydrates (sorbitol, glucose and 

sucrose) as assisting fuels to decrease the ignition threshold temperature compared to 

acetylacetonate without sugar through SCS to reach high-quality IGZO TFTs.66 In this work a 

correlation between precursor combustion enthalpy, M-O-M lattice content, microstructural 

densification and IGZO electron mobility was established. From all the fuels tested, sorbitol (10 

%) revealed the highest precursor combustion enthalpy leading to a higher mobility of 7.5 cm 2/Vs 

and better stability. In 2017, Fortunato et al. reported the dual role of 2-ME as solvent and fuel 

for the production of solution-based ZTO TFTs.78 The devices produced without urea as fuel and 

only with 2-ME as solvent had lower variability and higher stability compared to the fuel rich 

condition whilst the thermal analysis of precursor showed high exothermic reaction. 
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Figure 2.16. (a) Schematic diagram of the AlOx gate dielectric film prepared by self-combustion of metal 

precursors mixed with organic compounds;287 Copyright © The Royal Society of Chemistry 2014. (b) 

Schematic representation of the flexible, transparent TFT structure based on a metal oxide:polymer (In 2O3: 

x%PVP) semiconductor blend; Dependence of TFT mobilities on bending radius of both neat In 2O3 TFTs 

and all-amorphous In2O3:5% PVP TFTs (left), and mobilities on all-amorphous TFT bending cycles at a 

radius of 10 nm (Optical image of transparent flexible TFTs);288 Copyright 

GmbH & Co. KGaA, Weinheim. (c) Schematic of two solvents with different toxicities; Electrical 

characterization of bottom gate ethanol and 2-methoxyethanol (2-ME) based solution processed ZTO/AlOx 

TFTs produced on highly doped p-Si (gate).6 Copyright © 2015 IOP Publishing Ltd. 

In 2018, Facchetti et al. reported the addition of nitroacetylacetone (NAcAcH) as cofuel of 

acetylacetone for SCS of high performance IGZO TFTs, as shown in Figure 2.17 (a).290 The 

combination of these fuels lead to a reduction of the ignition temperature and increment in the 

enthalpy of combustion, similar to the work performed with carbohydrate fuels.66 The TFTs with 

an optimal molar ratio between the fuels contribute to a large electron mobility of 7.5 cm 2/Vs and 
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enhanced bias stress stability, being the combustion synthesis reagents design crucial for high 

quality MO thin films.  

 

Figure 2.17. (a) Top-contact, bottom-gate MO TFT geometry, transfer curves and chemical structures of 

fuel used;290 Copyright © 2018, American Chemical Society. (b) Comparison of IGZO TFT performance 

and stability. IGZO TFT mobilities on 300-nm SiO2/Si with IGZO films processed by the indicated methods 

(Combustion synthesis (CS), fuel-assisted CS (FA-CS), preannealed CS (P-CS), and preannealed FA-CS 

(P-FA-CS) processes are done by spin- -

devices were fabricated by spin-coating unless otherwise noted;291 © 2019 Published under the PNAS 

license.  (c) Electron mobility statistics for x wt% cofuel/IGZO TFTs, with the indicated cofuel 

compositions.67 Copyright © 2019 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. (d) The TGA 

curves of the acetylacetone- and urea-involved combustive and conventional Cu:NiO (5 at% Cu) 

precursors. The inset shows the corresponding DSC curve of acetylacetone-involved precursor;292 

Copyright . 

In 2019, Facchetti et al. reported a highly efficient combustion blade coating by using a 

fluorinated fuel as cofuel for metal oxides.291 Also, an ultrafast reaction and metal-oxygen-metal 

(M-O-M) lattice condensation occurs with just 10 60 s at 200 350 °C for MO semiconductor 

(IZO, IGZO) and dielectric (Al2O3) films, reaching higher TFT mobilities for the blade coating 
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process, as depicted in Figure 2.17 (b). The resultant IGZO/Al2O3 TFTs exhibit a low operating 

voltage (<2 V) and high field effect mobilities with a maximum value of 25.2 cm2/Vs. The same 

group also reported the boost of combustion synthesis pathways by using various cofuels 

(sorbitol, L-ascorbic acid, urea, glycine, glucose, sucrose, xylitol, erythritol) to produce metal 

oxide semiconductor films and their use in TFTs, as shown in Figure 2.17 (c).67 Recently, 

Branquinho et al. reported the importance of adding urea to the IGZO for a precursor solution 

uniform distribution of the metal cations within the gel phase reaction, which clearly affect the 

performance of solution-based IGZO TFTs.293 Lately, Skafidas et al. reported the printing of all 

metal oxide thin films for TFT by direct electrohydrodynamic patterning using acetylacetone as 

fuel.294 Fully transparent printed TFTs reached high electron mobilities of 117 cm2/Vs and low 

operating voltage. These devices were applied on logic gates being a relevant path to achieve 

large area and high-performance transparent electronics. Similarly, to the conventional vacuum 

based oxide materials, the majority of developments focus on n-type materials. Nevertheless, 

Shan et al. implemented the SCS method to produce p-type Cu-doped NiO (Cu:NiO) TFTs at low 

temperature (150 °C) using acetylacetone as fuel (Figure 2.17 (d)).292 The Cu5%NiO TFTs showed 

a good performance with hole mobility of 1.5 cm2/Vs, large on/off current ratio of ~104 and low 

operating voltage. Also, the resultant TFTs were incorporated into a driving circuit to turn on a 

green light emitting diode. These results open the window for the production of low-temperature-

processed p-type oxides via SCS and their implementation on complementary metal oxide 

semiconductor (CMOS) circuits on flexible substrates. 

Table 2.5. Recent developments of oxide thin films using solution combustion synthesis for TFTs 

application. (Tlow: low temperature used for an active TFT; SC: Semiconductor; D: Dielectric; E: Electrode; 

Spin: Spin-coating; Spray: Spray-coating; Blade: Blade-coating; Ac: Acetylacetone; AcA: Acetic acid; AN: 

Acetonitrile; U: Urea; 2-ME: 2-methoxyethanol; MEA: mono- ethanolamine; NAc: Nitroacetylacetone ; 

W: Water; Sor: Sorbitol; Glu: Glucose; Suc: Sucrose; FA: 1,1,1  Trifluoroacetylacetone; Aa: Ascorbic 

acid; Gly: Glycine; P: Pre-annealing; EHD: Electrohydrodynamic printing; IJ: Inkjet printing). Copyright 

© 2020, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim. 

Year 
Deposition 
Technique Layer 

Fuel/ 
Solvent Material 

Tlow 

(oC) Ion/Ioff 
SAT 

(cm2·V-1·s-1) 

2011 
2 

Spin SC 
Ac or U/2-

ME 
In2O3 200 106 0.81 

Spin SC 
Ac or U/2-

ME 
ZTO 225 104 0.29 

Spin SC 
Ac or U/2-

ME 
IZO 225 106 0.25 

2012 
295 Spin SC Ac/2-ME IYO 250 106 5 

2013 
284 

Spin SC Ac/2-ME IGZO 250 107 1.28 
Spin SC Ac/2-ME IScZO 250 107 0.45 
Spin SC Ac/2-ME IYZO 250 108 0.35 
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Spin SC Ac/2-ME ILaZO 250 108 0.65 
Spin SC Ac/2-ME IZO 250 106 0.42 

2013 
285 

Spin SC Ac/2-ME In2O3 200 103 0.63 
Spin SC Ac/2-ME IGO 250 106 0.78 
Spin SC Ac/2-ME In2O3/IGO 200 107 0.36 

2013 
286 IJ SC Ac/2-ME IGZO 300 107 20 

2013 
296 

Spin SC 
MEA and 

AcA/ 
2-ME 

IGZO 350 107 1.15 

Spin SC Ac/2-ME In2O3 250 108 2.24 
2014 

7 Spin D U/2-ME or W Al2O3 350 ~105 1.3 

2014 
297 Spin SC Ac/2-ME In2O3 300 ~105 2.5 

2014 
287 Spin D Ac/2-ME Al2O3 250 105 24.7 

2014 
297 Spin SC Ac/2-ME In2O3 250 ~106 2.5 

2015 
288 Spin SC Ac/2-ME In2O3:PVP 225 ~105 11 

2015 
298 

Spin SC/D Ac/2-ME IGZO/Al2O3 300 105 7.3 

2015 
289 

Spray SC Ac/2-ME In2O3 200 ~106 1.44 
Spin SC Ac/2-ME In2O3 200 ~106 0.83 

Spray SC Ac/2-ME IZO 225 ~107 0.52 
Spin SC Ac/2-ME IZO 225 ~107 0.29 

Spray SC Ac/2-ME IGZO 225 ~106 0.18 
Spin SC Ac/2-ME IGZO 225 ~106 0.01 

2015 
6 

Spin SC/D U/2-ME ZTO/Al2O3 350 104 2.6 
Spin SC/D U/Et ZTO/Al2O3 350 ~103 0.8 

2016 
66 

Spin SC Ac/2-ME IGZO 300 ~107 2.1 

Spin SC 
Ac and Sor 

/2-ME 
IGZO 300 ~106 7.5 

Spin SC 
Ac and Glu 

/2-ME 
IGZO 300 ~106 5.7 

Spin SC 
Ac and Suc 

/2-ME 
IGZO 300 ~107 3.2 

2016 
35 

Spin D U/2-ME Al2O3 200 104 13.5 
Spin D U/Water Al2O3 200 103 12.9 

2016 
299 Spin E Ac/2-ME ITO 250 ~107 2.1 

2016 
300 

Spray SC Ac/2-ME IZO 250 ~106 1.3 
Spray SC Ac/2-ME IGZO 350 ~106 3.2 

Spray SC/D Ac/2-ME 
IZO/ 

Al2O3 
250 ~104 6.5 

Spray SC/D Ac/2-ME 
IZO/ 
ZrO2 

250 ~104 9.3 

Spray E/SC/D Ac/2-ME 
ITO/ 

IGZO/ 
ZrO2 

350 ~105 5.3 

Spray E/SC/D Ac/2-ME 
ITO/ 

IGZO/ 
Al2O3 

350 ~105 3.5 
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2017 
292 Spin SC 

Ac/ 
2-ME 

Cu:NiO 150 ~104 
1.5 

(p-type) 
2017 

78 
Spin SC 2-ME/2-ME ZTO 350 ~106 ~4.5 
Spin SC U/2-ME ZTO 350 106 ~3 

2017 
301 Spin E Ac/2-ME IZTO 400 103 0.44 

2018 
290 

Spin SC Ac/2-ME IGZO 300 ~107 2.7 

Spin SC 
Ac and 

NAc/2-ME 
IGZO 300 ~107 7.5 

Spin SC NAc/2-ME IGZO 300 ~107 5.7 
2019 

302 Spin 
SC/ 
D 

U/2-ME 
IGZO/ 
Al2O3 

300 106 3.2 

2019 
303 

Spin SC 2-ME/2-ME IZTO 
200 102 4.21 

Spin D EG/AN NaAl11O17 

2019 
291 

Blade SC Ac/2-ME IGZO 225 106 0.17 

Blade SC 
FA and Ac/ 

2-ME 
IGZO 225 106 0.19 

Blade SC P(Ac)/2-ME IGZO 225 107 0.78 

Blade SC 
P(FA and 

Ac)/ 
2-ME 

IGZO 225 107 0.92 

Blade SC Ac/2-ME In2O3 225 104 0.21 

Blade SC 
FA and Ac/ 

2-ME 
In2O3 225 105 0.24 

Blade SC P(Ac)/2-ME In2O3 225 104 2.96 

Blade SC 
P(FA and 

Ac)/ 
2-ME 

In2O3 225 103 3.82 

Blade SC Ac/2-ME IZO 250 105 0.33 

Blade SC 
FA and Ac/ 

2-ME 
IZO 250 106 0.28 

Blade SC P(Ac)/2-ME IZO 250 106 2.32 

Blade SC 
P(FA and 

Ac)/ 
2-ME 

IZO 250 106 2.11 

Blade SC/D 
P(FA and 

Ac)/ 
2-ME 

IGZO/ 
Al2O3 

350 104 ~18 

2019 
67 

Spin SC Ac/2-ME IGZO 300 ~107 2.54 

Spin SC 
Ac and Aa/ 

2-ME and W 
IGZO 300 ~107 6.12 

Spin SC 
Ac and Sor/ 
2-ME and W 

IGZO 300 ~107 7.50 

Spin SC 
Ac and U/ 

2-ME and W 
IGZO 300 ~107 3.32 

Spin SC 
Ac and Gly/ 
2-ME and W 

IGZO 300 ~107 6.95 

2019 
293 

Spin SC AcA IGZO 400 ~106 4.4 
Spin SC Ac IGZO 400 ~107 5.5 

2019 
294 

EHD 
SC/ 
D 

Ac 
In2O3/ 
Al2O3 

350 ~106 117 

EHD 
SC/ 
D 

Ac 
IGZO/ 
Al2O3 

350 ~106 81 
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2.3.2. Combination of SCS and ultraviolet irradiation 

Ultraviolet (UV) irradiation have high-energy photons which induce photochemical cleavage of 

alkoxy groups homogeneously, and activate metal and oxygen atoms to facilitate M O M 

network formation.304 306 Further irradiation leads to a rapid decrease of oxygen and carbon 

contents promoting a near-complete condensation and a transition to film densification. In 2012, 

Park et al. reported the use of deep-ultraviolet (DUV) irradiation to induce efficient condensation 

and densification of oxide semiconductor films (IGZO and IZO) through photochemical 

activation at low temperature (150 °C).3 In order to improve the quality, i.e. higher densification 

of the MO thin films at low processing temperatures, ultraviolet irradiation (UV) can be used 

simultaneously with SCS method, as depicted in Table 2.6. 

Table 2.6. Recent developments of oxide thin films using solution combustion synthesis combined with 

UV irradiation for TFTs application. (Tlow: low temperature used for an active TFT; SC: Semiconductor; 

D: Dielectric; E: Electrode; Spin: Spin-coating; Ac: Acetylacetone; U: Urea; 2-ME: 2-methoxyethanol; 

Flexo: Flexo-printing) 

Year 
Deposition 
Technique 

Layer 
Fuel/ 

Solvent 
Material 

Tlow 

(oC) 
Ion/Ioff 

SAT 

(cm2·V-1·s-1) 
2016 

307 Spin D U/2-ME Al2O3 150 104 23.8 

2017 
92 

Spin D U/2-ME AlOx 150 105 17.7 
Spin D U/2-ME HfOx 150 105 31.2 

Spin D U/2-ME 
HfOx/ 
HfOx 

150 106 43.9 

Spin D U/2-ME 
HfOx/ 
AlOx 

150 105 23.6 

Spin D U/2-ME 
HfOx/ 
AlOx/ 
HfOx 

150 105 37.5 

Spin D U/2-ME 
AlOx/ 
HfOx 

150 105 37.2 

Spin D U/2-ME 
AlOx/ 
HfOx/ 
AlOx 

150 105 30.5 

2018 
308 Spin SC Ac/2-ME Li:NiOx 150 ~107 

1.7 
(p-type) 

2020 
309 

Flexo D U/2-ME Al2O3 180 107 2.7 

 

In 2016, Carlos et al. reported the combination of SCS and far ultraviolet (FUV) irradiation to 

boost the dielectric properties of aluminum oxide for TFT applications, as depicted in Figure 2.18 

(a).307 The devices had a high reproducibility and mobility, low operation voltage and good 

stability (under stress and ageing). One year later the same group studied the relevance of 

multilayer oxide dielectrics (AlOx and HfOx) at low temperatures using deep-ultraviolet instead 
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of FUV.92 For HfOx thin films, a fuel rich condition was required to decrease the processing 

temperature the metal oxide formation compared to the stoichiometric condition. IGZO TFTs 

with a bilayer of HfOx exhibited the best electrical performance (mobility, stability, and 

uniformity) being applied in a basic electronic building block, an inverter. In 2018, Zhang et al. 

reported the combination of low temperature SCS (150 °C) and UV irradiation to process p-type 

Li:NiOx active semiconductors for TFTs.308 In these devices the doping of NiOx with Li the was 

relevant to improve the p-type conductivity of NiOx at low temperatures. The Li5%:NiOx/ZrO2 

TFTs presented a good field effect mobility, a high on/off current ratio (8×106) and low operating 

voltage. 

 

Figure 2.18. (a) Proposed mechanism of the low temperature photoactivation combined with the 

combustion synthesis of metal oxide thin films for TFT performance;307 Copyright © 2016, American 

Chemical Society. (b) Schematic image of flexographic printing process of the Al2O3 dielectric ink on top 

of the bottom electrode deposited by thermal evaporation; Photograph after the dielectric printing in the 
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flexographic machine; Ageing effect of In2O3/Al2O3 TFT after 5 months.309 Copyright © 2020 WILEY

VCH Verlag GmbH & Co. KGaA, Weinheim. 

The high performance achieved with low temperature solution-based n-type and p-type MO TFTs 

allows compatibility with flexible substrates consequently, the next step is their implementation 

in large area processing techniques. Fortunato et al. recently reported for the first-time 

flexographic printing of a highly-stable aluminum-oxide dielectric with a high-throughput (50 

m/min) while simultaneously demonstrating low-

Figure 2.18 (b).309 This low temperature process was achieved due to the combination between 

SCS and UV irradiation. The printed In2O3/Al2O3 TFTs presented high stability under electrical 

and mechanical stress which can redefine printed flexible applications for large area 

manufacturing. 

2.4. Summary and Outlook 

This review enhances the potentialities of solution combustion synthesis (SCS) to produce metal 

oxides giving a special attention to crucial parameters that influence the final structures such as, 

fuel type, metal cation precursor, fuel to oxidizer ratio, pH, atmosphere and initiation type. The 

fuel serves as reducer and complexing agent avoiding the precipitation of metal cations thus 

ensuring compositional homogeneity. The choice of organic fuel or mixture of fuels depends on 

their specific interaction with the metal cations and solvent which determine the final morphology 

and application of the oxides. The metal nitrate-based precursors are preferable due to the high 

oxidizing power, vast solubility and low decomposition temperature. For these precursors the 

charge density of the metal ions, the standard molar Gibbs free energies of hydration and the 

exchange kinetics play a critical role. The fuel to oxidizer ratio is quite important to define the 

final oxide structure and the intensity of the exothermic reaction. The atmosphere environment 

can effectively influence the process time and mass degradation during the combustion reaction. 

Typically, a muffle furnace is used as initiation of SCS in bulk however, microwave radiation can 

improve the yield and lower the processing time to a few minutes. For metal oxides thin films via 

SCS annealing is preferably performed using a hotplate or its combination with UV irradiation.  

All these parameters influence the final metal oxides morphology, of which nanoparticles and 

thin films are the most exciting due to their versatility. Nanoparticles are the most common 

nanostructures produced showing a high-surface area-to-volume ratio which is highly demanded 

for sensors, catalysis and biomedical applications. Besides nanostructures, in the last decade a 

significant effort has been made to implement SCS in thin films to reduce the processing 

temperature as this will allow large area manufacturing of simple devices (memories, TFTs, solar 

cells) and further wearable applications. Nevertheless, the prevalent application of MO thin films 
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via SCS method is thin film transistors and these devices performances have been enhanced by 

combining annealing with UV irradiation. 

Certainly, SCS is a suitable method for the production of metal oxides providing a high reliability, 

versatility and efficiency for different demands at low processing temperatures. Moreover, the 

resultant nanostructures can even be applied on pastes or solutions to upscale and boost for various 

applications. SCS will become essential for printing solution-based metal oxides allowing a good 

homogeneity and controllability of the process. SCS is certainly becoming a fundamental piece 

for next-generation large-scale electronics and IoT clearly contributing to a more sustainable 

society. 
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Chapter 3. New strategies towards processing of solution-based metal oxide 

TFTs 

 

 

 

 

 

Solution-based metal oxides have been attracting a lot of attention due to the low cost, high 

throughput and simple chemical composition control when compared with vacuum-based 

systems. These materials have outstanding properties such as high optical transparency, chemical 

and thermal stability and mechanical toughness. Also, facile tailoring of solution-based metal 

oxides leads to multifunctionality allowing their application in different areas, like sensing, 

energy and flexible displays. Particularly for large-area electronics the exploration of a crucial 

component, the thin film transistor (TFT) and their key materials components, the semiconductor, 

the dielectric, the conductor as well as substrate are demanded. To boost the implementation of 

TFTs emerging printing techniques and low thermal budget, novel approaches have been and 

need to be further explored. This chapter review focuses on recent low temperature approaches 

as combustion synthesis, irradiation (UV, NIR) post annealing treatments which allow their 

implementation in printable flexible TFTs. Next, special attention is given to solution-based high-

discussion of emerging printing techniques and current challenges are discussed.  

Keywords: oxides, solution synthesis, high-

transistors, low temperature, printing electronics 
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3.1. Introduction 

Nowadays, energy management plays a crucial role for the internet of things (IoT) growing with 

the increment of the amount of data to handle. The pursue of more and more comfort in society 

will lead to an exponentially increase of IoT nodes, since almost every device has embedded 

electronics. This caught the attention of companies, investors and manufactures to invest and 

follow up the market expansion, as shown in Figure 3.1. 310,311 Many approaches have a clear 

focus on lowering the power consumption which is a basic requirement for IoT. Also, in terms of 

an economic point of view it is required to sell millions of units to cut down the production costs 

and establish IoT in our society in a reachable state.310  

 

Figure 3.1. Expected adoption growth of IoT devices relating volume and cost. Reproduced with permission 

and adapted from 310. Copyright © 2021 Elsevier B.V. All rights reserved. 

To promote sustainability, solution processing has been considered as key to surpass the high 

production costs and large area application concerns in vacuum-based systems. Several flexible 

application devices, like circuits, sensors and displays using vacuum-based or solution-based 

techniques are currently under development, as depicted in Figure 3.2.312 315 From all these 

applications, oxide thin film transistors (TFTs) present a vital position in IoT based on high 

uniformity over large areas, low temperature process, low power consumption and suitability for 

different fabrication methodologies.1,314 Nonetheless, a high thermal budget is typically required 

to achieve a high film quality in solution-based oxide thin film transistors compared to vacuum-

based techniques.8,316 320 Some drawbacks persist when low temperature solution processing is 
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adopted, like low thin film densification, which can affect the general devices stability, time to 

process and reproducibility. However, these limitations can be surpassed by the adoption of 

different approaches as the solution synthesis details (metal salt precursor, combustion process, 

doping, solvents, concentration, pH, humidity and temperature environment)4,321 325 and post-

treatment processes (lamp and laser irradiation).3,20,326 329 By improving the films´ quality with 

these notable approaches, the great potential to perform a simple fabrication process in flexible 

substrates by decreasing the associated cost and the applicability for high throughput techniques 

was demonstrated. Printing techniques minimize material waste via selective area deposition 

compared to coating techniques.330 The printing speed and resolution features are the most critical 

points that need to be enhanced, however, new emerging approaches have been developed to 

settle these issues as will be introduced further in this chapter review.  

 

Figure 3.2. Diverse applications with potential for printed electronics. Reproduced and adapted with 

permission.331 Copyright © 2015, Royal Society of Chemistry; Copyright © 2021 Elsevier B.V. All rights 

reserved. 

High-

since the high permittivity helps to supress the tunnelling effect compared to SiO2 dielectric and 

allow low power consumption.332 So, considerable efforts have been made to implement high-

oxide dielectrics in printable flexible electronics. Nevertheless, most of printable dielectrics 

require an increase film thickness to avoid high leakage currents (pinholes, defects) being 

affordable for roll-to-roll (R2R) techniques. Lately, a huge attempt to decrease the thickness (< 

20 nm) of printed high-
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with large capacitance per unit area (Cox) and low current density (J) has been developed to 

empower low consumption devices.309,333,334   

In this work, an overview of low temperature approaches in solution-based metal oxide TFTs is 

performed and the importance of high-

miniaturization was highlighted. To clearly understand the integration of these metal oxide inks 

for large-scale manufacturing further studies on advanced printing techniques are reported. To 

finalize, the current challenges of low temperature solution-based metal oxide TFTs to be up-

scaled for printing industry are discussed.  
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3.2. Low temperature approaches for solution processed oxide TFTs 

3.2.1. Oxides synthesis design 

Solution synthesis process of oxides play a crucial role in the metal-oxygen-metal (M-O-M) 

frameworks formation improving the purity, condensation, and densification of the thin films at 

low temperature. However, usually high temperature annealing (> 300 °C) is required to avoid 

metal-hydroxyl (M-OH) bonds presence in low temperature films arrangement, which will affect 

the modulation and stability of oxide TFTs. In the last decade, novel approaches regarding the 

solution synthesis manipulation have been developed to overcome these challenges as depicted 

in Figure 3.3.  

 

Figure 3.3. Solution synthesis approaches to boost low temperature solution-based oxide TFTs. Copyright 

© 2021 Elsevier B.V. All rights reserved. 

The use of a proper metal salt-based precursor as metal alkoxides, a class of compounds 

categorised by the metal-oxygen-carbon (M-O-C) bonding system offering a great potential to 

change the chemical and physical properties.335 When these metal alkoxides are exposed to an 

aqueous environment, hydrolysis and condensation reactions occur by nucleophilic substitution 

and addition mechanisms. This allows the formation of metal-oxygen-metal (M-O-M) at low 

temperatures (< 250 °C) since these reactions imply a proton transfer from the incoming water 

molecule to the bound alkoxide group leading to the elimination of the protonated leaving group.4 

Nonetheless, metal alkoxides are quite reactive if non-hydrolysed process is performed, resulting 

in an uncontrolled and undesirable precipitation in solution. An in-situ hydrolysed process avoids 

these drawbacks retaining molecular ink dispersion and controlled metal oxide film formation. 
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Using this method IZO TFTs with high mobility (10 cm2/V·s), reproducibility and stability were 

produced. This approach proposed by H. Sirringhaus et al.4  is suitable to a large range of 

amorphous metal oxide compositions being of highly interesting for low-cost flexible TFT 

applications. Another important factor is how the precursor mass changes with the temperature 

increment. Among distinct metal salts precursors, acetate, chloride and nitrate to synthetize metal 

oxides, the nitrate-based solution is the one that affords lower temperature to convert the precursor 

into metal oxide as shown in Figure 3.4 (a).93 For the case of acetate and chloride precursors a 

higher temperature is required to remove all the residual organics, thus reducing the impurities 

present in the TFTs fundamental layers (dielectric and semiconductor). 

 

Figure 3.4. (a) Schematic diagram of thermogravimetric analyses of various precursors. Reproduced with 

permission.93 Copyright © 2019, IOP Publishing Ltd; (b) Depiction of the two different synthetic 

approaches; Energetics of combustion synthesis-based processes versus conventional processes. 

Reproduced with permission.2 Copyright © 2011, Springer Nature; (c) Thickness comparison of HafSOx 

films deposited at ~22% (red) and ~71% RH (blue). A ratio of film thickness (dry: humid) is plotted in 

black; Pictures of as-deposited HafSOx thin films deposited at ~22% and ~71% RH. The film thicknesses 

(determined using XRR) are 78 and 42 nm, respectively. Reproduced with permission. 336 Copyright © 

2017, American Chemical Society; (d) Schematic illustration of annealing process for oxidation and 
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impurity removal of solution-processed oxide semiconductors. Reproduced with permission.5 Copyright © 

 

A self-energy generating combustion chemistry has been developed by Marks et al.2 to decrease 

even more the annealing temperature in solution-processed metal oxide TFTs as depicted in 

Figure 3.4 (b). This strategy consists in a redox based combustion synthetic approach, using a fuel 

(acetylacetone, urea, citric acid) as reducing agent and metal nitrates as oxidizing agent.2,35 

Through combustion synthesis an exothermic reaction occurs, resulting in a reduction of the 

external heating required for the film formation; i.e. the removal of organic solvents and film 

densification. In contrast, the conventional method requires higher external energy to fully form 

M-O-M lattices, since the oxide formation via metal hydroxide and/or alkoxide precursors 

conversion is endothermic. Solution-based In2O3 thin film transistors processed at 200 °C showed 

a great performance with a high mobility of 13 cm2/V·s and low operating voltages using the self-

combustion method. Nowadays, low temperature combustion synthesis is applied in all oxide 

TFTs assembly including semiconductors, dielectrics, and conductors.  

A low temperature (200 °C) process of solution-based oxide TFTs can be reached also by doping 

the metal oxide network as demonstrated by Bae et al.323 In this work, a fluorine dopant was 

inserted in an indium zinc oxide (IZO) semiconductor network replacing the oxygen lattice, which 

generate free electrons and subsequently increase the carrier concentration. Therefore, the fluorine 

doping improved the mobility and stability of low temperature solution-processed oxide TFTs. 

As an alternative to metal oxide doping, organics can be used to improve the properties of 

solution-based semiconductors at low temperature. Facchetti et al.288 reported that the use of an 

insulating polymer, poly(4-vinylphenol) known as PVP, enhanced indium oxide (In2O3) 

semiconductor thin films quality. The presence of hydroxyl groups and the high solubility of this 

polymer in the semiconductor precursor formulation solution facilitates the coordination with the 

metal-oxygen lattice. This outcome boosts the semiconductor performance in TFTs, increasing 

the electron mobility (10 cm2/V·s) and more importantly the resistance to mechanical stress; being 

compatible with ultra-flexible circuits. Hybrid structures will be essential in the next generation 

of flexible electronics using low-cost process to up-scale production.  

Another key factor is the solvent which constitutes a substantial portion of the oxide precursor 

solutions around 98 % and 90 % for low and higher concentrations, respectively. So, an 

production process. Following this pathway Bay et al.322  propose a new aqueous route solvent 

capable of producing In2O3 thin films at lower temperatures compared with alcohol route. Even 

temperatures as low as 100 °C were achieved with vacuum annealing that promote the 
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condensation reaction by completely removing by-product water molecules. This novel route 

allows the production of solution-based metal oxide TFTs on any kind of low-cost flexible 

substrates, like PEN or PET. Also, Fortunato et al.78 noted the dual role of the organic solvent in 

the formation reaction of zinc tin oxide (ZTO) semiconductor thin films and how it can affect the 

TFTs performance. Analysing the ZTO precursor solutions through thermal thermogravimetry it 

could be observed that 2-methoxyethanol (2-ME) acts simultaneously as solvent and fuel. 

Therefore, when urea is used there is an excess of fuel in the precursor solution resulting in a non-

stochiometric reaction during the film formation which leads to a lower stability and 

reproducibility ZTO TFTs. Certainly, the choice of the right solvent influences the metal oxide 

precursor solution and strictly needs to be taking into account. 

Humidity and temperature over the deposition/production of solution-based oxide thin films are 

vital parameters in their final properties to have a good performance and reproducibility at high 

and low temperatures. These parameters are more difficult to control and often they are not 

mentioned which hinders the reproducibility of the results by other research groups. Page et al.336 

reported how important is the relative humidity (RH) during the deposition of metal oxide thin 

films (AlOx, LZO and HafSOx). Basically, if a dry (RH ~22 %) or humid (RH ~71 %) environment 

is adopted while keeping temperature, spin speed, spin acceleration, and solution composition 

constant, the films thickness decreased from 78 nm to 42 nm, respectively. A thickness ratio 

(dry/humid) higher than 1.75 can be reached if the spin-deposition humidity is not restricted when 

preparing the thin films, as shown in Figure 3.4 (c). Afterwards, Kim et al.324 studied the humidity 

and temperature influence in the formation of solution-based oxide thin films for TFT 

applications. An improvement in the thin  quality was noticed for humidity values higher 

than 30 % for the as deposited aluminum oxide thin films, without the presence of partial cracks. 

Increasing the humidity to 40  50 % and the temperature from 25 °C to 35 °C during the film 

deposition enhanced dramatically the current density and breakdown field of the dielectric. 

Therefore, the TFTs produced with humidity lower than 40 % presented a poor performance 

related with the high leakage current through the insulator. Then, controlled environment should 

be mandatory to avoid these significant variations, humidity and temperatu re change can depend 

on place and even time of year. 

The precursor concentration plays a crucial role on oxide thin films formation by spin -coating 

process. Lu et al.325 noted that as the concentration increased, the dielectric properties improved 

(lower current density) of zirconium oxide, however if the concentration value is equal or higher 

than 0.7 M cracks start to appear. Another relevant point related with concentration is the higher 

amount of 
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Typically, higher temperatures are required to increment the film densification and eliminate 

remaining organic residues, as depicted in Figure 3.4 (d). 

3.2.2. Post-deposition process to form the M-O-M network 

Mainly low temperature annealed oxide thin films have higher number of metal-hydroxide bonds 

then of metal-oxide-metal frameworks, which will affect straight the TFTs operation and stability. 

Photoactivation processes have been widely used for lowering the annealing temperature by 

changing different parameters (source type as lamp or laser; wavelength; intensity and time).329 

In 2012, Park et al.3 report a method using deep-ultraviolet (DUV) to photochemically activate 

sol-gel metal oxide semiconductor thin films. The DUV irradiation from the mercury lamp (184.9 

nm (10 %) and 253.7 nm (90 %)) induces photochemical cleavage of alkoxy groups, and activates 

metal and oxygen atoms to enable M-O-M network formation of the as-spun films at low 

temperature (unintentional heating up to 150 °C from lamp). This leads to a rapid decrease of 

carbon and oxygen contents in the first 30 min of exposure, known as condensation. Then, by 

increasing the time exposure a gradual structural rearrangement and film densification occurs. 

Similar material and electrical characteristics compared to high temperature annealing were 

reached adopting this method. This novel route allows the achievement of low temperature 

solution-based metal oxide semiconductors with high quality being compatible for printed and 

flexible electronic devices. In 2015 the same group went deeper to understand the 

physicochemical mechanism of sol-gel oxide films including semiconductors and insulators.20 A 

rapid film formation within 5 min via in situ radical-mediated reactions by DUV was 

demonstrated in Figure 3.5 (a) supporting a fast densification and removal of impurities. Stable 

and reproducible all-solution metal oxide TFTs were achieved with a high mobility (> 12 

cm2/V·s).20 Alastalo et al.21 combined a more energetic UV lamp, far ultraviolet (FUV) 

irradiation, and low thermal annealing (150 °C - 250 °C) to convert efficiently metal-nitrate-based 

precursors to metal-oxide semiconductor (IZO and In2O3) in a short processing time (< 30 min). 

The FUV light with the main peak at 160 nm caused an efficient in situ hydroxyl radial formation 

resulting into a continuous M-O-M structure in the film in just 5 min. In2O3 TFTs annealed for 15 

min at 180 °C reached a high mobility of 3.2 cm2/V·s being relevant for R2R process conditions 

once a short annealing time was applied.  
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Figure 3.5. (a) Overall schematic illustration of the rapid low-temperature photoactivation of various sol

gel metal oxide films. Reproduced with permission.20 

Co. KGaA, Weinheim; (b) Proposed mechanism of the low temperature photoactivation combined with the 

combustion synthesis of metal oxide thin films for TFT performance. Reproduced with permission.307 

Copyright © 2016, American Chemical Society; (c) Transfer characteristics measured for In 2O3 TFTs after 

soft-baking at 130 °C and subsequently exposed to 1, 10 and 20 xenon light pulses with energy density per 

pulse and duration of 5 J/cm2 and 500 ms, respectively. Multiple pulse exposure was performed at a fire 

rate of 1.2 Hz. Reproduced with permission.337 Copyright © 2017, Royal Society of Chemistry. 

Afterwards, Fortunato el al.307 also combined FUV irradiation to produce fully solution based 

In2O3/AlOx TFTs in a short processing time (15 min) at low temperature of 180 °C. In that work 

the combination of combustion synthesis and the influence of FUV irradiation to produ ce 

aluminum oxide thin films was reported for the first time being relevant to reduce the annealing 

temperature and stabilize the devices, as observed in Figure 3.5 (b). 
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Moreover, pulse-light-induced annealing via xenon flash lamps with a wide wavelength (350 - 

950 nm) are also used to fast curing and sintering of solution-based metal oxides. This high photon 

energy process allows a high throughput and a low substrate heating since there is a low heat 

transfer to the substrate. ZnO TFTs combining a heating stage at 90 °C and 30 pulses from a 

xenon lamp exhibited the best performance with a mobility of 0.06 cm2/V·s.338 This approach is 

compatible with flexible substrates and printing as short-duration and low-temperature annealing 

were performed. Anthopoulos et al.337 accomplished an ultra-fast processing time of less than 18 

s per layer on solution based oxide semiconductors using a high-power xenon flash lamp (200 - 

1500 nm). Higher mobilities (36 cm2/V·s) and low voltage operation were achieved with 

In2O3/ZnO heterojunction TFTs. By this method the optical energy, light pulse duration and 

number of pulses can be changed being ideal for the control of M-O-M thin films formation in 

TFTs as observed in Figure 3.5 (c). The considerable advantage of this photonic curing is the high 

temperature reached on the surface of the films without increasing the substrate temperature, 

which remains close to room temperature. Therefore, this approach has great potential for ultra-

fast processing metal oxides over large areas required for printing lines. 

Changing the photoactivation source type to a laser irradiation process enables area selectivity 

and fast film densification which are key factors in printing of solution-based metal oxides. 

Koutsogeorgis et al.327 validate the use of KrF (UV wavelength of 248 nm) excimer laser to form 

as-spun solution-processed In2O3 thin films dried for 15 min at low temperature (150 °C). The 

laser annealed In2O3 TFTs showed higher mobility (13 cm2/V·s) when compared with the 

reference device annealed at higher temperature (250 °C). The proposed laser annealing does not 

rely in controlled atmosphere, which can simplify its scale up and application to the printing 

industry.  

Also, a laser spike annealing (LSA) with near-infrared (NIR) can provide a rapid temperature 

increase into a specific region in a short processing time reducing the thermal energy on the 

substrate through a rapid cooldown. Guo et al.339 demonstrate the improvement of solution based 

IGZO TFTs baked at 200 °C by scanning with a NIR (1064 nm) laser 40 times, as illustrated in 

Figure 6 (a). However, with this sort of laser is not possible to use single pulses in the ns range as 

with excimer laser annealing (ELA). 
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Figure 3.6. (a) Schematic diagram of a laser spike annealing treated IGZO TFTs. Reproduced with 

permission.339 Copyright © 2017, The Minerals, Metals & Materials Society; (b) Schematics of the IPL 

annealing process of IGZO via flash white light combined with NIR and DUV drying. Reproduced with 

permission.340 Copyright © 2019, American Chemical Society; (c) Schematic for CMOS inverters via inkjet 

printing (IJP) and laser annealing (LA).341 Copyright © 2019, IEEE. 

Lately, Kim et al.340 adopt the photoactivation combination of different wavelengths to form 

solution processed IGZO thin films without any thermal annealing. First, the films were dried 

with near NIR and DUV light simultaneously, and then annealed with intense pulse light (IPL) as 

observed in Figure 3.6 (b), accomplishing high mobility and on/off ratio IGZO TFTs.  

Recently, Guo et al. 341 reported the use of a femtosecond (fs) laser to anneal inkjet printed p-type 

and n-type metal oxide thin film transistors, as depicted in Figure 3.6 (c). These oxide TFTs were 

combined to produce CMOS inverters which displayed a gain over 10. The results achieved pave 

a practical path to produce low-power consumption integrated circuits for large area without 

additional connection. 
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In a general overview, the treatment methods with ultraviolet irradiation (DUV and FUV) are 

more effective as the precursor solutions or xerogels of metal oxides absorb UV light and the 

photons energy is higher compared to visible and infrared light. Also, in terms of light source, 

UV lasers will be highly demanded in printing industry to densify the thin films by a selective 

mode in a short processing time without damaging sensitive substrates. 

Other post-treatment processes have been used, as microwave irradiation annealing, rapid thermal 

annealing, high pressure annealing, atmospheric-pressure plasma, and plasma assisted 

annealing.342 347 However, these processes require more confined conditions (chamber, controlled 

environment, substrate type), which are not suitable for in-line printing industry.  

3.3. Solution-processed high-  

Most of research has been focused on solution-based oxide semiconductors, which is considered 

ctor channel 

by inducing charge carriers at the semiconductor/dielectric and at the same time behaves as 

electrical insulator to avoid leakage current. Silicon dioxide (SiO2) has been widely used in 

modern complementary metal oxide semiconductor (CMOS) technology but the demand of 

miniaturization and integration to achieve smaller and faster circuits lead to some issues. When 

SiO2 thickness is scaled down to 1.2 nm a high tunnel current is caused (Figure 3.7 (a)) forcing a 

high power dissipation in CMOS logic chips due to the severe gate leakage.348 In 2001 this 

problem started to be surpassed by replacing SiO2 - 2, 

enabling a thicker layer to afford the same capacitance, i.e., the effective oxide thickness (EOT) 

increases proportionally.349 Subsequently this suppresses leakage current, since tunneling 

probability drops exponentially with tunneling distance.350 Afterwards, high-

been widely investigated in academic and industrial fields for different applications (memories, 

energy storage, TFTs, capacitors, etc.).  
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Figure 3.7. (a) The roadmap suggested by the Semiconductor Industry Association (SIA) for gate dielectric 

thickness scaling. Reproduced with permission.351 Copyright © 2006 Elsevier B.V.; (b) Frequency 

r´ r´´, parts of the permittivity in the presence of interfacial, 

orientational, ionic and electronic polarization mechanisms. Reproduced with permission.352 Copyright © 

1969, John Wiley and Sons; (c) The experimental band gap and dielectric constant for well -known oxides. 

The property region ideal for dielectrics is also shown. Reproduced with permission.353 Copyright © 2015, 

-

standard conditions. Reproduced with permission.354 Copyright © 2010, AIP Publishing. 

There are five categories of high- erroelectric polymers, self-assembled monolayers 

(SAM), electrolyte, organic inorganic hybrid materials, and inorganic metal oxides.350 In this 

review we will explore in more detail the recent developments in solution processed inorganic 

high-

with high- 10 100 cm2/V1·s1) and low operating 

voltage. Solution-based metal high- 2O3, ZrO2, HfO2, Ta2O5, and Y2O3 

among others) have been widely studied as alternative to replace the conventional SiO2 dielectric 

layer.355 Moreover, an ideal oxide gate dielectric should have certain characteristics as an 

amorphous  structure, a smooth surface (< 1 nm), a large breakdown field, a high dielectric 

constant, a low leakage current density (< 1 nA/cm2 at 1 MV/cm) and low interface defect density 

with the semiconductor. 



 

71 

 

The dielectrics capacitance can be defined as:  

                                                               (3.1) 

0 A is the areal 

capacitance, and d is the thickness of the dielectric layer. 

To know if solution-based oxide dielectric is suitable for application as gate insulator in TFTs 

some requirements need to be fulfilled. First, the dielectric constant or permittivity of the material 

should be higher than 10 (ideally > 20) to allow larger film thickness while maintaining the areal 

capacitance. As such, dielectric films with less than 1 nm EOT have a physical thickness above 

the direct tunnelling limit and low leakage current density. The advantage of high permittivity 

materials arises from dipole active displacement of metal ions promoted by their d-state electrons. 

The permittivity represents polarizability in response to an applied electric field, and that leads to 

a charge reorganization which includes interfacial, orientational (or dipolar), ionic and electronic 

polarization mechanism, as depicted in Figure 3.7 (b). At low frequencies, applying an electric 

field leads to interfacial polarization due to the accumulation of charges at interfaces within the 

material, followed by the reorientation of dipoles, named dipolar polarization. Then, at higher 

frequencies, ionic polarization arises due to the displacement of positive and negative ions, and 

also electronic polarization due to the displacement of the electron clouds around the nucleus.352 

This is why high-

are not able to respond fast enough to the applied AC electric field. Typically, solution -based 

oxide high-

of organic residues and unconverted hydroxides (M-OH instead of M-O-M formation).356 

Furthermore, when these dielectrics are applied in TFTs the capacitance at lower frequencies 

should always be considered to avoid  mobility overestimation.   

Besides permittivity another relevant parameter is the materials bandgap (Eg) which controls the 

band offset with adjacent semiconductor. A high bandgap (Eg) is demanded in the dielectric film 

since it allows the mitigation of parasitic electrical conduction by blocking the charge injection 

between the dielectric and the electrodes, and reducing the thermal generation of intrinsic free 

carriers. Most of the high- Eg and smaller band offset caused 

by the d-state electrons and high coordination ionic bond. Mainly, a metal oxides` bandgap is 

ruled by the metal electronegativity which influence the metal oxide bond ionicity disturbing the 

conduction band.349,357 To assure an enough band offset (> 1 eV) with the semiconductor the 

insulators bandgap should be higher than 5 eV. If lower band offset than 1 eV prevail, a thermionic 

emission of electrons or holes into the dielectric band will arise causing the increase of the leakage 

2, Sc2O3, and Nb2O5 
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dielectrics, are not so suitable as gate dielectrics in TFTs due to the lower band offset energy. 

ZrO2 and HfO2 are desirable gate dielectrics with high permittivity (> 20) and a bandgap higher 

than 5 eV. Nevertheless, there is a typically a compromise between the energy band gap and the 

static dielectric constant for different gate dielectric metal oxide materials, as shown in Figure 3.7 

(c).  

Another significant parameter, even more when solution-based processes are performed to 

produce oxides is moisture absorption. High-

reaction.354 2O3, HfO2 

and Al2O3 high- 3.7 (d). 

Other conditions must be considered when dielectric material is incorporated into a TFT structure 

mainly, the dielectric/gate electrode and the dielectric/semiconductor thin film interfaces. The 

dielectric-semiconductor interface is vital, since the charge transport in the TFT occurs near this 

interface, so some requirements need to be fulfilled: (i) low surface roughness and surface energy 

between both layers to enhance charge accumulation and minimize charge-trapping sites, leading 

to stable devices; (ii) high film density to minimize leakage current; (iii) high dielectric constant 

and low film thickness to allow low power consumption devices; (iv) large band offset (> 1 eV) 

contributing to a low leakage current, but not so high to facilitate the carrier injection; (v) 

defective sites minimization, like dangling bonds and interstitial defects, that obstruct effective 

polarization; (vi) amorphous structure to have limited grain boundaries and subsequently a low 

surface roughness, low leakage current and high breakdown voltage. Nonetheless, the main issue 

in oxide dielectrics applied in TFTs is the leakage current and this can be associated to different 

mechanisms, categorized as electrode-limited conduction and bulk-limited conduction. The 

electrode-limited conduction mechanisms (Schottky emission, Fowler-Nordheim tunneling, the 

thermionic field emission) depend on the electrical properties at the electrode-dielectric interface. 

The bulk limited conduction depends on the dielectric electrical properties and comprise hopping 

conduction, ionic conduction, Poole-Frenkel (P F) emission, ohmic conduction, grain boundary 

limited conduction, and space charge limited conduction.352  

Considering the requirements stated above for high- 2, HfO2 and Al2O3 show the 

most promising properties to reach high performance thin film transistors. In the last decade, 

intensive efforts have been made to produce these high- -based 

processes to decrease the associated costs compared to the high-vacuum conventional methods 

(CVD and PVD), and the processing temperature, as depicted in Figure 3.8. This allows 

compatibility with flexible substrates and further implementation in large area electronics. Also, 

can be noticed that from all the reports from 2009  2019 (a total of 66) only 15 % used a process 
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temperature below 200 °C.350 Therefore, the studies for each high-

processing temperature is equal or lower than 150 °C being suitable for low cost flexible 

substrates (PEN, PET and paper) will be described. 

 

Figure 3.8. Lowest annealing temperature applied in spin coated high- xOy, 

ZrOx and HfOx) in the last decade for each year. Copyright © 2021 Elsevier B.V. All rights reserved. 

Zirconium dioxide:  

In 2012 Guo et al.358 reported the first solution processed ZrOx via ultraviolet irradiation in zinc 

oxide TFTs at low temperature (150 °C). The dielectric film had a low surface roughness of 0.18 

nm being suitable for a high-quality semiconductor interface. The Al/ZrOx/Al capacitor exhibits 

a low leakage current density (10-6 A/cm2), high breakdown voltage (18 MV/cm) and low 

permittivity of 8.79 at a frequency of 1 kHz. The TFTs showed a low field effect mobility of 0.45 

cm2/Vs, nonetheless this process temperature allows high throughput printing on low-cost or 

sensitive flexible substrates. In 2017, Wang et al.359 reported a low cost strategy to form solution 

processed ZrO2 by ultraviolet ozone (UVO) treatment reaching a maximum temperature of 50 °C. 

The dielectric reach high-

current (10-8 A/cm2), breakdown higher than 3 MV/cm, and a smooth surface roughness (< 0.54 

nm). Also, a fully room-temperature solution processed oxide TFT showed a high carrier mobility 

of 1.65 cm2/Vs and a low operation voltage. Nevertheless, one both studies the permittivity values 

were lower compared to the theoretical value (~25) due to the presence of unconverted hydroxides 

linked to the low temperature processes and higher porosity of the thin films. 

Hafnium oxide:  

In 2013, Baik et al.360 reported a method to decompose a hafnium precursor at low temperature 

(< 200 °C) using an aqueous solution which induces strong hydration of HfCl4 yielding HfOCl2. 
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This solution-processed high- 2 dielectrics is amorphous and present a smooth surface 

roughness of 0.75 nm. For the lowest temperature (150 °C) the MIM devices showed a 

capacitance with high dependence of frequency, dielectric constant of ~17 at 20 Hz, leakage 

current density of 5.7 × 10-6 A/cm2 at 1 MV/cm and breakdown voltage of 4.4 MV/cm. However, 

the dielectric constant is higher for the lowest temperature due to the presence of hydroxyl groups 

(Hf-OH). The ZnO/HfO2 TFT present a field effect mobility of 1.17 cm2/Vs but a large leakage 

current was observed in the devices. To solve some of these issues in 2017 Fortunato et al.92 

combined solution combustion synthesis and UV irradiation to produce high-

temperature (150 °C). Previously, for a solvent-based (2-methoxyethanol or acetonitrile) solution 

process a high temperature annealing was needed to process HfO2 thin films. In that work, a 

combustion synthesis with a fuel rich condition (  = 1.1) was performed to decrease the 

temperature required to convert the hafnium oxide precursor from 273 °C to 221 °C using 2-

methoxyethanol as solvent. Also, since the HfOx precursor solution absorbs in the UV region, a 

DUV lamp was applied to enhance the film condensation and densification at low temperature. 

The ultrathin HfOx thin films exhibit a low surface roughness of 0.17 nm an enhanced interface 

between the dielectric and the semiconductor. The dielectric presents breakdown voltage of 2.7 

MV/cm, dielectric constant of 11.7 at 1 kHz and low leakage current density of 2.1 × 10-8 A/cm2 

at 1 MV/cm. The IGZO TFTs with HfOx as dielectric offer high saturation mobility, low 

subthreshold slope and operation voltage. Recently, Ha et al.361 reported the use of only UV to 

cure hafnium oxide precursor thin films with a Hg lamp of 400 W for 3 minutes. These dielectrics 

show leakage current density of 6.6 × 10-7 A/cm2 and smooth surface roughness (< 2 nm). The 

fabricated amorphous oxide TFTs with this method showed the good performance and low 

operation voltage being suitable for implementation in printing the industry due to the short curing 

time.  

Aluminum oxide:  

In 2015, Park et al.20 studied the photochemical activation of distinct sol-gel oxide films 

(semiconductors and dielectrics) with special attention to aluminum oxide for TFTs application 

at a maximum temperature of 150 °C. It was noticed that deep ultraviolet irradiation boost the 

film formation process, such as impurity decomposition, polycondensation and densification in a 

short period of time (5 min). The photochemical activated aluminum oxide dielectric thin films 

present low leakage current density of 2 × 10-8 A/cm2 at 2 MV/cm, high breakdown field (~8 

MV/cm) and a low dependence of capacitance with frequency. All solution processed InOx/AlOx 

TFTs with a field effect mobility of 8.33 cm2/Vs and low subthreshold slope (0.11 V/dec) were 

achieved allowing further production for large area flexible displays. In 2017, a new strategy to 

reach ultralow temperature (60 °C) solution based Al2O3 dielectric using nanoclusters as precursor 
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and a spatially controllable photochemical activation via DUV was developed by Park et al.362 

This solution processed aluminum oxide exhibits great densification, high breakdown field (> 6 

MV/cm), low leakage current density (1 × 10-8 A/cm2 at 2 MV/cm), dielectric constant of 8.37 

and good electrical stability even compared to high-temperature processed dielectric films. The 

IGZO/(nanocluster-Al2O3) TFTs present good average mobility of 5.86 cm2/Vs and 

reproducibility. This ultralow temperature dielectric permits the use of low-cost flexible 

substrates.  

Nevertheless, these binary high-

constant and the bandgap to be the ideal dielectric for TFTs. Other approaches have been made 

to simultaneously reach high- g by multicomponent doping (Hf, La, Y, Zn, Mg, Al, 

Zr, Sr, Na) and multilayers dielectrics. However, these conditions typically require high 

temperature to form the M-O-M bonding.350 Few reports have been performed at low temperatures 

-dielectric interface due 

to high surface energy of the dielectric. Park et al.363 overcome these issues by doping zirconium 

into the aluminum oxide network. The optimized Zr incorporated (5 %) AlOx (ZAO) gate 

dielectric, presented low leakage current density (~10-9 A/cm2 at 1 MV/cm) and high breakdown 

(> 7 MV/cm). Also, an increase of the dielectric constant was observed with the increment of 

zirconium doping, from 6.08 (without Zr) to 8.82. The resultant IGZO/ZAO TFTs present a higher 

mobility and negligible hysteresis compared to pure AlOx dielectric. In terms of multilayers, Kim 

et al.328 report a ZrO2/Al2O3-F multilayer dielectric produced at 150 °C assisted by UV exposure. 

Compared with the single layers of each binary oxide, the leakage current density was improved 

with the reduction of one order of magnitude to 1.19× 10-11 A/cm2 at 1 MV/cm and dielectric 

constant increase to 12.3 (compared to aluminium oxide). Few years later via the same binary 

oxides, Park et al.364 invert the bilayer structure to Al2O3/ZrO2 dielectric reaching a high dielectric 

constant of 8.53 and a low leakage current density (10-9 A/cm2 at 1 MV/cm). This 

IGZO/(Al2O3/ZrO2) TFTs presented an increase of the field effect mobility and a reduction of the 

hysteresis by adding zirconium oxide. Also, Fortunato et al.92 studied the effect of high-

multilayer dielectrics with HfOx and AlOx combining SCS and UV irradiation at low temperature. 

The AlOx/HfOx bilayer dielectric exhibited a high dielectric constant of 10.4 and the highest 

breakdown field (4.9 MV/cm) yielding a better interface between the layers. By applying these 

multilayers in TFTs it was detected that when HfOx was deposited onto the gate electrode the 

carrier injection was promoted due to the lower bandgap, which improves the interface (low 

subthreshold slope) and decreases the off current. 

Low temperature solution-based high- ng due to the simple, 

low cost and low voltage operation allowing large-area manufacturing for wearable applications. 
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To complement that further studies should be done in solution-based high-

understand how to improve the interface defect density with the semiconductor and between 

multilayer dielectrics to guarantee stable and reliable TFTs with high performance at low 

processing temperatures. 
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3.4. Emerging printing techniques for oxide TFTs 

In the last years, several processing techniques have been used to deposit solution-processed oxide 

TFTs. Typically, solution-based processing techniques, such as spin coating, dip coating, spray 

coating, bar coating and chemical bath deposition are used to deposit the oxide thin films on the 

entire substrate.5 Amongst these, the most adopted technique is the spin-coating due to its 

simplicity, reproducibility and compatibility with flexible and rigid substrates, as shown in Figure 

3.9. However, it is not suitable for large area nor compatible with R2R processing and most of 

the precursor solution is wasted during the deposition process, remaining only 5 %.  

 

Figure 3.9. The number of publications on the particular processing techniques (coating and printing) in 

solution-processed oxide TFTs over a decade (2009  2019). Copyright © 2021 Elsevier B.V. All rights 

reserved. 

Printing techniques provide scalability, reduction of chemical waste, direct writing of the oxide 

materials, and higher reproducibility. Nonetheless, before going into more detail in printing 

processes some critical aspects need to be considered, such as the surface (substrate, printed 

electrodes and metal oxides) and ink interactions. To measure the surface wettability of the ink 

the interface between a liquid and solid is studied by contact angle assessment, which depends on 

the surface tension of the liquid and the surface free energy of the substrate.365 Namely, if the 

substrates have a hydrophilic surface subsequently the contact angle is low and the opposite if the 

substrates are hydrophobic. Consequently, wettability of substrates is enhanced before printing 

by an O2 plasma or UV/O3 treatment to increase surface free energy of the substrate.366,367 This 
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surface wettability improvement treatments are highly demanded to control the ink spreading and 

flow on the substrate, affecting the resolution of printed devices. Another important factor is to 

maintain ink printability without negatively affecting the electrical performance of the devices 

which is quite critical in solution-based oxide TFTs. 

Printing deposition techniques are divided in two main groups, the contact processes; gravure, 

screen, flexography and reverse offset) and non-contact processes; inkjet, electrospray and 

aerosol jet. A brief introduction to the printing techniques and their application to deposit the 

constituent layers (dielectrics, semiconductors or conductors) of oxide based TFTs will be 

provided.  

Gravure printing is a simple printing process with low ink waste that provides high printing 

quality (high resolutions patterns) and printing speed, allowing a high-throughput and large area 

production. In gravure printing, the ink is transferred from carved micro cavities embedded in the 

printing cylinder, which form the printing pattern as shown in Figure 3.10 (a). Afterwards, the ink 

is transferred from the printing cylinder to the substrate by matching surface energies. The 

printing cylinder is partially immersed in an ink bath and before contacting the substrate a doctor 

blade removes any excess ink and the ink remains only in the cavities.368 Gravure printing is 

highly dependent on the pressure applied by the impression roller onto the substrate, ink viscosity 

and printing speed. The main disadvantage is the high cost of varying the patterns as a new 

printing cylinder is required. Gravure printing has been widely used in organic thin film transistors 

(OTFTs) to print all layers. Kim et al.369 reported the first oxide TFTs by gravure printing IGZO 

semiconductor on glass at 550 °C. The optimized printed layer was achieved with a printing speed 

of 0.4 m/s and a printing force of 400 N. The printed active layer had a thickness of 45 nm and 

the resultant TFTs presented a field effect mobility of 0.81 cm2/Vs. In 2015, Dörsam et al.370 

printed IZO layers on Si using ultralow viscosity precursor inks at a printing speed of 0.8 m/s 

resulting in 10 nm thickness. The IZO TFTs annealed at 425 °C exhibited a small hysteresis and 

field effect mobility of 9.1 ± 1.4 cm2/Vs. 
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Figure 3.10. Schematic of (a) gravure printing and (b) flexographic printing with the magnified views of 

the printing nips, where the film separation occurs. Reproduced with permission.370 Copyright © 2015, 

IEEE; (c) Schematic of the elements involved in the screen printing mechanism. Reproduced with 

permission.371 Copyright ©  2015 IOP Publishing Ltd; (d) Schematic illustrations of the reverse-offset 

printing method: a) inking (left), patterning (middle), and transfer step (right). Reproduced with 

permission.372  

Flexographic printing uses a low-cost and easily tuned soft printing-plate cylinder (made of 

rubber or photopolymer) with patterned areas in relief protruding the printing plate. This printing 

process starts with the immersion of an anilox cylinder in an ink reservoir followed by the removal 

of the excess ink from the non-engraved surface of the anilox. Then, the ink in the engraved cups 

is transferred to the relief areas in the printing-plate and relocated to the substrate under nip 

pressure, as shown in Figure 3.10 (b).373 This technique offers high printing speed and a high 
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resolution when using nanoporous stamps.374 In 2015, Dörsam et al.370 printed for the first-time 

inorganic semiconductors in Si that were applied in TFTs. The IZO thin films annealed at 450 °C 

revealed a smooth surface roughness (< 1nm) and were printed at 0.8 m/s. Field effect mobility 

of 2.4 cm2/Vs was reached and enhanced one year later to 8.1 cm 2/Vs by the same author.370,375 

Alastalo et al.376 reported the first work on metal oxide TFTs where the semiconductor was printed 

by flexographic printing on flexible substrates. The In2O3 semiconductor was printed onto the 

Al2O3 dielectric processed by ALD on a polyimide substrate and annealed at 300 °C. Continuous 

films with a smooth surface roughness of 0.5 nm were formed using a low viscosity ink (2 cP) 

and a high printing speed (50 m/min) allowing R2R compatibility. The high performance In 2O3 

TFTs showed a high saturation mobility of 8 cm2/Vs and turn-on voltage of 0 V, which paves the 

way for printed circuits on flexible substrates. Recently, Fortunato et al.309 using the same 

technique printed a highly stable ultra-thin high- -temperature annealing 

-wavelength far-ultraviolet (FUV) exposure on flexible substrates. 

The ink viscosity was higher (28.4 cP) when compared to that of the semiconductor reported by 

Alastalo et al.376 to reach a thicker layer with only one print and avoid interface issues. In the near 

future, it is expected that R2R printed metal oxide TFTs and circuits will be achieved on low cost 

flexible substrates for large area applications. 

Screen printing is the simpler and inexpensive method compared to the other contact methods 

where the process involves a mesh to transfer the inks to the substrate. The ink is pushed through 

the open areas in the mesh with the help of a squeegee, as depicted in Figure 3.10 (c). This 

technique requires high viscosity inks resulting in thicker films and low volatility solvents. Screen 

printing is divided in two main methods, flatbed screen printing and rotary screen printing. 

However, for large scale processes rotary screen printing is ideal, since it can reach speeds over 

100 m/min compared to 0  35 m/min for flatbed screen printing.368 The finest feature size that 

can be obtained is more limited compared to the other printing techniques. Screen printing have 

been mostly used to print conductive inks for electrodes in TFTs, where the most common are 

silver based conductive inks.377 In 2015, Fukada et al.378  reported screen printed electrodes for 

oxide TFTs and incorporate it on an active matrix backplane. Recently, a zinc oxide nanoparticle 

matrix was screen printed to produce electrolyte gate transistors at low processing temperature on 

paper substrates by Pereira et al.379 

Reverse offset printing (ROP) is an emerging technique that uses low viscosity inks being easier 

to form a semi-dried film and enables high throughput, high-resolution printing and patterning. 

The method can be divided in three steps: (i) the ink is coated using capillary slot coater over the 

entire surface of a silicone blanket of polydimethylsiloxane (PDMS); (ii) then a pattern is defined 

by pressing the coated blanked softly against an engraved glass (rigid) or metal foil (flexible) 
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substrate, also called stamp; (iii) to finalize, the ink pattern remaining on the blanket is transferred 

to the substrate, as shown in Figure 10 (d). Since in reverse offset the ink that remains on the 

blanket is transferred onto the receiver (final substrate) is considered a subtractive transfer 

printing. Also, if the stamp pattern is too flat or the nip pressure (between the blanket and the 

stamp) is too high, undesirable contact of the stamp with the ink can occur resulting in excess ink 

removal.380,381 This method has been mostly used to print electrodes and was first reported by 

Chung et al.382 to deposit silver metal electrodes.382 385 However, these printed electrodes required 

higher temperature (> 200 °C) to achieve proper conductivity which is not compatible with low 

cost flexible substrates. In 2015, Tokito et al.372 reached submicrometric channel lengths (0.6 µm) 

with reverse offset using silver nanoparticles inks being quite relevant for large-scale device 

manufacturing. Recently, Leppäniemi et al.386  demonstrated for the first time the printing of In2O3 

also printed with ROP and this In2O3 printed TFTs on flexible substrates exhibited mobility of 

1.4 cm2/Vs. In general, ROP has multiple advantages compared to conventional printing, as large-

area patterning, submicrometric resolution, uniform layer thickness and good edge definition. The 

patterned features achieve similar dimensions to photolithography without additional subtractive 

processes (etching or lift-off). 

The non-contact printing processes also called digital printing which, rely on images or patterns 

that are in the digital format. These are electronic design files, the opposite of the contact mode 

where printing relies on a master or a template that carries the images or patterns and cannot be 

changed. The digital images can be easily altered, and every printing can be customized. Typical 

digital printing techniques are electrohydrodynamic (EHD) jet printing, aerosol jet printing and 

inkjet printing the most used to produce oxide based TFTs, as depicted in Figure 3.11. 
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Figure 3.11. Schematic diagrams showing the working principles of (a) piezoelectric drop-on-demand 

inkjet printing, (b) a jetting mechanism of the electro-hydrodynamic jet printing and (c) an aerosol jet 

printing system. Copyright © 2021 Elsevier B.V. All rights reserved. 

Inkjet printing is widely explored in lab scale research in printed electronics where many 

parameters (volume, velocity, direction and number of ink droplets as well as the temperature of 

the ink or substrate) can be controlled in a precise way being one of the most promising 

alternatives to vacuum processes. Many ink materials can be inkjet -printed, as organic and 

inorganic, polymers, carbon and metallic materials. The most reliable printing materials are 

metallic conductive inks, mostly silver (Ag) where good conductivity and chemical stability is 

achieved. Some critical requirements are demanded for the ink materials to extract the full profit 

of inkjet, such as low volatility to avoid nozzle clogging, low viscosity, surface tension and if the 

ink is a colloid or a suspension the particles should have fine size. Inkjet printing deposition 

depends on the formation of droplets at or near a nozzle aperture and can be divided into two 

modes of operation, continuous or drop-on-demand (DOD). However, DOD inkjet is the most 

popular operation method in printed electronics and comprise the ejecting of ink droplets when a 

pulse voltage is applied. Based on the driving force behind the fluid ejection from the printer 

head, two main mechanisms exist: the thermal and piezoelectric inkjet propelling. In the thermal 

printer head an electrical current is applied through a heating element to locally vaporize the ink 

to form a bubble in the chamber that will cause a pressure increase thus pushing an ink droplet  

from the nozzle. In the piezoelectric printer head a voltage is applied to the piezoelectric pressure 

transducer to make bend or change shape which results in the ink jetting from the nozzle, as shown 

in Figure 3.11 (a).373 If the nozzle diameter is larger, the printing experience is easier although 

printing resolution is lower. Since in the piezoelectric inkjet printing the adjustment of the 

actuation signal is easier, these printing heads present higher durability and higher compatibility 

with the ink formulation, being preferred for printing functional materials.387 In 2007, Chang et 

al.319  reported for the first time the inkjet printing of a metal oxide semiconductor (ZIO) and its 
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application in TFTs with a mobility of 16 cm2/Vs. Since then various oxides semiconductors 

(IZTO, IGO, IGZO, InOx, ZnO and ZTO), oxide dielectrics (AlOx and ZrOx) and transparent 

conductive oxides (ITO, ATO, FTO and ACO) have been printed but the majority still require 

high annealing temperatures (> 250 °C). Also, almost all suffer from coffee ring effect. This 

phenomenon occurs due to the higher evaporation rate on the edge region of the droplet compared 

to the centre region, resulting in a non-homogeneous film formation which affects the 

performance of printed TFTs. Then, several ways to minimize this effect were developed: (i) high 

substrate temperature to evaporate the solvent before the droplets spread completely;388 (ii) 

mixture of minor (high boiling point and low surface tension) and major (low boiling point and 

high surface tension) solvents where the minor solvent addition retards the evaporation at the 

contact edge, known as Marangoni flow;389 (iii) increment of the ink viscosity being highly 

resistant to the outward capillary flow;390 and (iv) increase of the metal precursor concentration 

avoiding additional solvents or stabilizers.339 Cui et al.391  overcame other issues related to 

spreading of the ink droplets which determines how close two ink droplets can be placed by 

performing a substrate surface treatment (hydrophobic) and incrementing the ink viscosity to 

avoid the random movement of the ink droplets. Printed PVP-doped IGZO oxide TFTs were 

achieved with a small spacing of 50 µm and mobility of 6.2 cm2/Vs. Also, with inkjet printing it 

is possible to produce a fully inkjet printed metal oxide TFT as reported by Subramanian et al.382, 

Lan et al.392 and Sharma et al.393 However, high temperature annealing (> 400 °C) was performed 

in the processing of each constituent layer to reach these devices. Recently, Subramanian et al.333 

reported all inkjet printed layers (source and drain, semiconductor and dielectric) processed at a 

low temperature of 250 °C with UV irradiation for metal oxide TFTs. However further 

compatibility with low cost flexible substrates (PEN, PET and paper). Ning et al.394 printed silver 

electrodes at a low temperature of 150 °C with a silver salt ink instead of colloidal silver inks, 

however this can lead to carbon residues in the conductor-semiconductor interface. Then, Gilliam 

et al.395 improved this the interface while maintaining 150 °C by adding a doped semiconductor 

interlayer that promotes the electron transport between the inkjet printed silver electrodes and the 

semiconductor layer. This results in a decrease of the contact resistance improving the charge 

carrier mobility by two orders of magnitude. In terms of the semiconductor, Leppäniemi et al.65 

accomplished inkjet printed In2O3 TFTs at low temperature annealing (150 °C) combined with 

FUV exposure on flexible PEN substrates. To reach lower temperature in a shorter processing 

time, Dasgupta et al.396 reported high performance inkjet printed In2O3 TFTs processed using 

photonic curing after the films´ drying at 100 °C for 2-3 min. The devices showed a high mobility 

of 29 cm2/Vs and low operation voltage which paves the way for printed electronics on flexible 

substrates. Recently, for high- Bolat et al.397 investigated the effect of inkjet 
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printed yttrium oxide on aluminium oxide thin films at low temperature of 150 °C assisted by 

DUV irradiation and applied in TFTs. The flexible oxide TFTs presented a high current on/off 

ratio of 108 and a mobility of 4.3 cm2/Vs with a good stability opening the window for large-scale 

manufacturing.  

Electrohydrodynamic (EHD) jet printing technique can solve some of the drawbacks present in 

both thermal and piezoelectric inkjet printing, such as the limited printing resolution, undesired 

flow of large ink volume printed in the substrate, nozzle clogging and droplet deviation. This 

emerging technique enables high-resolution patterns with submicrometric features with a minimal 

printing feature size of 0.1 µm and a precise line width down to less than 1.5 µm.398 EHD jet 

printing uses an electric field to create the ink flow through a fine nozzle (as small as 300 nm in 

diameter) onto a substrate. The mechanism behind that is electrohydrodynamics, the study of the 

dynamics of electrically charged fluids. The ink in this technique is pumped through a nozzle by 

a syringe pump and a strong electrical field is applied between the nozzle and the conductive 

substrate holder. Then, when the applied electric field overcomes the surface tension, a droplet 

(considerable smaller than the nozzle diameter) is formed and ejected out to the substrate, as 

depicted in Figure 3.11 (b).373 Nonetheless, despite the high resolution, EHD printing present 

some issues as the non-compatibility with large areas printing due to slower process speed and 

non-uniform films printability if the inks present low conductivity. In 2012, Paik et al.399 printed 

a high resolution (1.5 µm) IZO semiconductor with 10 nm thickness by EHD for the first time 

applied in TFTs. The semiconductor was annealed at 500 °C, and the IZO/HfO2 TFTs present a 

high mobility of 32 cm2/Vs and a low operating voltage. IZO and ZTO semiconductors were 

printed with the same technique but did not reach such high resolution.400 402 Park et al.403 printed 

a high resolution (minimum line width of 2 µm) In2O3 semiconductor at low temperature (250 

°C) on flexible substrates. The resultant In2O3/Al2O3 TFTs exhibit a mobility of 5 cm2/Vs and 

open the window for wearable electronics using this technique. 

Aerosol jet printing starts with the production of an aerosol (colloid of solid particles or liquid 

droplets in a gas between 1-5 µm in size), where the ink is turned into a dense aerosol 

ultrasonically or pneumatically in an atomizer. Through the help of a carrier gas a pressure is 

built-up in the atomizer, which ensures the ejection of aerosolized particles toward a target 

substrate by aerodynamic focusing. Also, a sheath gas is applied to shield the aerosol particles 

from the inner walls of the print head nozzles during the high velocity particle stream so the 

deposition remains focused on the substrate, as shown in Figure 3.11 (c).398 Aerosol jet printing 

is more tolerable to different ink materials (wider range of viscosities) and prevents nozzle 

clogging issues compared  to inkjet printing.373 Also, this technique allows higher resolution 

features (< 5 µm) and the possibility to eliminate the coffee ring effect formation due to the 
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formation of very small droplets (0.0001  0.0005 pL in volume).404 This technique presents some 

challenges but the main issue is the lagging effect when the printing parameters are adjusted since 

a large amount of atomized liquid droplets are constantly under flow being harder to track 

compared to a single droplet of inkjet printing. The aerosol jet printing has been mainly used to 

print polymer dielectrics, source and drain electrodes (TCOs and metals), and semiconductor 

oxides.387 In 2013, Frisbie et al.405 reported high performance, aerosol-jet printed ZnO electrolyte 

gate transistors (EGTs) in flexible substrates. The ZnO EGTs exhibited low operation voltage and 

subthreshold slope, and were later integrated into complementary circuits.406 More recently the 

same group produced In2O3 EGTs with a high mobility of 11 cm2/Vs by aerosol jet printing.407 

An in-depth comparison between contact and digital printing techniques was made for different 

printing features (ink viscosity, film thickness, throughput, printing speed, resolution, line width 

and alignment accuracy), as shown in Table 3.1.  As can be observed, non-contact printing 

techniques have a higher alignment accuracy in general when compared with contact printing 

techniques. On the other hand, the roll-based techniques (contact mode) exhibit a high throughput 

(suitable for high-volume large area manufacturing) but are limited by the patterns defined in the 

metal rollers or plates. Also, using a high printing speed can affect the printing resolution. 

The future of printing electronic industry can reside on the combination of both contact and non -

contact printing techniques, thus allowing the combination of high resolution and throughput. 

However, some major challenges still remain in oxides TFTs printing, such as the high annealing 

temperature required for the semiconductor and dielectric layers, as depicted in Figure 3.12. In a 

general overview most of the printed oxide TFTs require temperature above 200 °C to achieve 

metal-oxide thin films. For printed oxide semiconductors (ZnO and In2O3), only inkjet (thermal 

and piezoelectric) and screen printing require temperatures below 200 °C. In terms of printed 

high- de dielectrics both, flexographic and inkjet printing allow low temperature processing. 
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Figure 3.12. Lowest processing temperature required for printed metal oxide semiconductors and dielectrics 

applied in metal oxide TFTs using different printing 

methods.65,286,294,309,319,333,339,366,369,370,375,379,386,390,392,397,399 403,405 418 Copyright © 2021 Elsevier B.V. All 

rights reserved. 

An overall trend to decrease the annealing temperature (more evident in the last 3 years) in printed 

metal oxide TFTs can be observed due to ultraviolet irradiation mentioned in the previous 

sections. This low temperature condition is crucial to allow implementation of oxide TFTs on 

flexible substrates and to avoid thermal expansion of the substrates which will affect device 

quality, as shown in Figure 3.13. The XENOMAX polyimide (PI) flexible substrate is the most 

suitable as it can withstand higher temperatures, it has a low surface roughness (< 1nm) and a low 

coefficient of thermal expansion (CTE) of 3 ppm/°C, even lower than glass. However, these PI 

based substrates are coloured which hinders transparent electronic applications and are much 

more expensive than PEN or PET which require low annealing temperatures to avoid degradation. 

For this reason, it is paramount that printed oxides are processed at low temperatures in order to 

decrease the associated costs in the printing industry and allow large scale production. 
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Figure 3.13. Maximum temperature sustained and coefficient of thermal expansion for a rigid substrate 

(glass) and several flexible substrates. Copyright © 2021 Elsevier B.V. All rights reserved. 

absorption, low CTE, low shrinkage, and a smooth (< 2 nm of roughness) surface. Most flexible 

substrates suffer from high surface roughness or, even when the roughness mean square (rms) is 

low some high aspect ratio features, like spikes are present, for example typical industrial PEN 

presents a 2.55 nm roughness however several features with height > 50 nm can be observed. This 

spikes affect the subsequent layers of printed oxide TFTs and the overall performance, although 

by polishing or applying a specific coating can help overcoming this issue and attain a smother 

surface.447 Besides the substrate and the printed oxide layers (semiconductor and dielectric), the 

printed electrodes also play a crucial role in the device integration. The challenges that need to be 

surpassed, in electrodes printing include film thickness, surface roughness and annealing 

temperature. Figure 3.14 shows the annealing temperature and thickness of printed source and 

drain electrodes in oxide TFTs over the years using different methods. Piezoelectric inkjet 

printing is the most used technique to print transparent  conductive oxides (like ITO, ATO and 

-O-M 

network. Recently, Vivek et al.418 explored the role of Al doping in cadmium oxide (ACO), 

increasing the conductivity of ACO electrodes at low temperature (250 °C). Although, the films 

presented a surface roughness of 18 nm which is expected for printed electrodes and some spikes 

> 150 nm height were also present. Also, most of the printed electrodes (metallic nanoparticles 

thicker dielectrics are required to compensate these artifacts (high roughness, coffee ring effect) 

and ensure reliability of the devices. Therefore, printed underlying gate electrodes are not yet 
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applied in printed oxide TFTs since the higher roughness of the printed gate affects device 

reliability and induces defects to the subsequently printed layers.  

 

Figure 3.14. Lowest processing temperature and thickness of printed source and drain (S/D) electrodes 

applied in metal oxide TFTs using different printing methods.294,366,383,394,395,417,418,448,449 Copyright © 2021 

Elsevier B.V. All rights reserved. 

Recently, Kusaka et al.383 report the use of reverse offset printing, an emerging technique, to print 

metal acetylacetone inks to produce conductive source and drain electrodes. The metal inks were 

dried at 130 °C and then treated by hydrogen plasma for 60 s at 200 °C. The MoOx printed layers 

present the highest conductivity among the metal ink materials being selected for S/D electrodes. 

The breakthrough of using this technique for printed electrodes is related to the low pronunciation 

of the coffee ring effect (good edge definition) and the smooth surface. The MoOx S/D electrodes 

present a low thickness of 28 nm and surface roughness of 0.22 nm. Since these features can be 

achieved with a good conductivity at relative low temperature the printing of the gate electrode 

for printed oxide TFTs became a possibility. A printed gate electrode with these characteristics 

will be ideal to print thin (< 30 nm) high-  
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3.5. Current challenges and future trends  

The growth of solution processed oxide TFTs over the last decade has been quite demanding to 

reach higher throughput, lower costs, decrease the thermal budget and less material waste. At the 

same time the devices should demonstrate similar performance to the standard vacuum based 

devices, which present high reproducibility and stability over time. However, some 

gaps/challenges still exist that need to be further investigated to successful applications for 

printing industry market: 

i. The solution synthesis and deposition of the oxide layers are highly dependent on the ambient 

humidity and temperature. So, a controlled environment is demanded to preserve 

reproducibility of the process in solution-based oxide TFTs; 

ii. The low processing temperature for most of the constituent layers in the TFT is already 

reachable with the help of UV irradiation. However, at low temperature some layers present 

lower densification or even in some cases the complete formation of the M-O-M structure is 

not reached due to the existence of hydroxyl groups which affect the general performance of 

the devices (aging, stability).  

iii. For applications in the printing industry, the printing speed is a key factor to allow a high 

throughput. Nonetheless, solution processed oxide TFTs require long processing times (> 30 

-

to be implemented since a short processing time (< 3 min) can be applied with the use of highly 

energetic pulses in the ns range. This allows the film densification improvement at low 

temperatures without damaging the flexible substrate, opening the window to large scale 

production. Excimer laser annealing also allows area selectivity being quite relevant to up-

scale in printing industry. 

iv. Few reports show the electrical characteristics under stress and stability over time (ageing) of 

solution-based oxide TFTs. These tests are essential to show reliability and further 

implementation in printed electronics. Stability issues should be investigated properly to 

clarify the electrical instability mechanism of these devices; 

v. Further studies on hybrid materials will be a requirement to implement the solution-based 

oxides in ultra-flexible devices to improve ductility and prevent cracks which affect the overall 

performance of the TFTs; 

vi. The performance of a TFT fundamentally depends on the quality of the dielectric-

semiconductor interface. However, the research on solution-based high-  dielectrics is quite 

limited compared to the semiconductor. Further studies should be performed to enhance the 

TFT operation at low operating voltages. 
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vii. The surface roughness plays a crucial role in the device performance when the constituent 

layers are stacked affecting the overall TFT performance. Currently, the most crucial layer is 

the gate electrode which relies mainly on nanoparticles offering low temperature 

processability, but present higher surface roughness. Further work should be performed in this 

layer to allow a good conductivity at low temperature with a smooth surface (< 2 nm) and low 

thickness of less than 30 nm to grant a good interface with the subsequent oxide layers 

(semiconductor or dielectric). Also, more sustainable substrates that are biodegradable,  

malleable, and present a smooth surface should be developed and studied. 

viii. Printing technologies have been increasing their applicability to produce oxide thin films and 

TFTs. Each printing technique technology demonstrates different ink parameters, different 

resolutions with certain alignment accuracy and in-line printing speeds, as depicted in Figure 

3.15. An emerging printing technique, reverse offset, offers high resolution and accuracy even 

when compared to inkjet, with no coffee ring effect pronunciation. Reverse offset printing of 

solution-based oxide TFTs, should be further studied to improve printing speed without 

compromising resolution. 

 

Figure 3.15. Comparison of relevant features for various contact and non-contact printing techniques. 

Copyright © 2021 Elsevier B.V. All rights reserved. 

The outlook of printed metal oxides TFTs is really promising for large-scale manufacturing. We 

visualize in the next 10 years, the emerging field of printed oxides association to flexible hybrid 

electronics will boost exponentially the level of industrial research on wearable electronics.  
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Chapter 4.  Solution-based metal oxide thin film transistors

 

 

 

 

 

Lately, printed oxide electronics have advanced to meet the challenges in performance and low-

temperature solution processability that are required for the dawn of low-cost flexible 

applications. However, some remaining limitations need to be surpassed. These include the 

printability of the layers using Roll-to-Roll (R2R) compatible techniques without compromising 

This chapter focuses on recent low 

temperature approaches as combustion synthesis and irradiation (UV) post annealing treatments 

which allow their implementation in printable flexible TFTs. First, special attention is given to 

solution-based high- produced at low temperature that play a critical role to 

achieve low power consumption. Next, a significant work is performed to lift printed metal oxide 

TFTs a step closer to the flexible applications of future electronics. Finally, excimer laser 

annealing (ELA) is used as a viable option to produce aluminium oxide thin films at low 

temperature, offering high quality materials at a reduced associated cost and process time.  

Keywords: solution combustion synthesis, metal oxides, thin film transistors, low temperature, 

UV irradiation, printing electronics 
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4.1. Boosting high-  processed at low temperature  

4.1.1. Introduction 

Technology has been growing exponentially leading to the necessity of low-cost processes and 

materials that allow a more sustainable world. For that, printable, flexible, disposable and 

transparent electronics have been highly explored.1,8 However, the typical fabrication techniques 

for oxide films and devices are vacuum-based techniques, like atomic layer deposition, chemical 

and physical vapor deposition. These techniques require an expensive high vacuum equipment 

resulting in high production costs.8 For the production of printed electronics, suitable materials 

and optimized processes or techniques with low cost manufacturing need to be identified and 

developed. As a result solution-based thin films have gained a lot of attention due to the low cost, 

simplicity and good film uniformity in large areas.450 Spin coating, screen printing, inkjet printing, 

bar-coating and spray pyrolysis are the mostly used techniques for solution processing oxide 

semiconductors and gate dielectrics.78,334,450 452 Actually, choice of suitable functional/active 

materials that can be printed is essential for the performance of the printed electronic devices. In 

thin film transistors, the semiconductor layer have been used in organics and inorganics (oxides) 

with high success at low temperature.2,3  

The insulator layer plays a crucial role in the devices performance too, by mainly defining the 

devices stability and operation voltages.2,3,20,307 Also, the solution process of this layer has been 

frequently used, either for organics or oxides materials. In the case of organic materials, 

(Polyvinyl alcohol) PVA or PVP are possible alternatives;416,453,454 however, these have some 

setbacks, such as the operation voltage control with the decrease of the thickness, low carrier 

mobility and instability issues which limit their application.2,3,307 By using solution based high-  

inorganic dielectrics is possible to enhance the capacitance coupling between the gate dielectric 

and the channel layer in TFTs. As a result, the subthreshold slope is improved and the operating 

voltage is reduced leading to low consumption electronic devices.455,456 Moreover, the use of 

multilayers allows the insulator to achieve remarkable properties with just one material (e.g. high-

457,458 The most used inorganic dielectrics are zirconium oxide (ZrO2), tantalum 

oxide (Ta2O5), aluminum oxide (Al2O3), hafnium oxide (HfO2) and their mixtures.7,450,457,459,460 

The larger capacitance obtained with these allows a higher density of charges induced in the 

semiconductor, which lead to an easier trap filling. Solution-processed Al2O3 and HfO2 are the 

most promising candidates, with high dielectric constant, 9 and 25 respectively, and in the case 

of HfO2 a lower bandgap (5.8 eV) when compared with Al2O3 (8.9 eV).307,455 Since the bandgap 

is smaller in the case of HfO2 the carrier injection is easier than in Al2O3.457,461 However, these 

materials needed high annealing temperatures, so new methods and techniques have been 
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developed, like solution combustion synthesis (SCS) and deep ultraviolet (DUV) treatment, to 

obtain high-quality films at low temperature being compatible with low cost flexible substrates.2,3 

In the case of SCS an oxidizer (nitrates) and a fuel (urea, citric acid) are added to the precursor 

solution. During the annealing process a exothermic reaction occurs, resulting in a reduction of 

the external heat required for the film formation; the remove of organic solvents and film 

densification.2,7 By using a DUV treatment the films are exposed to high-energy photons which 

causes the cleavage of alkoxy groups, active metals, and oxygen atoms to simplify M O M 

network formation. After less than 10 min of UV irradiation, the polymeric chains break into 

smaller fragments, which induces degradation, leading to removal of oxygen, carbon and 

improving the film densification.20,307,462 The combination of these methods improves the 

reliability of the nanoscale film morphology, composition of metal oxides and stability over time. 

The additional energy provided by the exothermic combustion reaction contributes to enhanced 

film densification in a short annealing time. 

In this work, we report for the first time the combination between the solution combustion 

synthesis (SCS) and deep ultraviolet (DUV) treatment in HfOx single and nanomultilayer 

dielectrics (composed by AlOx and HfOx thin films) at low temperature (150 °C) in gallium-

indium-zinc oxide (IGZO) TFTs (Table 1). The effects of increasing the number of dielectric 

layers in the electric performance were investigated using different characterization techniques. 

Finally, stable and low voltage (HfOx|HfOx)/IGZO TFTs have been applied to a diode-connected 

inverter.  
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Table 4.1. Literature of developed high- -based hafnium oxide single layers and multilayers 

applied in TFTs. Copyright © 2017, American Chemical Society. 

Year 
TFT 

(Dielectric/ 
Semiconductor) 

T  
(°C) 

SS  
(V dec 1) 

µSAT  
(cm2 V 1 s 1) 

ION/OFF 
VON  
(V) 

VG 
range 
 (V) 

2012457 

 (HfOx |AlOx)/ 
ZTO  400 

0.12 3.8 
105 

0.4 
-2 3 

 (AlOx |HfOx)/ 
ZTO  

0.16 1.2 -0.2 

2012463 (HfOx)/ 
ZTO  

300 0.11 1.1 107 0.2 - 5 5 

2015464 (HfOx)/ 
HIZO 500 1.1 3.6 104 -0.1 - 5 10 

2015465 (HfOx)/ 
ZnO 380 - 42±1.4 107 -0.4 - 1 6 

2015456  (HfOx)/ 
IZO 

300 0.72 25.7 106 1.5 
- 1 5 

200 1.32 6.2 103 0.8 

2017455  (HfOx)/ 
ZTO 350 0.07 13.2 108 - 0.1 - 1 2 

This 
work 

(2017) 

 (HfOx)/ 
IGZO 

150 
+ 

UV 

0.082±0.002 31.2±1.4 105 -0.04±0.05 -1 2 

 (HfOx |HfOx)/ 
IGZO 

0.066±0.010 43.9±1.1 106 0±0.03 -1 2 

 (HfOx |AlOx)/ 
IGZO 0.076±0.009 23.6±0.6 

105 

0.01±0.03 -1 2 

(HfOx|AlOx|HfOx)
/IGZO 0.101±0.004 37.5±2.2 0.03±0.06 -1 3 

 (AlOx |HfOx)/ 
IGZO 0.099±0.019 37.2±1.9 -0.01±0.06 -1 2 

(AlOx|HfOx|AlOx)
/IGZO 0.133±0.013 30.5±1.8 -0.09±0.09 -1 3 

 

4.1.2. Experimental details 

4.1.2.1. Precursor solution preparation and characterization 

Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Fluka, 98%) was dissolved in 2-methoxyethanol 

(2-ME, C3H8O2, ACROS Organics, 99%), to yield solution with an Al3+ ion concentration of 0.1 

M. Urea (CO(NH2)2, Sigma, 98%) was then added to the prepared solution which was maintained 

under constant stirring for at least 1 h. The urea to aluminum nitrate molar proportion was 2.5:1, 

to guarantee the redox stoichiometry of the reaction.7 Hafnium chloride based precursor (HfCl4, 

Alfa Aesar, 99.9%) was dissolved in 2-methoxyethanol (2-ME, C3H8O2, ACROS Organics, 99%) 

and maintained under constant stirring for 4 h. Then the oxidizing agent, ammonium nitrate 

(NH4NO3, Roth, 98%) and the fuel, urea was added and stirred at least 2 h for a concentration of 

0.1 M. For the ammonium nitrate precursor, the urea molar proportion was 1:(1/3). All precursor 

hilic filters before use.  
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-VAP 

Value/G3) was done before the thermogravimetry and differential scanning calorimetry (TG-

DSC) at 70 °C with a rotation of 50 rpm during 1 h 30 min. Then a thermal characterization of 

precursors was performed by TG-DSC under air atmosphere up to 500 °C with a 10 °C min 1 

heating rate in an aluminum crucible using a simultaneous thermal analyzer, Netzsch (TG-DSC - 

STA 449 F3 Jupiter). The optical properties were obtained using a Perkin Elmer lambda 950 

UV/VIS/NIR spectrophotometer by measuring absorbance (A) in the wavelength range of 190 to 

400 nm.  

4.1.2.2. Dielectric deposition and characterization 

Prior to deposition all substrates (silicon wafer and corning glass with an area of 2.5×2.5 cm2) 

were cleaned in an ultrasonic bath at 60 °C in acetone for 10 min, then in 2-isopropanol for 10 

min and dried under nitrogen (N2); followed by a 10 min UV/Ozone surface activation step in a 

PSD-UV Novascan system. Thin films were deposited by spin coating, forming a single layer 

(AlOx; HfOx) and multilayers (AlOx|HfOx; AlOx|HfOx|AlOx; HfOx|HfOx; HfOx|AlOx; 

HfOx|AlOx|HfOx)  using the AlOx  and HfOx precursor solutions with a concentration of 0.1 M for 

35 s at 2000 rpm (Laurell Technologies). That was followed by an immediate thermo annealing 

at 150 °C assisted by ultraviolet irradiation (UV) (PSD Pro Heated Series, PSDP-UVT Novascan 

system; emission wavelengths of 253.7 (90%) and 184.9 nm (10%); area of 20 × 20 cm 2) at a 

lamp distance of 2 cm (the output energy intensity of the lamp was 75 mW·cm-2 at 254 nm) for 

30 min each layer in nitrogen ambient, with a gas flow of 240 mbar.  The films´ structure was 

assessed by glancing angle X-

incidence of the X-ray beam fixed at 0.9°. The surface morphology was investigated by atomic 

force microscopy (AFM, Asylum MFP3D) and the film thickness by scanning electron 

microscopy analysis of a sample cross section prepared by focused ion beam using Ga+ ions 

(SEM-FIB, Zeiss Auriga Crossbeam microscope). Fourier Transform Infra-Red (FTIR) 

spectroscopy characterization of thin films deposited on Si substrates data were recorded using 

an Attenuated Total Reflectance (ATR) sampling accessory (Smart iTR) equipped with a single 

bounce diamond crystal on a Thermo Nicolet 6700 Spectrometer. The spectra were acquired with 

1 and with a 4 cm 1 resolution. 

4.1.2.3. Electronic device fabrication and characterization  

semiconductor (MIS) capacitors were produced by depositing a single layer, 

AlOx or HfOx, and multilayers onto p- ·cm) as described above. 

Aluminum electrodes (80 nm thick) with an area of 1.96 × 10 3 cm2 were deposited by thermal 
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evaporation via shadow mask on top of the insulators, with similar but unpatterned electrodes 

being also deposited on the back of the silicon wafer. Electrical characterization was performed 

-frequency characteristics in the range 

of 1 kHz to 1 MHz of frequency using a semiconductor parameter analyser (Keithley 4200SCS) 

and probe station (Janis ST-500). The TFTs were produced in a staggered bottom-gate, top-

contact structure by depositing the single layers or the nanomultilayers onto p-type silicon 

substrates acting as gate electrodes. 

The IGZO semiconductor film (30 nm thick) was sputtered onto the dielectric thin films via 

shadow mask for all temperatures. The deposition was performed using a commercial IGZO 

ceramic target (2:1:2 In:Ga:Zn atomic ratio) by rf magnetron sputtering in an Ar+O2 atmosphere 

without intentional substrate heating in an AJA 1300-F system.466  

Finally, source and drain aluminum electrodes (80 nm thick) were deposited by thermal 

evaporation via shadow mask onto the films. Hereafter the IGZO TFTs were annealed at 150 °C, 

for 1 h in air. An 80 nm thick aluminum film was also deposited on the back of the silicon wafer.  

ambient conditions using a semiconductor parameter analyser (Agilent 4155C) attached to a 

microprobe station (Cascade M150) inside a dark box, at room temperature.  

The saturation mobility (µSAT) was determined from the following equation:  

    (4.1) 

where Cox is the gate dielectric capacitance per unit area, the channel length (L) and width (W) 

are 90 and 1000 µm, VG is the gate voltage and VT is the threshold voltage, which was determined 

in the saturation region by linear fitting of a ID1/2 vs VG plot. VT was obtained by the linear 

extrapolation method, which defines VT as the gate voltage axis intercept of the tangent of 

the ID1/2 VG characteristics at its maximum first derivative (slope) point. 

Gate bias stress tests were performed on TFTs with one and two layers of dielectric under air 

environment by applying a constant gate voltage (0.5 MV·cm-1 electric field) for one hour, after 

which the devices were allowed to recover. Transfer characteristics were measured at fixed time 

intervals during stress and recovery processes. 

To investigate the possibility of solution based TFTs in circuit application, the inverter structure 

was constructed with two TFTs in different substrates. A semiconductor parameter analyser 
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(Keysight B1500A) was used for the DC characterization of the inverter. For transient 

measurements of the inverter, the input waveforms were generated by a function generator 

(Wavetek 395) and the output signal was acquired by an oscilloscope (ISO-TECH IDS 8062). 

4.1.3. Results and discussion 

Solution combustion synthesis of nanomaterials has been crucial for the fabrication of high -

quality metal oxides at low temperature.2 In combustion synthesis at certain temperature, a violent 

redox reaction between an organic fuel, urea, and the oxidizer, ammonium nitrate, occurs, related 

with the release of massive reaction heat. This local heat results in the increase of local 

temperature inside the dielectric films, which promotes the precursors conversion into oxides at 

low temperature.7 Since 2011, the solution combustion synthesis of AlOx thin films applied in 

TFTs has been reported, however for HfOx only a few results have been succeeded with high 

performance TFTs requiring high temperatures (Table 4.1).2,455,467  

The solution combustion synthesis of HfO2 from hafnium chloride and ammonium nitrate 

(oxidizer), and urea (reducing agent) can be represented by the combination of ammonium nitrate 

decomposition reaction (equation 4.2) and urea oxidation reaction (equation 4.3). 

   (4.2) 

   (4.3) 

The overall reaction can thus be written as bellow (equation 4.4): 

  (4.4) 

This is a theoretical reaction equation that neglects possible secondary reactions, although, it 

allows the calculation of a stoichiometric condition that can be used as a reference.38 In the oxide 

formation, the chemistry of the redox reaction is determinant for the thermodynamics, 

38 

 = 1, however, in 

order to achieve lower temperatures in the thin film formation, as shown by TG-DSC analysis 

(Figure 4.1 (a))  = 1.1 was used. In this composition the redox mixture is under fuel-rich 

condition, requiring molecular oxygen to fully convert the fuel.38,39 The oxidizing/reducing 

characteristics of a mixture can be calculated by the Jain method, which is based on propellant 

chemistry.33 In this method carbon and hydrogen are considered as reducing elements with final 

valences of +4 and +1, respectively; hafnium metal ions are also considered reducing elements 
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with a final valence of +4. Oxygen and nitrogen are considered oxidizers with their final valences 

of -2 and 0, respectively. The reducing valence of urea is +6 and the oxidizing valence of 

d by the Jain method hence (1/3) mol of urea are required per 

mole of the nitrate precursor (ammonium nitrate) to ensure redox stoichiometry. In this condition, 

to minimize the generation of cracks and pores in metal oxide films, which can significantly 

contribute to leakage current in the vertical direction, deep ultraviolet (DUV) treatment was 

used.3,20 The condensation and film densification in metal oxides are improved with DUV 

irradiation in nitrogen environment; however, some ozone (O3) is also formed, which in this case 

helps to fully convert the fuel in the combustion reaction at low temperatures. 

4.1.3.1. Precursor solutions characterization 

Thermal analysis of precursor solutions was performed to investigate the decomposition 

behaviour of the hafnium oxide precursors with different stoichiometry compositions. Figure 4.1 

(a) shows the differential scanning calorimetry (DSC) and thermogravimetry (TG) of the HfOx 

up to 350 °C, since above this temperature no further events were observed. The most promising 

°C and small peak at 304 °C, which is attributed to the combustion reaction of residual fuel 

resulting in a mass loss of 40 %. Also, two endothermic peaks were observed at 139 °C and 172 

°C, which are related to the solvent evaporation and some residual organics. In the case of the 

and the most intense one at 273 °C, which is higher than the fuel rich condition.  Thermal analysis 

indicates that the minimum temperature required for full degradation is 304 °C. The DSC-TG  

analysis 2-ME based of AlOx precursor solutions, has been previously reported by our group6, 

and shows an intense exothermic peak at 176 °C corresponding to oxide formation, and a residual 

endothermic peak at 250 °C attributed to the degradation of residual organics. The difference in 

combustion reaction temperature of HfOx and AlOx is expected as it depends on the specific 

bonding energy of the ligands with the metal ions in solution which varies from metal to metal, 

as reported by Epifani et al.77 
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Figure 4.1. (a) TG-DSC analysis of HfOx precursor solution and (b) absorbance spectra of both, AlOx and 

HfOx, precursor solutions.92 Copyright © 2017, American Chemical Society. 

The absorbance of the precursor solutions in the UV Vis range was performed to assess the 

efficiency of irradiation with a DUV lamp with a maximum emission at 254 nm (90 %) to enhance 

film condensation and densification.3,20 Figure 4.1 (b) shows that both solutions absorb in that 

wavelength, being more significant for the hafnium oxide precursor solution. Therefore DUV 

treatment is expected to contribute to degradation of organic residuals and decreasing the 

temperature required for the formation of M-O-M.3 

4.1.3.2. Dielectric thin films characterization 

The optical transmission of single and multilayer thin films was measured. Figure 4.2 shows that 

all films are highly transparent (> 89%) in the visible range. However, with increase of the number 

of layers and film thickness, total transmittance is slightly decreased. The optical bandgap (Eg), 

determined via Tauc plot analysis is 4.9 eV for HfOx thin films, as shown in Figure 4.2. This value 

is lower than the expected 5.8 eV reported for physical vapour deposition (PVD) techniques.455,461 

HfOx thin films produced by solution may have some residual chloride species which slow down 

the dehydroxylation process and increase the amount of oxygen vacancies in the thin film, which 
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results in a decrease of the bandgap energy due to the increasing of density of states. 455 The 

bandgap of the other layers was not obtained due to the presence of aluminium oxide, which has 

a large bandgap (8.9 eV) unable to be measured using Tauc plot analysis.468 

 

Figure 4.2. Optical transmittances of the single and multilayer dielectric thin films. The inset shows the 

Tauc plot of HfOx.92 Copyright © 2017, American Chemical Society. 

The dielectric thin films produced were characterized with ATR-FTIR before and after annealing, 

as shown in Figure 4.3 (a). All samples show an absorbance peak at 1107 cm-1 attributed to the 

Si-O transversal optic stretching.  

Prior to annealing absorption bands related to organic precursors in the film can be observed, 

namely, a broad band between 3700 and 3000 cm-1 and bands at 1630 and 1575 cm-1  assigned to 

O H stretching vibrations associated with water absorption and OH increase; weak absorption 

bands between 3090 and 2800 cm-1 associated to the C H stretch and between 1500 and 1300 cm-

1 with C H deformation and carbonate .469 After annealing at 150 °C assisted by DUV treatment, 

none of these bands were observed confirming the elimination of all residual organics.  

The absorption peaks at, 889, 739 748 and 611 601 cm-1, are attributed to the presence of metal 

oxide (M O) chemical bonds, Hf O and Al O.469 471 The FTIR analysis of multilayer thin films 

showed similar results, as depicted in Figure A1 in the Appendix A.  
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Figure 4.3. (a) FTIR spectra of AlOx and HfOx thin films before and after annealing; (b) XRD 

diffractograms, AFM deflection images (1×1 µm2) of both dielectric thin films, and high-resolution SEM-

FIB cross-section image of HfOx thin film.92 Copyright © 2017, American Chemical Society. 

The structure of the solution based dielectric thin films was investigated by X-ray diffraction 

(XRD). The absence of diffraction peaks in Figure 4.3 (b) reveals that amorphous thin films are 

obtained in the single layer and multilayer samples (see Figure A2 in Appendix A). Amorphous 

materials have less grain boundaries and are expected to have a small surface roughness, low 

leakage current and high breakdown voltage.467 

Atomic force microscopy (AFM) images were used to analyse the surface morphology. The 

lowest roughness was observed for single layers, AlOx and HfOx, 0.15 nm and 0.17 nm, 

respectively, as depicted in Figure 4.3 (b). Figure A3 in Appendix A shows that all multilayer 

samples have a smooth surface morphology and a surface roughness bellow 1.2 nm. The surface 

morphology was not affected by the release of dichloride during the combustion reaction.455 The 
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low surface roughness leads to a better interface between the dielectric layer and the IGZO 

improving the electrical performance.  

High resolution SEM-FIB cross-section image of all the dielectric multilayer thin films was 

performed to measure the films thickness. Single layer HfOx thin film has a thickness of about 18 

nm (Figure 4.3 (b)); multilayer films have a thickness of about 26 nm for HfOx|HfOx, 28 nm for 

HfOx|AlOx, 44 nm for HfOx|AlOx|HfOx, 30 nm for AlOx|HfOx and 44 nm for AlOx|HfOx|AlOx (see 

Figure 4.4 and Figure A4 in Appendix A). To demonstrate a better film densification achieved 

with the combination of UV treatment and combustion synthesis, a study was done with AlOx for 

different concentrations showing thinner films when combustion method with UV was used (see 

Figure A5 in Appendix A). The film densification is more significant for higher concentration 

due to the higher amount organics to be decomposed, nevertheless the film degradation is relevant 

regardless the film densification. 

4.1.3.3. Dielectric multilayers electrical characterization  

The increasing number of high-

were studied to determine the best dielectric composition and dielectric/semiconductor interface. 

The electrical characterization of all dielectrics was performed by measuring the capacitance-

voltage (C-V), capacitance-frequency (C-f) and breakdown voltage (E) of metal-insulator-

semiconductor (MIS) structures, in Figure S6 in the Supporting information. 

In order to clarify the dielectrics performance a statistical analysis was done, as depicted in Figure 

4.4 and Table A1 in Appendix A. Higher dielectric constants for the multilayer dielectrics with 

three layers, AlOx|HfOx|AlOx (13.5) and HfOx|AlOx|HfOx (12.5) were obtained, as depicted in 

Figure 4.4. However, dielectric constant is slightly higher for the AlOx|HfOx|AlOx due to the 

higher capacitance of the multilayer. In the case of HfOx was obtained the highest dielectric 

constant as expected, but when you add a second layer of HfOx the dielectric constant decreases 

because the thin film produced have more residual chloride species. This species will slow down 

the dehydroxylation process and increase the amount of oxygen vacancies in the thin film, which 

affect the dielectric constant.455 In the other cases when is added a layer of HfOx in AlOx, the 

dielectric constant increases due to the higher dielectric constant of HfOx. The breakdown voltage 

using a single layer of HfOx was improved from 2.7 MV·cm-1 to 3.6 MV·cm-1 with a bilayer due 

to the thickness increase and interface quality. The highest breakdown field of 4.9 MV·cm -1 was 

achieved for the HfOx|AlOx multilayer, which was also enhanced when compared with the 

AlOx|HfOx multilayer, 4.3 MV·cm-1, meaning a better interface when AlOx is in the top of HfOx, 

as shown in Figure 4.4. HfOx presents a lower band gap facilitating carrier injection when 

compared to AlOx. Also, the fact that HfOx precursor contains chlorides leads to increased 
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interface charge defects. Therefore, a higher breakdown voltage is achieved when the AlOx is 

deposited over HfOx. To further improve the AlOx|HfOx interface quality a longer annealing could 

be performed. 

 

 

Figure 4.4. Statistical analysis of capacitance measured at 1 kHz, dielectric thickness, breakdown voltage 

and dielectric constant of all dielectric thin films.92 Copyright © 2017, American Chemical Society. 

By increasing the number of layers, the capacitance decrease showing fairly a constant value over 

the range of frequencies, as presented in Figure A6 (a) in Appendix A.   

Hysteresis starts to increase in the capacitance-voltage characteristics of the MIS structure, with 

the increase of the number of layers, as shown in Figure A6 (b) in Appendix A. The flat band 

voltage is changed with respect to the different layer composit ion and increasing the number of 

layers. The HfOx bilayer shows less hysteresis change when compared with a single layer of HfOx.  

Taking into account the properties achieved, the most promising dielectrics were all the ones with 

more than one layer. 

4.1.3.4. Low voltage multilayer TFTs  

All the TFTs produced at low temperature (150 °C) demonstrated low voltage operation 

(maximum 3 V) and exhibited a good electrical performance with low gate leakage current. To 

our knowledge this is the first time that TFTs with a single layer of HfOx and multilayers 

combining AlOx and HfOx solution based dielectrics are reported at 150 °C. This was possible by 
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the combination of thermal annealing with deep-ultraviolet (DUV) irradiation to enhance the 

intrinsic properties of the films, resulting in more uniform and compact films and by using a 

slightly fuel-rich solution combustion synthesis (SCS) which decreased the ignition temperature 

of the exothermic reaction, and hence the M-O-M formation. Typical transfer curves of the TFTs 

can be observed in Figure 4.5 (a,b) and the output curves in Figure A7 in the Appendix A. Figure 

4.5 (b) shows that using HfOx layer instead of AlOx in contact with the gate electrode, facilitates 

carrier injection due to the lower bandgap resulting in an improved interface and lower off current.  

 

Figure 4.5. (a,b) Typical transfer characteristics of the single and multilayers insulator thin films applied in 

IGZO TFTs; (c) statistical distributions of device parameters, hysteresis (VHyst), saturation mobility (µSAT), 

current on-off ratio (ION/OFF), turn-on voltage (VON) and subthreshold slope (SS).92 Copyright © 2017, 

American Chemical Society. 

To study the uniformity and reproducibility of these devices a set of 15 devices was produced and 

characterized for all the dielectric thin films, as shown in Figure 4.5 (c). This analysis was 

assessed through the measurement of the turn-on voltage (VON), hysteresis (VHyst), drain current 

ON/IOFF), subthreshold SAT), which was 

calculated using the dielectric capacitance measured in MIS devices at a frequency of 1 kHz (see 
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Table A1 in Appendix A). High mobility which surpassed the state-of-the-art was obtained for all 

the multilayer dielectric TFTs. The highest mobility, 43.9 ± 1.1 cm 2·V-1·s-1, was achieved for the 

bilayer of HfOx|HfOx based TFTs. The roughness at the HfOx|AlOx surface may form interface 

charge traps, which increase the carrier scattering centres explaining the lower mobility 

obtained.456 Other reasons for the high carrier mobility achieved for the solution-based dielectrics 

IGZO TFTs are the indium content in the IGZO semiconductor and the high areal capacitance of 

the dielectrics used.456 In terms of on/off current ratio, most of the devices show 105. We note that 

a ratio of 106 is achieved for devices with a bilayer of HfOx which is high when compared with 

literature (Table 4.1). The turn-on voltage of most devices was close to 0. The HfOx|HfOx 

multilayer exhibited less variation of turn-on voltage in different devices. The lowest subthreshold 

slope (SS) value of 0.066 ± 0.01 V·dec-1 was obtained for (HfOx|HfOx)/IGZO TFTs indicating 

the enhanced quality of dielectric-semiconductor interface. 

All devices showed an anti-clockwise hysteresis, as shown in Figure 4.6 (a), due to mobile ions, 

namely some organic residues or defects in the gate dielectric. This is a consequence of using a 

low temperature (150 °C) which can be surpassed by performing a longer annealing time with 

DUV treatment or using higher temperature. 

In order to determine how device performance is affected after aging in air environment, TFTs 

were again characterized after 2 months. The IGZO TFT with the solution-based AlOx|HfOx 

dielectric showed a slight SS degradation, whereas, the SS of AlOx|HfOx|AlOx multilayer device 

was larger, as shown in Figure A8 and Table A2 in Appendix A. It was also observed the impact 

of humidity on degraded on/off ratio of aged-devices based on HfOx|AlOx|HfOx multilayer.307 To 

improve the quality in the interfaces of layers a longer annealing should be performed and in 

addition, a device passivation is also suggested.466 All other devices with one and two dielectrics 

layers showed good stability over time, with only a slight variation of the electrical parameters. 

The (HfOx|HfOx)/IGZO TFTs revealed the best switching behaviour over time, from 0.061 to 

0.068 V·dec-1, as depicted in Figure 4.6 (a).  
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Figure 4.6. (a) Aging effect of (HfOx|HfOx)/IGZO TFTs after 2 months; (b) Threshold voltage variation 

T) during a 0.5 MV·cm-1 stress in selected dielectrics under PBS and NBS tests for 1 h in air 

environment.92 Copyright © 2017, American Chemical Society.  

To investigate the devices operational stability, a positive and negative gate bias stress was 

performed in air environment by applying a constant gate voltage equivalent to electrical field of 

± 0.5 MV·cm-1 while keeping the source and drain electrodes grounded. The multilayer devices 

with 3 layers were not examined due to their instability over time, and also the AlOx single layer 

did not show an improved performance when compared with literature.20,307 The other devices 

were stressed for 1 h, combined with ~ 2 h recovery time in dark condition. Transfer 

characteristics were obtained in the saturation regime (VDS = 2 V) at selected times during stress 

and recovery processes, as shown in Figure A9 and A10 in the Appendix A. Figure 4.6 (b) shows 

T) with time during stress and recovery phases. 
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By applying a positive gate bias stress (PBS) a maximum VT shift of - 0.61 V is obtained for the 

HfOx|AlOx multilayer based TFTs. The negative threshold voltage shift under positive gate bias 

stress of a device employing the AlOx gate dielectric has been reported in a previous publication, 

where this phenomenon was related to the release of hydrogen from the dielectric to the 

semiconductor7.  

The TFTs with AlOx|HfOx multilayer, having the HfOx in contact to the channel show dual shift 

of threshold voltage (see A8 Appendix A). Simultaneously, two mechanisms contribute for the 

TFT instability: (i) Negative shift related to the AlOx layer7 and (ii) charge trapping into the 

dielectric and/or at the interface of channel and dielectric (HfOx) which results in the positive shift 

of threshold voltage. Interestingly, the electron donating effect happens although the AlOx layer 

is not located at the interface to the semiconductor. This means that the hydrogen can easily 

penetrate into the HfOx layer.  

The TFTs with HfOx|AlOx in contact to the channel are recovered in 15 mins whereas, the ones 

with AlOx|HfOx are not fully recovered after 3 h of rest in dark condition. The single and bilayers 

of HfOx applied in IGZO TFTs were the ones that presented lower positive VT shift under PBS. 

However, after removing the stress, the threshold voltage is still shifting toward the positive 

direction even more pronounced than when the TFT is under PBS (see Figure A9 in Appendix 

A). The recovery of the devices to the initial state can be only achieved by a re-annealing process 

of the TFTs. It is possible that this shows how under PBS compensating acceptor defects are 

created which persist beyond the stressing. In addition, the residual Cl may be a strong candidate 

for an extra trap sites in the HfOx layer455. Further investigations are required to elucidate the 

mechanism at the HfOx/IGZO interface, which leads to the absence of recovery.  

The VT under negative gate bias stress (NBS) for the different conditions showed a small negative 

shift with negligible degradation of SS, which is frequently reported for n-type semiconductor 

TFTs (see more detail Figure A10 in Appendix A).472  

5.1.3.4. Diode-connected inverter 

Since the (HfOx|HfOx)/IGZO thin film transistors revealed the best electrical performance, a good 

stability and uniformity, we applied them in a basic building block, an inverter. The structure of 

this circuit was performed using two TFTs, the load and the driver, with the same W/L = 11. The 

load TFT had the gate short-circuited with the drain in order to work as a resistor. The voltage 

transfer characteristics (VTC) of the obtained inverter were measured at various supplied voltages 

(VDD), 1 V, 1.5 V and 2 V, as shown in Figure 4.7 (a). It is noticed that the output high voltage, 

1.9 V, is close to the VDD, 2 V, and the output low voltage is 0.3 V, when was supposed to be 0 
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V. For this configuration the high output value is VDD  VT (LOAD) and for the low output value a 

higher than 0 V is expected, as the load TFT cannot be completely turned OFF. The inverter 

exhibits a maximum gain (- OUT IN) of 1.15 for the different supplied voltages, but due to the 

use of two identical TFTs the expected value was 1. This difference can be explained by a slight 

mismatch between the two TFTs, as depicted in Figure A11 in the Appendix A.  

 

Figure 4.7. (a) The voltage transfer characteristics and signal gain of the diode-connected inverter with 

(HfOx|HfOx)/IGZO TFTs. (b) Voltage gain for different frequencies and (c) a dynamic switching behaviour 

of the inverter under AC square waves at 100 Hz.92 Copyright © 2017, American Chemical Society. 

To investigate the alternative current (AC) characteristic of the inverter, the dynamic behaviour 

under AC square wave was measured for different frequencies and the result is shown in Figure 

4.7 (b). The device exhibited good inversion properties however, the gain decreased slightly with 

the increase of the frequency, more precisely to 1 kHz. The gain values are smaller in the dynamic 

measurements when compared with the values in the static VTC curve because a buffer was not 

used to provide enough current for full voltage swing, losing some current in the cables. To 

improve the AC results, some tests of etching should be done to produce structures suitable for 

these measurements. Figure 4.7 (c) shows that the device can achieve sufficient switching speeds 

for wearable applications. 
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4.1.4. Conclusions 

In this work, we have demonstrated for the first time the combustion solution synthesis alliance 

with UV treatment in HfOx dielectric thin films and multilayer thin films using AlOx and HfOx at 

low temperatures (150 °C) and their implementation in electronic structures. The physical 

properties of the single layers and multilayers were investigated using a wide range of 

characterization techniques that revealed smooth surface (< 1.2 nm), high-  (13.5), high 

transparency (> 89 %), low leakage currents and high breakdown voltages (> 2.7 MV·cm -1). The 

multilayer MIS devices exhibit an improvement by presenting low capacitance dependence at low 

frequencies when compared with the single layers. In terms of thin film transistors (TFTs), the 

(HfOx|HfOx)/IGZO TFTs showed the best electrical performance with low voltage operation, low 

subthreshold slope (0.066 ± 0.01 V·dec-1), 0 V turn-on voltage, a high saturation mobility (43.9 

± 1.1 cm2·V-1·s-1) and current ratio of 106. This device also presented good stability over time (2 

months) and under positive gate bias stress (PBS) for 1 h, having a maximum threshold voltage 

variation of 0.06 V. These devices were applied in a diode-connected inverter showing good 

switching speed at 100 Hz with a maximum gain of 1 at 2 V. Taking in consideration the excellent 

results achieved in this report, the next step will be the implementation in large area processing 

techniques. 
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4.2. Printed and Highly Stable Metal Oxide TFTs  

4.2.1. Introduction 

New demands and challenges are emerging with the Internet of Things (IoT), which can also be 

considered as part of the next-generation of electronics.310 The quick growth of ubiquitous 

electronics is expected to help revolutionise modern life through applications such as flexible 

displays, wearables and implantable devices.473 475 In order to achieve these large-volume 

markets, novel low-cost solutions in terms of suitable materials and processes are highly desirable. 

In addition, more and more of the electronics of the future must be free of rigid substrates as well 

as subtractive processes (traditional physical/chemical vapour depositions (PVD/CVD) and 

photolithography) which are expensive, cannot be freely scaled to large area and are not 

sustainable.350,476 Printing technologies are a promising alternative for the manufacturing of novel 

flexible and large area electronics.374,477 However, breakthroughs in printing technologies are 

crucially needed to reach scalable manufacturing of electronic devices, such as resistors, antennas, 

capacitors, diodes, batteries and thin film transistors (TFTs).478 483  

TFTs are essential as switching components for flexible displays, sensor arrays, memories and 

wearable electronics.484 Various classes of semiconductor materials have been studied on their 

suitability to produce flexible TFTs, which include organic semiconductors, metal oxides (ZnO, 

In2O3 , InGaZnO, etc.), carbon nanotubes and 2D materials.334,376,388,418,485,486 Amorphous oxide 

semiconductors, such as amorphous IGZO, possess several outstanding properties when 

compared to others. These include their low-temperature-process compatibility using PVD, 

smooth surfaces, amorphous structures and high electron mobility.1 Furthermore, high-

oxides are the key to limit power consumption in TFTs which influences applications running on 

battery power or energy scavenging such as IoT sensors or wearables.92,487 The high cost 

associated with processing metal-oxide materials using capital-cost-intensive vacuum-deposition 

methods over large areas on flexible substrates could be reduced by investments in readily-

scalable printing methods (PM).475,488 Generally, printing is a reproductive process and various 

printable functional materials have been developed and optimized for different printing 

approaches, including screen, inkjet, gravure, reverse-offset and flexographic printing.373,386 

However, for enabling the flexible printed TFTs to meet the demands of electronics 

manufacturing industry, the challenges that are reported to be solved separately such as low 

annealing temperature (e.g. UV-assisted annealing),5,21,489 high in-line speed (e.g. flexographic 

printing),376 high printing resolution (e.g. reverse-offset printing),386 and low substrate surface 

roughness (e.g. smooth polyimide)376 would need to be achieved simultaneously. Furthermore, to 

boost reproducibility and stability in printed TFTs, a number of printability requirements (smooth 
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substrates, surface energy, ink formulation, printing resolution) and annealing conditions (low-

temperature for oxides using e.g. UV-assisted curing) must be well-controlled.2,3,374,386,490,491 It has 

been shown that high quality oxide films can be obtained at low process temperature by using UV 

irradiation. When the films are exposed to high-energy photons, the cleavage of alkoxy groups 

radical-

improved.21,65,307 Even higher efficiency can be achieved by combining solution combustion 

synthesis (SCS) with UV curing at low temperature as previously reported by our group. This 

helps to boost the local temperature during annealing through exothermic reactions.92  

In this work, we report for the first time the printing of ultrathin aluminium oxide (Al2O3) using 

flexographic printing which is a roll-to-roll-compatible and industrially scalable printing method. 

The viscosity of the Al2O3 inks and the printing speed play a crucial role in the printability of the 

dielectric. The flexographic printing of the Al2O3 thin films onto flexible substrates was 

investigated by assessing the effect of number of layers and annealing process conditions 

(combined with low-temperature and UV irradiation) on the printing quality. Printed low-voltage 

solution-based flexible oxide TFTs were pursued by inkjet printing an indium oxide (In 2O3) 

semiconductor layer that was annealed at low-temperature using combined UV and thermal 

annealing.65 The operational stability under bias-stress, ageing during storage and mechanical 

bending stress were studied to probe the usability of the printed oxide TFTs in flexible 

applications. 
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4.2.2. Experimental details 

4.2.2.1. Precursor solution synthesis and characterisation 

Aluminum-oxide dielectric precursor ink (Al(NO3)3·9H2O, Merck, 99.997 %) was dissolved in 

2-methoxyethanol (2-ME, C3H8O2, ACROS Organics, 99 %). Afterwards urea (CO(NH2)2, 

Sigma, 98 %) was added to guarantee the redox stoichiometry of the reaction in a molar proportion 

of 2.5:1 to aluminum nitrate.307 The prepared solution was maintained under constant stirring for 

12 h at room temperature. Different solute concentrations (0.2; 0.4; 0.8; 1; 1.2; 1.6 M) were tested 

for their printability. For each concentration, the viscosity was measured using m-VROC 

viscometer (Rheosense Inc.) at 10 k/s shear rate and RT (23 °C). 

Indium-oxide precursor ink (In(NO3)3·H2O, 99.99 % from EpiValence, where x = 2.5) was 

dissolved in 2-methoxyethanol (anhydrous, 99.8 % Sigma-Aldrich) in inert condition with a 

concentration of 0.2 M. The solution was stirred overnight at 75 °C to completely dissolve and 

stabilize the solution and filtered using 0.45 µm pore size polytetrafluoroethylene (PTFE) to 

obtain the base solution. Then, 10 wt % of ethylene glycol (EG) (anhydrous, 99.8 % Sigma-

Aldrich) was added to the solution to improve the printability as reported in our earlier work.65 

Thermogravimetry and differential scanning calorimetry (TG-DSC) measurement (Netzsch, TG-

DSC - STA 449 F3 Jupiter) was performed for the Al2O3 ink under air atmosphere up to 500 °C 

with a 10 °C min 1 heating rate in an aluminum crucible. The sample was prepared by drying 10 

mL of Al2O3 precursor solution in a hotplate at 90 °C with a rotation of 300 rpm during 5 h. 

4.2.2.2. Film deposition and characterization 

An initial 1 min O2 exible (38 

µm thick) Xenomax® polyimide substrate (Toyobo Co. Ltd., Japan) for improving wettability. 

Then, flexographic printing of the patterned dielectric layer (Al2O3) was performed with RK 

Flexiproof 100 table-top printing machine (see Figure B12 (a), Appendix B). The printing was 

tested with different printing speeds of 40, 50, 60 m·min 1 using anilox rolls with different transfer 

volumes: 3 mL·m 2 (400 lines·cm 1), 4 mL·m 2 (320 lines·cm 1), and 5 mL·m 2 (200 lines·cm 1). 

After printing, all the samples were dried at 130 °C in an oven in air for 10 min. All the printing 

tests and drying of the ink were performed at the laboratories of VTT in controlled ambient 

conditions where the relative humidity and temperature varied between 36.5 40 % and 21.7 23.6 

°C, respectively. Finally, a combined FUV and thermal annealing (180 °C and 200 °C) was 

performed in dry N2 glovebox (MBraun MB 200, H2 2

deuterium UV source (Hamamatsu L11798, 160 nm) with MgF2 window was used as reported in 

previous work.21,65,307  
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The printing resolution was characterized using optical microscopy. The average thickness (from 

6 scan areas) of the printed Al2O3 layers were measured using a stylus profilometer (Veeco Dektak 

150) after annealing the samples with and without FUV exposure. The surface morphology of 

selected printed Al2O3 layers were investigated by atomic force microscopy (AFM, Asylum 

MFP3D). 

X-Ray Reflectivity (XRR) measurements were performed in a PANalytical X´Pert PRO, using 

the Cu K  line. The X-ray generator was operated at 45 kV and 40 mA and the reflected intensity 

was recorded by a scintillator detector in the range of 0.1 to 3 degrees 2 theta. 

X-ray photoelectron spectroscopy (XPS) was measured with a Kratos Axis Supra, using 

6 eV).  The procedure was the same as mentioned in a 

previous report.279 The quantification of the elemental composition (C 1s, Al 2p, O 1s) was done 

by dividing the integral peak intensity by the respective relative sensitivity factor (RSF) of the 

instrument. 

4.2.2.3. Printed devices production and characterization 

Metal-Insulator-Metal (MIM) structures were prepared on the flexible polyimide substrates 

mentioned above. First, 40 nm thick Al metal gate lines were evaporated using thermal vacuum 

evaporation through a metal shadow mask. Then, Al2O3 precursor ink with 1.2 M concentration 

was printed on top of the gate lines with printing direction perpendicular to the gate electrode 

lines. The printing was optimized for homogeneous layers using a printing speed of 50 m·min 1 

and anilox rolls with 4 mL·m 2 transfer volume (320 lines·cm 1). The method to produce the 

dielectric thin films is described in the section above. Finally, 80 nm thick Al top electrodes were 

thermally vacuum evaporated using a shadow mask. The area for all of the MIM devices was 198 

µm2. As noted above, the MIM devices were annealed with combined FUV exposure and thermal 

treatment at low-temperature and reference devices were produced at 300 °C. 

Electrical characterization of the MIMs (a set of 18 devices for each condition) were performed 

using an Alpha-A high performance frequency analyser (Novocontrol Technologies GmbH & Co. 

KG) to measure the capacitance-frequency (C f) characteristics over a wide range of frequencies  

(1 Hz to 1 MHz) and a semiconductor analyser (Keithley 4200 SCS) to measure the current-

voltage (I V) characteristics. 

Thin-film transistor fabrication with Al/Al2O3/In2O3/Al stack was done using a bottom-gate top-

contact structure using the same kind of flexible substrates. First, Al gate lines were evaporated 

using thermal evaporation in vacuum. The Al2O3 precursor ink was printed by flexographic 

printing in the same conditions as used for the MIM devices. Before the semiconductor was 
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printed on top of the dielectric, an UV/O3 (FUSION UV, H+ BULB (13 mm)) surface treatment 

for 10 min was performed to improve the semiconductor adhesion and allow adequate wetting of 

the In2O3 ink. The semiconductor was printed by inkjet using In2O3 precursor ink and Dimatix 

Materials Printer DMP-2831 (Fujifilm) with the DMCLCP-11610 cartridges of 10 pl droplet 

volume as reported in our previous work.65 After printing, the samples were dried at 130 °C on a 

hot plate in air for 15 min. Then, similarly to the dielectric layer, a combination of low-

temperature thermal annealing (varied temperature, 180  200 °C, and time, 30 min  1 h 30 min) 

on hotplate and FUV exposure was performed. Afterwards, a metal shadow mask having the 

patterns for source and drain electrodes with a width-to-length-ratio (W/L) of ~12.5 (W = 1000 

µm, L = 80 µm) was aligned to the printed semiconductor areas. Al metal contact with 80 nm 

thickness was deposited through a shadow mask by thermal vacuum evaporation. The devices 

were post-annealed on a hot plate at 150 °C for 30 min in air to ensure better injection properties.21 

A schematic image of the printed oxide TFT fabrication is shown in Figure 4.8. 

Electrical characterization of the TFTs was performed in dark environment using a semiconductor 

analyser (Keithley 4200 SCS). Back and forth transfer curves were recorded in saturation mode 

by sweeping the gate voltage (VG) in 0.08 V steps using a 0.01 s step time while keeping the drain 

voltage (VD = 1.5 V) constant. The output curves were recorded by sweeping VD in 0.5 V steps 

using a 0.01 s step time while keeping the VG constant.  

The saturation mobility (µSAT) is calculated from: 

 

where ID is the drain current, Cox the gate capacitance density, and W/L the width to length-ratio 

of the transistor channel. The subthreshold slope (SS) was calculated as: 

 

Positive and negative gate bias stress tests were performed on the TFTs using the semiconductor 

parameter analyzer (Keysight 4200SCS) and probe station (Janis ST-500) under air environment 

by applying a constant gate voltage (corresponding to 0.5 and 1 MV·cm 1 electric field) for one 

hour. The transfer characteristics were measured at fixed time intervals during the bias-stress and 

recovery processes. Also, to test device reliability and stability ageing tests were performed after 

5 months of storage. Mechanical bending strain with 5 mm radius was performed for a maximum 
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of 100 h at 1 bending per second rate using a homemade system (see Figure B12 (b), Appendix 

B). 

4.2.3. Results and Discussion 

Flexographic printing is a direct replicate technique in which the printing relies on an elastic 

master plate containing a relief pattern that carries the ink on its raised area to a flexible substrate 

under a nip pressure. The anilox cylinder that contains engraved cups of defined shape and size 

is a key component that controls the transfer of the precise amount of ink to the printing plate.  

 

Figure 4.8. Schematic image of printing steps of the TFT production: a) flexographic printing process of 

the Al2O3 dielectric ink on top of the bottom electrode  deposited by thermal evaporation; b) drying process 

on hotplate after printing; c) formation of the Al2O3 thin film using thermal annealing combined with FUV; 

d) surface treatment with deep-ultraviolet (DUV) on the dielectric to improve the semiconductor adhesion 

and wetting; e) inkjet printing of the In2O3 semiconductor ink; f) final devices printed in a flexible substrate 

after S/D evaporation.309 Copyright © 2020, Wiley VCH Verlag GmbH & Co. KGaA, Weinheim. 

Figure 4.8 (a) shows the Al2O3 ink being transferred to the printing plate and then subsequently 

to the substrate by contact force. The maximum ink transferred by a surface relief printing plate 

is usually less than screen printing or gravure printing. This allows a thin printed layer with 
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relatively sharp edges and smooth surface which is critical for thin film transistors. Other 

advantages of this technique are the large ink viscosity range (2 500 cP), the high-throughput and 

the low-cost printing plates.376,475 First, the pressure in the flexographic printing unit was 

optimized to assure a good contact of the printing plate cylinder with the anilox and substrate 

cylinders. To guarantee the formation of continuous films, 1 min O2 plasma treatment was used 

for the substrates before the printing. Since highly uniform thin film layers are critical for TFTs, 

the printing speed and the transfer volume were varied in the range of 40  60 m·min 1 and 3  5 

mL·m 2, respectively (see Figure B1, Appendix B). The most homogeneous layer was obtained 

when using a high printing speed (PS) of 50 m·min 1. Using lower or higher PS, the uniformity 

of the film was lost. In terms of transfer volume of the anilox, 3 and 4 mL·m 2 allowed a uniform 

printing pattern. However, 4 mL·m 2 was selected for further tests since with the lower transfer 

volume the films were thinner, which could compromise the dielectric film properties during TFT 

fabrication. For 5 mL·m 2 using the same printing plate and mask pattern, the pattern edge 

definition was lost due to excess ink (see Figure B1, Appendix B). After optimization of the 

printing speed and anilox volume, the film thickness was increased by printing two consecutive 

layers and by varying the Al2O3 ink concentration (0.4  1.6 M). A reduction in printing quality 

is observed for two-layer films, as the printed films show a clear coffee ring effect and more 

defects are visible (see Figure B1, Appendix B). Increasing ink concentration allows high quality 

uniform dielectric single layers to be achieved until 1.2 M. For the higher concentration of 1.6 M, 

a non-uniform layer related with the ink spreading starts to appear.  

In Figure 4.9 (a), a visual increment of the layer thickness of the printed dielectric patterns can be 

observed which is proportional to the ink viscosity. However, when a higher ink concentration 

(1.6 M) with high viscosity (78 cP) was used, a decrease in uniformity was observed which 

compromises the device performance. Taking that into account, 1.2 M ink concentration was 

selected for further tests as this concentration allowed a higher film thickness whilst maintaining 

good uniformity, which is crucial to prevent high leakage and pinholes probability (see Figure 

B1, Appendix B). Notably, by using combustion synthesis in the ink formulation as shown here, 

a higher viscosity values can be reached due to a higher solute concentration, when compared 

with conventional sol-gel as reported earlier by Subramanian  et al.333 This can be beneficial for 

roll-to-roll (R2R) printing of thin oxide films from combustion inks. 
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Figure 4.9. a) Viscosity versus concentration for Al2O3 precursor inks with the printing image of the lowest 

and highest volume used; b) TG-DSC analysis of 1.2 M Al2O3 precursor sol-gel and combustion xerogel; 

Samples photograph after TG-DSC showing the typical product in combustion (C) and sol-gel (SG) 

reaction.309 Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

Thermogravimetry and differential scanning calorimetry (TG-DSC) was performed on the 1.2 M 

Al2O3 sol-gel and combustion xerogel, as depicted in Figure 4.9 (b). For the stochiometric 

(combustion) xerogel the mass loss in the TG data confirms that the precursor conversion is nearly 

completed at 250 °C, while the complete degradation of some remaining residual organics occurs 

at higher temperature yielding a white foam-like powder. However, for the sol-gel xerogel 

conversion at least 350 °C is needed to achieve degradation of the residual organics and a black 

powder due to the presence of carbon which inevitably decreases the purity of Al2O3.  DSC 

analysis of the combustion xerogel indicates that the conversion of the dried Al2O3 xerogel in air 

shows two main exothermic peaks during the combustion reaction process; an intense exothermic 

peak at 177 °C with a mass loss of 30 % and a broad exothermic peak at higher temperature 

around 233 °C with a mass loss of approximately 40 %. For the sol-gel xerogel mass percentage 

decreases initially 54 % which is related to both the endothermic peak at 126 °C due to solvent 
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evaporation and the exothermic peak at 139 °C related to the high concentration of nitrates. Also, 

a small exothermic peak occurs at 213 °C due to remaining residues. It can be noticed that by 

increasing the concentration exothermic peaks also occur in the sol-gel xerogel decomposition in 

bulk when compared to lower concentration as previously reported.35 Also, major differences 

between the precursor decomposition processes in bulk (as in TG-DSC measurement) and thin 

film form are to be expected due to the quantity of material involved affecting the gas transport 

mechanisms.492 To guarantee higher purity and avoid the presence of carbon in the dielectric thin 

films the combustion method was selected for integration in  MIM and TFTs devices. Since the 

second peak in the combustion xerogel occurs at a higher temperature (233 °C) than the annealing 

temperature used to form the dielectric thin films UV treatment was applied. When low-

wavelength far UV irradiation (160 nm) is combined with thermal annealing the required process 

temperature is decreased as the high-energy UV photons enhance the degradation of organic 

residuals and improve the metal-oxygen-metal (M-O-M) densification through radical mediated 

reactions.21,65,307  



 

121 

 

 

Figure 4.10. a) Statistical analysis of Al2O3 dielectric thin film thickness for different annealing conditions; 

Dielectric thin fi

XPS analysis; d) Deconvoluted XPS O 1s emission peaks of the aluminum oxide thin films for different 

annealing conditions with and without FUV at 180 °C; e) AFM images (2 µm × 2 µm) for both conditions 

combining thermal annealing with FUV irradiation.309 Copyright © 2020 WILEY VCH Verlag GmbH & 

Co. KGaA, Weinheim.   

Figure 4.10 (a) depicts the influence of thermal annealing and its combination with FUV 

flexographic-printed and 

thermally annealed Al2O3 layers were reduced from 30 nm to 22.4 nm at 180 °C and from 22.7 

nm to 15.4 nm at 200 °C when the thermal annealing was assisted by FUV exposure (Table B1 

in the Appendix B). The thinnest layer is obtained for the film annealed with FUV at 200 °C, 

which is lower than the high-temperature reference films annealed at 300 °C. As predicted, a clear 
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B2, see Appendix B), as shown in Figure 4.10 (b). The trends in the total thickness of the films 

are reflected in the average density, where lower thickness corresponds to higher density. The 

highest density of 2.6 g·cm-3 is obtained for the film annealed with FUV at 200 °C (15.4 nm 

thick). Metal-oxygen-metal (M O M) bonding and the stoichiometry of the printed dielectric 

films were studied by XPS measurements for samples annealed at different conditions, as depicted 

in Figure 4.10 (c). The M O M bonding is enhanced by the FUV irradiation when compared with 

the films annealed at low temperature without UV irradiation. In all annealing conditions, the Al 

2p peak present a binding energy of 74.1 ± 0.1 eV (Figure B3 in the Appendix B), which 

corresponds to the formation of the Al2O3 phase.493 However, when using thermal annealing 

combined with FUV or high temperature annealing at 300 °C, the binding energy is 74.0 eV, 

whereas for low temperature annealing without UV, the binding energy is slightly shifted to 

higher energy at 74.2 eV, which indicates that OH- groups remain in the film.494 This is confirmed 

by the deconvolution of the O 1s peak (Figure 4.10 (d) and Figure B3 and B4 in the Appendix B), 

showing for low temperature annealing without UV more adsorbed oxygen (OH-) with a binding 

energy of 532 eV (Al-OH) than aluminium oxide (Al-O-Al) for which the binding energy is 531 

eV.495,496 Using FUV in the low temperature thermal annealing leads to a 44 % improvement in 

the fraction of O/Al (1.65) bringing it close to both theoretical stoichiometric value (1.5) and the 

high temperature sample (1.57). Furthermore, the percentage of the contribution from C 1s in the 

presence of more unconverted precursor (289.3 ± 0.3 eV), as depicted in Figure B5 in the 

Appendix B. This is in accordance with the TG-DSC results shown in Figure 4.9 (b) which 

confirms that without concurrent FUV treatment some organic residues remain in the films. 

Atomic force microscopy (AFM) was performed to analyse the surface morphology of the printed 

dielectric films annealed with and without the assistance of FUV irradiation. Figure 4.10 (e) 

shows that the films annealed at 180 °C and 200 °C with FUV irradiation had a low surface 

roughness of 0.78 nm and 0.83 nm, respectively. All the other conditions without FUV irradiation, 

also present a roughness below 1 nm (Figure B6 in Appendix B) but the values are slightly larger 

for the low-temperature annealing without FUV and the high-temperature annealing results in 

smoothest film with RMS = 0.72 nm. The low surface roughness and the good layer uniformity 

contribute to a better interface between the dielectric and the semiconductor layers, which is 

important for TFT applications. 

The optimized printed dielectric layer was then applied in MIM devices and their performance 

and reliability were studied, as shown in Figure 4.11. The FUV-assisted low-temperature 

annealed printed capacitors were compared to the devices obtained using high -temperature 
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annealing (300 °C). Figure 4.11 (a) shows that the devices have a stable capacitance value over a 

wide frequency range (1 Hz - 1 MHz) for the different annealing conditions. The capacitance-

frequency (CF) factor, calculated as the ratio between low (1 Hz) and high-frequency capacitance 

(0.1 MHz), is smaller than 1.2 (Figure B7 (a), see Appendix B), indicating that an increase in the 

low-frequency capacitance observed with conventional sol-gel route is absent in the printed 

films.497 Such effect can be explained by residual hydroxyl groups and proton hopping and can 

lead to device instability and overestimation of the device mobility. A lower capacitance is 

observed for the 180 °C assisted by FUV capacitors due to higher thickness. The devices annealed 

at 180 °C with FUV were tested after 3 weeks and their performance remains stable over the test 

period (Figure B7 (b), see Appendix B). 

To assure that the mobility of the TFTs was not overestimated due to a possible change in the 

apacitance during the annealing of the semiconductor layer, a new batch of printed 

capacitors was fabricated which were subjected to similar conditions as the printed oxide 

semiconductor. The capacitance over frequency remained stable after the additional deep UV 

treatment and longer (1 h) FUV assisted low temperature annealing steps, as shown in Figure 4.11 

(a). 
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Figure 4.11. Statistical analysis of Al2O3 MIM for different annealing conditions: a) capacitance versus 

frequency characteristics and influence of the semiconductor annealing treatment on the capacitance; b) 

dielectric constant (capacitance measured at 1 Hz); c) breakdown field and d) typical leakage current density 

versus the breakdown field curves.309 Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

Figure 4.11 (b) shows the calculated dielectric constant at 1 Hz for different annealing treatments. 

The theoretical dielectric constant for Al2O3 is 9 (as represented by the dashed line) however for 

solution processed films, it is expected to be lower due to the presence of hydroxyl groups. In 

literature, the reported350 dielectric constant values are within the range of 6 10.4 for solution 

processed Al2O3. In our results, the highest dielectric constant of 8.2 ± 0.4 is obtained for the 

samples annealed at 180 °C with FUV exposure. The reduction in the value of the dielectric 

constant observed with the increment of the annealing temperature is related to the decrease of 

the hydroxyl groups, as observed in the thin films XPS analysis (Figure B4, see Appendix B). 

Figure 4.11 (c) illustrates the average breakdown field and the inset shows typical leakage current 

density of the flexible printed capacitors. The breakdown voltage of the capacitors should be at 

least 1 MV·cm-1 for TFT applications in order to withstand a gate voltage of 10 V over a dielectric 

thickness of 100 nm. Using higher annealing temperature leads to an increment in the breakdown 
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voltage of the printed capacitors. Low leakage current densities of 10-10 A·cm-2 were reached for 

the capacitors annealed with the combination of thermal treatment and FUV exposure, and high 

thermal annealing at 1 MV·cm-1 electric field, as depicted in Figure 4.11 (d). 

Printed TFTs that were fabricated with thermal annealing combined with FUV irradiation show 

Figure 4.12 (a). The 

semiconductor layer (In2O3) was inkjet-printed on top of the flexography-printed dielectric layer 

(Al2O3) using a nitrate-based semiconductor ink reported earlier.65 The annealing time of the 

semiconductor was varied from 30 min to 90 min at both 180 °C and 200 °C annealing 

temperatures. To investigate the uniformity and reproducibility of these devices, a set of more 

than 10 devices was produced and characterized for each annealing condition of the 

semiconductor layer without passivation layer. For flexible integrated circuits (ICs), the TFTs 

need to achieve (i) a turn-on voltage and a threshold voltage close to 0 V, (ii) current ON-OFF 

6 -1 and (iv) saturation mobility of 2·V-

1s-1. For ICs a large fluctuation of VON and VT would restrain the possibility to integrate thousands 

of devices onto one functional circuit. Our TFTs exhibit a VON close to 0 V (0.03 ± 0.08 V) with 

a small standard deviation up to 1 h annealing time of the In2O3 layer for both annealing 

temperatures (180 °C and 200 °C). After that, a slightly negative shift is observed in VON for both 

annealing temperatures. The subthreshold slope (SS) is linked to the quality of the dielectric-

semiconductor interface of the TFTs. The SS value varied for different annealing conditions and 

it increased with annealing time for the devices annealed at 200 °C. However, the lowest SS value 

of 0.079 ± 0.008 V·dec-1 was achieved for the semiconductor annealed for 1 h at 180 °C that is 

close to the thermionic limit of 60 mV·dec-1. A degradation in SS was observed for longer 

annealing times at 180 °C. In terms of current ON-OFF ratio that is a key metric for low-power 

sensors, displays and circuits, acceptable values were achieved even for devices not 

encapsulated/passivated.  

Most of the devices show values of the order of 106 with the highest value achieved being 107. By 

increasing the annealing time for both temperatures, the saturation mobility is improved from 1.6 

to 2.8 cm2·V-1s-1, and the hysteresis is reduced from 0.10 to 0.05 V. Notably, a clockwise 

hysteresis was observed in all of the devices. Typical output characteristics of the printed oxide 

TFTs can be found in Figure B8 in the Appendix B. In order to study how the device performance 

is affected after ageing in an air environment, some of the TFTs were characterized after 5 months 

in dark. Figure 4.12 (b) shows the transfer curve of an In2O3/Al2O3 TFT for which the shortest 

annealing time (30 min) and the lowest temperature (180 °C) with FUV irradiation was used for 

both layers. The device showed only a slight degradation in the ON-OFF current ratio and in the 

mobility, which could be correlated to the effect of humidity in air on the non-passivated devices. 
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The most significant changes in ON-OFF current ratio were noticed for the devices annealed for 

more than 1h (Figure B9, see Appendix B). 

 

Figure 4.12. (a) Statistical distributions of the In2O3 TFT device parameters, turn-on voltage (VON), 

subthreshold slope (SS), on-off current ratio (ION/OFF), saturation mobility (µSAT) and hysteresis (VHyst) for 

In2O3 with different annealing times; (b) Ageing effect of In2O3/Al2O3 TFT after 5 months; (c) Subthreshold 

T), for  0.5 and 1 MV·cm-1 stress (for selected device with 

180 °C + FUV annealing for 30 min) under PBS and NBS tests for 1 h in air environment.309 Copyright © 

2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

We selected the sample annealed at the lowest temperature and for the shortest time (180 °C + 

FUV, 30 min) to access the behaviour under bias and bending stress as they have been subjected 

to the mildest annealing conditions and thus could be more prone to instability under bias-stress. 

The low temperature and short annealing time are also processing-wise beneficial. To explore the 

viability of our devices in circuit-level applications, a positive (PBS) and negative (NBS) gate 

bias stress was performed in air environment. The devices were subjected to constant gate voltage 

corresponding to an electrical field of ± 0.5 and ± 1 MV·cm-1 for 1 h followed by a recovery for 

1 h in dark conditions. The transfer characteristics in the saturation regime were obtained during 

stress and recovery processes, as shown in Figure B10 in the Appendix B. Figure 4.12 (c) shows 
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T) during the stress and 

recovery phases. The devices subjected to PBS had a maximum shift of VT of 0.12 V for 0.5 

MV·cm-1 and - 0.24 V for 1 MV·cm-1 T using the higher electric field 

7.3 % occurs during stress for the highest PBS (1 MV·cm-1), as depicted in Figure B10 (e) in the 

Appendix B. Hereafter, the device shows a fast recovery which is coherent with charge 

trapping.307 -1 T (0.04 V) under - 0.5 MV·cm-1 did not show 

significant changes, but for - 1 MV·cm-1 a maximum shift of - 0.11 V was observed in the VT. In 

addition to the bias stress, the mechanical stability of the printed flexible oxide TFTs was 

examined in a bending machine (10, 100, 1000, 10000, 360000 cycles) during 100 h with a 

bending radius of 5 mm, as depicted in Figure 4.13 and Figure B11 in the Appendix B. The three 

TFTs that were examined are highlighted in Figure 4.13 (a) by square, circle and triangle symbols. 

In this case, the electrical current flow and the bending axis were parallel in the devices. The 

transfer curves show no degradation of the saturation mobility (Figure 4.13 (a) and (b)) and only 

a slight negative shift of - T at 1000 cycles for two of the devices (circle and triangle), 

as shown in Figure 4.13 (b). When bent for more than 1000 cycles, the devices start to recover to 

the initial state and, for 360000 cycles, they even surpass the initial values in VT. This effect can 

be related to oxygen in air, which can induce doping in the semiconductor causing a positive shift 

in VT, since devices are not passivated. However, in general the devices printed on the 38 µm 

T and saturation 

mobility do not present significant changes. In future work, the devices will be passivated and 

tested with different bending radius. 
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Figure 4.13. (a) Transfer characteristics of a flexible printed In2O3/Al2O3 TFT on a bending machine with 

5 mm radius, with a picture before and after the bending cycle; (b) Bending fatigue test results of the 

changes in saturation mobility and VT for three In2O3/Al2O3 TFTs with 360000 continuous 

bending/unbending cycles.309 Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 
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4.2.4. Conclusions 

Printed flexible oxide TFTs have challenges that currently limit their implementation in 

commercial applications. These include limited repeatability and uniformity over large area, high 

curing temperature, long processing time, high power consumption, large device size, limited 

long-term stability and limited solutions for encapsulation. In this work, we explored and 

overcame some of these constraints by using printing techniques that can be applied in industry 

over large area and with high throughput. The TFTs showed a good electrical performance, 

reproducibility and both mechanical and operational stability at low processing temperature 

below 200 °C. The low processing temperature was achieved by using a combination of low-

wavelength UV irradiation with thermal annealing and a combustion-synthesis-based ink 

formulation to lower the required thermal budget. The fabricated devices (50 m·min -1 printing 

the printed ultra-thin (15 - -

electrical and mechanical stress, the devices showed great stability. Although the devices have 

large size, the nitrate-based inks used in the flexography- and inkjet-printing could be tuned to 

novel high-resolution printing methods such as reverse-offset-printing that could lead to printed 

oxide TFT miniaturization.386 The electrodes were not printed in this work, since it is not possible 

yet to print a smooth conductive layer with less than 40 nm thickness, which is crucial for the 

bottom gate electrode and low-temperature solutions for printable Ohmic S/D contact materials 

are not readily available. However, the steps taken in this work will allow, in the future, the 

production of fully-printed oxide TFTs with low operation voltage and, thus, help to reshape the 

application window for printed flexible electronics like wearables devices or flexible displays.  
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4.3. Ultrafast curing of solution-based metal oxides 

4.3.1. Introduction 

Over the last decade, solution-based metal oxide (MO) materials have become excellent 

candidates for thin film transistors (TFTs), offering conductors, semiconductors and high -

dielectrics applicable to flexible and large area electronics.1,4,8,329,450,498 Several processing 

techniques have been used to fabricate the constituent layers for the TFTs, like inkjet -printing, 

spray-coating, flexographic printing, screen printing, dip-coating and the most widely utilised 

spin-coating.334,376,450,451 These techniques allow to reduce the associated fabrication costs 

(compared to vacuum technology) and at the same time can provide a high carrier mobility, 

excellent uniformity and operational stability. The high processing temperatures required to 

process most semiconductors and dielectric layers has been surpassed with the use of solution 

combustion synthesis (SCS) and deep-ultraviolet (DUV) photochemical activation. SCS provides 

additional thermal energy, via an exothermic reaction, resulting in a reduction of the external 

heating required (both in duration and temperature) for the film formation; i.e. the removal of 

organic solvents and film densification.27,92 The DUV concurrent treatment additionally allows 

for the cleavage of alkoxy groups, active metals, and oxygen atoms to promote the metal-oxide-

3,362,499,500 Overall, the combinatorial utilisation of SCS and 

DUV improves condensation and densification of the resultant metal oxide thin filmed, at 

2,3,20,307,450 However, these methods require long processing 

-scale roll-to-roll (R2R) processes.2,3,309 In a R2R 

processing line, annealing times are restricted by the length of the in-line curing ovens. For 

example, for a moderate web speed of 1 m/min and a typical oven length of 5 m, the curing time 

for each processed layer is limited to 5 min.3,21,501  

Consequently, the industry demands alternative methods that can deliver a rapid annealing 

process.502,503 Lately, excimer laser annealing (ELA) has been introduced as a favourable 

alternative in the fabrication of solution-based MO thin films. This method offers ultrafast 

processing (in the nanosecond regime), with precise and selective energy delivery , both in depth 

via critical photon energy absorption as well as  spatially (over a well-defined location), 327,504 

resulting in a significant improvement of the electronic properties of MO thin films, that can 

outperform conventional annealing.327,505 Nevertheless most effort has concentrated in semi-

conductive and conductive thin films 326,327,339,503 509, with a notable lack of work on dielectric 

materials, despite its importance in the robust operation of TFTs.307 Laser annealing of sol-gel 

processed HfO2 has been reported by Teodorescu et al.510 demonstrating the applicability of XeCl 

(308 nm) in the densification of amorphous hafnium oxide structure while achieving a high 
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dielectric constant. However, a double coated layer was required (to eliminate nanoporosity, as 

well as a very high number of pulses (10000) and a 30 min annealing at 150 °C prior to ELA. 

Anodization is another promising solution process for the production of high quality dielectric 

thin films for application in TFTs.511 515 

The promise of future state-of-the-art electronics (like wearable electronics) can only be enabled 

by low cost, easy to process, high quality dielectrics, that will allow low power consumption, as 

well as good mechanical and operational stability.309,327,501 High-

ZrO2, HfO2, Ta2O5, SrOx, ZrGdOx or Al2O3 increase the areal capacitance of the gate dielectric 

allowing low operation voltage of TFTs.450,516,517 Among these dielectrics, amorphous Al2O3 is 

one of the most promising due to its characteristic properties such as its high dielectric constant 

( 9) combined with a large band gap (8.9 eV), low interfacial trap density with semiconductors, 

high breakdown electric field.307 At the same time, Al2O3 can be obtained from aluminium which 

is one of the most abundant materials on earth and hence it meets current demands for use of non-

critical materials in the life-cycle assessment.451  

In this work we demonstrate the production of amorphous aluminium oxide (AlOx) thin films 

from solution and via a combination of SCS and ELA, and we report the performance of TFTs 

comprising these thin films. We applied a short drying cycle (15 min or 1 min) at low temperature 

pulses (1 to 3) from a KrF (248 nm) excimer laser, varying the laser fluence. The dielectric quality 

of the AlOx layers was evaluated via metal insulator semiconductor (MIS) devices, prior to 

implementing them in low operation voltage TFTs. 

4.3.2. Experimental details 

4.3.2.1. Precursor solution preparation  

Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Fluka, 98%) was dissolved in 2-methoxyethanol 

(2-ME, C3H8O2, ACROS Organics, 99%), to yield a solution with an Al3+ ion concentration of 

0.1 M. Urea (CO(NH2)2, Sigma, 98%) was then added to the prepared solution was maintained 

under constant stirring (430 rpm) for at least 1 h after dissolving the precursors. The urea to 

aluminum nitrate molar proportion was 2.5:1, to guarantee the redox stoichiometry of the 

reaction.7  

 4.3.2.2. Dielectric deposition, processing and characterization 

Prior to deposition all substrates (p-type silicon wafers, of 1-

cm) were cleaned in an ultrasonic bath at 60 °C in acetone for 10 min, then in 2-isopropanol for 

10 min and dried under nitrogen (N2); followed by a 10 min UV/Ozone surface activation step in 



 

132 

 

a PSD-UV Novascan system. Thin films were deposited by spin coating a single layer of the AlOx 

precursor solution for 35 s at 2000 rpm (Laurell Technologies) followed immediately by a short 

drying cycle (hot plate annealing) at 150 °C with two different durations, 15 min or 1 min. Then, 

the photonic processing was performed, on different areas of the sample and with various laser 

conditions (fluence and number of pulses). The photonic processing station comprises a KrF 

excim

that provides the sample with a top hat profile laser spot (3x3 mm2 in size) with fluence (energy 

density, mJ/cm2) uniformity better than 2 % across the area of the laser spot. The photonic 

processing station is described in detail elsewhere.518,519 Finally, reference layers thermally 

annealed on a hotplate for 1h at 300 °C (without any photonic processing) were also fabricated, 

for comparison. 

The films´ structure was assessed by glancing angle X-ray diffraction (GAXRD) performed on 

Å) with an angle of incidence fixed at 0.9°. The surface morphology was investigated by atomic 

force microscopy (AFM, Asylum MFP3D). Spectroscopic ellipsometry measurements of the thin 

films deposited on silicon substrates were made over an e

angle of 70°, with a Jobin Yvon Uvisel system, in order to access the films´ thickness. 

X-Ray Reflectivity (XRR) measurements were performed in a Rigaku Ultima IV diffractometer 

equipped with a multilayer X-ray mirror, using the Cu Ka line. The X-ray generator was operated 

at 40 kV and 40 mA and the reflected intensity was recorded by a scintillator detector in the range 

of 0.1 to 5 degrees 2 theta. 

Fourier Transform Infra-Red (FTIR) spectroscopy characterization of the thin films was 

performed using an Attenuated Total Reflectance (ATR) sampling accessory (Smart iTR) 

equipped with a single bounce diamond crystal on a Thermo Nicolet 6700 Spectrometer. The 

spectra were acquired at a 45° incident angle in the range of 1 and with a 4 cm 1 

resolution. 

 4.3.2.3. Electronic device fabrication and characterization  

Two type of devices were fabricated for the evaluation of the quality of the AlOx thin films 

produced: Metal-Insulator-Semiconductor (MIS) capacitors and Thin-Film-Transistor (TFTs).  

MIS capacitors were produced by depositing an AlOx single layer onto p-type silicon substrates 

as described above. Aluminum electrodes with an area of 7.85 × 10 3 cm2 (dots of 1 mm in 

diameter 100 nm thickness), were deposited by thermal evaporation via a shadow mask on top of 

the insulators, with similar but unpatterned aluminium electrodes being also deposited on the back 
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of the silicon wafer (after removal of the native SiO2 by scratching with a diamond tip pen). 

Electri

capacitance-frequency characteristics in the range of 1 kHz to 1 MHz, using a semiconductor 

parameter analyser (Keysight B1500A). 

TFTs were produced in a staggered bottom-gate architecture, by depositing the single layer AlOx 

onto p-type silicon substrates to act as gate dielectric. 

The indium-gallium-zinc oxide (IGZO) semiconductor film (30 nm thick) was sputtered onto the 

dielectric thin film via a shadow mask. The deposition was performed using a commercial IGZO 

ceramic target (2:1:2 In:Ga:Zn atomic ratio) by RF magnetron sputtering in an Ar+O2 (14 sccm 

and 2 sccm respectively) atmosphere and without intentional substrate heating in an AJA 1300-F 

system.466  

Finally, source and drain aluminum electrodes (80 nm thick) were deposited by thermal 

evaporation via a shadow mask, forming TFTs with a channel length (L) of 90 µm and width (W) 

of 1000 µm, as shown in the inset of Figure 4.19 (a). Thereafter the IGZO TFTs were annealed at 

150 °C, for 1 h in air. A back contact of 80 nm thick aluminum film was also deposited on the 

back of the silicon wafer to improve the ohmic contact.  

ned in double sweep mode in 

ambient conditions using a semiconductor parameter analyser (Agilent 4155C) attached to a 

microprobe station (Cascade M150) inside a dark box.  

To assess device shelf life stability tests were performed after 1 year of storage in atmospheric 

conditions. Positive gate bias stress tests were performed on the TFTs using a semiconductor 

parameter analyzer (Keysight 4200SCS) and probe station (Janis ST-500) under atmospheric 

conditions by applying a constant gate voltage (corresponding to 0.5 MV/cm electric field) for 

one hour. The transfer characteristics were measured at fixed time intervals during the bias-stress 

process. 
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4.3.3. Results and discussion 

The combinatorial methodology (SCS and ELA) implemented in this work, to achieve ultra-rapid 

high-quality solution-based M-O-M thin film formation, is depicted in Figure 1. At the outset, the 

metal precursor (Al(NO3)3·9H2O) is dissolved in 2-methoxyethanol (2-ME) and stirred for more 

than 12 h at room temperature (20 28 °C), where a ligand exchange reaction occurs from nitrate 

to hydroxide (Figure 4.14 (a)). Then the as-spun films are subjected to a short drying cycle (15 

min or 1 min) at 150 °C (Figure 4.14 (b)). The choice of 150 °C, besides allowing the use of 

flexible substrates, was also made in order to sit roughly in the middle of the range defined by the 

boiling point of the solvent utilised (126 °C for 2-ME and hence some solvent removal is 

achieved), but below the threshold for combustion (180 °C and hence no combustion is 

initiated).309 

 

Figure 4.14. Illustration of the SCS and ELA combinatorial approach showing the (a) hydrolysis and (b) 

condensation mechanism of metal-oxide precursors; (c) Schematic representation of the photonic 

processing for AlOx thin films with different fluences and number of pulses, after 15 min or 1 min of 

hotplate drying at 150 °C immediately after spin coating.520 Copyright © 2020,Royal Society of Chemistry.

Previous work92 has revealed that the precursor solution displays an absorption peak well in the 

vicinity of a KrF excimer laser emission (248 nm). Naturally, this wavelength enables the 
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photochemical cleavage of alkoxy groups, activating oxygen and metal ions, for the facilitation 

of the M-O-M network formation.3 This solid-state chemical reaction is extremely fast and rapidly 

activates the reaction between the oxidizer (aluminium nitrate) and the fuel (urea). Additionally, 

the ultra-fast character of ELA enables the utilization of flexible substrates,521 along with reducing 

the processing time drastically (as compared to DUV lamp irradiation typically requiring 30 

min).92 In Figure 4.14 (c), the circular schematics depict (in a clockwise manner) the increasing 

fluence and number of pulses applied on samples of each drying cycle. The coloured coded 

regions indicate AlOx thin films obtained at different conditions. The colour intermixing suggests 

conditions where the photonic processing was either not enough to cause densification or was 

excessive and caused damage (red regions), and where it was suitable for the formation of AlOx 

thin films (green regions).  

4.3.3.1. Thin films structural characterization  

The degree of densification can be revealed by the critical angle of an X-ray Reflectivity (XRR) 

measurement. Figure 4.15 (a) shows the XRR curves around the critical angle for 5 characteristic 

cases: the reference thin film (hotplate treated for 1h at 300 °C), the as spun film after drying at 

150 °C for 15 min and for 1 min, as well as the same two dried films photonically processed with 

one laser pulse at 175 mJ/cm2 and 250 mJ/cm2 respectively. By qualitatively comparing the 

critical angles of the dried films, one can notice that both samples have the same critical angle 

and thus density, independently of the drying time. The additional photonic processing has 

resulted in a considerable densification compared to the dried thin films and notably present a 

similar density to the reference sample (1h at 300 °C). Therefore, it immediately educes that the 

photonic processing approach can provide AlOx thin films of similar density to those produced by 

a long duration higher temperature thermal (hotplate) annealing, but at a considerable fraction of 

the time and in a macroscopically cold process. The XRR curves were fitted with a three layer 

model (AlOx film/SiO2/Si) using Parra 522 The density extracted for the dried 

samples was 1.6 ± 0.1 g/cm3, irrespective of the drying time. On the other hand, the density of the 

reference film was found to be 2.6 ± 0.1 g/cm3, which is in agreement to values reported in the 

literature (~2.53 g/cm3).523 The photonically processed samples were found to have densities of 

2.4 ± 0.1 g/cm3 (for the 15 min + 175 mJ/cm2) and 1.7 ± 0.1 g/cm3 (for the 1 min + 250 mJ/cm2) 

respectively. 



 

136 

 

 

Figure 4.15. (a) XRR measurements of 5 selected samples showing the critical angle, (b) XRD 

diffractograms and AFM images (1×1 µm2) of two samples dried at 15 min and 1 min, combined with 

photonic processing at the highest fluence values in each case (200 mJ/cm2 and 300 mJ/cm2 respectively) 

and maximum pulses (three pulses), (c) and (d) FTIR spectra of AlOx thin films before and after single laser 

pulse photonic processing of the 15 min and 1 min dried (at 150 °C) sample respectively.520 Copyright © 

2020, Royal Society of Chemistry. 

The microstructure of the solution-based AlOx thin films was investigated by glancing angle X-

ray diffraction (GAXRD). The absence of any diffraction peaks in Figure 4.15 (b) reveals that the 

thin films are amorphous, for both drying cycles combined with the photonic processing, even at 

the highest fluences and number of pulses. The insets in Figure 4.15 (b) are show the films

surface morphology obtained by atomic force microscopy (AFM) measurements for the highest 

photonic processing at the highest fluence and number of pulses. However,  the surface 

morphology was not highly uniform, with some peak to valley values at 27.2 nm and 4.9 nm, for 

15 min and 1 min drying cycle, respectively. For lower fluences the surface roughness was below 

2 nm which guarantee a more uniform interface between the dielectric and the semiconductor.  
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In order to evaluate the extent of solvent removal, the AlOx thin films were characterized by 

attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR), as shown in 

Figure 4.15 (c) and (d), for the two drying cycles respectively. All samples show an absorbance 

peak attributed to Si-O vibration (1107 cm-1), due to the presence of native oxide on the Si wafer. 

Absorption bands related to O H stretching vibrations (3700  3000 cm-1; 1630 cm-1; 1575 cm-1) 

associated to water absorption and C H (3090  2800 cm-1; 1500  1300 cm-1) due to the organic 

solvent, can be observed on the as-spun samples (prior to drying) and after both drying cycles at 

150 °C (for both 15 or 1 min, prior to ELA). Evidently, the residuals are more prominent after the 

shorter drying cycle. A subsequent ELA treatment even with a single pulse seems to eliminate the 

residual solvent, as demonstrated by the diminishing relevant bands in the FTIR spectra, with 

increasing the laser fluence.  For a full set of FTIR spectra for all the samples see Figure C1 and 

C2 in Appendix C. Finally, the absorption peaks observed at, 889, 739 748 and 611 601 cm-1, 

are attributed to the presence of Al O chemical bonds.471 

4.3.3.2. Dielectric thin film electrical characterization  

The electrical performance of the dielectric was evaluated by measuring the capacitance-voltage 

(C-V), capacitance-frequency (C-f) and breakdown field (E) of metal-insulator-semiconductor 

(MIS) structures. A summary of these results is shown in Figure 4.16, while the full measurements 

analytically can be found in Figures C3, C4, C5 and C6, as well as Tables C1 and C2 in the 

Appendix C. Each MIS device was replicated three times for reproducibility purposes. 

 

Figure 4.16. Statistical analysis of AlOx 

(E), thickness and capacitance measured at 1 kHz, for all fluences and number of pulses applied on films 

with initial drying of (a) 15 min and (b) 1 min. For comparison the equivalent characteristic of the reference 



 

138 

 

device (thermally annealed at 300 °C for 1h) is also shown.520 Copyright © 2020, Royal Society of 

Chemistry. 

The films dried for 15 min (Figure 4.16 (a)), show a considerable improvement of the dielectric 

constant as the fluence and the number of pulses is increased. For fluences above 150 mJ/cm 2, a 

dielectric constant of ~9 (calculated at 1 kHz) is achieved, which is typical for Al2O3 achieved via 

PVD techniques.524 Interestingly, the dielectric constant of the reference MIS device (annealed at 

300 °C for 1 h) was surpassed even with the lower fluence of 125 mJ/cm 2 using 3 pulses. These 

results corroborate the XRR findings, suggesting that ELA enhances condensation and 

densification of the AlOx thin film, providing an improved dielectric constant in an ultra-rapid 

fashion and at lower processing temperatures. Conversely when the drying cycle is shorter (1 min, 

Figure 4.16 (b)), higher fluences were required in order to achieve reasonable values for the 

dielectric constant. The unrealistic values (>10) for the dielectric constant achieved at lower 

fluences are explained by the presence of ionic movement (see Figure C4 in Appendix C).  

Another important factor is the durability and stability of the AlOx dielectric thin films, as 

expressed by the breakdown voltage. ELA provided films with breakdown voltages up to 4.0 

MV/cm, closely matching the breakdown voltage demonstrated by the reference sample (3.8 

MV/cm). The breakdown voltage values were found to show a local maximum within the range 

of fluences investigated, therefore the optimum annealing conditions have been identified.  

These are two pulses of 175 mJ/cm2 and three pulses of 250 mJ/cm2 for the 15 min and 1 min 

drying cycles respectively, presenting breakdown voltages of 4.0 ± 0.5 MV/cm and 3.9 ± 0.7 

MV/cm, whilst the reference device presented a breakdown voltage of 3.82 ± 0.03 MV/cm. The 

thickness required in order to calculate the breakdown voltage and the dielectric constant, was 

determined by UV-VIS ellipsometry, for each device. Besides Figure 4.16, the full results for all 

devices fabricated can be seen in the Appendix C in Tables C1 and C2 as well as Figures C5 and 

C6. 

4.16 (a) 

and (b) for the two drying cycles. The majority of the ELA devices present a higher aerial 

capacitance than the reference devic 2). Full C-V characteristic curves at 100 

kHz and a summary of aerial capacitance vs frequency is presented in the Appendix C in Figures 

C3 and C4, respectively. The drying cycles result in a considerable difference in the dispersive 

character of capacitance, with the shorter drying cycle being more adversely impacted (i.e. more 

dispersive) potentially due to the probable incomplete conversion and removal of the precursor.  
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In conclusion, the combination of short drying cycles (15 or 1 min) at relatively low temperatures 

(150 °C) and ELA delivers in an ultra-fast manner AlOx thin films with similar or enhanced 

dielectric properties compared to those achieved via high temperature (300 °C) prolonged (1h) 

thermal annealing.  

4.3.3.3. Low operation voltage IGZO/AlOx TFTs  

Informed by the results presented above (namely the dielectric constant and breakdown voltage) 

a suitable selection of AlOx thin films were tested in TFT devices, with IGZO as the 

semiconductor. A summary of the electrical characteristics of these devices is shown in Figure 

4.17 (a) and (b). The full set of the respective transfer curves for each device is shown in Figures 

C7 and C8 of the Appendix C. Device performance was assessed through the measurement of the 

hysteresis (VHyst), turn-on voltage (VON , the on-set voltage at which the drain current starts to 

ON/IOFF), subthreshold slope (SS), and saturation mobility 

SAT) which was calculated using the dielectric capacitance measured in AlOx MIS devices at a 

frequency of 1 kHz (see Table C3 and C4 in Appendix C). 

 

Figure 4.17. TFT parameters: hysteresis (VHyst), turn-on voltage (VON), current on-off ratio (ION/OFF), 

subthreshold slope (SS) and saturation mobility (µSAT), for the two drying cycles: (a) 15 min and (b) 1 min 

followed by ELA treatment.520 Copyright © 2020, Royal Society of Chemistry. 

All the devices exhibited an anticlockwise direction and low hysteresis (less than 0.15 V). A 

moderate hysteresis reduction with the increase of number of pulses and fluence was observed. 

Equally all of the device presented a current on-off ration of the order of 104. In the case of the 

15 min drying cycle followed by ELA, the turn-on voltage presents an optimum value (closer to 
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0 V) at a fluence of 175 mJ/cm2, whereas higher fluences and number of pulses result in a negative 

turn-on voltage. Below this optimum fluence some ionic species could remain in the dielectric, 

whereas above surface damage may occur compromising the quality of the semiconductor-

dielectric interface. This is further supported by the deterioration of both the subthreshold slope 

and the saturation mobility. Surface damage and high density of generated defects is likely at 

higher fluences, since the solution combustion synthesis (SCS) is an exothermic reaction that 

occurs in the thin film in an ultra-rapid fashion (due to the ELA pulse lasting only a few 

nanoseconds). In the case of the 1 min drying cycle followed by ELA, a similar trend was found 

with an optimum fluence value of 250 mJ/cm2. The results above are summarised in Figure 4.18 

(a) were the best performing ELA devices, for each drying cycle, are presented alongside the 

reference device (300 °C for 1h).  
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Figure 4.18. (a) Transfer characteristics of IGZO TFT devices fabricated with solution-based aluminium 

oxide (AlOx) insulator thin films for different drying times (15 min and 1 min) followed by ELA treatment. 

The reference device (300 °C for 1h) is also shown for comparison. (b) Summary of TFT device 

characteristics using deep ultraviolet (DUV) for 30 min (previous report92) and this work using the 15 min 

drying followed by ELA. (c) Comparison of quality characteristics between ELA and DUV treatment for 

the production of solution-based oxides for the printed electronics industry.520 Copyright © 2020, Royal 

Society of Chemistry. 

Both drying cycles provide TFTs with comparable or better properties than the reference device, 

however, the 1 min drying followed by ELA present a higher gate leakage current. Furthermore, 

we present a comparison of the best performing ELA device (15 min drying cycle and 2x175 
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mJ/cm2) to devices with AlOx fabricated with DUV curing at low temperature92 (the IGZO layer 

is identical in both cases). Figure 4.18 (b) shows a statistical analysis revealing that ELA provides 

solution processed AlOx dielectric thin films for TFTs with similar electrical characteristics to the 

DUV devices, but with an improved saturation mobility (see also Table C5 in Appendix C). In 

general, we can conclude that the combination of ELA treatment with a short drying cycle, 

immediately after spin coating, can result in AlOx thin films with quality comparable, if not better, 

than the standard approach of high temperature thermal annealing (hot plate). The implications 

of this approach are considerable for the industry of flexible and plastic electronics, as it lends 

itself to R2R production, for a variety of reasons including: - it enables the use of plastic substrates 

(maximum processing temperature 150 °C) as it is a macroscopically cold process; - it is rapid 

enough to allow inline processing while maintaining a reasonable web speed; - it is area selective 

via laser writing, removing the need for extra fabrication steps for patterning; - it offers oxide thin 

films of high quality from solution based materials. As such, this approach could provide a 

significant boost to the printed electronics industry. In comparison to DUV curing (see Figure 

4.18 (c)) ELA presents similarly high performance in densification and in large area processability 

but offers increased overall efficiency through its excellent area selectivity and its massively faster 

processing time as can be seen in the Appendix C in Table C6. The temperature rise in the metal 

oxide material is far more extreme with ELA, but at the same time considerably faster, resulting 

in a completely macroscopically cold process, unlike DUV processing. To investigate the effect 

of the ambient atmosphere on the IGZO/AlOx TFTs were performed some ageing and stress 

measurements as depicted in Figure 4.19. 
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Figure 4.19. Stability tests for the best condition achieved with ELA treatment: (a) Ageing effects of 

IGZO/AlOx TFTs after 1 year exposed in air environment without passivation and after a post annealing at 

120 °C; inset shows the top view TFT schematic (each electrode had an area of 11.9 × 10  cm2); (b) 

Positive gate-bias stress (PBS) measurements of 0.5 MV/cm on IGZO/AlOx TFTs for 1 h in air 

environment.520 Copyright © 2020, Royal Society of Chemistry. 

Figure 4.19 (a) shows transfer characteristics of the same device taken a few days after full 

fabrication and after 1 year of storage in atmospheric conditions, to determine device ageing. In 

general, the device performance was preserved, however the turn-on voltage displayed a slight 

negative shift a year later, most probably associated to surface traps. Also, a small increase of off-

current was observed, most probably due to the humidity present in atmospheric environment 

(which can be surpassed by device passivation).525,526 To determine the device behaviour after one 

year but without the influence of surface adsorption of water molecules, a post annealing at 120 

°C (30 min) was performed. As expected, the device´s on voltage recovered fully and furthermore 

the off current was improved by an order of magnitude compared to the initial fabrication. 
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Following this, the device was subjected to a positive gate-bias stress (PBS) of 0.5 MV/cm for 

3600 s as depicted in Figure 4.19 (b). The IGZO/AlOx TFTs under PBS remained stable showing 

only a slight threshold voltage shift to a positive value of just 0.02 V, meaning that a reduced 

quantity of trap sites exists in the dielectric/semiconductor interface. As no deterioration was 

observed in the subthreshold slope under bias stress, the mechanism present is the charge trapping 

model.527 Optimization of production parameters is ongoing, nonetheless these tests already prove 

the potential of ELA treatment for solution-based oxide TFTs. 

4.3.4. Conclusions 

In conclusion we have demonstrated the combustion solution synthesis alliance with ELA of AlOx 

dielectric thin films at low temperatures in a short drying cycle (15 min or 1 min) and their 

implementation in TFTs. The AlOx dielectric films revealed an amorphous nature, low roughness, 

high- -6 A/cm2 at 1 MV/cm) and high breakdown voltages ~4 

MV/cm. These results indicate that ELA treatment is a viable platform for the fabrication of 

metal-oxide dielectric thin films at low processing temperatures. Subsequently ELA treatment in 

combination with combustion synthesis, can be the answer to obtain high performance printed 

metal oxide TFTs in the R2R industry.  
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Chapter 5.  Solution-based resistive switching memories 

 

 

 

 

 

Metal oxide resistive switching memories have been a crucial component for the requirements of 

the Internet of Things (IoT) which demands ultra-low power and high-density devices with new 

computing principles, exploiting low cost green products and technologies. Most of the reported 

resistive switching devices use conventional methods (PVD and CVD) which are quite expensive 

due to their up-scale production. Solution-processing methods have been improved, being now a 

reliable technology that offers many advantages for resistive random-access memory (RRAM) 

such as, high versatility, large area uniformity, transparency, low-cost and a simple fabrication of 

two-terminal structures. Solution-based metal oxide RRAM devices are emergent and promising 

non-volatile memories for future electronics. In this review, a brief history of non-volatile 

memories is highlighted as well as the present status of solution-based metal oxide resistive 

random-access memory (S-RRAM). Then, a focus on describing the solution synthesis 

parameters of S-RRAMs which induce a massive influence in the overall performance of these 

devices is discussed. Next, a precise analysis is performed on the metal oxide thin film and 

electrode interface and the recent advances on S-RRAM that will allow their large-area 

manufacturing. Finally, the figures of merit and the main challenges in S-RRAMs are discussed 

and future trends are proposed.

Keywords: solution-based technology, metal oxide thin films, resistive random-access memory 

(RRAM), memristor, resistive switching. 

The literature presented in this chapter is published in:  

 Emanuel Carlos, Rita Branquinho, Rodrigo Martins, Asal Kiazadeh, Elvira Fortunato. "Recent 

progress in solution-based metal oxide resistive switching devices", Review,Advanced Materials, 2020. 
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5.1. Recent progress in solution-based metal oxide resistive switching devices 

 5.1.1. Introduction 

5.1.1.1. History, emerging resistive switching devices and fundamentals  

The increment of wearable electronics connected to the Internet of Things motivates the scale-up 

of intelligent data store and transmission applications, such as edge computing technologies. For 

these applications, due to the high velocity required, the volume of data generated and the lower 

energy consumption, non-von Neumann architectures like  RRAM or memristors are highly 

promising.528 The incapability to linearly scale power with existing, mostly silicon-based, 

complementary metal oxide semiconductor (CMOS) technologies lead us to look at new materials 

and architectures based on resistive switching devices that can be used in edge devices, 

neuromorphic and quantum computing.529,530 Resistive switching (RS) devices exploit the RS 

phenomena to store information. This feature consists in the change of their electrical resistivity 

between different stable levels when a specific electrical stress is applied.531 The RS present 

between  two (high resistive state (HRS) and low resistive  state (LRS)) or more resistive states 

allow reaching new types of devices for digital applications that can boost the performance of 

conventional semiconductor electronic devices.532 However, before going into more detail, it is 

vital to step back more than 60 years ago when Hickmott observed for the first time the resistive 

switching phenomena in oxide materials such as, SiOx, TiO2, Al2O3, Ta2O5 and ZrO2.533 In 1967, 

Simmons and Verderber reported the first RS cells based on Au/SiO2/Al structures (Figure 5.1).534 

Nonetheless, only after 33 years the RS memories research arouse in magnetoresistive films by 

the group of Ignatiev.535 Two years later, Zhuang reported a 64-bit RRAM array using 

Pr0.7Ca0.3MnO3 via a 500-nm CMOS process.536 In the following 6 years, notable progress on RS 

memories was made until 2008 by academic and giant companies like Samsung, Infineon and 

HP.537 542 In 2008, Williams et al. reported a new concept for the RS devices, the memristor, which 

makes significant improvement in their use for logic circuits and neural networks.537 Since then, 

a large bet has been made by the industry, like SanDisk/Toshiba, IMECAS, Unity and 

Micron/Sony showing the potential of this technology.543 546 
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Figure 5.1. a) Sample construction and b) V I characteristics of unformed and formed device. Device no. 

1 1: SiO 400 Å thick. Reproduced with permission.534 Copyright © 1967, Proceedings of the Royal Society 

of London. Series A, Mathematical and physical sciences. 

The current status of the internet of things (IoT) demands physical flexibility, but still must rely 

on CMOS technology while pushing for enhanced reliability, ultra-low power consumption and 

ultra large-scale co-integration of antennas, CPUs and non-volatile memories (NVMs), where the 

RS devices are included.547 The CMOS circuits and RS devices are in the same package, although 

in the memory domain the RS technologies have advantages since these require smaller areas and 

less power consumption for a similar operation.548,549 The NVMs can store information over long 

periods of time (> 10 years at 85 °C is the industry standard) and retain information without any 

power supplied in comparison with volatile memories. Also, NVM technology has the capability 

for low power consumption, high endurance, high operation speed, small size below 600 nm2 and 

high-density capacity.550 Currently, the most used NVM device is the NAND Flash551,552 memory, 

and from the perspective of physics of the emergent NVM devices, three main promising potential 

technologies are: resistive random-access memory (RRAM), also referred to as ReRAM and 

memristor,548,553 magnetoresistive RAM (MRAM),554,555 and phase change RAM (PCRAM), as 

depicted in Figure 5.2.556 Figure 5.3 shows the comparison of the key features of various NVM. 
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RRAM and PCRAM operate based on the rearrangement of atomic configurations, have 

significantly larger resistance windows that allow the storage of intermediate resistance states and 

can even be applied in flexible devices. Going into more detail, spin transfer torque (STT)-

MRAM consists of a magnetic tunnel junction structure with two ferromagnetic metal layers,  

pinned and free, and a thin tunnel oxide that separates them. During the magnetic polarization, 

the pinned layer acts as a reference while the free layer is free to change during the write operation. 

To switch the polarization of the free layer voltage, pulses of opposite polarity are applied.  

Depending on whether the two ferromagnetic polarizations are parallel or antiparallel, the LRS 

and HRS states are obtained respectively on the device due to the tunnel magnetoresistive 

effect.554,555,557 

 

Figure 5.2. Emerging non-volatile resistance-based memory (NVMs) devices: spin transfer torque 

magnetoresistive RAM (STT-MRAM), phase change RAM (PCRAM) and resistive RAM (RRAM). 

Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

The PCRAM devices are based on specific types of material which suffer a fast and reversible 

transition from a highly resistive amorphous phase to a highly conductive crystalline phase 

induced by the joule heating effect (heat sources can be laser or electrical pulses). In this memory, 

the bottom electrode confines heat and current, which results in a near-hemispherical shape of the 

amorphous region (HRS state). The LRS state is achieved by crystalizing the amorphous 

region.556,558  
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Figure 5.3. Comparison of key features of existing and emerging NVMs.532,555,559,560 Copyright © 2020 

WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

RRAM consists of a simple metal insulator metal (MIM) cell structure where the material 

showing the RS capability, active layer, (typically an insulator based on transition metal oxides) 

is sandwiched between two electrodes. The RS process involves the creation (LRS state) and 

disruption (HRS state) of conductive filaments (CF)/interface/bulk modulation comprising a 

localized concentration of defects.561,562 Typically, these devices involve three main redox based 

resistive switching mechanisms activated by temperature, electrical voltage or both: (i) the 

valence change mechanism (VCM) or memory effect based on anion/oxygen-ion motion, (ii) the 

electrochemical metallization (ECM) mechanism or memory effect based on cation motion and 

(iii) the thermochemical mechanism or memory effect (TCM) based on cation or anion 

motion.562,563 The VCM mechanism is triggered by the migration of oxygen anion species (i.e. 

motion of the corresponding oxygen vacancies) in the active or resistive switching layer under an 

external electric field.563,564 The VCM cells structure commonly uses active metals such as Ta, 

Hf, Ni, Al and Ti as the ohmic electrode and Pt or Au as the counter electrode material or as 

another high work function electrode, which is chemically inert (i.e. noble electrode) to guarant ee 

an appropriate Schottky barrier.562,565 The ECM cell typically uses Ag or Cu as the active electrode 

due to reversibility of the electrode half-cell reactions and the higher mobility compared to other 

ions. Thus, the electromigration of metal cations through the resistive switching layer induce a 

variation on the internal resistance of the device.566 568 The TCM cell leads to a change of 

stoichiometry by Joule effect due to a current-induced increase of the temperature.569 The main 

distinctive aspect of ECM and VCM is the presence of a bipolar switching behaviour, whereas 

TCM memories have a unipolar switching behaviour.562 In the bipolar RS, the set (e.g. transition 
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from HRS to LRS) and reset (e.g. transition from LRS to HRS) processes need to be triggered by 

applying stresses of opposed polarity while in the unipolar RS, the set and reset process are 

applied in the same polarity, as shown in Figure 5.4.531  

 

Figure 5.4. a) Unipolar and b) bipolar resistive switching behaviour in RRAM cells. Copyright © 2020 

WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

The interest in RRAM or also called ReRAM has dramatically increased in the last decade after 

being associated to the concept of memristor, as shown in Figure 5.5.537 Certainly, memristors 

will be the new generation of memories for electronics granting high speed, high scalability, low 

power consumption, CMOS compatibility and suitability for artificial neural networks.570 
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Figure 5.5. Publications on resistive switching devices from 2008  2020 (search engine: Web of Science 

accessed on August 2020; keywords: RRAM; ReRAM; Memristor). Copyright © 2020 WILEY VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

5.1.1.2. RRAM resistive switching materials 

Another crucial point of RRAMs is the type of material used as storage layer between two 

electrodes which can compromise their operation. These are classified as inorganic (grouped into 

binary oxides571 573, ternary and multinary oxides574,575, nitrides576,577, chalcogenides578 and others) 

and organic materials (e.g. poly(methylmethacrylate) (PMMA), poly(N-vinylcarbazole) (PVK) 

and polyaniline (PANI))579 581. Inorganic materials possess a notable advantage when compared 

to organic materials: the switching stability. However, organic materials have high mechanical 

flexibility, simple production methods and lower costs.582 To achieve most of these features in 

inorganics, the production methods mainly based on vacuum techniques, like pulsed laser 

deposition (PLD)574, magnetron sputtering571,583,584, thermal oxidation585, plasma oxidation586, 

chemical vapour deposition (CVD)587 and atomic layer deposition (ALD)588,589 need to be altered 

to solution-based processes (e.g. coating and printing techniques)590,591. Lately, tremendous effort 

has been made on solution-based processes to produce oxide one-dimensional (1D) and two-

dimensional (2D) nanomaterials for RRAM devices, like metal oxide nanowires and graphene 

oxide, respectively. These nanomaterials present remarkable properties such as high flexibility, 

large specific surface area, high transparency and low cost.550,570,592,593 However, the low 

production efficiency that compromise their upscale production, as depicted in Figure 5.6, is a 

considerable issue. In the case of metal oxide thin films, they can be processed in a simple way 

and without expensive methods on roll-to-roll (R2R) compatible techniques, which decreases the 

associated cost by 64 %.1 Also, a huge advantage of oxides, particularly transition metal oxides 

(TMOs), is that many of them exhibit resistive switching behaviour, as shown in periodic table in 

Figure 5.7.  
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Figure 5.6. Comparison of some key performance indicators of RRAM devices using different oxide 

materials.532,550,570,594 Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

This opens a new window for the application of solution-based metal oxide RRAM in large scale 

manufacturing which are highly demanded for wearable applications. Still, some challenges need 

to be overcome beforehand, as is discussed in this work. 

 

Figure 5.7. Periodic table highlighting elements which demonstrate resistive switching behaviour.  

Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim.

In this chapter, a detailed analysis is performed in section 5.1.2. regarding the synthesis of 

solution-based oxide RRAMs (deposition method, molar proportion, doping, concentration, 
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solvent, ambient condition and annealing method), which severely affect the overall performance 

of the devices. Then, the interface between the solution-based metal oxide and the diverse 

electrodes are analysed. In section 5.1.3, the thermal budget requirements for flexible solution-

based metal oxide RRAM and their printability are examined. Next, the current status of the 

figures of merit in solution-based metal oxide RRAM as well as their current challenges are 

discussed in section 5.1.4. Finally, section 5.1.5 summarizes the main conclusions and future 

perspectives for resistive memory devices which can have distinct applications depending on the 

device characteristics. However, the main objective in this chapter was to perform a survey on a 

new and emerging technology based on solution processes in order to show the potential of these 

new fabrication methods. 

5.1.2. Fundamentals of solution-based metal oxide RRAMs 

Solution-based transparent amorphous metal oxides have been widely studied for diverse 

applications, but mainly in thin film transistors.5 In 2005, solution-based metal oxide resistive 

switching devices appear on Ag SiO2 nanocomposite thin films deposited by spin-coating.595 

Then, in 2009, one year after the discovery of the memristor devices by Hewlett Packard (HP) 

researchers537, a large quantity of publications on solution-based oxide thin films resistive 

switching devices start to emerge. However, to guarantee enhanced quality of the metal-oxygen-

metal (M-O-M) frameworks formation for application in resistive switching devices, solution 

synthesis parameters should be considered. Parameters such as the synthesis method, molar 

proportion, doping, metal salt precursor, solvent, film thickness and ambient conditions are 

crucial for the solution-based RRAM performance, as depicted in Figure 5.8. 

5.1.2.1. Effect of the solution synthesis and film formation 

Diverse solution synthesis methods (hydrothermal596 598, anodization599,600 and sol-gel601 604) have 

been reported for the production of solution-based metal oxide RRAM. However, the most 

common is the sol-gel method which is subdivided into two main routes: the nanoparticle-based 

process605 and the metal-salt sol-gel chemistry606,607. The metal salt precursor approach is typically 

the most suitable and used.  
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Figure 5.8. Identification of the crucial parameters to enhance solution-based metal oxide thin film RRAMs. 

Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

The sol-gel chemistry method allows the synthesis of materials through a transformation from 

liquid precursors to a colloidal suspension until a gel is finally obtained (e.g. the network 

structure).450,608 This sol-gel chemical reaction starts when the metal salts are dissolved in an 

alcohol or aqueous solvent. During this process (Figure 5.9 (a)), the metal cations undergo a 

hydrolysis reaction, leading to metal hydroxides. Afterwards, condensation reactions lead to the 

formation of oxide frameworks, through an oxolation reaction between metal hydroxides.608 To 

complete the formation of the metal oxide thin film, the precursor solution is deposited by a 

coating or printing technique and exposed to a post-annealing process. Typically, the films are 

annealed at high temperatures, above 400 °C, to promote the metal-oxygen-metal (M O M) 

structure formation (condensation), the by-products and solvents are removed through their 

decomposition/evaporation and, finally, the oxide film densification increases.609 612 In addition 

to the conventional sol-gel method, there is solution combustion synthesis (SCS), a simple, 

efficient and versatile method which has been used for a wide range of applications, particularly 

for thin film transistors (TFTs).2,7,27,92,302,307,613,614 SCS involves a self-sustained redox reaction 

initiated by a source of energy between a fuel and an oxidant in the presence of metal cations, 

requiring less energy to form the metal oxide thin films, as depicted in Figure 5.9 (b) . The fuel is 

the crucial component present in SCS and is mainly composed by organics containing carbon and 

hydrogen that facilitate the liberation of heat by the formation of CO2 and H2O during the 

combustion process. The main advantages of this method compared to conventional sol-gel are 

the low ignition temperature required to trigger the combustion reaction and form the metal oxide 

lattices, the higher homogeneity and the purity of the thin films.27 Recently, Pei et al. and Carlos 
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et al. reported the use of SCS for the production of oxide-based resistive switching 

memories.279,615 In the case of Pei et al., low temperature (250 300 °C) solution-based nickel 

oxide (NiO) bipolar resistive switching devices with a good retention were achieved via the 

solution combustion method. As observed, the solution precursors can be converted into oxides 

at low process temperatures. 

 

Figure 5.9. a) Sol-gel chemistry in metal oxide materials. A schematic of the reaction between metal ions 

and water/alcohol molecules to metal hydroxides. After water or alcohol molecules are deprotonated, metal 

and hydroxide ions are bound to each other by electrostatic interaction. Representative chemical reactions 

are shown for hydrolysis and condensation. Reproduced with permission.450 Copyright © 2017 Elsevier 

B.V. All rights reserved. b) Illustration of the two different synthetic approaches for metal oxides: 

energetics of combustion synthesis-based processes versus sol-gel conventional process. Copyright © 2020 

WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. c) Schematic diagram of thermogravimetric 

analyses of various precursors. Reproduced with permission.83 Copyright © 2014, IOP Publishing Ltd. 

Another critical parameter on the synthesis process of resistive switching devices is the metal salt 

precursors which are subdivided into three counter anions groups80; oxidants (hydrated 

nitrates)279,597,604,605,616 636, reducers (alkoxides632,637 640, acetates597,601,603,604,619,620,624,626,628 633,641 668 

and acetylacetonates606,649,659,669 672) and neutrals (chlorine-based)590,596,618,622,625,627,631,634,640,647,673
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679. Among these, oxidant counter ions are preferable due to the high oxidizing power (negative 

charge), greater solubility in water or polar organic solvents and low decomposition temperature, 

which are related to the electronic interactions between the metal and the nitrate group, as shown 

in Figure 5.9 (c).81 83 Their low processing temperature is related to the high volatility of the 

decomposition by-products, leading to a higher purity in the final product.27,95 However, only 26 

% of the solution-based oxide resistive switching devices use oxidants as metal salt precursors. 

The remaining 74 % are based on reducer (56 %) and neutral precursors (18%). This may explain  

why, up until now, a reasonable portion of the resistive switching devices are processed at higher 

-based, 

should be avoided due to the release of HCl as a by-product since it is harmful for the operators 

in the printing lines manufacturing.   

All these synthesis processes are based on solution, making the solvent (water or alcohol-based) 

a key factor in the precursor solution formulat

constitutes a substantial portion of the oxide precursor solutions: around 98 % and 90 % for lower 

and higher concentrations, respectively. The most common solvents in solution-based metal oxide 

RRAMs are 2-methoxyethanol (2-ME)279,590,597,604,605,617,619,620,622,624,627,628,630

634,636,642,644,645,648,649,652,654,657,659,665 668,673,674,680 697, 

ethanol597,602,603,607,618,623,628,629,635,641,647,650,651,653,660,662,672,677 680,698 712, deionized (DI) 

water598,616,631,635,638,663,677,678,702,713, acetic acid618,636,644 646,649,655,657,659,664,665,667,669,685,691,692,695,714, 

isopropanol550,638,640,643,651,681,693,715 amongst others (ethylene glycol656,716, 2-butoxyethanol717, 

acetylacetone664, acetonitrile676). 2-ME, a toxic organic solvent, is the most reported in literature 

(used in 40 % of publications), thus a large effort has been made to substitute it with a friendly 

and low-cost solvent such as ethanol, used in 28 % of publications. Moreover, some solvent 

mixtures (2-ME/acetic acid, 2-ME/isopropanol and ethanol/water) have been reported. 

Nevertheless, it should be considered that the chosen solvent influences the final properties718 of 

the films such as structural, morphological, optical and electrical due to its evaporation rate719, its 

interaction with the metal salt precursor, its composition and its chain size.  

Another key feature in the solution synthesis is the addition of a stabilizer, i.e. a chelating agent, 

in the precursor solution, with the most commonly used in solution-based oxide RRAM being 

monoethanolamine (MEA)630 and diethanolamine (DEA)654. This prevents the precipitation of 

metal ions and preserves the compositional homogeneity between all the constituents, reinforcing 

the coordinate bonds.42  

The active layer film thickness plays a crucial role in the overall performance of solution -based 

RRAM devices due to the oxygen/anion/cation gradient. The thicker the active layer is, the higher 
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is the potential field required for electroforming, which can lead to thicker filaments and higher 

current states. The films´ thickness is mainly controlled by the precursor solution concentration, 

the number of layers deposited and the deposition technique. Hsu et al. reported that a precursor 

solution concentration (0.03  0.1 M) of indium zinc oxide (IZO) affects the RRAM 

performance.629 When a low concentration of IZO solution was applied for RRAM devices, a low 

resistance ratio was observed due to the higher quantity of oxygen vacancy filaments. The 

increment of the solution concentration and decrease of the spin speed increased film thickness 

and reduced the oxygen content in the IZO layer, resulting in a higher resistance window, as 

shown in Figure 5.10 (a). However, if the concentration is too high 

cracks is observed at higher annealing temperatures, as well as the presence of a higher amount 

of organic residues at lower temperatures.  

 

Figure 5.10. Influence of film thickness on the electronic performances of solution-based metal oxide 

RRAMS: a) I V sweep curves and endurance of IZO RRAMs with different solution precursor 

concentration (C) and spin speed (SS) deposition; Reproduced with permission.629 Copyright © 2019 

Elsevier B.V. All rights reserved. b) I V characteristic endurance of Al2O3 monolayer (30 nm) and bilayer 

(66 nm) RRAMs; Reproduced with permission.279 Copyright © c) Representative I V curves obtained from 
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ZrO2 RRAM devices, with different film thickness by changing the number of layers. Reproduced with 

permission.720 Copyright © 2018, IEEE. 

Carlos el al.279 and Jang et al.720 reported the impact of the film thickness on the device 

performance by changing the number of layers on Al2O3 and ZrO2 thin films, respectively. Carlos 

el al. detected that the use of an Al2O3 bilayer improved the memory endurance and yield 

compared to the monolayer, as depicted in Figure 5.10 (b). In the case of Jang et al., the IZO thin 

films become smoother and the resistance window was improved from ~10 to ~103 with the 

increase of the number of layers, as shown in Figure 5.10 (c). 

Besides the active oxide layer film thickness, the substrate also plays a critical role on the S-

is highly desirable. Rigid substrates, such as silicon wafers, offer a smooth surface although 

flexible substrates are required to reach large area and low-cost production. However, most 

flexible substrates suffer from high surface roughness or, even when the root mean square (rms) 

roughness is low, some high aspect ratio features (spikes) are usually present. These spikes affect 

the subsequent layers of S-RRAMs and the overall performance, mainly the device variability. 

This can be overcome by polishing the substrates or depositing a specific coating to attain a 

smoother surface.447 

printing flexible S-RRAM devices. Since most of the active layers require high thermal annealing 

the flexible substrates used must have a low thermal expansion coefficient (CTE) to avoid 

shrinking which affects devices performance. Some flexible substrates, like XENOMAX 

polyimide (PI) can resist higher temperatures with a low CTE of 3 ppm/°C however these can be 

quite expensive. However, in the printing industry low cost subtrates, such as PEN and PET, are 

typically used which demand low annealing temperatures to prevent degradation . To reach 

processing temperatures that are compatible with these substrates new curing methods have been 

used to produce the active layer at lower temperatures, as discussed further in section 5.1.3. 

The composition ratio, or molar proportion, highly influences the resistive switching of S-RRAMs 

by changing the required resistive switching elements, such as oxygen vacancies in the active 

material for VCM type of mechanisms. Furthermore, the pristine state or initial resistance state 

of the device can be modified. This generally results in reasonable required electroforming fields 

or even forming-free processing. Cho et al. studied the stoichiometric effects of solution-based 

amorphous indium gallium zinc-oxide (a-IGZO) resistive switching memory devices for 

different In:Ga:Zn molar proportions.620 When a higher content of indium is used, the devices 

exhibit an ohmic behaviour, whereas when the zinc is increased, a rectifying switching behaviour 

is observed. An increase in Ga content proved to enhance the IGZO RRAM characterist ics by 
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controlling the concentration of oxygen vacancies through strong Ga-O bonding. This results in 

a decrease of the reset voltage from  0.9 V to  0.4 V and in the increment of the resistance 

window from 0.7×101 to 3×101. 

Recently, Kim et al. reported a highly stable solution-based IGZO (1:x:1) RRAM by changing the 

Ga composition ratio from x = 1 to 4, keeping the amount of In and Zn fixed.604 The Ga increment 

helps to suppress the formation and generation of oxygen deficiencies and consequential mobile 

electrons in IGZO thin films. However, if the Ga content is above 3, the switching behaviour is 

unstable from HRS to LRS state. For more stable and reproducible devices, the Ga content was 

set to 3 as previously reported by Cho et al.620 To improve the devices´ characteristics, a 5 nm 

thick Ni film was added to the bottom electrode as a local oxygen capturer to attain an oxygen-

gradient structure (non-linear). Also, the active cell area was reduced to 10×10 µm2, reaching 

highly stable devices with low cycle to cycle variability.604 

Similarly, doping has been widely used on solution-based metal oxide RRAMs to enhance the 

metal oxide network and improve the resistive switching behaviour. Diverse dopants such as 

Mg721, Mn722, Mo646, Ni605,674, S709, V642, Cr654,705, Cu643,723, Al627,634,653,724, Hf622, Ta674, Sb640, Ag691 

and rare earth elements (La, Gd, Dy and Ce)636,724 have been used to produce doped solution-

based metal oxides. In 2012, Kim et al. reported the doping of Ni nanoparticles (NPs) embedded 

in the nickel oxide (NiO) precursor solution for RRAM applications.605 These NPs enhanced 

oxygen mobility in the thin films, effectively reduced the insulator thickness and lead to fewer 

Ni2+ vacancies, i.e., stoichiometric variations. Therefore, the amount of Ni3+ content (higher ionic 

bonding energy to oxygen) was reduced leading to devices with lower operation voltages. In the 

same year, Kim et al. studied the influence of rare earth elements (Gd, Dy and Ce) doping in 

solution-based ZrO2 thin films.636 Pristine ZrO2 RRAMs exhibited a forming free behaviour and 

an amorphous state, but also a large fluctuation on the HRS state due to a large number of film 

defects leading to non-controlled branches of different conductive filaments. After doping the 

ZrO2 film with Gd and Dy, the HRS current level was increased due to generation of an excessive 

number of oxygen vacancies. Nevertheless, Ce doping improved crystallization and densification 

of the ZrO2 film and probably reduced film defects without increasing the amount of oxygen 

vacancies, leading to stable endurance characteristics (5×103 cycles with low cycle-to-cycle 

variability). In 2014, Tang et al. reported the enhancement of the resistive switching behaviour of 

ZnO thin films by the doping with Cr (1 % ,2 % ,3 % and 5 %).654 By increasing the Cr content, 

the resistance ratio is improved from ~17 to ~7×103, as shown in Figure 5.11 (a). No 

4 s) 

were achieved. 
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Figure 5.11. Influence of doping on the electronic performances of solution-based metal oxide RRAMs: a) 

The statistical distributions of the resistance values of LRS and HRS in the Pt/Zn 1-xCrxO/Pt devices; 

Reproduced with permission.654 Copyright © 2013 Elsevier B.V. All rights reserved. b) Statistical 

distribution of forming voltage in undoped and doped HfOX samples; Reproduced with permission.674 

Copyright © The Royal Society of Chemistry 2016 c) Typical bipolar current voltage (I V) characteristics 

(inset figure shows the forming process) of pure Co3O4 and Ag-Co3O4 devices. Reproduced with 

permission.691 Copyright © 2019 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

Kim et al. tested the doping effect of Hf content (2 %, 10 %, 30 % and 100 %) in NiOx thin films 

for resistive switching devices.622 -stable 

unipolar and bipolar resistive switching was achieved, respectively.  This main difference is 

explained by the present mechanism on each device, which in the case of the 2 % Hf:NiOx devices, 

the TCM mechanism is dominated. Although for the 10 % Hf:NiOx, the VCM mechanism is 

promoted due to the absence of a non-metallic behaviour and the increment of oxygen vacancies 

centres. They also showed that no resistive switching properties can be obtained with higher 

doping ratios of Hf (30 % and 100 %) in NiOx thin films. In 2016, Lee et al. investigated the effect 

of Ni and Ta doping in solution-based HfOx RRAM devices.674 Here, the doping concentration 

increased the initial resistances. As a result, the forming voltage (Figure 5.11 (b)) is reduced due 
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to the increment of oxygen vacancies concentration in the film. However, the 10 % Ni doping had 

a more significant effect on the forming process of the devices, resulting in a forming free 

behaviour, highly desired for further applications. Recently, Cho et al. reported the Al doping on 

solution-based zin tin oxide (ZTO) RRAM devices.627 Similarly, the increase of Al doping in ZTO 

thin films resulted in the increment of the resistance window (from 4.9 to 2.9×101 ) and increased 

the forming voltage (from 0.45 V to 1.85 V) since the Al supresses the generation of oxygen 

vacancies. Bao et al. studied the doping of cobalt oxide (Co3O4) thin films with Ag to boost the 

resistive switching parameters.691  An improvement of the switching characteristics as better 

stability (i.e. low set and reset voltage variability) and lower forming voltage were observed due 

to the enhancement of the local electric field and the generation of oxygen vacancies by the 

addition of Ag, as depicted in Figure 5.11 (c). 

There should be a careful attention to ambient conditions such as humidity, temperature, 

atmosphere and also precursor solution aging and how these affect the performance of S-RRAMs. 

Hsu et al. reported an interesting study on the precursor solution aging of HfOx over 150 days and 

their behaviour in resistive switching devices.680 At least 60 days of aging were required to reach 

a complete and transparent HfOx solution, as shown in Figure 5.12 (a). These devices present the 

most stable resistive switching behaviour (low cycle to cycle variability) with a good endurance. 

However, when the aging time increases (from 90 to 150 days), the devices show high transition 

voltages and unstable resistive switching behaviours due to the presence of more defect states.   

The effect of humidity during the electrical measurements has been studied in several reports on 

metal oxide RRAMs produced by vacuum-based techniques.725,726 This parameter can change the 

resistive switching behaviour dramatically when the relative humidity is higher than 45 % and 

lower than 30 %. In S-

very well-controlled since it affects the reproducibility of the process. Page et al. reported the 

importance of relative humidity (RH) during the deposition of solution-based metal oxide thin 

films (AlOx, LZO and HafSOx).336 Namely, when a dry (RH ~22 %) or humid (RH ~71 %) 

environment is implemented while all other parameters (temperature, spin speed and solution 

composition) remain constant, the films thickness decreased from 78 nm to 42 nm, respectively,  

as depicted in Figure 5.12 (b). Later, Kim et al. studied the relative humidity impact (10  50 %) 

in the formation of solution-based aluminium oxide.324 An improvement in the thin films quality 

was noticed for humidity values higher than 30 % without the existence of partial cracks. The 

current density of the MIM devices improves (from 10-1 A/cm2 to 10-4 A/cm2) by increasing the 

relative humidity content (40  50 %) during the film deposition. 
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Figure 5.12. Influence of ambient conditions on the electronic performances of solution-based metal oxides: 

a) Pictures of as-prepared HfOx sol-gel solution, aged for 14 and 60 days; I-V curves of the In/HfOx/Mo 

RRAM prepared with the HfOx solution aged for 14 and 60 days; Reproduced with permission.680 Copyright 

© 2016 Elsevier B.V. All rights reserved. b) Thickness comparison of HafSOx films deposited at ~22 % 

(red) and ~71 % RH (blue). A ratio of film thickness (dry:humid) is plotted in black; Pictures of as -deposited 

HafSOx thin films deposited at ~22 % and ~71 % RH. The film thicknesses (determined using XRR) are 

78 and 42 nm, respectively; Reproduced with permission.336 Copyright © 2017, American Chemical 

Society c) Ron and Roff as a function of the annealing temperature for the ZnO films. Each data point was 

extracted from ten devices after 103 trials of cyclic switching; Reproduced with permission.652 Copyright 

© 2009, IEEE d) I-V characteristics of Au/CuxO/ITO devices with different annealing conditions: 20 % O2 

 20 min and 20 % O2  40 min. Reproduced with permission.727 Copyright © 2018, American Chemical 

Society. 

The precursor solution temperature324 during the solution deposition and following annealing 

temperature652,712,728,729 are crucial conditions to reach optimal metal oxide thin films and apply 

them in electronic devices. Choi et al. reported the influence of the annealing temperature on ZnO 

thin films for RRAM devices.652 Figure 5.12 (c) shows that the resistance ratio was improved with 

increasing annealing temperature by the increment of HRS state due to improved film 

densification and the decrease of current paths. 
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To study the impact of the atmosphere ambient, Kim et al. tested different oxygen contents (0 %, 

20 %, 40 % and 100 %) and annealing times (20, 40 and 60 min) in an argon ambient to determine 

how this parameter affects the resistive switching behaviour of solution-based crystalline copper 

oxide (CuxO) thin films.727 The absence of oxygen leads to a CuxO film with high percentage of 

cationic defects, resulting in a poorer RS performance. Then, through the increment of the oxygen 

content (from 0 to 20 %) and 40 min annealing time, a transition of CuO to Cu 2O was observed 

by XRD, resulting in the improvement of the RRAM parameters (Figure 5.12 (d)) such as the 

resistance window (104) and endurance (200 cycles of I-V sweeps). As the oxygen content is 

increased above 40 %, the number of defects is reduced, leading to a degradation on the resistive 

switching behaviour (i.e. resistance window and endurance). Bao et al. reported the annealing 

atmosphere (air, argon and oxygen) effect on the resistive switching behaviour of spinel Co3O4 

thin films.730 A better stability and uniformity (low forming voltage and cycle-to-cycle variability) 

was achieved for the Pt/Co3O4/Pt RRAM devices in a nitrogen atmosphere due to the formation 

of confined conductive filaments and the suppression of the oxygen vacancies dispersion. 

Recently, Ha et al. studied the annealing influence on solution-based zirconium oxide (ZrOx) thin 

films in air and in an oxygen atmosphere.673 The oxygen-annealing highly improved the quality 

of the thin films by supressing the oxygen vacancies which enhanced the RRAM characteristics. 

Comparable results were achieved with high temperature annealing (400 °C) in air to the films 

annealed at low temperature (200 °C) in a O2 atmosphere. This enhancement of the M O bonding 

states in a controlled environment at low temperature paves the way for flexible RRAM devices.  

Various initiation sources such as furnace727,731 or oven696,702,732, rapid thermal annealing 

(RTA)646,655,714,716,733,734, microwave634,637,639,735, ultraviolet (UV) photochemical activation 

(lamp633,686,710,736 and laser737) and hotplate279,697 have been used for the solution-based metal 

oxides films´ conversion for RRAM devices. From these, the most common initiation sources are 

based on conventional thermal annealing (CTA), like furnace/oven and hotplate annealing. The 

R -based metal oxide 

O M 

framework. On the other hand, microwave irradiation results in a homogeneous heat distribution 

with fast reaction kinetics leading to uniform microstructural and textural properties (surface area, 

grain and crystal uniform size distribution) by controlling the power and exposure time with a 

very high yield. Cho et al. studied the effect of microwave irradiation (MWI) power (600 W to 

3000 W) on the resistive switching performance of solution-based AlOx RRAM.637 This source 

of energy was compared with as-deposited  (180 °C) and CTA (400 °C) processed RRAMs. 

Figure 5.13 (a) shows that a relative improvement on the memory window was observed as the 

MWI power increased compared to deposited and CTA devices. Also, other groups noticed that 
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multi-level cell (MLC) storage639 on the RRAMs and their stability735 can be enhanced  using 

microwave irradiation. However, the main limitation of using this technique is the scale-up to 

industry of solution-based RRAM devices.  

 

Figure 5.13. a) Average on/off ratio of solution-processed AlOx ReRAM devices under various heat 

treatment conditions; Reproduced with permission.637 Copyright © 2018 Elsevier Ltd. All rights reserved. 

b) Resistance-switching characteristics of the Pt/NiO/Pt heterostructure (the inset show a SEM image of 

patterned Ni oxide after KrF excimer laser irradiation, more specifically a  high magnification of the edge 

of a circular pattern); Reproduced with permission.737 Copyright © 2012 Korean Society of Microscopy. c) 

Typical characteristics of IGZO RRAMs for UV, Non-UV, and 400 °C thin film conditions. 

Reproduced with permission.633 Copyright © 2014, American Chemical Society. 

To overcome this issue, UV photochemical techniques have been explored as a viable option due 

to their compatibility with printed electronic industry, offering high quality materials at a reduced 

associated cost and process time.309,614 Yang et al. studied the use of a UV-based (KrF, 248 nm) 

excimer laser annealing to produce solution-based NiO thin films and their application in 

RRAMs.737 Specific areas of these films were exposed to the laser irradiation for only 3 min, 

resulting in the production NiO RRAMs with a resistance window  of 103, as shown in Figure 

5.13 (b). Later, Bao et al. reported solution-based IGZO resistive switching devices using UV 

lamp irradiation to form the IGZO thin films at low temperature.633 The resulting devices 

compared to non-UV and high temperature (400°C) annealed devices exhibited stable, 

reproducible and highly uniform resistive switching properties, as depicted in Figure 5.13 (c). The 
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exceptional RS properties are attributed to the UV irradiation which reduced the residual organics 

content and enhanced the formation of M-O bonding and M-OH bonding networks by hydrogen 

bonding.  

The results achieved until now are promising and expected to be of high value for printed and 

flexible RRAMs. 

5.1.2.2. Influence of the electrodes/metal oxide interface 

Beyond the active material in solution-based metal oxide RRAM devices, the electrode 

configuration is highly important in the resistive switching behaviour. Two different electrode 

configurations are reported in the literature: symmetric and asymmetric.738  

Symmetric devices are composed by equal metals as bottom and top electrodes. These can be 

inert metals (e.g., Au739, TaN733, Pt633) or active and oxidizable metals (e.g., Al740, ITO619, Ni741, 

Ti597, Cu698 and Ag591). Table 5.1 shows the reports of symmetric contacts S-RRAMs. We note 

that when the devices possess both inert electrodes, a limited reservoir of donor-type defects are 

rearranged randomly during the switching process which can compromise their reliability. 

However, the device structure can be enhanced by heterojunctions of active materials. Bao et al. 

reported a solution-based heterojunction structure of p-NiO/n-Mg0.6Zn0.4O to improve the 

resistive switching properties of symmetric (Pt-Pt) RRAMs.612 This p-n heterojunction highly 

improved the resistive switching behaviour compared to the single Pt/NiO/Pt and 

Pt/Mg0.6Zn0.4O/Pt devices by reducing the threshold current pulse and reset voltage dispersion. 

Also, a high resistance ratio of six orders of magnitude was achieved. Another way to improve 

inert-symmetric solution-based metal oxide RRAMs is the increment of the oxygen deficiency of 

the resistive oxide layers. Cho et al. studied the number of layers influence on high- x and 

TaOx) thin films for RRAM devices.590 As the number of stack layers increase, the off-state 

leakage current decreases due to the increment of the active layer thickness which decreases the 

number of defects present in the film, resulting in a large memory window.  However, for more 

than three HfOx layers and two TaOx layers, the set voltage operation increases as well as the 

probability of a hard breakdown. Both solution-based RRAM devices present excellent thermal 

stability with great retention and endurance characteristics. In conclusion, if an asymmetric 

structure (i.e. M (ohmic-type)- O- M (Schottky-type)  is not provided by electrode selection, 

different strategies, as previously mentioned in section 5.1.2 by doping654 and by the annealing 

atmosphere730, are fundamental. 

Aluminium electrodes have been used as active metals in symmetric solution -based metal oxide 

RRAMs due to their low cost and high ductility, allowing good flexibility, high retention and 
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mechanical endurance.652,673,740 In the case of (non-inert)-symmetric structures, the Al or Ti 

electrodes for example, have the tendency to form an interfacial intermediate oxide layer between 

the active electrode and the oxide layer, which can be beneficial to the RRAM performance.742 

However, for certain active metals such as Al, a thick interfacial layer of oxide (AlOx) can form 

on both electrodes, which leads to significant degradation during resistive switching operation by 

affecting the resistive switching layer´s stoichiometry.683  

Table 5.1. Symmetric solution-based metal oxide resistive switching memories. (BE: Bottom electrode; 

TE: Top electrode; Ron/off: Resistance on/off ratio; n.d.: not defined; Tmax: maximum temperature; RT: Room 

temperature; Spin: Spin-coating; Anodic: Anodization; Blade: Blade coating; Drop: Drop casting). 

Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

Year Material Method 
Tmax  

[°C] 

BE/TE 

interface 

Switching 

behaviour 
Ron/off 

Retention 

[s] 

Endurance 

[cycles] 

2005595 Ag SiO2 Spin 400 Pt/Pt n.d. 106 n.d. 10 

2008743 MgZnO Spin 650 Pt/Pt n.d. 2.5×101 n.d. 5×101 

2009744 ZnO Spin 450 Al/Al Unipolar 102 100 n.d. 

2009740 TiO2 Spin 150 Al/Al Bipolar 104 1.2×106 4×103 

2009652 ZnO Spin 300 Al/Al Unipolar 105 105 104 

2009739 TiO2 Spin 200 Au/Au Unipolar 102 104 3×102 

2009745 AlyOx Anodic RT Al/Al Unipolar ~104 2×102 ~102 

2009746 MgZnO Spin 650 Pt/Pt n.d. >109 n.d. 10 

2011612 
NiO/ 

MgZnO 
Spin 650 Pt/Pt Bipolar ~106 6×104 102 

2011721 ZnMgO Spin 700 Pt/Pt Unipolar ~103 n.d. 5×101 

2011645 STO Spin 700 Pt/Pt Unipolar ~103 105 5×101 

2011667 SZO Spin 800 Pt/Pt Unipolar ~104 n.d. 6×103 

2011747 La:ZnO Spin 550 Pt/Pt Unipolar ~104 106 1.5×102 

2011619 GZO Spin 500 ITO/ITO Bipolar 15 n.d. 3.5×102 

2012737 NiO Spin RT* Pt/Pt Unipolar ~103 n.d. n.d. 

2012748 ZnO Spin 500 Ag/Ag Bipolar ~10 3.1×103 n.d. 

2012749 IGZO Spin 370 Al/Al Bipolar 2.7 n.d. 102 

2012750 TiO2 n.d./ n.d. Al/Al Bipolar n.d. n.d. n.d. 

2012751 AlOx Anodic RT Al/Al Unipolar ~104 n.d. n.d. 
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2012752 AlOx Anodic RT Al/Al Unipolar ~105 105 104 

2012753 ZnO Spin 550 Pt/Pt Unipolar 102 105 6×101 

2013631 ZnO NRs Spin 500 Au/Au Unipolar 10 2×104 102 

2013733 Ag:SiO2 Spin 500 TaN/TaN Bipolar ~103 2×104 n.d. 

2013591 ZrO2 
EHD 

inkjet 
150 Ag/Ag Bipolar ~10 n.d. 1.4×102 

2014687 TiOx Drop 90 Al/Al Bipolar ~10 1.4×103 n.d. 

2014633 IGZO Spin 130 Pt/Pt 
Bipolar & 

Unipolar 
>10 104 102 

2014666 ZnO Spin 450 Pt/Pt Bipolar 100 n.d. 3 

2014642 ZnVO Spin 550 Pt/Pt 

Bipolar 

& 

Unipolar 

~102 

 

~103 

104 

105 

 

104 

2014736 TiO2 Spin 150 Pt/Pt Bipolar ~102 2×103 102 

2014654 ZnCrO Spin 550 Pt/Pt Bipolar 7×103 4×104 5×101 

2014754 Bi12TiO20 Spin 600 Pt/Pt Bipolar 5×101 104 103 

2014755 CoFe2O4 Spin 600 Pt/Pt Bipolar ~102 104 102 

2014756 La:ZnO Spin 550 Pt/Pt Unipolar ~104 104 102 

2014590 
HfOx 

Spin 600 Pt/Pt Bipolar 
8.3×102 

104 102 
TaOx 3.5×103 

2015757 TiO2 Spin 400 Pt/Pt Bipolar n.d. n.d. 1.35×102 

2015758 Bi2O3 Spin 150 Pt/Pt Bipolar >10 104 102 

2016715 HfOx Drop 80 
Al/Al 

Ti/Ti 
Bipolar 9.8 n.d. n.d. 

2016603 ZnO Spin 100 Al/Al Bipolar 104 n.d. 1.5×101 

2016759 Co3O4 Spin 600 Pt/Pt 
Bipolar & 

Unipolar 
~103 104 102 

2016760 TiO2/Ta2O5 Spin 400 Pt/Pt Bipolar 103 n.d. n.d. 

2016653 Al:ZnO Spin 400 Pt/Pt Bipolar 3.5 n.d 10 

2016701 ZTO NC EHDA 500 Ag/Ag Bipolar ~10 8.64×104 102 

2016761 TiO2 Anodic RT Ti/Ti Bipolar 3×101 n.d. n.d. 

2017597 IGZO NPs Spin 350 Ti/Ti Bipolar >10 104 102 
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2017762 TiO2 Spin 400 Pt/Pt Bipolar 5.5×101 n.d. 5×102 

2017640 
Sb:SnO2/ 

TiO2 
Spin 400 Al/Al Bipolar 8.3×102 n.d. 4×101 

2017763 TiO2 Spin 550 ITO/ITO Bipolar ~102 104 2×102 

2017764 Pr:ZnO Spin 700 Pt/Pt 
Bipolar & 

Unipolar 
>10 2×104 3×102 

2017765 NFC Spin 750 Pt/Pt Unipolar 103 105 5×102 

2018766 NFG Spin 750 Pt/Pt Unipolar 102 105 5×102 

2018767 NiO NC Imprint 80 Pt/Pt Unipolar 105 n.d. n.d. 

2018651 
ZnO/ 

ZrO2 
Spin 300 Al/Al Bipolar ~103 n.d. 2×101 

2018698 ZnO Blade 500 Cu/Cu Bipolar n.d. n.d. n.d. 

2019730 Co3O4 Spin 600 Pt/Pt Bipolar ~102 104 8×102 

2019692 Co3O4 Spin 600 Pt/Pt Bipolar ~102 104 3×102 

2019768 NiFeCrO4 Spin 700 Pt/Pt Bipolar 102 105 5×102 

2019691 Ag:Co3O4 Spin 600 Pt/Pt Bipolar ~102 2×104 1.5×103 

2019769 Bi2SiO5 Spin 600 Pt/Pt Bipolar 102 104 102 

2020673 ZrO2 Spin 200 Al/Al Bipolar 6×103 104 1.5×102 

2020741 NiO NC Spin 180 Ni/Ni Unipolar ~103 n.d. 1.2×102 

2020770 TiO2 Blade 500 Pt/Pt Bipolar n.d. n.d. n.d. 

2020700 ZnO 
EHD 

inkjet 
500 Ag/Ag Bipolar 103 n.d. 103 

2020685 YIG Spin 700 Pt/Pt Unipolar 102 104 2×102 

2020771 ZrO2 
EHD 

inkjet 
150 Ag/Ag Bipolar n.d. n.d. n.d. 

Asymmetrical devices are composed by two different electrodes and can have inert -inert (e.g., Pt-

Au772), inert-active (e.g., Pt-Al605, Pt-Ti773, Au-Al709, Pt-Ag611, Au-Ag671, TaN-Cu734) or (non-

inert)-active (e.g., Cu-Al689, Cu-Ag711, Ti-Cu, W-Al774, LNO-Al664, FTO-Ti598, FTO-Al713, ATO-

Cu658, ITO-Ag704, ITO-Al663, ITO-Ti606) electrode structures. Figure 5.14 shows the reported 

metal oxide S-RRAMs with different configurations, symmetric and asymmetric structures.  
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Figure 5.14. The number of the symmetric and asymmetric solution-processed metal oxide RRAM papers 

search engine accessed on June 2020. The 

-wide patents 

databases, research databases university databases (for theses), and other published papers on the web. To 

have a better perception, different keyword names considering the terms for solution-based metal oxide 

thin film resistive switching devices were used, such as RRAM, resistive RAM, ReRAM, memristor, 

memristive, resistive switching and resistive memory. Also, diverse keyworks for the solution-based 

process were searched, such as solution-based, solution-processed, anodized, sol-gel and combustion. 

Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

The performance of S-RRAM devices in the presence of asymmetrical structures has been greatly 

improved and studied over the years by applying asymmetrical vacancy profiles of 

substoichiometric metal oxide films compared to symmetric structures (Figure 5.14). Wang et al. 

studied the influence of multilayer solution-based barium titanate (BTO) thin films and different 

asymmetrical  structures using various electrodes such as Al, ITO, Au, and Pt for RRAM 

devices.657 The resistance window of these memories show an increment  with the decrease of the 

metal work function, being the highest for Glass/ITO/BTO/Al devices, maximum 106, as can be 

observed in Figure 5.15. The low work function (4.1  4.3 eV) of electrodes, like Ti and Al 

represents a pronounced tendency to oxidation which results in an oxygen getter effect and 

increases the conductivity of the oxide material at the interface with the low work function 

electrode. Hence, a low work function or an oxidizable metal can increase the oxygen vacancy 

concentration at the interface of an active oxide layer, typically leading to  higher on/off ratios.775 

Later, using the same electrode structure, Wang et al., Rhee et al. reported solution-based NiO 

resistive switching devices with a good resistance window (>103), high retention time (105 s) and 

higher endurance (105) characteristics.697  
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Figure 5.15. Resistance on/off ratio as a function of metal work function for Al, ITO, Au, and Pt as top 

electrodes. Reproduced with permission.657 Copyright © 2014, IEEE. 

Table 5.2 shows asymmetric solution-based metal oxide resistive switching memories reported in 

the literature. Generally, for inert-symmetric and inert-inert-asymmetric structures, a non-

controlled high electroforming voltage (or also called soft breakdown) is required before reaching 

stable resistive switching performance on the oxygen deficient metal oxide thin films.776  

To control the electroforming voltage, or even eliminate it, a low work function electrode or 

capping layer with a high oxygen-getter like activity is selected, with Ti, Al, Ta and Hf being 

preferred for inert-active-asymmetric structures.565,636,777,778  When the chemical reactive metal, 

also called oxygen exchange layer (OEL), is in contact with the metal oxide resistive switching 

layer, ion transfer occurs instantly across the interface due to the difference in the free energy of 

metal oxide formation of the two systems. The interfacial ion transfer is highly important, 

specifically the extraction of oxygen ions from the resistive switching layer during the process of 

electroforming, which is vital for a stable operation of RRAM devices.779 781  
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Table 5.2. Asymmetric solution-based metal oxide resistive switching memories. (BE: Bottom electrode; 

TE: Top electrode; Ron/off: Resistance on/off ratio; n.d.: not defined; Tmax: maximum temperature; RT: Room 

temperature; Spin: Spin-coating; Anodic: Anodization; Blade: Blade coating; Drop: Drop casting; Hydro: 

Hydrothermal; Dip: Dip coating; Electrodep.: Electrodeposition). Copyright © 2020 WILEY VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

Year Material Method 
Tmax 

[°C] 

BE/TE 

interface 

Switching 

behaviour 
Ron/off 

Retention 

[s] 

Endurance 

[cycles] 

2006664 SZO Spin 200 LNO/Al Bipolar 103 1.3×104 n.d. 

2007609 SZO Spin 500 LNO/Al Bipolar 104 n.d. n.d. 

2007646 
Mo

SrZrO3 
Spin 400 LNO/Al Bipolar 102 ~104 103 

2008610 LCMO Spin 750 FTO/Au Bipolar >10 2×104 102 

2008655 
SZO/Cr/ 

SZO 
Spin 600 LNO/Al Bipolar ~105 n.d. 5×101 

2009782 LMCO Spin 750 FTO/Au Bipolar 2.7 4×104 104 

2009783 BTO Spin 700 LNO/Pt Unipolar 104 2×106 102 

2009611 TiO2 Spin 450 Pt/Ag Unipolar 105 104 ~8×101 

2010599 TiO2 Anodic n.d. Ti/Ag Bipolar n.d. n.d. n.d. 

2010784 ZnO NCs Spin RT ITO/Al Bipolar ~105 n.d. n.d. 

2010706 TiO2 Dip 500 ATO/Cu Bipolar n.d. n.d. n.d. 

2010699 TiO2 Spin 250 W/Pt Bipolar >10 105 3×102 

2011683 TiOx Spin n.d. Al/IAI Bipolar ~103 104 5×101 

2011658 CuO Dip 300 ATO/Cu Bipolar n.d. n.d. n.d. 

2011713 WOx Dip 400 FTO/Al Bipolar >104 1.2×104 102 

2011602 TiO2 Spin 250 W/Pt Bipolar >10 105 3×102 

2011785 GeO2 Spin 700 ITO/Pt Bipolar 10 n.d. n.d. 

2011786 SiO2 Dip 500 ATO/Cu Unipolar ~102 n.d. 3×101 

2011684 TiOx Spin 150 W/Al Bipolar ~103 n.d. 103 

2012774 TiOx Spin 150 W/Al Bipolar ~103 n.d. 1.2×103 

2012787 Nb2O5 Anodic RT Nb/Au Unipolar 4×102 3×106 4×101 

2012788 
Nb2O5 

ZrO2 

Anodic RT 
Nb/Au 

Zr/Au 
Unipolar 

8×102 

> 102 
n.d. 

3.5×101 

9 
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Ta2O5 Ta/Au > 102 3×101 

2012711 TiO2 EHD inkjet 350 Cu/Ag Bipolar 102 n.d. n.d. 

2012753 ZnO Spin 550 Pt/Ag Bipolar 102 105 6×101 

2012636 Ce-ZrO2 Spin 400 Pt/Al Bipolar 102 n.d. 5×103 

2012663 NiOx Spin 500 ITO/Al Bipolar ~104 5.4×104 10 

2012601 CuOx Dip 300 ATO/Pt Unipolar ~103 n.d. n.d. 

2012708 ZrO2 EHD inkjet 120 ITO/Ag Bipolar >105 n.d. 102 

2012789 BTO Spin n.d. ITO/Al Bipolar ~102 n.d. n.d. 

2012605 
Ni NPs 

:NiO 
Spin 500 Pt/Al Unipolar ~105 104 102 

2012717 TiOx Spin 200 ITO/Al Bipolar ~103 3×103 104 

2012790 HfO2 Spin 500 ITO/Ag Bipolar <10 n.d. n.d. 

2012709 GeO2:S Spin 120 Au/Al Unipolar 107 104 103 

2013676 ZTO Spin 500 Pt/Al Bipolar 103 104 5.4×101 

2013707 ZnO EHD inkjet 500 Cu/Ag Bipolar 103 n.d. 5×102 

2013791 Bi2O3 Electrod. 65 Au/Pt Unipolar 106 5×104 102 

2013792 CuO/AgO Inkjet 320 Cu/Ag Bipolar ~10 n.d. 4×101 

2013704 ZrO2 NPs EHDA 135 ITO/Ag Bipolar 10 106 n.d. 

2013594 Nb2O5 Spin 620 Pt/Ag Unipolar ~108 105 102 

2013793 Co:In2O3 ECD 85 FTO/Au Bipolar ~102 ~4.75×103 8×103 

2013695 STS Spin 700 Pt/TiN Bipolar ~6 104 5×102 

2013697 NiO Spin 475 ITO/Al Bipolar >103 104 105 

2013598 TiO2 Hydro 200 FTO/Ti Bipolar ~104 5×103 105 

2013794 TiO2 Spin 350 Pt/Ag Bipolar ~10 n.d. 3×103 

2013682 MgZnO Spin 400 ITO/Ag Bipolar ~102 n.d. 6.5×102 

2013795 ZrTiO4 Spin 600 ITO/Pt Bipolar 102 n.d. n.d. 

2013796 ZnO Electrod. RT Pt/Ag Bipolar >10 n.d. 3×101 

2014702 TiO2 NP Inkjet 180 C/Ag Bipolar ~103 3×104 103 

2014734 ZrOx Spin 500 TaN/Cu Unipolar ~104 104 5 

2014797 TiOx Spin 600 Pt/Ti Unipolar >10 n.d. n.d. 

2014728 TiO2 Spin 250 ITO/Pt Bipolar n.d. n.d. 3 
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2014798 TiOx Spin 250 ITO/Pt Bipolar 2.29 n.d. n.d. 

2014657 BTO Spin 100 ITO/Al Bipolar 106 105 102 

2014722 SnO2:Mn Spin 560 FTO/Al Bipolar 103 2.75×103 3 

2014799 TiO2 Spin 650 p-Si/Pt Bipolar 10 103 102 

2014712 ZrO2 Dip 300 ATO/Cu Bipolar 104 n.d. 3×101 

2014618 ZrO2 Spin 500 FTO/ITO Bipolar >10 103 102 

2014723 Cu:NiO Spin 600 ITO/GaIn Bipolar ~102 n.d. 10 

2014670 MNO Spin 500 ITO/Al Bipolar >10 4×104 102 

2014724 
La:ZrO2 

Al:ZrO2 
Spin 500 FTO/ITO Bipolar ~10 

4×103 

3×103 
102 

2014756 La:ZnO Spin 550 Pt/Ag Bipolar ~104 104 102 

2014800 ZnMn2O4 Spin 650 p-Si/Ag Bipolar 102 105 102 

2014801 BFO Spin 600 ITO/Pt Bipolar ~10 n.d. 102 

2014622 Hf:NiOX Spin 450 Pt/Al 
Bipolar & 

Unipolar 

~103 

 

~105 

n.d. n.d. 

2014620 IGZO Spin 300 Pt/Ti Bipolar 3×101 104 9×101 

2014773 
Hf:AlOx 

HfOx 
Spin 600 Pt/Ti Bipolar 2.9×101 5×104 102 

2015802 GZO Spin 500 p+Si/Al Bipolar 102 n.d. 102 

2015803 Cu2O Eletrodep. n.d. 
Au/ 

Au-Pd 
Unipolar 104 8×104 1.7×102 

2015632 ZnO Spin 80 ITO/Ag Bipolar 6×101 4×103 1.2×102 

2015804 ZrO2 EHDA 135 ITO/Ag Bipolar n.d. n.d. n.d. 

2015660 ZnO Spin 400 Pt/Ag Bipolar n.d. n.d. 10 

2015731 TiOx Spin 600 Pt/Ti Bipolar 3×101 104 2.5×102 

2015805 
ZnO/ 

TiO2 

Spin 450 ITO/Pt Bipolar 2.07 n.d. n.d. 

2015806 ZnO Spin 350 ITO/Au Bipolar 1.3 n.d. n.d. 

2015807 STO Spin 750 Pt/Ni Bipolar n.d. n.d. n.d. 

2015808 ZnO Spin 300 ITO/Pt Bipolar 1.7 n.d. n.d. 

2015809 VO2 n.d. 600 SiO2/Au Bipolar n.d. n.d. n.d. 
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2015810 STN Spin 100 ITO/Al Bipolar 106 105 5×101 

2016674 

HfOx 

Spin 300 Pt/Al Bipolar ~102 n.d. n.d. Ni HfOx 

Ta HfOx 

2016811 AlOx Dip n.d. Al/Hg Bipolar ~103 n.d. 102 

2016641 ZnO Spin 400 Pt/Al Bipolar n.d. n.d. n.d. 

2016659 MgTiNiOx Spin 100 ITO/Al Bipolar 106 2×105 1.1×102 

2016689 TiO2 Drop RT Cu/Al Bipolar >102 n.d. 1.5×101 

2016812 ZnSnO3 EHD inkjet 130 ITO/Ag Bipolar >10 1.2×104 2×102 

2016630 ZnO Spin 350 ITO/Pt Bipolar 1.74 n.d. n.d. 

2016813 NiO Spin 250 Al/Ag Unipolar ~104 n.d. 2×101 

2016814 TiO2 Anodic 250 Ti/Pt Bipolar n.d n.d n.d 

2017671 ZrO2 Spin 500 Au/Ag Bipolar ~102 105 104 

2017649 STN Spin 100 ITO/Al Bipolar 105 105 1.4×102 

2017606 ZrO2 Spin 500 ITO/Ti Bipolar 7×101 104 102 

2017710 ZrO2 Dip 150 ITO/Pt Bipolar 105 104 6×102 

2017732 HfO2 NPs Inkjet 240 Au/Ag Bipolar 103 n.d. 1.28×102 

2017597 IGZO NPs Spin 200 Ti/Ag Bipolar >10 104 102 

2017679 SnOx Spin 120 ITO/W Bipolar 103 n.d. 5×102 

2017678 HfOx Spin 100 Mo/In Bipolar ~10 n.d. 2×102 

2017693 
MgZnO/ 

ZnMn2O4 

Spin 650 p+-Si/Ag Bipolar 104 106 103 

2017815 CuO SILAR 80 SS/Al Bipolar n.d. n.d. n.d. 

2017816 WO3 Drop 450 FTO/Ag Bipolar n.d. n.d. 104 

2017625 AZTO Spin 120 n+-Si/In Bipolar ~103 103 5×102 

2017817 FeSTO Spin 700 ITO/Au Unipolar ~105 104 5×101 

2017648 ZnO Spin 500 p+-Si/Al Bipolar ~104 n.d. n.d. 

2017680 HfOx Spin 100 Mo/In Bipolar 2.71 n.d. 5×102 

2017818 CFO Spin 400 FTO/Al Bipolar ~103 104 2×102 

2017665 STN n.d. 100 Pt/Al Bipolar 105 105 4×101 

2017686 TiO2 Dip 150 ITO/Pt Bipolar 103 104 6×102 
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2017656 NiO/ZnO Spin 150 ITO/GaIn Bipolar 103 n.d. 103 

2017681 
LZMO/ 

MZO 
Spin 600 p+-Si/Ag Bipolar 106 2×106 103 

2017705 Cr:STO Drop 80 FTO/Au Bipolar n.d. n.d. 10 

2017735 AlOx Spin 600 Pt/Ti Bipolar > 24 104 103 

2018607 SnO2 Spin 200 FTO/Au Bipolar n.d. n.d. 2×102 

2018634 AZTO Spin 250 Pt/Ti Bipolar >17 104 103 

2018639 AlOX Spin 565 Pt/Ti Bipolar 
4.3 

×102 
104 102 

2018647 ZTO Spin 300 n+Si/In Bipolar 3×102 n.d. 103 

2018727 CuO NPs Spin 300 ITO/Au Bipolar 104 104 2×102 

2018819 NiO Spin 200 Pt/Ag Bipolar 105 104 8×101 

2018279 Al2O3 Spin 500 
Pt/Ti 

Unipolar 
~105 105 102 

ITO/IZO 104 104 n.d. 

2018596 HfO2 NPs Blade n.d. Pt/Pt-Ir Bipolar 105 n.d. 5×101 

2018675 TiO2 Anodic RT Ti/Cu Bipolar 8×101 n.d. n.d. 

2018637 AlOx Spin 347 Pt/Ti Bipolar 10 104 103 

2018820 BFO Spin 450 FTO/Ag Bipolar 4.5×101 104 103 

2018720 ZrO2 Spin 500 ITO/Ag Bipolar ~103 104 4×102 

2018626 NiO/CeO2 Spin 400 ITO/GaIn Bipolar ~103 n.d. 102 

2018615 NiO Spin 350 Pt/Ag Bipolar >10 104 102 

2018644 STO Spin 650 ITO/Au Unipolar 103 104 n.d. 

2018821 
Al-In-O/ 

InOx 
Spin 180 Pt/Ag Bipolar >102 104 5×102 

2018662 CuxO Spin 400 n+Si/In Bipolar 
4 

×101 
n.d. 104 

2018672 ZrOx Spin 400 n+Si/In Bipolar ~103 104 5×102 

2018643 Cu:ZnO Spin 450 ITO/Al Bipolar ~103 106 n.d. 

2018772 ZnFe2O4 Spin 700 Pt/Au 
Bipolar & 

Unipolar 
~102 104 2.5×102 

2018688 ZnMn2O4 Spin 650 p+Si/Ag 
Bipolar & 

Unipolar 
102 n.d. 102 
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2018822 MgZnO Spin 600 p-Si/Ag Bipolar ~103 105 102 

2018823 TiO2 Anodic RT Ti/Cu Bipolar n.d. n.d. n.d. 

2018824 TiO2 Anodic RT Ti/Ag Bipolar 2.7×101 n.d. 1.6×101 

2018628 IGZO Spin 150 ITO/Pt Bipolar ~103 104 104 

2018825 ZnO SILAR 300 FTO/Ag Bipolar 103 103 104 

2019627 AZTO Spin 250 Pt/Ti Bipolar 5×101 104 102 

2019621 AlOx Spin RT ITO/Ag Unipolar ~103 104 102 

2019616 AlOx Spin 250 Pt/TiN Bipolar 
3.5 

×101 
103 102 

2019617 MgO Spin 250 W/Mg Bipolar 105 104 1.4×102 

2019629 IZO Spin 300 n+Si/In Bipolar ~102 n.d. 5×102 

2019624 NiO/Al2O3 Spin 450 FTO/Ag Bipolar ~103 104 9×101 

2019729 AlOx Spin 250 Pt/Ni Bipolar ~104 104 1.5×102 

2019635 AlOx Spin 200 Pt/TiN Bipolar 
1.8 

×102 
104 3×102 

2019661 CuxO Spin 200 n+Si/Al Bipolar 104 2×104 104 

2019716 STO Spin 400 FTO/Au Bipolar 102 n.d. 102 

2019826 ZnO Spin 120 

ITO/ 

PEDOT:P

SS 

Bipolar 
5.3 

×102 
2.592×106 3×102 

2019638 HfO2 Spin 500 p++Si/Cu Bipolar 104 1.8×104 5×101 

2019827 
TiO2/ 

CuPc 
Spin 120 ITO/Al Bipolar 104 2×104 n.d. 

2019828 
In2O3/Ag 

NPs/In2O3 
Spin 400 p-Si/Al Bipolar n.d. n.d. 1.5×102 

2019829 HfO2 Rotary 700 Pt/Au Bipolar ~102 n.d. 102 

2020604 IGZO Spin 250 Ni/Pt Unipolar ~102 104 2.5×102 

2020830 TiOx Spin/Drop RT Cu/Pt Bipolar 3.9 4.5×101 6×101 

2020623 AlOx Spin 250 ITO/Ag Bipolar ~103 104 5×102 

2020600 TaOx Anodic RT Ta/Pt Bipolar 8×101 n.d. n.d. 

2020690 IZO Spin 400 TiO2/Al Bipolar n.d. 2×103 n.d. 

2020650 ZnO-rGO Dip RT FTO/Al Bipolar 4×101 n.d. 102 
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2020669 HfO2 Spin 300 ZnO/Au Bipolar n.d. n.d. n.d. 

2020831 
Ce0.9Y0.1O2

/TiO2 
Spin 600 Pt/Au Bipolar 2.8×103 n.d. n.d. 

2020832 Ti6O Anodic RT Ti/Al Bipolar ~10 n.d. n.d. 

2020833 HCO Drop 80 FTO/Ag Bipolar ~10 2.6×106 2×104 

2020834 CoO Blade 500 FTO/Al Bipolar ~10 5×103 103 

Mainly the (inert-active)-asymmetric and (non-inert-active)-asymmetric structures present a 

valence change mechanism (VCM) due to oxygen exchange reactions at the electrode-metal oxide 

interfaces and oxygen-vacancy migration into the metal oxide.622 Around 74 % of the reported 

solution-based metal oxide RRAMs are based on VCM and only 26 % are based on 

electrochemical mechanism (ECM). 

The VCM mechanism present in solution-based metal oxide RRAMs is preferred for edge 

computing technologies due to their high endurance, low variability, high retention, low operating 

voltage and high scalability potential. 

Typically, when the active electrode materials are Ag and Cu, the RS occurs by ECM due to the 

reversibility of the electrode half-cell reactions and the higher mobility of Ag+ and Cuz+ compared 

to other ions.562,568 Several studies using these active electrodes have been reported in solution-

based metal oxide RRAMs.594,638,734,819 Cho et al. studied the resistive switching behaviour on 

solution-based niobium pentoxide (Nb2O5) thin films.594 The resultant Pt/Nb2O5/Ag devices 

presented a unipolar switching, low operating voltage, fast switching speed (100 ns) and ultrahigh 

resistance 8. In 2014, Lin et al. reported a forming-free TaN/ZrOx/Cu RRAMs 

devices due to the formation and rupture of Cu conductive filaments. Also, since the ZrOx thin 

films have a porous structure the Cu ion fast migration into the switching layer is favoured.734 Pei 

et al. reported a multistate data storage in ECM cells with solution-based NiO thin films as the 

resistive switching layer and Ag as the active electrode.819 These devices showed a high resistance 

ratio (105) and retention characteristics for the different level states. Lately, Mohammad et al. 

produced solution-based HfO2 thin films and then incorporated in p++Si/HfO2/Cu resistive 

switching devices.638 These exhibited an electroforming-free and bipolar resistive switching 

behaviour and also a low variability, large resistance window (104) and suitable endurance end 

retention characteristics for radiation sensing. When exposed to gamma-rays radiation, the device 

shows a clear shift towards lower log(Ron) values (conductive filaments are formed more strongly 

during the exposure) and recover to the initial state after the radiation is removed. However, all 
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the previously mentioned solution-

cycles) which is a setback.  

5.1.3. Low temperature solution-based metal oxide RRAMs 

Usually, the most commonly adopted technique to deposit solution-based metal oxide thin films 

to produce S-RRAM devices (~74 % of the reports) is spin coating due to its reproducibility and 

simplicity, as observed in Figure 5.16 (a). Nonetheless, to reach large-scale production a change 

needs to be made from coating to printing techniques (only 6 % of the reports) which presents 

additional challenges, including low processing temperature, whilst maintaining device 

performance. 

5.1.3.1. Low temperature solution-based metal oxide RRAMs 

Most of the reported S-RRAM devices, about 65 % are produced using a high thermal annealing 

process (> 200 °C) as observed in Figure 16 (b), which is not compatible with roll-to-roll (R2R) 

printing techniques. To achieve printable S-RRAM devices, the elimination of the metal-hydroxyl 

(M-

on processes (lamp 

or laser) can assure that by the use of a low thermal budget to reach high quality metal oxide thin 

films and compatibility with inline R2R manufacturing.633,737,758
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Figure 5.16. Statistical percentage of the a) deposition techniques and b) annealing temperatures reported 

in solution-based metal oxide RRAMs. Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

The use of  UV irradiation induces photochemical cleavage of alkoxy groups, and activates metal 

and oxygen atoms to enable M-O-M network formation of the as-deposited films at low 

temperature, as shown in Figure 5.17.3,20 During the exposure there is a rapid decrease of carbon 

and oxygen contents and by increasing the exposure time a gradual structural rearrangement and 

film densification occur. By adopting this method, electrical characteristics similar to high 

temperature annealed films were reached in solution-based IGZO RRAMs as demonstrated earlier 

in Figure 5.13 (c). Also in that year, the same author reported the influence of UV irradiation 

treatment in TiO2 thin films deposited by spin-coating method.736 The resultant devices present 

low variability (set and reset voltages), stable resistance window and long retention time, similarly 

to the high annealing temperature (600 °C) devices.  
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Figure 5.17. Photoactivation of sol gel metal oxide materials and the proposed mechanism. a) Overall 

schematic illustration of the rapid low-temperature photoactivation of various sol gel metal oxide films b) 

Proposed physicochemical mechanism of the rapid low-temperature photoactivation process via 

photochemical activation (direct photodecomposition of impurities, in situ radical format ion, enhancement 

of rapid condensation and densification). Reproduced with permission.20 Copyright © 2015 WILEY VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

This innovative route allows the achievement of low temperature solution-based metal oxide thin 

films with high quality that are compatible with large-area manufacturing and flexible systems. 

5.1.3.1. Flexible S-RRAMs 

The potential of UV irradiation for the production of flexible S-RRAM devices was studied by 

Wang et al. on spin coated manganese doped ZnO thin films.632 The resultant ITO/ZnO/Ag 

devices showed stable resistive switching behaviour, even in flexible substrates, showing only a 

decrease of 10 % on the resistance ratio. Other resistive switching materials such as TiO2 and 

ZrO2 were subjected to the same post-treatment and used as resistive switching layers in flexible 
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substrates based on PET/ITO.686,710 Both devices presented good retention and endurance 

characteristics even after being bent 1000 times, which is quite promising for further flexible 

applications. 

Another advantage related to solution-based metal oxide thin films processed at low temperature 

is the presence of an amorphous oxide which is highly desirable for flexible S-RRAMs, since 

electronic performance does not depend on the degree of films´ disorder and the materials have 

ultra-smooth surfaces for supressing interface traps and scattering centres.1,283  

The high demand of low-cost and sustainable processes has led to the increase of flexible 

electronics research using solution-processes. Reports652,739,740 related with solution-based metal 

oxide RRAMs on flexible substrates were first published in 2009 and have been increasing fairly 

in the last decade (Table 5.3). Choi et al. reported outstanding results with solution-based ZnO 

thin films for memory applications in flexible substrates.652 The ZnO solution-based RRAMs 

exhibited high resistance window, high endurance, high retention time and a fast programming 

5 times (Figure 5.18 (a)). These results pave the way for low-cost 

flexible memory devices. Jeon et al. reported solution-based TiO2 RRAM devices formed on 

ITO/PES substrates without showing significant changes in both resistance states after 100 

bending cycles.684 The same research group reported a different structure Al/TiOx/IAI on PES 

substrate (thermally stable up to 85 °C) with good retention characteristics (Figure 5.18 (b)).683    

Table 5.3. Flexible solution-based metal oxide RRAMs. (BE: Bottom electrode; TE: Top electrode; Ron/off: 

Resistance on/off ratio; n.d.: not defined; Tmax: maximum temperature; RT: Room temperature). Copyright 

© 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

Year Material/Substrate Printed 
Tmax 

[°C] 

BE/TE 

interface 
Ron/off 

Retention 

[s] 

Endurance 

[cycles] 

Bending 

times 

2009739 TiO2/PES No 200 Au/Au 102 104 n.d 3×102 

2009652 ZnO/PES No 100 Al/Al ~103 105 104 105 

2009740 TiO2/n.d. No RT Al/Al 104 1.2×106 n.d 4×103 

2011684 TiOx/PES No 150 ITO/Al ~102 105 103 102 

2011683 TiOx/PES No 150 IAI/Al 103 104 5×102 4×103 

2012835 TiO2/PES Yes 150 Ag/Ag 103 n.d. 102 5×102 

2012836 ZrO2/PI Yes n.d. 
ITO/Ag 

Ag/Ag 

>10 

102 
n.d. n.d. 

n.d. 

102 

2012709 GeO2:S/PES No 120 Au/Al 107 104 n.d. 103 

2013591 ZrO2/PI Yes 150 Ag/Ag 102 n.d. 1.4×102 5×102 
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2013704 ZrO2/PET Yes 135 ITO/Ag >10 106 5×101 n.d. 

2013792 (CuO/AgO)/PI Yes 320 Cu/Ag 10 n.d. 4×101 n.d. 

2014702 TiO2/Paper Yes 180 C/Ag 103 3×104 103 103 

2015632 ZnO/PET No 80 ITO/Ag >10 4×103 1.1×102 2.4×103 

2015694 TiO2/n.d. No RT Al/Al n.d. n.d. n.d. n.d. 

2015804 ZrO2 Yes 135 ITO/Ag n.d. n.d. n.d. n.d. 

2016813 NiO/Al foil No 250 Al/Ag >103 n.d. 2×101 n.d. 

2016668 NiO/Al foil No 250 Al/Ag >102 3×104 3.8×101 5×102 

2016603 ZnO/PI No 100 Al/Al 104 n.d. 1.5×101 n.d. 

2016837 STN/PET No 100 ITO/Al 105 n.d. n.d. 1.4×101 

2016696 TiOx/PET Yes 150 Ag/Ag >102 n.d. n.d. n.d. 

2016812 ZnSnO3/PET Yes 130 ITO/Ag 3×102 1.2×104 2×102 n.d. 

2017649 STN/PET No 100 ITO/Al 105 104 n.d. 1.4×101 

2017656 (NiO/ZnO)/PET No 150 ITO/GaIn >10 n.d. 2×101 103 

2017838 SOG/PEN Yes 200 

Ag/ 

PEDOT:P

SS 

104 1.6×104 103 n.d. 

2017710 ZrO2/PET No 150 ITO/Pt ~105 104 6×102 103 

2017686 TiO2/PET No 150 ITO/Pt 103 104 6×102 103 

2018821 
(Al-In-O/InOx)/ 

Ni tape 
No 180 Ni/Ag >102 104 2.5×102 5×102 

2019829 HfO2/Mica No 700 Pt/Au ~5×101 n.d. 102 n.d. 

2019826 ZnO/PET No 120 

ITO/ 

PEDOT:P

SS 

>102 2.6×106 5×102 n.d. 

2019617 MgO/PDMS No 250 W/Mg 105 104 1.4×102 n.d. 

2020741 NiO/PI No 180 Ni/Ni >102 n.d. 1.2×102 1.2×102 

2020669 HfO2/Mica No 650 ZnO/Au n.d. n.d. n.d. n.d. 

2020673 ZrO2/PI No 200 Al/Al 104 ~104 1.5×102 1.5×102 
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In 2012, Choi et al. reported a fully printed Ag/TiO2/Ag RRAM on a PES substrate using 

electrohydrodynamic (EHD) printing technique.835 The devices presented an acceptable resistance 

window and remain stable even after being subjected to 500 bending tests. These printed devices 

cured at low temperature (150 °C) prove the potential scale-up of solution-based metal oxides to 

flexible electronic applications. Two years later, He et al. reported all-printed C/TiO2/Ag RRAM 

devices on paper using two printing techniques, inkjet and screen printing.702 These devices were 

processed at a maximum temperature of 180 °C and revealed excellent electrical characteristics 

such as, a good resistance window (103), relevant endurance (103 cycles), considerable retention 

(3×104 s at 85 °C) and great operation under extreme bending conditions (radius = 10 mm) for 

1000 times (Figure 5.18 (c)). These paper-based RRAM devices were also attached to different 

object surfaces showing a stable switching behaviour. The main advantages of all-printed paper 

RRAM are their biocompatibility, facile disposal (Figure 5.18 (d)) and large-area manufacturing 

suitability, which is highly demanded for internet of things (IoT) applications decreasing the 

associated costs. 

 

Figure 5.18. a) Cumulative probabilities of Ron and Roff  values after 105 trials of cyclic bending of the PES 

substrate and photograph of the flexible solution-based ZnO RRAM; Reproduced with permission.652 

Copyright © 2009, IEEE b) Retention characteristics at various temperature ranges from 25 to 150 °C for 

the IAI device under mechanically flat condition. Each resistance state was extracted at a reading bias of 

0.1 V; Reproduced with permission.683 Copyright © AIP Publishing. All-printed RRAM: c) on/off 

distribution as a function of bending time with a bending radius of 10 mm; d) Thermal test and security 
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demonstration. Variation of resistive switching states as a function of environmental temperature. Sequence 

of pictures showing the ignition process of the paper memory at 250 °C within 4s, leading to permanent 

data removal. Reproduced with permission.702 Copyright © 2014, American Chemical Society. 

Later, Takei et al. implemented solution-based nickel oxide (NiO) resistive switching memory 

devices with a good retention (104 s) in a flexible tactile touch sensor.668 Figure 5.19 (a) and (b) 

display the cross-sectional and equivalent circuit schematics of the device operation to set NiO 

RRAM device on the OFF (before touch, original state  HRS  low current) and ON state (after 

touch  LRS  high current), respectively (Figure 5.19 (c)). Fundamentally, the memorized touch 

information is monitored by reading the current flow through the NiO RRAM integrated in the 

tactile device. When a zero voltage is applied the device is reset to the OFF state. This work 

demonstrates the potential of solution-based metal oxide flexible RRAMs for flexible device 

platforms highly requested for wearable technologies. 

 

Figure 5.19. Cross-sectional images and equivalent circuits for the operation mechanism of the tactile touch 

memory device a) before a touch and b) after a touch; c) Real-time tactile touch memory demonstration by 
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applying a touch, SET voltage, and RESET voltage. Reproduced with permission.668 Copyright © The 

Royal Society of Chemistry 2016. 

Further work on printed materials is highly demanded to provide scalability (R2R compatibility), 

reduction of chemical waste, direct writing of the oxide materials (i.e. patterning without 

lithography processes), and higher reproducibility. Thus, in the future a substantial effort should 

be done on solution-based metal oxides processed at low temperature in low cost flexible 

substrates (i.e. Paper, PET, PEN, PES) to afford their implementation and scale-up for R2R-based 

techniques. 

5.1.4. Figures of merit and current challenges of S-RRAM 

5.1.4.1. Applied methods and figures of merit 

Generally, to validate the resistive switching phenomenon, the first characteristic is DC current 

sweep showing pinched hysteresis of the set and reset process. The way the electrical 

characteristics are collected is fundamental to maintain an accurate interpretation of the data. 

Besides that, other required criteria for RRAM should be evaluated for a certain application such 

as state retention, endurance, switching speed, power consumption, scalability, multilevel cell 

(MLC) and sneak paths. 

More specifically, in S-RRAM devices the cycle-to-cycle and device-to-device variability are 

crucial parameters to be also investigated and reported. Recently Lanza et al. recommended 

methodologies and a complete checklist to study a resistive switching device.532 The consistency 

of the applied methods and figures of merit of solution processed RRAMs were evaluated 

considering Lanza et al work.532 

Data retention is the evaluation of non-volatility of various resistance states of the device. A long 

data retention of 10 years is desired for RRAM devices. To be more precise and correct on the 

prediction, retention tests should be performed at higher temperatures (>80 °C) to observe 

possible failures.839,840 5 

solution-based metal oxide RRAMs.279,657,659,684,783 Wang et al. reported ITO/MgTiNiOx/Al S-

RRAM devices with long retention data at 85 °C (Figure 5.20).659 These results show the 

capability of S-RRAM devices to project trends retention up to 10 years as achieved in devices 

produced by vacuum-based techniques. It is notable that retention time mostly concerns the 

application of devices for memories. 
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Figure 5.20. Retention characteristics of the solution-based MgTiNiOx RRAM at RT and 85 °C. 

Reproduced with permission.659 Copyright © 2016, IEEE. 

In resistive switching devices the endurance is defined by the number of times it can be switched 

between two or more resistive states and simultaneously maintain a sufficient resistance ratio  (> 

5) between them.532,550 The lifetime of these devices can be, in certain cases, as low as 104 cycles 

which is not applicable for systems which are required to frequently alter the resistance states.841 

In solution-based metal oxide RRAM device an endurance of 105 cycles was already achieved 

however further investigation should be performed in this figure of merit.642,697 Nonetheless, the 

most common method to measure the endurance characteristics in S-RRAMs is the I V sweep, as 

depicted in Figure 5.21 (a). This method is highly reliable (Figure 5.21 (b)) but can induce 

undesired stress. Hence, 1000 DC sweeps can be equivalent to 106 set and reset pulses (current-

visible and current-blind pulse voltage stress (PVS)532) as an average performance of endurance 

measurements. The current-visible PVS allows millions of cycles in few minutes since the pulse 

widths can be of the order of microseconds, being much faster than the I V sweeps (Figure 5.21 

(c)). The current-blind PVS can be distinguished easily due to the spacing of the data points during 

the endurance characteristic collection, as shown in Figure 5.21 (d). However, this method is not 

recommended and cannot verify that 100 % of the applied pulses really induced state transitions 

in each cycle.532 This method is only applicable for mature technologies at the industrial scale. 
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Figure 5.21. a) Statistical percentage of the endurance methods reported in solution-based metal oxide 

RRAMs; Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. b) Bipolar resistive 

switching I-V characteristics of the ZrO2 RRAM devices; Reproduced with permission.636 Copyright © AIP 

Publishing c) Multi-level programming characteristics by CV-PVS: endurance characteristics of 

ITO/ZrO2/Ti/Au memory; Reproduced with permission.606 Copyright © 2017 Elsevier B.V. All rights 

reserved. d) Endurance characteristics of the ITO/NiO/Al memory device for 100 000 cycles of switching 

operations by CB-PVS. Reproduced with permission.697 Copyright © 2013 IOP Publishing Ltd. 

It is noteworthy that some RRAM fundamentals can be less demanding for some applications, 

such as wearables sensors, where such high endurance is not required. 

The device switching speed plays a crucial role on the power consumption and performance of 

resistive switching circuits. In the literature a wide range of device speeds, from nanosecond (5  

100 ns) to microseconds (1  100 µs),  can be typically observed for solution-based metal oxide 

RRAMs.594,609,611,623,642,648,714,722,774,838 Cho et al. studied the pulse width (ns to µs) influence on the 

SET and RESET of solution-based TiO2 RRAM devices.611 The resistance ratio on the devices 

tend to increase slightly  for lower pulse voltage duration (from 100 ns to 100 µs), as depicted in 

Figure 5.22. Also, these resistive switching properties were maintained for 1 year, clearly 

demonstrating their stability. 
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Figure 5.22. The current measurement of sol-gel TiO2 

611 

Copyright © 2009, American Chemical Society. 

Unlike for vacuum-based metal oxide RRAM devices,842 sub-nanosecond speed (picoseconds 

range) has not yet been reached for S-RRAM devices. Nevertheless, the results achieved until 

now are quite promising to reach ultra-fast speed using similar measurement methodologies and 

structures to avoid parasitic effects. 

A low operating voltage, typically less than 1 V, is a fundamental condition on non-volatile 

memory technologies.550 Typically, most of the reported solution-based metal oxide RRAM 

devices (around 92 %) require more than 1 V operating voltage, as shown in Figure 5.23. 

Nevertheless, already some reports use operating voltage bellow 1 V, opening the path for 

solution-based processes.690,711,816,830 For example, Chu et al. reported an interesting study of 

solution-based WO3 resistive switching devices with low operating voltage (0.8 V), synaptic 

plasticity and learning behaviour, being highly promising for neuromorphic computing 

systems.816 Higher operating voltages as selector-less devices with strong non-linear 

characteristics is also not discarded for bio-inspiring computation applications.843 
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Figure 5.23. Statistical percentage of the operating voltage (OPV) reported in solution-based metal oxide 

RRAMs. Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

The stability of more complex systems, like information storage using resistive switching devices 

really depend on the device-to-device (spatial) and cycle-to-cycle (temporal) variation of the 

electrical characteristics such as, set voltage, reset voltage and various resistance states. As in 

vacuum-based metal oxides, the solution-based RRAM the device-to-device variability can be 

reduced by decreasing device size, as depicted in Figure 5.24 (a).684 On the other hand, the cycle-

to-cycle variability of each solution-based metal oxide RRAM device is highly dependent on the 

production process (mainly the annealing method (Figure 5.24 (b)), doping (Figure 5.24 (c)) and 

ambient conditions (Figure 5.24 (d))),691,730,736 since is an intrinsic characteristic of the device 

(resistive switching layer and their interface properties). Consideration of all these parameters 

ensures that the S-RRAM variability can be controlled and diminished. 
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Figure 5.24. Variability on S-RRAM devices: a) Uniformity comparison between devices with 50×50 µm2 

and 200×200 nm2 active area. Set/reset voltages are measured in each 50 fresh devices; Reproduced with 

permission.684 Copyright © 2011 Elsevier B.V. All rights reserved. b) Distribution of the resistance 

variation in HRS and LRS read at 0.2 V during the 100 successive cycles of the TiO2 non-UV films, UV-

films, and 600 °C-films; Reproduced with permission.736 Copyright © 2014 Elsevier B.V. All rights 

reserved. c) Statistical distribution of Set and Reset voltages of pure pure Co 3O4 and Ag-Co3O4 devices; 

Reproduced with permission.691 Cop

d) Statistical distribution of the set and reset voltages of Co3O4 thin films in different annealing atmosphere. 

Reproduced with permission.730 Copyright © The Royal Society of Chemistry 2019. 

Typically, large areas are used in most of solution-based metal oxide resistive switching devices 

(around 65 %), as shown in Figure 5.25 (a). However, a decrease on device size (nanometres 

range) is demanded to reduce variability. This requires device patterning by photolithography 

2 which is quite challenging to achieve in most research institutes and 

universities. Jeon et al. investigated the area dependence of solution-based TiOx RRAM devices 

down to the nano-scale (200 × 200 nm2).684,774 By reducing the area from 50×50 µm2 to 200 × 200 

nm2, resistive switching properties are more uniform and stable due to the decrease of the extrinsic 

defects (i.e. suppress multi-filament generation).684,774  For solution-based ZrO2 RRAM devices, 

Jang et al. observed that as the device size increases the resistance ratio decreases due to the 
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increment of the leakage current.720 This is related with the formation of conductive filaments 

where the resistive switching is a stochastic process taking place at the weakest locations of the 

sample, with probability being higher for larger devices. Also, a vast portion (33 %) of the 

reported S-RRAM devices do not provide device area details (Figure 5.25 (a)) which 

compromises their analysis. 

 

Figure 5.25. Statistical percentage of the a) device area and b) structure reported in solution-based metal 

oxide RRAMs. Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

Another important feature that influences the device variability is related to the device 

configuration. It can be based on a common bottom electrode (CBE) or on cross structures 

(individual, a cross-point (CP) or matrix, a cross-bar (CB)). The most common structure reported 

in the literature for solution-based metal oxide RRAMs is CBE, around 87 % (Figure 5.25 (b)), 

however this method should be avoided since normally large electrodes are used inducing device 

variability. Also, another disadvantage is the mechanical stress made by the probing tip on the top 

electrode of the CBE structure which can change the resistive switching characteristics. Cross 
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structures avoid that issue however only 13 % of the reports adopted these structures (Figure 5.25 

(b)). Choi et al. reported one of the smallest feature size (3×3 µm2) of ZnO S-RRAM devices 

using conventional lithography based on a cross-bar structure.652 A clear improvement of HRS 

and LRS on the standard deviation was achieved. Recently, Kim et al. observed a tremendous 

difference on Pt/Ni/IGZO/Pt S-RRAM devices stability by changing a cross-point structure from 

2 2 by conventional lithography.604 In the smallest device size a narrow 

distribution of the set and reset voltage was reached due to the controlled number of conductive 

filaments formed and their stable reversibility. 

Multilevel cell (MLC) RRAMs have a significant potential allowing the achievement of more 

than two resistive states, highly required for information processing technologies. Several reports 

with MLC operation have been performed on solution-based metal oxide RRAM devices up to 

three to eight level states.279,606,610,634,639,697 Cho et al. reported solution-based AZTO RRAM 

devices treated by microwave irradiation (MWI)  that exhibit multistage storage characteristics 

with 3 bit/cell (i.e. 23 states).634 These devices revealed a stable endurance and retention 

characteristics (85 °C), as depicted in Figure 5.26 (a) and (b), respectively. The results achieved 

with S-RRAM devices show great potential for high-density non-volatile multilevel memory 

applications. 
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Figure 5.26. a) Modulation of HRS resistance by varying reset stop voltages for microwave irradiation 

(MWI)-treated AZTO RRAMs; b) Retention characteristics for different reset stop voltages measured from 

MWI-treated AZTO RRAMs at high temperature (85 °C). Reproduced with permission.634 Copyright © 

2017 Elsevier Ltd. All rights reserved. 

Before the application of the individual RRAM devices in more complex systems and circuits 

some strategies should be performed to reduce the effect of sneak path. Some possible approaches 

to overcome it were performed in solution-based metal oxide RRAM devices.665,699,826,831,844 Wang 

et al. demonstrated the integration of one solution-based Ni/TiO2/Ti diode and one Al/Strontium 

Titanate Nickelate (STN)/Pt RRAM device (1D1R) to supress undesired sneak current in a cross-

point array.665 These devices present reproducible and uniform switching with self-rectifying 

behaviour in low-resistance state, being suitable for the production of high-density integrated 

solution-based metal oxide NVM for various applications. However, adding diodes to the array 

increases the delay of the system due to capacitive loads and diode threshold voltages which 

decrease the output swing.845 Recently, Bae et al. developed an asymmetric function with 

Schottky diode based RRAM device based on solution-processed ZnO/PEDOT:PSS 
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heterojunction to reduce the sneak current issue.826 The respective ITO/ZnO(n-

type)/PEDOT:PSS(p-type)/Ag device can open a new door for stable and flexible memory 

devices for high-density crossbar arrays. 

5.1.4.2. Applied methods and figures of merit 

To finalize this review on solution-based metal oxide RRAM devices the current status and 

challenges of relevant features namely, solution synthesis,  fabrication technique, thin film 

properties, device structure, scalability, retention, endurance, HRR/LRS ratio, operating voltage, 

device speed and maturity of technology are summarized in Table 5.4. 

Table 5.4. Current status and challenges of relevant parameters of solution-based metal oxide RRAMs. 

Copyright © 2020 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

Parameter Current status Challenge/Recommendation 

Solution 

synthesis 

 Sol-gel synthesis is the most common 

method 

 The choice of the right molar 

proportion and doping highly improve 

the performance of the devices 

 Use nitrate-based precursors 

 Use green-solvents 

 Combustion synthesis recommended to 

decrease the temperature required 

Fabrication 

technique 

 Spin-coating is the most common 

method (around 74 % of the reports) 

 Use printing techniques in flexible substrates 

to allow devices scale-up 

Thin films 

deposition and 

annealing 

 Most studies do not report the relative 

humidity during deposition 

 Relative humidity (%) must be reported for 

accurate analysis 

 Nitrogen ambient recommended 

 Post-treatment curing recommended to reach 

lower temperatures 

Variability 

 Just 9 % of the papers report the yield 

 Most studies do not report the device-

to-device and cycle-to-cycle dispersion 

(set and reset voltage; HRS and LRS 

state) 

 Yield must be reported for accurate analysis 

 At least 10 devices should be measured 

 Recommend the device-to-device and cycle-

to-cycle variability assessment 

Device 

structure 

 Common bottom electrode is the most 

common structure 

 Cross structures recommended to avoid extra 

mechanical stress on the device 

 Devices with asymmetric structures 

recommended 
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Scalability 
 2 are 

used 

 Nanometre and sub-nanometre areas 

recommended by using nanoimprint 

lithography 

Retention 

 > 10 years @ 85 °C 

 45 % of studies do not report retention 

tests and only 4 % have retention of 106 

s 

 4s) at 

temperatures above 80 °C 

Endurance 

 106 cycles 

 24 % do not report endurance tests and 

4 cycles 

 I V sweep is the most common method, 

87 % of reports 

 12 cycles recommended 

 Current-visible pulse voltage stress 

recommended to enhance endurance 

 Bending tests for the flexible devices 

HRS/LRS 

ratio 

 Up to 108 ratio 

 44 % of studies show ratio > 102 and 

6 

 Resistance ratio will depend of the application 

Operating 

Voltage 

 Only 8 % of devices have an operating 

 
  

Device speed 

 Down to 5 ns per transition  

 Most of the studies do not report the 

devices switching speed 

 Range of ms to ps depending on the 

application 

Maturity of 

technology 

 Solution-based metal oxide RRAM 

devices have a long way to go since it 

is a recent approach field compared to 

vacuum-based devices 

 Measurement of parasitic capacitances 

associated to connections and to the device 

structure 

 Heterojunctions and 1D1R memory device 

recommended help to reduce the sneak path 

 Design and integration of devices at circuit 

level for various applications 

 Simulation at device and circuit level 

 

Concerning solution synthesis, combustion methods are recommended in order to reduce the 

thermal processing required for the film formation. Regarding the fabrication process, printing 

techniques are suggested to be further investigated since large-scale manufacturing processes 
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using sustainable approaches are highly demanded. In fact, power-efficient IoT systems by using 

S-RRAMs combined with mass produced printed electronics result in extremely low-cost 

operation and fabrication. 

A comprehensive set of studies on thin film deposition considering the impact of all parameters 

which affect the reproducibility of devices is essential. This means that the chemical processing-

related issues should be investigated, then possible solutions to control the fabrication should be 

assessed. Particularly for S-RRAM devices, the following fabrication parameters should be 

addressed to facilitate their upscale for the printing industry: number of layers (to minimize 

defects and enhance film densification); processing ambient conditions, mainly the relative 

humidity (strongly affects ink viscosity and solvent evaporation rate which influences the active 

layer film thickness); post-treatment curing processes.  

In addition, uniform resistive switching properties are greatly dependent on the size of devices. 

For S-RRAMs the most used structure relies on a common bottom electrode which induces a 

higher mechanical stress and enhances device-to-device and cycle-to-cycle measurements 

variability. Thus, patterned devices with cross point structure are preferred and fully printed S-

RRAMs are desired to avoid more costly and complex processes, like lithography. However, the 

printed electrodes processed at low temperature (compatible with low cost flexible substrates) are 

typically based on nanoparticle inks such as Ag which, to achieve low resistance, require a high 

film thickness and present high surface roughness. The bottom electrode roughness is the most 

critical challenge since it can promote variability and damage the subsequent act ive layer of the 

S-RRAMs leading to low endurance that eventually causes device short circuit. Recently, an 

emerging contact printing technique, reverse offset printing, accomplished highly conductive 

MoOx printed electrodes based on metal inks. These electrodes reached significant conductivity 

at a low film thickness (28 nm) with a smooth surface (roughness of 0.22 nm) that can be used in 

the future to boost the overall performance of fully printed S-RRAMs.383 

There are also general parameters for tuning the RS performance, which are applicable to both 

physical (vacuum-based) and chemical fabrication methods. These include; energy band 

alignments at interfaces, chemical interface reactions and the doping profile of the RS material. 

Since these challenges are not exclusive to solution-processed devices, the reader is referred to 

the excellent existing reviews and book chapters on these topics.846,847 

Regarding the applications of S-RRAM, most studies report the properties of resistive switching 

to seek non-volatile memory applications where the key parameters are fast switching speed (like 

SRAM), large on/off ratio with a reasonable state retention for MLC storage (like flash). It is 
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notable that different applications can be targeted based on device characteristics. As an example, 

retention loss which mimics the dynamics of biological memory is beneficial for artificial neural 

network applications.848 Furthermore, a large on/off ratio is not a main concern for some 

neuromorphic applications.843 However, low endurance is a limitation for computation and in 

memory logics which require frequent alteration of the resistance states. Recently, other 

applications such as hardware security systems based on intrinsic randomness of resistance 

properties of memristor devices and cycle-to-cycle variations were reported.849 Here, printed 

electronics open up new applications for memristor technology in biometric identification smart 

cards. 

5.1.4. Conclusions 

In this review, the fundamental parameters to control the synthesis (method, metal salt  precursor, 

solvent, stabilizer, doping and molar proportion) and formation (film thickness, environmental 

conditions and initiation source) of solution-based metal oxide thin films (i.e. active resistive 

switching layer) to enhance S-RRAM devices are covered. Of all these characteristics the most 

critical are the synthesis and deposition methodology, and the controlled ambient conditions 

(temperature, humidity and atmosphere) which play a key role on the reproducibility of the 

devices by different research institutes. Also crucial for REDOX-based S-RRAM devices is an 

asymmetrical structure composed of chemically Schottky and ohmic-type interfaces by 

engineering the switching material or contacts. 

Certainly, S-RRAM devices processed at low temperature are improved with UV irradiation 

exposition by reducing the residual organics and enhancing the formation of M-O-M networks. 

This post-treatment is highly demanded and promising especially for flexible S-RRAMs and their 

compatibility with R2R printing techniques. 

To complement the study of S-RRAM devices the figures of merit and applied methods were 

analysed as well as the current challenges of this field. Variability, scalability and device structure 

require special attention, being the most challenging features, which directly influence the 

-

RRAM devices are not yet a matured technology, it is quite promising in consumer electronics 

market for future IoT applications with large area manufacturing potential using low-cost and 

sustainable electronic devices. 
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Chapter 6.  From spin to print resistive switching devices 

 

 

 

 

 

Lately resistive switching memories (RRAM) have been attracting a lot of attention due to their 

possibilities of fast operation, high density, lower power consumption, simple fabrication process 

and scalability. However, most of these RRAM are produced by conventional methods and 

nowadays the industry demands more simplicity typically associated with low-cost  

manufacturing. First, an insight of a relevant production parameter, the number of layers 

deposited by spin-coating of aluminum oxide thin films is explored. Then, to provide a more 

viable process inkjet printing was applied to produce resistive switching (RS) devices at low 

temperature by the combination of thermal annealing (150 °C) and deep ultraviolet (DUV) 

treatment. 

 

Keywords: solution-based, metal oxide thin films, solution combustion synthesis, 

resistive switching, inkjet printing, low temperature 
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6.1. Critical role of a double-layer configuration 

6.1.1. Introduction 

New materials and device concepts have been studied in the semiconductor industry to surpass 

various technological limitations.850 852 Due to their high density and low fabrication costs, the 

most prominent, non-volatile memories (NVM) today are flash memory devices.563,850,853 

Nevertheless, these suffer from low endurance, low write speed, and high voltage requirements 

for write operations. In addition, the increasing density of flash is expected to run into physical 

limits, which is not compatible with the Internet of Things (IoT).563 Taking that into account, a 

huge demand for fast, small and power efficient memories has grown.563,850,854,855 Resistive 

random access memory (ReRAM) has attracted a renewed interest due to many advantages, 

including high switching speed, low power consumption and high density with a simple 

structure.854 856 A ReRAM memory cell is a metal-insulator-metal (MIM) structure composed of 

a resistive switch medium, such as metal oxides, which could be easily integrated with existing 

CMOS technology.563,857 Moreover, the high density mass storage could be supported by multi-

level cell (MLC) operations in ReRAMs.13,639,858 The resistive switching phenomenon has been 

observed in a wide variety of insulator oxides, such as Ta2O5, TiO2, HfO2, ZrO2 and 

Al2O3.541,588,859 864 The resistive switching in these materials occurs after an electroforming 

process known as dielectric soft breakdown. Once defects reach a critical density, a template of 

ReRAM device is obtained. Partial rupture/formation of the conducting filament (CF) results in 

different resistance states.  

Among these materials, Al2O3 is the most abundant (noncritical raw material) and has promising 

resistive switching properties, as well as good breakdown field and good thermal stability.92,862 

Aluminum oxide has been widely reported for use in resistive switching devices with various 

memory structures fabricated via different techniques such as ALD, thermal oxidation and 

sputtering.862,865 874 According to the literature these structures with Al2O3 show unipolar and 

bipolar properties depending on the processing conditions. 858,862,867,870,875 Using a unipolar 

ReRAM array, the selector circuit structure could potentially be simplified with the integration of 

a diode and a unipolar ReRAM. Due to good scaling potential and ease of fabrication, applying a 

passive component is preferred.855,876 It is widely accepted that the switching mechanism is the 

consequence of oxygen vacancies and oxygen ion formation in the Al2O3 thin film.870,872,874,877 880 

Nevertheless, the conduction mechanism could change according to the resistance states.858 

Lately, solution-based memories have gained a lot of attention due to their low cost 

manufacturing, simplicity, comparable performance to those of high vacuum techniques, and 

good film uniformity in large areas.8,92,740 Inkjet printing, dip-coating and spin coating are the 
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techniques most used for solution processing oxide semiconductors and insulators in memory 

applications.597,732,740,811 However, only a few reports have been done on solution-based aluminum 

oxide memories, as depicted in Table 6.1.639,811,865 Since 2011, combustion synthesis has been 

used to improve thin film transistor performance, however, until now it has not been applied to 

memory production.2 In this synthesis an oxidizer (nitrates) and a fuel (urea, citric acid) are added 

to the precursor solution. During the annealing process an exothermic reaction occurs, resulting 

in a reduction of the external heat required for the film formation; the removal of organic solvents 

and film densification lead to high-quality films.2,92 

In this work, we report for the first-time solution-based unipolar aluminum oxide memories and 

study the influence of subsequent depositions using combustion synthesis (SCS) on the device 

performance. The ReRAM bilayer devices show unipolar resistive switching behaviour with good 

endurance and retention time of up to 105 s at 85 °C in vacuum, which surpass the state-of-the-

art. Since transparent devices have attracted a lot of research interest in portable and consumer 

electronics such as flat panel displays, touch panels, optical sensors and smart windows, Al2O3 

films with the optimized layer structure were stacked between transparent conductive oxide 

(TCOs) electrodes. 

Table 6.1. Performance comparison of solution-based aluminum oxide ReRAM. Copyright © 2018, IOP 

Publishing.   

Year BEa TEb d 
(nm) 

SBc CCd 
(mA) 

Set 
(V) 

Reset 
(V) 

RON/OFF 
Retention 

(s) 
Endurance 

2016 
811 

Al Hg 90 Bipolar n.a. 10.8 12.4 103 n.a. 100/100 

2017 
865 

Ti/ 
Pt 

Ti n.a. Bipolar 10 0.9 -1.5 102 104 150/150 

2017 
639 

Ti/ 
Pt 

Ti n.a. Bipolar 10 1.1 - 1.8 103 104 100/100 

This 
Work
(2018) 

Ti/ 
Pt 

Ti/ 
Au 

66 Unipolar 1 - 2.2 - 0.6 105 105 100/100

aBottom electrode, bTop electrode, cSwitching behavior, dCurrent compliance, d: Al2O3 film 
thickness, n.a.  not available 

6.1.2. Experimental details 

6.1.2.1. Precursor solution development 

Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Fluka, 98%) was dissolved in 2-methoxyethanol 

(2-ME, C3H8O2, ACROS Organics, 99%), to yield a solution with an Al3+ ion concentration of 

0.2 M. The fuel (Urea, Sigma, 98%) was then added to the solution and maintained under constant 

stirring for 24 h. The urea to aluminum nitrate molar proportion was 2.5:1 in order to guarantee 

the redox stoichiometry of the reaction. The precursor solution was filtrated before use. 
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6.1.2.2. Film deposition and characterization 

Prior to deposition, all substrates were cleaned as mentioned in a previous report.92 Thin films 

were deposited by spin coating for 35 s at 2000 rpm (Laurell Technologies), forming a single (30 

nm) and a bilayer (66 nm) of aluminum oxide. Each deposition was followed by an immediate 

annealing at 500 °C on a hotplate for 30 min in air. Before the second layer deposition a 10 min 

UV/Ozone surface treatment was performed.  

Optical properties were obtained using a Perkin Elmer lambda 950 UV/VIS/NIR 

spectrophotometer by measuring transmittance (T) in the wavelength range of 190 nm to 800 nm. 

The film structure was assessed by glancing angle X-ray diffraction (GAXRD) performed by an 

540598 Å) 

with an angle of incidence of the X-ray beam fixed at 0.9°. Fourier Transform Infra-Red (FTIR) 

spectroscopy data of thin films deposited on Si substrates were recorded using an Attenuated 

Total Reflectance (ATR) sampling accessory (Smart iTR) equipped with a single bounce diamond 

previous article.92 

X-ray photoelectron spectroscopy (XPS) was measured with a Kratos Axis Supra, using 

emission angle of 90° with a pass energy of 5 eV, resulting in an energy resolution better than 

0.45 eV.  The quantification of the elemental composition was done by dividing the integral peak 

intensity by the respective relative sensitivity factor (RSF) of the instrument.493 

6.1.2.3. Memory fabrication and characterization  

Metal-insulator-metal (MIM) structures were fabricated on glass substrates (1737, Corning) as 

shown in Figure 6.1 (a). The bottom electrode, a Ti/Pt bilayer of 20 nm and 50 nm was first 

deposited on the substrate by e-beam evaporation (homemade apparatus). Then aluminum oxide 

films were deposited as described above. After that, a multilayer of Ti/Au, 6 nm and 60 nm, 

respectively, was deposited by e-beam evaporation as the top electrode.  

For the transparent memories commercial glass/ITO was used as the bottom electrode, followed 

by the spin-coating of an aluminum layer as previously described. To finalize the device, a 100 

nm film of amorphous indium zinc oxide (IZO) was deposited as top electrode by RF magnetron 

sputtering from an IZO target at room temperature.881 
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An array of top electrodes with an area of 1.96 × 10 -3 cm2 was deposited through a shadow mask. 

Each top electrode represents an individual device.  The electrode size observed by optical 

microscopy can be found in the Supporting Information (Figure S1).  

The film thickness was obtained by scanning electron microscopy analysis of the sample´s cross 

section prepared by focused ion beam using Ga+ ions (SEM-FIB, Zeiss Auriga Crossbeam 

microscope). 

The quasi-static I-V characteristics of the devices were measured using Keithley 4200 SCS 

semiconductor analyser connected to the Janis ST-500 probe station. The bias was applied to the 

top electrode. The temperature analysis of memories was measured under vacuum, using a 

Lakeshore model 336 temperature controller with liquid nitrogen used as the refrigerant. 

6.1.3. Results and discussion 

Solution combustion synthesis (SCS) has been crucial to the boosting of precursor conversion 

into metal oxides.2 This method has been applied to optimize the performance of TFT constituent 

layers and will now be applied for the first time to solution-based memories. 

Figure 6.1 (a) shows the schematic of the memories produced with a monolayer or bilayer of 

aluminum oxide using metals (Ti/Au and Ti/Pt) and transparent conductive oxides (ITO and IZO) 

as electrodes. 
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Figure 6.1. (a) Schematic of memory structure; (b) XPS of Al 2p and O 1s emissions of solution-processed 

Al2O3 films with one and two layers; (c) Optical transmittance of aluminum oxide bilayer on glass and of 

ITO/Al2O3/IZO; (d) High-resolution SEM-FIB cross-section image of the bilayer (66 nm) Al2O3 thin 

film.279 Copyright © 2018, IOP Publishing.   

To further investigate the aluminum oxide and the effect of the subsequent depositions, XPS 

measurements were performed. The Al 2p and O 1s emissions are shown in Figure 6.1 (b). The 

Al 2p binding energy is found at 74.7 eV in the monolayer and the bilayer. Since this result is 

similar to values from literature in which charge referencing to C 1s was used, it can be concluded 

that our measurements did not suffer from artefacts due to charge accumulation.493  

A peak of metallic platinum (Pt 4f) at 71 eV is observed in the monolayer and not in the bilayer.  

This means that Pt intermixes with Al2O3 during the film formation in the first layer. By using 
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angle-resolved XPS it can be shown that with increased surface sensitivity the Pt signal 

disappears, therefore the estimated depth from the surface up to which no platinum is present is 

approximately 5 nm (Figure D2 in the Appendix D). Besides the platinum signal in the monolayer 

sample, the surface contains oxygen and aluminum as the main components, and a small 

percentage of carbon for all samples. Due to the convolution of the Pt 4f5/2 p and Al 2p peak, the 

Al 2s emission was used to calculate the O/Al ratio (spectra not shown here). After the first and 

second deposition, the O/Al ratio is approximately the same, 1.29 and 1.27, respectively.  

In order to study the thin film´s transparency, the optical transmittance of the Al2O3 bilayer (66 

nm) and the full transparent memory (ITO/Al2O3/IZO) were measured, showing 91% and 80% of 

transmittance respectively, as depicted in Figure 6.1 (c). 

The produced Al2O3 thin films were also characterized with ATR-FTIR before and after annealing 

at 500 °C in order to monitor organic residues removal, as shown in Figure D3 in the Appendix 

D.  

The structure of solution-based aluminum oxide thin films was investigated by X-ray diffraction 

(XRD), as shown in Figure D4 in the Appendix D. The absence of diffraction peaks reveals that 

amorphous thin films are obtained for the aluminum oxide even upon annealing at 500 °C. Since 

the thin films are amorphous, they have no grain boundaries, low leakage current, and low surface 

roughness, thus improving device performance. High resolution SEM-FIB cross-section images 

of the memories (Ti/Pt/Al2O3/Ti/Au) were performed to measure the film´s thickness. The single-

layer Al2O3 thin film has a thickness of about 30 nm (Figure D5 in the Appendix D) and the 

double-layer thin films have a thickness of about 66 nm, as depicted in Figure 6.1 (d). Note that 

there is a considerable difference between the Al2O3 thickness from the SEM cross-section and 

the Pt found up to 5 nm below the surface. This is most likely due to the intermixing of the two 

materials at the interface and the limited resolution of the SEM. 

The I-V curves of Ti/Pt/Al2O3/Ti/Au devices exhibit unipolar resistive switching under a current 

compliance (CC) of 1 mA for the different thicknesses as depicted in Figure 6.2 (a,d). For both 

conditions 36 devices were measured. A low forming voltage at the negative side (~ - 2 V) 

equivalent to the set voltage is required. These I V characteristics were measured under 

consecutive DC voltage sweeps and the voltage was controlled through the Au top electrode.  

In the case of the single layer Al2O3, the memory showed a stable and uniform switching behavior 

(Figure 6.2 (a)), however after 19 cycles it was not possible to switch the memory on (Figure 6.2 

(b)), showing low endurance. The device presented a good retention of up to 105 s in air, with an 

RON/OFF ratio of 105 with a small degradation in the end. Figure 6.2 (c) shows the set and reset 
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voltage, which had a small deviation of (  2.1 ± 0.4) V and (  0.7 ± 0.2) V respectively, that could 

be explained by the unpatterned Al2O3. Most of the working devices were in the outer limits of 

the substrate, reducing the yield to 30 %. The memories that were not working, showed a short -

circuit like behavior. This outcome is explained by the diffusion of Pt up to 5 nm below the Al2O3 

thin film surface, which results in an ultrathin layer of intact Al2O3 in the memory without any Pt 

diffusion. Note that both XPS and SEM-FIB cross-sections where obtain from the center of the 

sample area. 

 

Figure 6.2. Ti/Pt/Al2O3/Ti/Au electrical characterization of both memory conditions, monolayer (30 nm) 

and bilayer (66 nm): (a,d) I-V characteristic endurance, (b,e) retention time characteristics and, (c,f) set and 

reset voltage average.279 Copyright © 2018, IOP Publishing.    

Figure 6.2 (d) shows the bilayer Al2O3 memory which revealed better endurance when compared 

with the monolayer, reaching 100 cycles (Figure D6 (a) in the Appendix D). The resistance states 

uniformity measured in 100 cycles is shown in Figure D6 (b) of the Appendix D. 

Taking that into account, retention tests were also performed at 85 °C in vacuum to verify the 

reliability of the devices. For both temperatures a good retention of 105 s with RON/OFF ratio of 105 

was achieved, showing no significant degradation of HRS and LRS; this indicates that the device 

could maintain these properties for 10 years, as depicted in Figure 6.2 (e). In terms of set and reset 

voltage, this device also showed a small deviation of (  2.2 ± 0.6) V and (  0.6 ± 0.1) V, 

respectively, as shown in Figure 6.2 (f). The yield as compared to the monolayer memories was 

also improved, for the first time achieving 100 % for these particular device types. 
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Note that an ultrathin layer of oxidized titanium at the interface of Al2O3 and Ti contact is formed 

due to the oxygen-getter property of titanium. This layer leads to a chemically reactive contact 

which reduces the Al2O3 and creates a high concentration of oxygen vacancies at the Al2O3 

interface with the top contact. This increases the local conductivity close to the top aluminum 

oxide interface.851 This is in line with the I-V characteristics of the pristine state, which show a 

rectifying behaviour (Figure D7 in the Appendix D). A higher electron barrier is observed at the 

Pt/Al2O3 contact compared to the Al2O3/Ti/Au contact. Thus, a preferential negative 

electroforming at lower voltages can maintain the self-selecting resistive switching scheme. 

A multi-level cell (MLC) operation can be obtained in the bilayer Al2O3 memories during the 

reset process. Figure 6.3 (a) shows an example of I-V characteristics during the set and reset, and 

Figure 6.3 (b) the results of a retention test for distinct two-resistance states at room temperature. 

This was performed in order to verify the reliability of the multi-level operation. To obtain MLC 

characteristics the reset process was adjusted in two different reset voltages. Once the device is 

programmed in one state, either level 1 (-0.5 V) or level 2 (-0.9 V), a good retention time of 104 

s is obtained. Higher voltage amplitudes accelerate local joule heating of the CF.882 Thus, the 

MLC operation is due to a thermal-assisted electric field rupture model of the conducting filament. 
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Figure 6.3. (a) Typical I-V memory characteristics showing set and the reset with multi-level cell (MLC) 

operation; (b) Multi-level retention characteristics for different reset voltages.279 Copyright © 2018, IOP 

Publishing.   

The fitting of typical I-V characteristics in a log-log scale is shown in Figure 6.4 (a). The space-

charge-limited conduction (SCLC) mechanism following ohmic conduction in the low voltage 

region, square law (from 0.7 V to 1.05 V) and steep increase region for voltages > 1.1 V were 

observed at the off-state. The on-state shows ohmic behaviour (slope of 1), indicating the presence 

of highly conductive paths. The results are in agreement with other reports on Al2O3 

memories.865,872,873 

At the low resistance state (on-state), temperature dependency is very weak with an activation 

energy (Ea) of 0.005 eV while the intermediate resistance state shows slight thermal activation 

(Ea= 0.069 eV), as observed in Figure 6.4 (b). The trend of resistance versus temperature reveals 

a degenerated semiconducting-like phase as the nature of the CFs. 

Based on the above presented results, the proposed mechanism of these unipolar or 

thermochemical resistive switching devices is the following: A filamentary thermal breakdown 

of the oxide increases the local doping between the top Ti contact (oxygen-poor region) and the 

bottom electrode (oxygen-rich region). The electroforming is an irreversible process, and the CFs 

are never completely ruptured during set/reset operation. Thus, the set process always occurs at 

the lower voltages. In the reset process different stop voltages result in the partial thermal rupture 

(nano-scale antifuse process) of the CFs into variable sizes, which is then associated with the 

different resistance states. The interrelated effects of ohmic and SCLC conduction mechanism 

probably alter the activation energy of the intermediate state. 
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Figure 6.4. (a) I-V characteristics of Ti/Pt/Al2O3/Ti/Au device plotted in log log scale, showing a space

charge limited conduction mechanism; (b) Temperature analysis of the memory in different resistance 

states.279 Copyright © 2018, IOP Publishing.    

A fully transparent bilayer Al2O3 ReRAM was produced by replacing metallic electrodes with 

transparent conducting oxides (TCOs), ITO as bottom and IZO as top electrode. Figure 6.5 (a) 

represents the typical I-V curve of transparent unipolar memory writing and erasing. The set 

occurs when a negative bias voltage (0 V to - 6 V) is applied; an abrupt increase in the current 

was observed at - 4.2 V, achieving the LRS. A compliance (CC) of 1 mA was established to 

prevent device breakdown. To reset the memory a negative bias voltage (0 V to - 4.5 V) was 

applied without CC, and the memory reverted to the HRS at - 4 V due to the joule effect. Figure 

6.5 (b) shows the retention of the ITO/Al2O3/IZO memory. The device revealed a reliable 

retention of up to 104 s with a RON/OFF ratio of 104 without deterioration. Table D1 in the Appendix 

D depict other oxide transparent memories, and this is the first report of aluminum oxide obtained 

via a solution-based method for such devices.   
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Figure 6.5. (a) Typical I-V characteristic and (b) retention of the transparent memory (ITO/Al2O3/IZO) with 

the respective photo.279 Copyright © 2018, IOP Publishing.   

Although their performance is not as good as that of non-transparent memories, these results 

clearly demonstrate the feasibility of a cost-effective System-On-Panel approach for transparent 

electronics. 

6.1.4. Conclusions 

In this work, we demonstrate for the first time the use of solution combustion synthesis (SCS) in 

the production of aluminum oxide memories. The physical properties of the aluminum oxide 

layers were investigated using a wide range of characterization techniques that revealed high 

transparency (> 90 %) and the elimination of all residual organics. The Al2O3 memories were 

improved with by a dual stage deposition process, which limits the Pt diffusion into the aluminum 

oxide. These ReRAM devices showed a unipolar resistive switching behaviour with good 

endurance (100 cycles), retention time up to 105 s at 85 °C, and a yield of 100 %. Also, a multilevel 

cell operation (MLC) was achieved by application of different reset voltages. Temperature 

analysis of various resistance states reveals a filamentary nature based on different doping levels 

of the oxygen vacancies.  
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Furthermore, a fully transparent device using ITO/Al2O3/IZO showing good memory 

performance was successfully produced, which paves the way for cost effective System-On-Panel 

technology in transparent electronics. 
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6.2. Printed metal oxide resistive switching devices 

6.2.1. Introduction 

Printed electronics has been acquiring a substantial attention in microelectronics due to its cheap 

and simple processes, suitable for large scale manufacturing. Printed electronic devices such as 

thin film transistors, capacitors, fuel cells, batteries and memories are key components for the 

expansion of the Internet of Things (IoT).5,309,333,702,883,884 For these applications memory devices, 

particularly non-volatile memories (NVM) like resistive random-access memories (RRAM) using 

memristors offer the required high-density, ultra-low power and high velocity.885 Typically, in 

these resistive switching (RS) devices the active layer is based on transition metal oxides and is 

sandwiched between two electrodes.532 The RS behavior involves the formation and disruption of 

conductive filaments as well as the interface/bulk modulation comprising a localized 

concentration of defects.561,562 Also, these devices can have different applications (artificial neural 

network, neuromorphic, computation, memory logics and hardware security) which are defined 

by their electrical characteristics.843,848,849,886 However, most RS devices use expensive production 

and time-consuming techniques such as PVD (i.e. sputtering) and CVD (i.e. atomic layer 

deposition).887 890 Coating (spin-coating, dip-coating and drop-coating) methods have been 

widely used to produce RS devices at  low production costs although subtractive processes (i.e. 

lithography) are required to pattern them.689,697,706,891 Printing techniques have the potential to 

overcome that step and attain large scale production.475 Inkjet printing, a non-contact technique, 

has been the mostly exploited to produce solution-based metal oxide RS devices.591,732 However, 

metal-oxygen-metal (M-O-M) networks without impurities (i.e. hydroxides and carbon) which is 

not compatible with low-cost flexible substrates (i.e. PEN, PET or cellulose).279,713 To overcome 

this issue, different methodologies such as solution combustion synthesis (SCS) and ultraviolet 

irradiation have been applied in solution-based RS devices.615,633 Compared to the conventional 

sol-gel process, SCS allows a higher homogeneity and purity of the thin films and a low ignition 

temperature is required to start the combustion reaction and form the metal oxide.27 Pei et al. 

reported solution-based nickel oxide bipolar RRAMs processed at low temperature (250 °C) with 

good endurance (102) and retention (104 s) using the solution combustion method.615 UV 

the formation and densification of metal oxides.92,614 Also, these UV photochemical techniques 

have compatibility with the printed electronic industry by reducing the associated cost and 

manufacturing time. Bao et al. studied the effect of deep ultraviolet (DUV) irradiation lamp on 

IGZO, Bi2O3 and TiO2 thin films at low temperature.633,736,758 These devices exhibited a stable and 

highly uniform resistive switching behavior even compared with high temperature conditions 
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(400 °C). Yang et al. reported a fast curing of only 3 min to produce solution-based NiO RRAMs 

using UV excimer laser annealing.737 Besides the low temperature production and processing time 

factors, the sustainability of the materials is a critical parameter to upscale to the industry. 

Solution-based aluminum oxide (Al2O3) is a promising and abundant material for resistive 

switching devices.534 Different solution-based methods have been used to produce Al2O3 RS 

devices such as anodization, dip-coating and spin-coating (Table E1 in the Appendix E).279,745,811 

However, their processing by printing techniques at low temperature is required to decrease the 

associated cost and allow application in large area manufacturing. Inkjet printing is the most 

explored printing technique at lab scale research in printed electronics since many parameters 

(velocity, direction, temperature of the ink and substrate, among others) can be controlled in a 

precise way as well as their versatility once it is based on a digital process not requiring a master 

template.477 

In this work, we report for the first-time inkjet printed SCS-based aluminum oxide resistive 

switching devices processed at low temperature (150 °C) by combining DUV irradiation and 

thermal treatment. These devices show a bipolar resistive switching behavior with a good current -

voltage (I-V) sweep endurance, a high retention time of up to 105 s and multi-level cell (MLC) 

operation. The results achieved are suitable for low-cost substrates which paves the way for large 

area manufacturing. 

6.2.2. Experimental details 

6.2.2.1. Ink preparation  

Aluminum-oxide dielectric precursor ink (Al(NO3)3·9H2O, Merck, 99.997 %) was dissolved in 

2-methoxyethanol (2-ME, C3H8O2, ACROS Organics, 99 %) to obtain a solute concentration of 

0.2 M and obtain ultrathin films. Afterwards urea (CO(NH2)2, Sigma, 98 %) was added to 

guarantee the redox stoichiometry of the reaction in a molar proportion of 2.5:1 to aluminum 

nitrate.307 The prepared solution was maintained under constant stirring for 12 h at room 

temperature to stabilize the solution and filtered using 0.45 µm pore size polytetrafluoroethylene 

(PTFE) to obtain the base solution. A commercially available silver (Ag) nanoparticle colloidal 

ink  I50T-13) from PV Nano Cell company was used in this work. The metallic 

nanoparticle-based ink contains around 50 wt % Ag nanoparticles in a polar solvent, with a 

particle diameter of around 70 115 nm. 

The viscosity test was performed using a Cap01 spindle on the BROOKFIELD Cap 2000+ 

done using 500 rotations per minute (rpm) in order to guarantee an optimal correlation factor.  
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6.2.2.2. Film deposition and characterization 

An initial 15 min UV/ozone surface activation step was made on commercial glass/indium-tin-

oxide (ITO) substrates to improve wettability. The thin films of aluminum oxide were deposited 

by inkjet printing at 1000 dpi with 1 nozzle at 30 °C using a piezoelectric multi nozzle printing 

head from Dimatix (DMCLCP-16110) with 10 pL cartridges in a PiXDRO LP50 inkjet printer. 

The printing was tested with different printing speeds of 100 and 150 mm/sec using a tailored 

waveform to print square shapes (1000×1000 µm2). Then, the printed patterns of the dielectric 

precursor solution were dried at 130 °C in a hotplate in air for 10 min. Afterwards, a combined 

low power DUV treatment (lamp with an output energy intensity of 75 mW/cm2 at 254 nm) and 

thermal annealing (150 °C) was performed in a nitrogen environment for 90 min. 

While printing and drying the ink, ambient conditions were controlled where the relative humidity 

and temperature varied between 51 57 % and 23.3 24.6 °C, respectively.  

Optical characterization of the inkjet printed patterns was performed using an optical microscope 

Olympus BX51 equipped with an Olympus SC30 camera to visually check the printing quality of 

the patterns. 

The surface morphology of the printed AlOx layer was investigated by atomic force microscopy 

(AFM, Asylum MFP3D). The AlOx thin film structure was assessed by glancing angle X-ray 

-ray beam fixed at 0.5 °. 

Scanning electron microscopy (SEM) analysis was performed to achieve the AlOx film thickness 

of a sample cross section prepared by focused ion beam using Ga+ ions (SEM-FIB, Zeiss Auriga 

Crossbeam microscope). 

X-ray photoelectron spectroscopy (XPS) using monochromated 

was measured with a Kratos Axis Supra). The procedure was the same as mentioned in a previous 

report.279 The quantification of the elemental composition (Al 2p, O 1s) was performed by 

dividing the integral peak intensity by the respective relative sensitivity factor (RSF) of the 

instrument. 

6.2.2.3. Printed devices production and characterization  

Solution-based RRAMs were fabricated on the commercial glass/ITO substrates. Then, AlOx 

precursor ink was printed on top of ITO using an optimized printing speed of 150 mm·s-1. 

Production of AlOx thin films is described in section 6.2.2.2. Following a 15 min UV/ozone 

surface activation step, performed prior to printing the top Ag electrode. The silver was printed 

as two subsequent layers on top of the AlOx layer by inkjet printing in a square shape (250×250 
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µm2) with 1000 dpi with 1 nozzle at 30 °C using a tailored waveform. Afterwards, the printed Ag 

ink was hotplate sintered in air at 150 °C for 45 min. The complete printed device was observed 

by optical microscopy (Figure E1 in the Appendix E).  

The quasi-static I-V characteristics of the printed devices were measured using Keithley 4200 

SCS semiconductor analyzer connected to a Janis ST-500 probe station. The bias was applied to 

the top electrode (Ag) while maintaining the bottom electrode (ITO) connected to ground. The 

temperature analysis of the resistive switching devices was measured under vacuum, from 300 K 

to 400 K using a Lakeshore model 336 temperature controller. A schematic representation of the 

printed aluminium oxide RRAM production main steps is shown in Figure 6.6. 

 

Figure 6.6. Schematic representation of the main printing steps of the  metal oxide RRAM production: a) 

inkjet printing process of the AlOx ink on top of the ITO bottom electrode; b) drying process on hotplate 

after printing; c) formation of the AlOx thin film using thermal annealing combined with DUV irradiation; 

d) inkjet printing of the Ag nanoparticle ink. Copyright © 2021, Royal Society of Chemistry.  
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6.2.3. Results and discussion 

Printing techniques reduce the amount of chemical waste, because of a direct writing of the 

materials without the need for subtractive processes, thus promoting their scalability.475 Inkjet 

printing is a non-contact printing process which relies on patterns that are in the digital format 

being easily changed and is widely used to print RS devices. Since 2012, a few solution -based 

metal oxide RS devices have been printed by inkjet, however, these suffer from low electronic 

performance due to the annealing treatment method (Table E2 in the Appendix E). Most of these 

consist solely on thermal annealing, where a high quantity of residual organics could remain when 

a low temperature is applied, affecting their overall performance. The combination of a low 

annealing temperature with DUV irradiation improves the metal oxide thin films condensation 

and densification by the decomposition of alkoxy groups.309 Following this methodology, printed 

aluminium oxide (AlOx) RS memories were produced. 

Firstly, the precursor ink viscosity was measured to examine if it could be printed by inkjet since 

low viscosities are typically required (1  30 cP). To guarantee the best correlation, the ink 

viscosity test was performed at 30 °C, the same temperature as applied in the nozzle to print the 

AlOx thin films. A viscosity of 2.1 cP was achieved, which is compatible with the printing 

technique. However, to guarantee a uniform printability in inkjet printing, the inverse Ohnesorge 

(Z) number must obey a specific range (1 < Z < 10).892 Once the Z value of AlOx ink was 4.85, a 

decent printing performance can be achieved (see more details in Table E3 in the Appendix E). 

Afterwards, the printed AlOx thin films were examined by X-ray diffraction (XRD) as depicted 

in Figure 6.7 (a). The absence of diffraction peaks confirmed these films to be amorphous. Also,  

a small surface roughness of 1.53 nm was measured by atomic force microscopy (AFM), which 

is in accordance with amorphous films due to the absence of grain boundaries, which is desirable 

for future applications on flexible substrates. To improve the printing quality of the films, 

different printing speeds were tested. For a lower printing speed (100 mm/sec), the films present 

a higher coffee ring effect and less uniformity (Figure E1 in the Appendix E) compared with films 

printed at 150 mm/sec, which show a more homogeneous layer (inset of Figure 6.7 (a)). Figure 

6.7 (b) shows a high-resolution SEM-FIB cross section image of the RS device to determine the 

film thickness of the printed AlOx thin films, which is 31.5 ± 1.4 nm. X-ray photoelectron 

spectroscopy (XPS) was performed to determine the stoichiometry and the presence of organic 

groups in the printed films. Figure 6.7 (c) displays the Al 2p emission peak with a binding energy 

of 74.2 eV, which indicates the formation of Al2O3, but it is slightly shifted to a higher energy 

due to the presence of OH groups that prevail in the film.309,493,494 However, when analysing the 

deconvoluted O 1s peak in Figure 6.7 (d), it is found that OH groups play a role on the 
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composition of the films. After all, the percentage of aluminum hydroxide (Al OH) at 531.8 eV 

is similar to the aluminum oxide (Al O Al) at 530.7 eV. Furthermore, the elemental ratio of O/Al 

was found to be 2.1 due to the presence of adsorbed oxygen ( OH).309 Note, that the presence of 

OH groups facilitates the formation and rupture of anion vacancy filaments which can stabilize 

the device performance.621,893  

 
Figure 6.7. (a) XRD diffractogram, printed image and AFM image (5×5 µm2) of aluminium oxide (AlOx) 

thin films processed at low temperature (150 °C) assisted by deep-ultraviolet (DUV) irradiation; (b) High-

resolution SEM-FIB cross-section image of the complete resistive switching device. XPS of (c) Al 2p and 

(d) deconvoluted O 1s emission peaks of the printed AlOx thin films. Copyright © 2021, Royal Society of 

Chemistry. 

To study the switching properties and related mechanism of solution -based ITO/AlOx/Ag RS 

devices, a sequence of electrical experiments was executed. Two different methods were used to 

perform an electroforming process: i) application of DC voltage sweep and ii) constant voltage 

stress. In all devices the voltage was applied to the top Ag electrode (TE). The device has a 

preferential electroforming (i.e. at lower voltages) under positive voltage bias sweep. Attempts to 

form the device by application of negative voltage sweep were also made. Not only higher 

voltages are required but also the low resistance state does not reset back to the high resistance 
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state (see Figure E2 (a) and (b) in the Appendix E). Hence, the breakdown under negative voltage 

bias is not referred to as electroforming. 

Various constant voltage stress methods were also applied to obtain the forming time for positive 

voltage polarity and breakdown time for negative voltage polarity. Figure 6.8 shows the 

forming/breakdown time of ITO/AlOx/Ag RS devices, plotted as a function of the bias voltage 

under a constant voltage application. Generally, larger delay times are observed for lower voltages 

at both polarities. However, higher voltage amplitudes (> - 2 V) are required at constant negative 

voltage stress compared with the positive voltage stress (forming time of 4.8×102 s at + 0.55 V). 

In addition, for negative voltage stress, mainly a breakdown rather than memory properties is 

observed. This shows that a positive bias at the top electrode clearly favours the formation of the 

conductive filaments in the resistive switching devices compared to a negative bias. 

Corresponding current evolution with respect to time is shown in Figure E2 (c) and (d) in the 

Appendix E. 

 
Figure 6.8. Forming/breakdown time of ITO/AlOx/Ag cells, plotted as a function of the bias voltage under 

a constant voltage application. The open circles and closed circles are the results for the application of 

positive (grey) and negative bias (pink) to the Ag top electrode, respectively. Copyright © 2021, Royal 

Society of Chemistry. 

Figure 6.9 (a) shows a good endurance by DC sweeps over 100 cycles and a low device cycle-to-

cycle variability in the resistance states (high resistance state (HRS) and low resistance state 

(LRS)) and in the operating voltages (set and reset) as shown in Figure E3 in the Appendix E. 

Typically, when DC sweeps are performed instead of pulsed measurements, the number of cycles 

is lower due to the additional DC bias stress of the devices.532 To test the reliability of these 

devices a long retention was recorded up to 105 s in air, as depicted in Figure 6.9 (b). An LRS/HRS 

ratio of 4×101 (maximum value achieved of 2.5×102 for other device) was observed during that 
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retention time. Also, the devices showed a high device-to-device reproducibility with a yield of 

95 % (19 out of 20 working), as shown in Figure E4 in the Appendix E. These devices present 

some variability on the LRS/HRS ratio, as well as set and reset voltages, which can be reduced 

by application of cross-point (CP) structures in future work. However, to produce fully printed 

resistive switching devices using CP structures, new materials for the bottom electrode should be 

developed.891 Generally, the conductive ink used to produce the bottom electrode is based on 

nanoparticles presenting a high surface roughness which can short or affect the endurance of these 

devices. Also, the electric field strength is changed in different locations of the device due to the 

nature of electrode material based on Ag nanoparticles. A smaller electrode area can reduce the 

impact of electric field variation. 
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Figure 6.9. Electrical characteristics of the glass/ITO/AlOx/Ag printed resistive switching (RS) devices. (a) 

I V sweeps endurance showing a bipolar RS behaviour during 100 cycles; (b) I t curves, collected using a 

read voltage of 0.1 V, showing the retention of the LRS and HRS; (c) Multilevel cell retention 

characteristics to reach the HRS through the appliance of 10 pulses. Copyright © 2021, Royal Society of 

Chemistry. 

Multilevel cell (MLC) operation is highly desired for RS devices applied to information 

processing technologies since more than two resistive states can be reached. Figure 6.9 (c) shows 

the multistage storage characteristic on the reset side by the application of a current visible pulse 

voltage stress (CV-PVS) with a voltage amplitude of -1.1 V and a time width of 100 ms. Typically, 

to have a multilevel cell storage, the minimum window of resistance ra 894 These 

devices present at least 4 distinct level states that can be clearly distinguished with stable 

endurance for 103 s.  

Cycle-to-cycle and device-to-device variations are intrinsic properties of memristor devices. 

These variations are useful for security applications.849 Here, the devices are fabricated at low 

temperatures using printing techniques in order to be eventually implemented on plastic or paper 

substrates. By relying on the intrinsic variability of the printed devices, potential applications such 

as low-cost and secure identification and authentication of commercial goods are targeted.  

To understand the mechanism behind the formation of the filament, some specific experiments 

were performed. Based on the space-charge-limited-conduction mechanism, the device (Figure 

6.10 (a)) shows an Ohmic conduction in the low voltage region (< 0.25 V) and for a voltage higher 

than 0.25 V, the slope highly increases up to 3.67, which indicates the Child´s law conduction 

dominance.697 After the set, the LRS presents an Ohmic nature (slope of 1.02), proving the 

the trend between resistance and temperature was studied. 
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Figure 6.10. (a) I-V curve of ITO/AlOx/Ag device plotted in log log scale, showing a space charge limited 

conduction mechanism; (b) Temperature analysis of the RS device in the low resistance state (LRS). 

Copyright © 2021, Royal Society of Chemistry. 

In the case of the LRS, a temperature dependence of the resistance is observed (Figure 6.10 (b)), 

 

coefficient of resistance (TCR) and R0 is the resistance at the initial temperature, typically room 

temperature. The positive TCR achieved for ITO/AlOx/Ag RS devices on the LRS proves the 

metallic nature of the conducting filaments. However, the TCR value is 2.9×10-4 K-1, one order of 

magnitude lower than the TCR of bulk Ag metal (3.8×10-3 K-1).895 A low TCR (3×10-4 K-1) similar 

to the results achieved here was reported for printed nanoparticle-based Ag films which are 

896 Thus, the TCR value of the conducting filaments is 

comparable with nanostructured silver, which is related to the spatial confinement in the filament. 

The current-temperature dependency was also studied after breakdown with application of a 

negative voltage bias. Almost no temperature dependency was observed (Figure E5 in the 

Appendix E) excluding the metallic filament formation on this polarity.897 
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Also, the presence of OH groups and moisture were shown in the XPS data, indicating their 

contribution to the resistive switching characteristics. The existence of OH groups are essential 

for the electrochemical metallization (ECM) process.898 It is notable that these groups can act as 

counter charges/reactions899 to maintain the charge neutrality in cation-based charge 

transportation devices. Thus, eliminating moisture or OH groups is not favourable, but 

controlling to attain a balanced concentration results in stable and reliable RS characteristic. To 

confirm this and to see if moisture is affecting the resistive switching behaviour, measurements 

of the devices under air and vacuum conditions were performed. A significant difference was 

observed on the required set voltage of the device. When the device operates in air, it is exposed 

to humidity reducing the set voltage in comparison with the device operated in vacuum, as 

depicted in Figure E6 in the Appendix E, which corroborates with reports in literature.898,900 
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6.2.4. Conclusions 

The printing of metal oxide memristors has an enormous potential due to the advantage of using 

mask-less patterning which is highly desirable for mass production. For now, some key challenges 

prevail in their manufacturing such as, uniformity over large area, long processing times, large 

device size and high thermal budget. In this work, some of these issues were surpassed by the 

production of low voltage inkjet printed AlOx memristors with high yield at low temperature (150 

°C) using the combination of DUV irradiation (low power) and thermal treatment. This printing 

method is quite promising since high printing resolution (up to 2 µm)435 and accuracy can be 

reached, which are requirements for scalability. In the near future, fully printed metal oxide 

memristors using low-cost and sustainable materials may be used in IoT applications with diverse 

features, from MLC storage to hardware security. 
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Chapter 7.  Conclusions and future perspectives 

 

 

 

 

The research work presented in this dissertation was divided into two main areas: the first 

objective was to investigate the combustion synthesis in solution-based metal oxides, mostly 

focusing on high- thin films regarding low temperature processes, their printability 

and short annealing time for their application in thin film transistors; the second objective was to 

study the implementation of the previous synthesis to develop solution-processed metal oxide 

resistive switching memories, due to their promising features such as, energy efficiency, non-

volatility and process compatibility with standard complementary metal-oxide-semiconductor 

(CMOS) technology. 

In this chapter are presented general conclusions of the work developed during this dissertation 

as well as the future perspectives considering the results achieved and the current state-of-the-art. 
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7.1. Main conclusions 

Solution combustion synthesis (SCS) proved to be a suitable method for the development of metal 

oxide nanostructures and thin films. However, it is of extremely important to consider certain 

parameters such as, fuel to oxidizer ratio, fuel type, metal cation precursor, pH, ambient 

atmosphere and initiation type to reduce the processing temperature. These parameters determine 

the final metal oxide morphologies and respective applications, being in our case fundamental for 

the achievement of reliable metal oxide TFTs. Nevertheless, a combination between SCS and a 

post-treatment, such as UV irradiation should be made to boost their performance at low 

temperature. That alliance was demonstrated in this dissertation for the first time to develop HfOx 

dielectric thin films and multilayer thin films using AlOx and HfOx at low temperatures (150 °C). 

The resultant thin films were applied in MIS structures showing a good performance (low leakage 

current and high breakdown voltage) which enable their application in IGZO TFTs. These devices 

0.066 ± 0.01 V·dec-1), a high 

saturation mobility (43.9 ± 1.1 cm2·V-1·s-1) and a good stability over time (2 months) under 

atmospheric conditions. 

After reaching solution-based high- , the next step was 

their implementation in large area processing techniques. So, a versatile printing technique, 

flexographic printing was used to print (50 m·min-1 printing speed) ultrathin Al2O3 thin films with 

high quality and uniformity followed by a post-deposition with a low-wavelength UV irradiation 

combined with a hotplate annealing  The dielectric 

presents a dielectric constant of 8.2 ± 0.4 and low leakage current densities of 10-10 A·cm-2 at 1 

MV·cm-1 electric field. Subsequently, this dielectric was implemented in inkjet printed In2O3 

TFTs leading to low voltage devices with great stability under ageing, stress and even after a 

mechanical stress for 100 h which corresponds to 3.6×105 bending cycles. However, another 

challenge remains  which is not compatible 

with the printing industry, since in printing lines less than 5 min curing time is required. To 

overcome this limitation of solution-based metal oxide TFTs an ultrafast curing was induced by 

excimer laser annealing (ELA) after a short drying cycle (15 min or 1 min) at low temperature 

(150 °C) to produce AlOx dielectric thin films. These films showed a smooth surface, high- , low 

leakage currents and high breakdown voltages ~4 MV·cm-1. Then, this dielectric was applied in 

IGZO thin film transistors showing a good performance which indicates that ELA treatment is a 

viable platform for the fabrication of metal-oxide thin films in a short processing time being quite 

relevant for the R2R industry. 
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Solution-based resistive switching memories have high potential and a lot of advantages such as, 

high switching speed, simple structure, high density, and low power consumption. Taking that 

into account, performed the production of solution-based aluminium oxide memories using 

combustion synthesis was performed in this dissertation. Different number of layers were 

deposited to guarantee the optimal condition and avoid the Pt diffusion into the aluminum oxide. 

The Al2O3 bilayer memories showed a unipolar resistive switching behaviour with a good 

retention time up to 105 s at 85 °C, a good endurance (100 cycles) and a yield of 100 % compared 

to the one-layer devices. These devices also showed a multilevel cell operation (MLC) which are 

highly important for logic operations and the Al2O3 was implemented in a fully transparent device 

paving the way for transparent electronics. To go even further, printed combustion-based 

aluminium oxide (AlOx) RS devices were produced via inkjet printing at low temperature by the 

combination of thermal annealing (150 °C) and deep ultraviolet (DUV) irradiation treatment. The 

attained results help to understand the electrical characteristics of printed metal oxide RS devices 

processed at low temperature and prove their potential for high-density non-volatile multilevel 

memory applications. 
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7.2. Future perspectives 

Printed flexible electronics have great potential to enhance the quality of life in our society, not 

just in terms of sustainability (greener materials) due to the process manufacturing (lower cost) 

used, but most importantly the comfort offered to the population. In the last years, the demand of 

printed resourceful materials for technology has increased exponentially and I believe in near 

future it will become a reality from the market to the consumers. It is expected a growing interest 

of 21.5 % from 2020 to 2025 as depicted in Figure 7.1. 

 

Figure 7.1. Global printed electronics market trends from 2020 to 2025 

(https://www.marketsandmarkets.com/Market-Reports/printed-electronics-market-197.html consulted on 

the 22/10/2020).  

However, most of the manufactures are not aware of the advantages of printed electronics. The 

biggest key market players in this field for now are Samsung, LG, PARC, Agfa-Gevaert and 

Molex. And you may ask, why they are not fully integrating printed electronics in their 

manufacturing process? The answer is simple, manufacture innovation is highly demanded to 

fulfil the requirements and reach viable devices that undergo the same kind of rigorous 

verification, validation, and testing to compete with the ones present in the market. For that to 

happen some key challenges need to be surpassed and demonstrated in printed metal oxides: 

 The ink development: 

 Inks that are stable for more than 6 months in ambient conditions. For this solution 

combustion synthesis (SCS) can be a good method to assure a good stoichiometry and 

reliable ink. The synthesis design is a fundamental issue. 
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 The use of greener solvents and solvents that can be decomposed at low temperatures 

(low boiling point) being compatible with low-cost substrates such as paper, PET and 

PEN to suit in-line R2R processing. 

 Viscosity and evaporation rate control to apply in diverse printing techniques due to the 

printing speed associated. 

 Ambient conditions on the manufacturing 

 Relative humidity and temperature parameters control should me mandatory to avoid 

instabilities (thickness and water content influence) in the films produced which will 

affect the devices performance and reproducibility.  

 Surface roughness 

 The surface roughness of the substrates should be quite smooth to avoid defects and 

short circuits between the layers affecting the devices performance. Also, the surface 

roughness of printed electrodes remains a considerable challenge when applied in  

oxide thin film transistors and memories. 

 Low temperature processing of all oxide-based devices 

 Solution-processed transparent conductive oxides (TCOs) continue to require higher 

temperature to make them conductive. Only a few reports show TCOs processed at 

low temperature with a good conductivity. It is demanded a deeper study to reach high 

conductivity with a low thermal budget, high power lamps and lasers could be a 

possibility to reach these conditions. 

 In terms of semiconductors and dielectrics thin films the low temperature was 

achieved already and now the next focus is to form these films in a short processing 

time being compatible with R2R. 

 Printing speed for large-area manufacturing 

 Most of the techniques to print metal oxides rely on non-contact printing, mostly inkjet 

printing, however this technique has a low printing speed which is not compatible with 

in-line R2R. So, a huge demand is now on contact printing techniques such as screen 

printing, gravure printing and flexographic printing that can accomplish high printing 

speeds being ideal for the printing industry. However, the inks also need to be 

transformed to the film state in a short processing time. That is possible by using 

photonic curing which already exist in the printing lines in industry.  

 Resolution  

 More effort should be put in manufacture innovation, for now the resolution reached by 

printing techniques (1 µm) is quite limited.  
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 Variability 

 Printed devices remain with some device to device and sample to sample variation 

which is not desirable and acceptable to implement in products. Also, ageing and stress 

tests should be performed. 

 Other aspects that highly influence the device variability are the ambient conditions and 

the printing alignment accuracy that must be controlled.  

 Connection between research institutes and companies 

 Even today there is still a gap between research and companies about their up-scale 

issues. This is also related with the maturity of printed electronics technology. 
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The Appendix A contains relevant data related to the production of high-

from solution combustion synthesis combined with ultraviolet (UV) treatment and their 

application in TFTs mentioned in section 4.1. Figure A1 and A2 show XRD diffractograms and 

the FTIR spectra of multilayer dielectric thin films, respectively. Figure A3 depicts AFM surface 

morphology of multilayer dielectric thin films. Figure A4 show the SEM-FIB cross-section image 

of multilayer dielectric thin films to determine films thickness. Figure A5 depicts the influence of 

the fuel in AlOx thin films thickness for different concentrations assisted by UV treatment. Figure 

A6 show the capacitance

of Al/p-type Si/(Dielectric)/Al MIS capacitors with single and multilayer dielectric thin films. 

Table A1 show the summary of dielectric properties obtained for the capacitors. Figure A7 depicts 

A8 and Table A2 

IGZO TFTs after 2 months in air environment. Figure A9 and A10 show the transfer curves after 

stress and recovery measurements of the dielectric bilayers applied in IGZO TFTs. Figure A11 

depicted the transfer curves of TFTs used in the diode-connected inverter. 
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Figure A1. XRD diffractograms of multilayer dielectric thin films annealed at 150 °C with DUV treatment. 

 

 

Figure A2. FTIR spectra of multilayer dielectric thin films annealed at 150 °C with DUV treatment. 
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Figure A3. Morphological characterization of all dielectric thin films annealed at 150 °C with DUV 

treatment. 

 

 
Figure A4. High resolution SEM-FIB cross-section images of multilayer dielectric thin films. 
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Figure A5. Influence of the fuel in AlOx thin films thickness for different concentrations assisted by UV 

treatment. 
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Figure A6. (a) Capacitance

Al/p-type Si/(Dielectric)/Al MIS capacitors with single and multilayer dielectric thin films. 
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Table A1. Summary of dielectric properties obtained for the devices depicted in Figure 4.4. 

Dielectric 
Capacitance 

(µF·cm-2) 

E 

(MV·cm-1) 

Dielectric 
constant (  

Thickness 

(nm) 

AlOx 4.86 ± 0.22 4.33 ± 0.33 6.61 ± 0.32 12.04 ± 0.59 

AlOx|HfOx 3.04 ± 0.03 3.95 ± 0.32 10.38 ± 0.21 30.22 ± 0.58 

AlOx|HfOx|AlOx 2.72 ± 0.14 3.97 ± 0.26 13.52 ± 0.24 43.99 ± 0.78 

HfOx 5.74 ± 0.09 2.70 ± 0.05 11.71 ± 0.48 18.05 ± 0.74 

HfOx|HfOx 3.33 ± 0.03 3.62 ± 0.15 9.80 ± 0.25 26.06 ± 0.63 

HfOx|AlOx 3.28 ± 0.04 4.87 ± 0.05 10.39 ± 0.18 28.02 ± 0.49 

HfOx|AlOx|HfOx 2.50 ± 0.03 3.75 ± 0.07 12.45 ± 0.17 44.06 ± 0.60 

 
Figure A7. Output  
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Figure A8. Aging effects of IGZO TFTs over 2 months using different solution-based dielectrics: (a) 

(AlOx), (b) (AlOx|HfOx), (c) (AlOx|HfOx|AlOx), (d) (HfOx), (e) (HfOx|AlOx) and (f) (HfOx|AlOx|HfOx). 

 

  



 

238 

 

Table A2. Electrical characteristics obtained for the devices depicted in Figure A8. 

Insulator Measure 
SS  

(V·dec-1) 

µSAT 

(cm2·V-1·s-1) 
ION/OFF VON (V) VHyst (V) 

(HfOx) 
Initial 0.079 30.18 1.90×105 0.02 0.07 

2 months 0.081 25.44 1.85×105 0.02 0.09 

(HfOx|HfOx) 
Initial 0.061 43.94 1.52×106 0.07 0.12 

2 months 0.068 35.8 3.03×105 0.12 0.14 

(HfOx|AlOx) 
Initial 0.069 22.22 1.02×106 0 0.09 

2 months 0.081 21.76 2.98×105 -0.05 0.1 

(HfOx|AlOx|HfOx) 
Initial 0.101 43.06 4.40×105 0 0.105 

2 months 0.17 26.4 1.00×104 0.11 0.28 

(AlOx) 
Initial 0.077 17.66 2.00×105 0.07 0.08 

2 months 0.074 16.18 3.26×105 -0.04 0.09 

(AlOx|HfOx) 
Initial 0.086 34.41 1.11×105 0.07 0.1 

2 months 0.11 34.01 6.00×104 -0.07 0.13 

(AlOx|HfOx|AlOx) 
Initial 0.134 32.5 1.38×105 -0.108 0.27 

2 months 0.336 30.09 1.00×104 -1.18 1.87 
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Figure A9. Positive gate-bias stress (PBS) measurements of IGZO TFTs with different dielectric conditions: 

(a) (HfOx), (b) (HfOx|HfOx), (c) (AlOx|HfOx) and (d) (HfOx|AlOx). 
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Figure A10. Negative gate-bias stress (NBS) measurements of IGZO TFTs with different dielectric 

conditions: (a) (HfOx), (b) (HfOx|HfOx), (c) (AlOx|HfOx) and (d) (HfOx|AlOx). 
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Figure A11. Transfer curves of the TFTs, load and driver, used in the diode-connected inverter. 
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The Appendix B contains the data of section 4.2 related to the production and characterization of 

flexographic printed aluminum oxide (Al2O3) dielectric thin films and their application in indium 

oxide (In2O3) thin film transistors (TFTs). Figure B1 depicts the flexographic printing patterns 

after drying using different printing parameters (surface treatment, number of layers, solution 

concentration, anilox volume and printing speed). Table B1 show the thickness of the printed 

aluminum oxide thin films using different annealing conditions.  Figure B2 shows the X-ray 

reflectivity (XRR) measurements of Al2O3 thin films produced with different annealing 

conditions. Figure B3, B4 and B5 depict the X-ray photoelectron spectroscopy (XPS) emission 

from Al 2p, O 1s and C 1s peaks from the printed Al2O3 thin films. Figure B6 shows the AFM 

deflection images for the different thermal annealing conditions used in the dielectric. Figure B7 

depicts the capa 2O3/Al MIM 

capacitors for different annealing conditions. Figure B8 shows typical output curves of two test 

TFT devices annealed at different temperatures. Figure B9 depicts the transfer curves of the 

printed In2O3 TFTs initially and after 5-month storage in air (dark environment). Figure B10 

shows the device behaviour after positive and negative gate bias stress, their recovery and 

saturation mobility behaviour under stress. Figure B11 depicts the TFT transfer curves after 

mechanical bending stress. Figure B12 shows photographs (a) after the dielectric ink printing and 

(b) of the homemade bending machine used. 
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Figure B1. Flexographic printing patterns of Al2O3 after a thermal drying at 130 °C using different printing 

parameters: surface treatment with plasma; number of layers; ink concentration; the anilox volume; printing 

speed. Numbers with green colour reflect optimal conditions.  
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Table B1. Al2O3 dielectric thickness thin films for the different annealing conditions. 

Condition 180 °C 180 °C + FUV 200 °C 200 °C + FUV 300 °C 

Thickness 
(nm) 30 ± 0.5 22.4 ± 0.8 22.7 ± 0.8 15.4 ± 0.8 16.5 ± 0.3 

 

 

Figure B2. XRR measurements of the Al2O3 thin films thermal annealed with and without FUV 

irradiation. 
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Figure B3. XPS of (a) Al 2p and (b) O 1s emission peaks of the printed aluminum oxide thin films. 
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Figure B4. Deconvoluted XPS O 1s emission peaks of the printed aluminum oxide thin films for different 

annealing conditions: (a) 180 °C, (b) 180 °C + FUV, (c) 200 °C, (d) 200 °C + FUV and (e) 300 °C.   
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Figure B5. Deconvoluted XPS C 1s emission peaks of the printed aluminum oxide thin films for the 

different annealing conditions: (a) 180 °C, (b) 180 °C + FUV, (c) 200 °C, (d) 200 °C + FUV and (e) 300 

°C. 
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Figure B6. AFM deflection images (2 µm × 2 µm) of the printed aluminum oxide thin films for different 

annealing temperatures: (a) 180 °C, (b) 200 °C and (c) 300 °C. 

 
Figure B7. (a) Capacitance-frequency (CF) factor for the different annealing conditions applied in the MIM 

devices; (b) Ageing of the dielectric annealed at 180 °C assisted by FUV irradiation after 3 weeks of storage 

in air environment.  
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Figure B8. Typical output curves of the In2O3 TFTs with the combination of thermal annealing and FUV 

irradiation for 30 min at (a) 180 °C and (b) 200 °C. 
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Figure B9. Aging effect on the performance of the In2O3/Al2O3 TFTs after 5 months storage for different 

annealing conditions (180 °C + FUV and 200 °C + FUV) for the printed semiconductor for (a,d) 30 min, 

(b,e) 1h and (c,f) 1h 30 min annealing time. 
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Figure B10. (a,b) Positive (PBS) and (c,d) negative (NBS) gate-bias stress measurements of In2O3 TFTs 

using different electric field: 0.5 and 1 MV·cm-1. (e) Saturation mobility change for 0.5 and 1 MV·cm-1 
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stress (for selected device with 180 °C + FUV annealing for 30 min) under PBS and NBS tests for 1 h in 

air environment. 

 
Figure B11. Transfer characteristics of In2O3 TFTs under repeated bending cycles, to 5 mm bending radius 

that was applied along the channel length: (a) device 2 and (b) 3. 

 

 

 
Figure B12. Photographs (a) after the dielectric printing in the flexographic machine and (b) of our 

homemade bending system. 
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The Appendix C contains the full data sets of section 4.3 related to the production of AlOx 

dielectric thin films from solution, by excimer laser annealing (ELA) treatment inducing 

combustion synthesis, and their application in thin film transistors (TFTs). Table C1 and C2 

shows the statistical parameters of dielectric properties obtained from MIS devices. Figure C1 

and C2 depicts FTIR spectra for all ELA conditions and for both drying durations, 15 min and 1 

min, respectively. Figure C3, C4 and C5-C6 show the capacitance voltage, 

 Al/p-type Si/(AlOx)/Al MIS 

capacitors for both drying durations. Tables C3 and C4 depicts the electrical characteristics 

summary obtained from IGZO TFTs comprising the sol-gel AlOx fabricated by all the different 

ELA treatments, while Figures C7 and C8 show the transfer curves of the same IGZO TFTs 

devices. Finally, Figure C9 depicts the typical output curves of two test TFT devices and the 

reference. Table C5 shows the statistical TFT parameters from a previous report using deep 

ultraviolet (DUV) curing for 30 min92, alongside those of the optimum devices produced in this 

work (using 15 min drying cycle followed by ELA). Table C6 depicts relevant low temperature 

solution-based AlOx layers processed by different curing methods applied in TFTs reported 

previously in the literature 
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Table C1. Statistical parameters of dielectric properties obtained for the MIS devices dried for 15 min and 

then treated by ELA. These are all graphically depicted in Figure 4.16 (a) in the main paper. The reference 

device (300 °C for 1h) is also shown for comparison. 

Fluence 
(mJ/cm2) 

Number of 
pulses 

Capacitance 
(µF/cm2) 

Thickness 
(nm) 

E 
(MV/cm) 

Dielectric 
constant 

125 

1 0.08 ± 0.01 27.9 ± 0.4 1.94 ± 0.01 2.62 ± 0.01 

2 0.12 ± 0.02 28.3 ± 0.5 1.82 ± 0.02 3.8 ± 0.8 

3 0.20 ± 0.01 27.7 ± 0.4 1.93 ± 0.05 6.2 ± 0.1 

150 

1 0.10 ± 0.01 28.7 ± 0.3 1.78 ± 0.01 3.1 ± 0.4 

2 0.35 ± 0.02 16.5 ± 0.3 3.10 ± 0.02 6.5 ± 0.4 

3 0.38 ± 0.01 18.2 ± 0.4 3.3 ± 0.3 7.9 ± 0.1 

175 

1 0.38 ± 0.02 22.1 ± 0.9 2.4 ± 0.2 9.1 ± 0.1 

2 0.50 ± 0.06 15.2 ± 0.4 4.0 ± 0.5 8.6 ± 0.1 

3 0.53 ± 0.05 13.2 ± 0.3 3.1 ± 0.1 8.6 ± 0.7 

200 

1 0.51 ± 0.04 15.2 ± 0.9 2.72 ± 0.09 8.8 ± 0.7 

2 0.54 ± 0.01 12.7 ± 0.6 3.5 ± 0.2 7.8 ± 0.2 

3 0.55 ± 0.01 12.8 ± 0.6 3.61 ± 0.06 7.9 ± 0.1 

Reference 

(300 °C, 1h) 
0 0.42 ± 0.02 10.9 ± 0.1 3.82 ± 0.03 5.2 ± 0.2 
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Table C2. Statistical parameters of dielectric properties obtained for the MIS devices dried for 1 min and 

then treated by ELA. These are all graphically depicted in Figure 4.16 (b) in the main paper. The reference 

device (300 °C for 1h) is also shown for comparison. 

Fluence 
(mJ/cm2) 

Number of 
pulses 

Capacitance 
(µF/cm2) 

Thickness 
(nm) 

E 
(MV/cm) 

Dielectric 
constant 

200 

1 0.69 ± 0.04 47.1 ± 0.9 1.15 ± 0.02 37 ± 2 

2 0.74 ± 0.05 42.3 ± 0.8 0.89 ± 0.03 35 ± 3 

3 0.73 ± 0.04  18.6 ± 1.8 3.0 ± 0.2 15.3 ± 0.9 

225 

1 0.81 ± 0.04 36.8 ± 0.4 1.5 ± 0.1 33 ± 1 

2 0.72 ± 0.05 14.4 ± 0.7 2.9 ± 0.1 11.7 ± 0.8 

3 0.70 ± 0.04 12.7 ± 0.5 3.5 ± 0.2 9.4 ± 0.1 

250 

1 0.84 ± 0.03 13.4 ± 0.5 3.1 ± 0.4 12.7 ± 0.5 

2 0.83 ± 0.05 11.4 ± 0.3 3.6 ± 0.3 10.6 ± 0.6 

3 0.84 ± 0.01 11.1 ± 0.4 3.9 ± 0.7 10.2 ± 0.5 

300 

1 0.79 ± 0.05 14.9 ± 0.7 2.9 ± 0.2 13.2 ± 0.8 

2 0.84 ± 0.02 10.9 ± 0.5 3.5 ± 0.1 10.3 ± 0.2 

3 0.93 ± 0.01 11.0 ± 0.5 3.4 ± 0.3 11 ± 1 

Reference  

(300 °C, 1h) 
0 0.42 ± 0.02 10.9 ± 0.1 3.82 ± 0.03 5.2 ± 0.2 
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Figure C1. FTIR spectra of AlOx thin films with 15 min of drying and ELA treatment using different 

fluences and pulses: (a) 125 mJ/cm2; (b) 150 mJ/cm2; (c) 175 mJ/cm2; (d) 200 mJ/cm2. 
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Figure C2. FTIR spectra of AlOx thin films with 1 min of drying and ELA treatment using different fluences 

and pulses: (a) 200 mJ/cm2; (b) 225 mJ/cm2; (c) 250 mJ/cm2; (d) 300 mJ/cm2. 
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Figure C3. Typical capacitance voltage characteristics at 100 kHz of solution-based AlOx MIS capacitors 

dried at 150 °C for (a) 15 min and (b) 1 min followed by ELA treatment for different fluences and pulses. 

The reference device (300 °C for 1h) is also shown for comparison. 
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Figure C4. Typical capacitance frequency characteristics of solution-based AlOx MIS capacitors dried at 

150 °C for (a) 15 min and (b) 1 min followed by ELA treatment for different fluences and pulses. The 

reference device (300 °C for 1h) is also shown for comparison. 
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Figure C5. Typical current density (J) and breakdown field (E) characteristics of solution-based AlOx MIS 

capacitors with 15 min of drying and ELA treatment using different fluences and pulses: (a) 125 mJ/cm2; 

(b) 150 mJ/cm2; (c) 175 mJ/cm2; (d) 200 mJ/cm2. The reference device (300 °C for 1h) is also shown for 

comparison. 
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Figure C6. Typical current density (J) and breakdown field (E) characteristics of solution-based AlOx MIS 

capacitors with 1 min of drying and ELA treatment using different fluences and pulses: (a) 200 mJ/cm2; (b) 

225 mJ/cm2; (c) 250 mJ/cm2; (d) 300 mJ/cm2. The reference device (300 °C for 1h) is also shown for 

comparison. 
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Table C3. Parameters of TFTs obtained for the devices with 15 min of drying followed by ELA. These are 

all graphically depicted in Figure 4.17 (a) in the main paper. The reference device (300 °C for 1h) is also 

shown for comparison. 

Fluence 
(mJ/cm2) 

Number of 
pulses 

µSAT  
(cm2/V·s) 

SS 
(V/dec) ION/OFF 

VON 

(V) 
VHyst 
(V) 

150 
2 11.7 0.13 1.5×104 -0.27 0.05 

3 17.9 0.14 2.1×104 -0.22 0.07 

175 

1 18.6 0.13 1.0 ×104 0.05 0.08 

2 20.0 0.10 1.6×104 - 0.07 0.07 

3 12.8 0.15 9.7×103 - 0.22 0.04 

200 

1 8.0 0.19 3.1×103 - 0.36 0.05 

2 14.5 0.21 3.2×103 - 0.36 0.04 

3 8.71 0.23 1.4×103 - 0.22 0.01 

Reference 

(300 °C, 1h) 
0 13.7 0.13 1.1×104 - 0.07 0.06 
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Table C4. Parameters of TFTs obtained for the devices with 1 min of drying followed by ELA. These are 

all graphically depicted in Figure 4.17 (b) in the main paper. The reference device (300 °C for 1h) is also 

shown for comparison. 

Fluence 
(mJ/cm2) 

Number of 
pulses 

µSAT  
(cm2/V·s) 

SS 
(V/dec) ION/OFF 

VON 

(V) 
VHyst 
(V) 

225 
2 18.4 0.18 1.2×104 - 0.36 0.06 

3 22.4 0.12 6.5×104 - 0.41 0.09 

250 

1 5.8 0.12 1.0×104 - 0.14 0.04 

2 14.8 0.13 1.7×104 - 0.20 0.04 

3 7.6 0.19 7.2×103 - 0.04 0.01 

300 

1 15.5 0.12 2.8×104 - 0.30 0.06 

2 14.7 0.12 1.7×104 - 0.20 0.02 

3 9.7 0.18 1.0×104 - 0.50 0 

Reference 

(300 °C, 1h) 
0 13.7 0.13 1.1×104 - 0.07 0.06 
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Figure C7. Transfer curves of IGZO TFTs with 15 min of drying followed by ELA treatment using different 

fluences and pulses: (a) 150 mJ/cm2; (b) 175 mJ/cm2; (c) 200 mJ/cm2. The reference device (300 °C for 1h) 

is also shown for comparison. 

 

 
Figure C8. Transfer curves of IGZO TFTs with 1 min of drying followed by ELA treatment using different 

fluences and pulses: (a) 225 mJ/cm2; (b) 250 mJ/cm2; (c) 300 mJ/cm2. The reference device (300 °C for 1h) 

is also shown for comparison. 
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Figure C9. Typical output curves of IGZO/AlOx TFTs. 
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Table C5. Statistics of TFT parameters in a previous report92 using deep ultraviolet (DUV) for 30 min and 

this work using the 15 min drying followed by ELA. These are all graphically depicted in Figure 4.18 (b) 

in the main paper.  

Condition 
VON 
(V) 

µSAT 
(cm2/V·s) 

SS 
(V/dec) 

150 °C + DUV (30 min) -0.02 ± 0.06 17.3 ± 0.9 0.09 ± 0.01 

150 °C + ELA (15 min) -0.015 ± 0.027 20.4 ± 0.9 0.103 ± 0.001 

 

Table C6. solution-based AlOx layers processed by 

different curing methods applied in TFTs. 

Year 

Irradiation 
source 

(wavelength) 

Irradiation 
time (pre-

annealing time) 

T  

(°C) 

µSAT  
(cm2 V 1 s 1) Selectivity 

201520 

Deep-
ultraviolet 

lamp 
(254 nm) 

30 min ( ) 150 8.33 No 

2016307 
Far ultraviolet 

lamp 
(160 nm) 

30 min ( ) 150 14.10 No 

201792 

Deep-
ultraviolet 

lamp 
(254 nm) 

30 min ( ) 150 17.3 No 

2017362 

Deep-
ultraviolet 

lamp 
(254 nm) 

120 min ( ) 60 5.9 No 

2019901 

Deep-
ultraviolet 

lamp 
(254 nm) 

120 min ( ) 150 ~ 6 No 

Present 
study 

Excimer laser 
(248 nm) 

2 s (15 min) 
150 

20.0 Yes 

3 s (1 min) 22.4 Yes 
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The Appendix D contains relevant data of section 6.1 related to the material and electrical 

characterization of the memories. Figure D1 shows the optical microscope images of the different 

electrodes used as top contact. Figure D2 contains data related to XPS analysis with angle-

resolved in a single-layer of aluminum oxide. Figure D3 depict the FTIR spectra of Al2O3 thin 

films before and after annealing. Figure D4 and D5, show the XRD diffractograms of the 

aluminum oxide thin films and a high-resolution SEM-FIB cross-section image of the single layer 

Al2O3 thin film, respectively. Figure D6 (a) and (b) depict the DC endurance characteristics during 

100 cycles and the cumulative probability of the resistance states in the bilayer aluminum oxide 

memory, respectively. Figure D7 shows the bilayer memories´ I-V in the pristine state and the 

respective forming for both sides, negative and positive. Table D1 show a comparison of current 

oxide transparent memories with ours. 
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Figure D1. Optical microscope images of the diferent top electrodes used in the devices, (a) Au and (b) 

IZO. 

 
 

Figure D2. XPS spectra with angle-resolved for different angles in a single layer of Al2O3. 

 

The information depth d (the thickness from the surface where 95% of the photoelectrons come 

from) in the de

can be estimated with the equation 

2.7 nm.902 The angle-resolved spectra in Figure S2 still show the platinum signal at 50°, which 

corresponds to an information depth of 6.2 nm. At an emission angle of 35° and below, 

corresponding to an information depth of 4.6 nm and smaller, the platinum signal is not detectable 
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anymore. Hence, it is concluded, that platinum diffuses into the aluminum oxide layer up to 

approximately 5 nm below the surface.  

 

 

Figure D3. FTIR spectra of Al2O3 thin films before and after annealing. 

All samples show an absorbance peak at 1107 cm-1 attributed to Si-O vibration due to the native 

SiO2  

Before annealing absorption bands related to organic precursors in the film can be observed OH 

stretching vibrations due to water content and absorption; also weak absorption bands associated 

to the C H bonds were observed as depicted in Figure S3.92,469 After annealing the films at 500 

°C with monolayer (30 nm) and bilayer (66 nm) of aluminum oxide, none of these bands were 

observed confirming the elimination of all residual organics.  

The absorption peaks observed at, 889, 739 748 and 611 601 cm-1, are attributed to the presence 

of Al O chemical bonds.471 
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Figure D4. XRD diffractograms of aluminum oxide thin films with different thicknesses. 

 

 
Figure D5. High-resolution SEM-FIB cross-section image of Al2O3 monolayer device. 
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Figure D6. (a) DC endurance characteristics of the bilayer memory for 100 cycles and (b) respective 

cumulative probability of the resistance states. 

The cumulative probabilities of the resistance in the low resistance state (RLRS) and high resistance 

state (RHRS) were studied based on 100 successive switching cycles of the bilayer memory. The 

LRS and HRS show an average value of 102 5 × 105  respectively. This corresponds 

to an average memory window of 5 × 103, guaranteeing a minimum window of >102. 

 

Figure D7. Bilayer memories I-V in the pristine state and the respective forming for both sides, negative 

and positive. 
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Table D1. Performance comparison of transparent oxide ReRAMs using different production methods. 

Year BEa TEb Method/ 
Active layer SBc 

Td  
(%) 

Set 
(V) 

Reset 
(V) RON/OFF 

Retention 
(s) Endurance 

2008 
903 ITO ITO 

MOCVD/ 
ZnO Unipolar 81 2.6 1.8 102 105 102 

2009 
904 

ITO/
Ag/ 
ITO 

ITO 
RF 

Sputtering/ 
ZnO 

Unipolar 80 1.5 0.6 ~ 50 105 2 × 102 

2010 
905 ITO ITO 

RF 
Sputtering/ 

IGZO 
Bipolar 80 - 1 3.5 102 104 102 

2011 
619 ITO ITO 

Spin-coating/ 
GZO Bipolar 86.5 5 - 6 15 n.a. 3 × 102 

2012 
906 GZO GZO 

MOCVD/ 
GZO Bipolar 90 10 -12 102 n.a. n.a. 

2012 
907 ITO G 

E-BEAM/ 
SiOx 

Unipolar 90 4 13 104 105 3× 102 

2014 
908 ITO ITO 

RF 
Sputtering/ 

HfOx 
Bipolar 80 0.5 - 2.3 45 106 ~5 × 107 

2014 
909 

STO ITO PLD/ 
LAO 

Bipolar 76 - 1.3 5 102 4 × 104 2 × 103 

2016 
910 

IZO IZO 
RF 

Sputtering/ 
AlOx 

Bipolar 80 - 2.8 3.2 103 105 103 

2016 
874 IZO IZO 

ALD/ 
TiOx 

Bipolar 83 5 - 6 8 105 103 

2016 
911 

ITO ITO 

(ALD/ 
RF 

Sputtering) 
AlON/ZrO2 

Bipolar 80 2.1 - 4 10 104 104 

2017 
912 

ZnS/
Ag/ 
ZnS/

Ti 

Mg
O/ 

ZnS/
Ag/
ZnS 

ALD/ 
Al2O3 

Bipolar 73 0.6 - 0.3 106 104 1.5 × 102 

This 
Work 
2018 

ITO IZO 
Spin-coating/ 

Al2O3 
Unipolar 80 - 4.2 - 4 104 104 n.a. 

aBottom electrode, bTop electrode, cSwitching behavior, dTransmittance, n.a.  not available 
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The Appendix E comprises the data related to the production and characterization of printed 

aluminum oxide (AlOx) resistive switching (RS) devices. Table E1 contains the literature of 

solution-based AlOx resistive switching memories. Figure E1 shows the optical microscope 

images of a complete printed device and the printing of AlOx thin films using different printing 

speeds. Table E2 depicts the literature of inkjet printed metal oxide resistive switching memories. 

Table E3 shows the aluminium oxide ink parameters using 2-methoxyethanol as solvent to 

calculate the inverse Ohnesorge (Z) number. Figure E2 shows two methods to perform the 

electroforming process. Figure E3 depicts ITO/AlOx/Ag device cycle-to-cycle variability. Figure 

E4 shows the device-to-device variability. Figure E5 depicts the temperature analysis of the 

devices after breakdown in the negative polarity. Figure E6 shows the resistive switching 

behaviour of a device under different environment conditions.  
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Table E1. Solution-based aluminium oxide resistive switching memories. (BE: Bottom electrode; TE: Top 

electrode; Ron/off: Resistance on/off ratio; n.d.: not defined; Tmax: maximum temperature; RT: Room 

temperature; UV: Ultraviolet; TA: Thermal Annealing; Spin: Spin-coating; Dip: Dip-coating). 

Year 
Material/ 

Substrate 

Deposition 

method 

Annealing 

method 

Tmax 

[°C] 

BE/TE 

interface 
Ron/off 

Retention 

[s] 

Endurance 

[cycles] 

2009745 AlyOx Anodic n.d. RT Al/Al ~104 2×102 ~102 

2012751 AlOx Anodic n.d. RT Al/Al ~104 n.d. n.d. 

2012752 AlOx Anodic n.d. RT Al/Al ~105 105 104 

2016811 AlOx Dip n.d. n.d. Al/Hg ~103 n.d. 102 

2017735 AlOx Spin 
TA 600 

Pt/Ti 
> 24 104 103 

Microwave 180 > 20 104 103 

2018639 AlOX Spin Microwave 565 Pt/Ti 
4.3 

×102 
104 102 

2018279 Al2O3 Spin TA 500 Pt/Ti ~105 105 102 

2018637 AlOx Spin Microwave 347 Pt/Ti 10 104 103 

2019621 AlOx Spin UV RT ITO/Ag ~103 104 102 

2019616 AlOx Spin TA 250 Pt/TiN 
3.5 

×101 
103 102 

2019729 AlOx Spin TA 250 Pt/Ni ~104 104 1.5×102 

2019635 AlOx Spin TA 200 Pt/TiN 
1.8 

×102 
104 3×102 

2020623 AlOx Spin TA 250 ITO/Ag ~103 104 5×102 

This  

Work 
AlOx Inkjet UV + TA 150 ITO/Ag > 10 105 102 
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Figure E1. (a) Complete image of the printed resistive switching device acquired by optical microscopy. 

Influence of the printing speed on the aluminum oxide (AlOx) layer: (b) 100 mm/sec and (c) 150 mm/sec.  
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Table E2. Inkjet printed solution-based metal oxide resistive switching memories. (BE: Bottom electrode; 

TE: Top electrode; Ron/off: Resistance on/off ratio; n.d.: not defined; Tmax: maximum temperature; RT: Room 

temperature; UV: Ultraviolet; TA: Thermal Annealing). 

Year 
Material/ 

Substrate 

Inkjet 

type 

Annealing 

method 

Tmax 

[°C] 

BE/TE 

interface 
Ron/off 

Retention 

[s] 

Endurance 

[cycles] 

2012711 TiO2/Si EHD TA 450 Cu/Ag 102 n.d. n.d. 

2012708 ZrO2/Glass EHD TA 120 ITO/Ag >105 n.d. 102 

2012835 TiO2/PES EHD TA 150 Ag/Ag 103 n.d. 102 

2012836 ZrO2/PI EHD n.d. n.d. 
ITO/Ag 

Ag/Ag 

>10 

102 
n.d. n.d. 

2013707 ZnO/Si EHD TA 500 Cu/Ag 103 n.d. 5×102 

2013591 ZrO2/PI EHD TA 150 Ag/Ag 102 n.d. 1.4×102 

2013704 ZrO2/PET EHD TA 135 ITO/Ag >10 106 5×101 

2013792 (CuO/AgO)/PI Piezo TA 320 Cu/Ag 10 n.d. 4×101 

2014702 TiO2/Paper Piezo TA 180 C/Ag 103 3×104 103 

2015804 ZrO2/PET EHD TA 135 ITO/Ag n.d. n.d. n.d. 

2016696 TiOx/PET Piezo TA 150 Ag/Ag >102 n.d. n.d. 

2016812 ZnSnO3/PET EHD TA 130 ITO/Ag 3×102 1.2×104 2×102 

2017732 HfO2/Si Piezo TA 240 Au/Ag 103 n.d. 1.28×102 

2020700 ZnO/Glass EHD TA 500 Ag/Ag 103 n.d. 103 

This  

work 
AlOx/Glass Piezo UV + TA 150 ITO >10 105 102 

 

To guarantee a good printing the Reynolds (equation E1) and Weber (equation E2) numbers 

should be considered, allowing us to calculate the inverse Ohnesorge (Z) number (equation E3) 

an essential parameter for inkjet printing.892 If 1 < Z < 10, printing is successful; Z < 1, represents 

the lower limit, limited by viscosity (highly viscous fluid is formed), not suitable for inkjet 

printing. If Z > 10, satellite droplets form resulting in a bad printing quality. The Z number of our 

aluminium oxide ink was 4.85 being ideal value to use in inkjet printing and assure a uniform 

printability. 
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Table E3. Aluminium oxide ink parameters using 2-methoxyethanol as solvent. 

Ink parameters 
Density (  Length (L) 

Dynamic 
viscosity (  

Surface tension 
(y) 

985 Kg/m3 0.00005 m 2.1 mPa.s 3.8 mN/m 

 

 

 

 

 

 

where , v, L, ,  are density, fluid speed, length, dynamic viscosity, and surface tension 
respectively. 
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Figure E2. Two different methods to perform an electroforming on the devices: (a,b) DC voltage sweep 

and (c,d) forming time of constant voltage stress for both negative and positive voltage polarities. 
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Figure E3. ITO/AlOx/Ag device cycle-to-cycle variability: (a) resistance states (high resistance state (HRS) 

and low resistance state (LRS) variation) and (b) operating voltages (set and reset). 
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Figure E4. ITO/AlOx/Ag device-to-device variability: (a) I-V sweep uniformity comparison to see the yield, 

(b) high resistance state (HRS) and low resistance state (LRS) variation, (c) SET and Reset variation for 20 

devices.  
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Figure E5. Temperature analysis of the memristor electroformed in the negative polarity. 

 

 
Figure E6. Resistive switching behaviour of a ITO/AlOx/Ag device under air and vacuum conditions. 
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