
 

 

 

 

 

 

Electrostatic Modification of Novel Materials 

 
 
 
 

A DISSERTATION 
SUBMITTED TO THE FACULTY OF  

UNIVERSITY OF MINNESOTA 
BY 

 
 
 
 

Yeonbae Lee 
 
 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF  

DOCTOR OF PHILOSOPHY 
 
 
 

Allen M. Goldman, Advisor 
 
 
 
 

October, 2013 
 
 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by Yeonbae Lee, 2013 

ALL RIGHTS RESERVED 

 



 

 i 

Acknowledgements 

 
 

I am in debt to countless many people to achieve what I have done and to 

arrive where I am now. 

 

I would like to express my sincere appreciation to my colleagues: Joe Kinney, JJ 

Nelson. Boyi Yang, Ilana Percher, Terry Bretz-Sullivan, Danqing Deng, and Joe Sobek 

for their work, useful discussions, and partial (but very passionate) involvement in my six 

years of research. Also I will never forget the former members of the group: Dr. Xiang 

Leng, Dr. Steve Snyder, Jack Hellerstedt, Colin Clement, and Laura Kinnischtzke for 

their active involvement in the study of strontium titanate, 

I will remember Dr. Yen-Hsiang Lin, Dr. Sarwa Tan, and Dr. Kevin Parendo for 

useful discussions and mentorship involving the study of disordered systems and low 

temperature techniques, and Dr. Masaya Nishioka for the study of organic 

semiconductors, and Dr. Yu-Chen and Dr. Alexey Kobrinskii for their helpful advice in 

learning various experimental techniques. 

Special thanks to Prof. Aviad Frydman (Bar Ilan University, Israel), Daniel 

Sherman (Bar Ilan University, Israel), and Prof. Zvi Ovadyahu (Hebrew University, 

Israel) for their contributions to the study of disordered indium oxide, including very 

thoughtful discussions and personal conversations, which offered me deeper 

understanding of the research field. 



 

 ii 

Also great thanks to Prof. Paul Crowell for his generosity in the work of repairing 

the PPMS 3He insert, Prof. Chris Leighton for useful discussion related to strontium 

titanate, Prof Boris Shklovskii, Prof. Dan Dahlberg, Prof. Alex Kamenev, and Prof. 

James Kakalios for their useful discussion of various matters 

Special acknowledgment to Prof. Yuichi Kubota and Prof. Joe Kapusta for their 

work as the Director of Graduate Studies during my years in graduate school. Prof. Joe 

Kapusta will also be remembered for his great sense of humor. 

Thanks to Dr. Junkyung Jung, Dr. Jonghyeon Shin, Gwangho Hur, Dr. Chideuk 

Yoo, Dr. Brian Skinner, Tianran Chen, Chad Geppert, Dr. Lee Wienkes, Kent Bodurtha 

for their friendship and help related to physics problems.  

All of the people in the Machine Shop, especially Jon Kilgore, Peter Ness, George 

Dirks, Carl Johnson, and Roger Olson will be appreciated for their amazing skills to build 

and repair various experimental apparatus. 

Many thanks to the funding agencies; the Department of Energy under grant: DE-

FG02-02ER46004, the NSF under Grant No. NSF/DMR-0854752 and the US-Israel 

Binational Science Foundation under Grant No. 208299. Part of my work was carried out 

at the University of Minnesota Characterization Facility, a member of the NSF-funded 

Materials Research Facilities Network via the MRSEC program, and the Minnesota Nano 

Center which receives partial support from the NSF through the NNIN program. 

 

Lastly, but most importantly, I would like to express my deepest and best 

appreciation to Prof. Allen M. Goldman, my academic and spiritual mentor who has  



 

 iii 

raised me up to this point and has not given up on me. He has shown me an 

immeasurable level of supports, patience, and generous smile throughout my entire career 

toward to earning the title of Ph. D. 

 

I will always be grateful to these people forever. 

 

 

 

 

 

 

 



 

 iv 

Dedication 

 
 

To my forever-beloved families; my father Kwonhee Lee and my mother Changsoon Lee, 

my sister Misun Hwang, my brother Yunbae Lee and my sister in law Sunyoung Jin, and 

my lovely nephew and niece Jihan and Jiyun Lee. I love you all. 

 

 

  



 

 v 

Abstract 
 

 

Electric double layer transistor configurations have been employed to 

electrostatically modify the physical properties of two novel materials; single crystals of 

insulating strontium titanate (SrTiO3) and thin films of amorphous indium oxide (a-InO).  

First the results of doping SrTiO3 over broad ranges of temperature and carrier 

concentration employing an ionic liquid as the gate dielectric are reported. The surprising 

results are, with increasing carrier concentration, an apparent carrier-density dependent 

conductor-insulator transition, a regime of the anomalous Hall effect, suggesting 

magnetic ordering, and finally the appearance of superconductivity. The possible 

appearance of magnetic order near the boundary between the insulating and 

superconducting regimes is reminiscent of effects associated with quantum critical 

behavior in some complex compounds. 

Secondly, the evolution with carrier concentration of the electrical properties of a-

InO thin films has been studied. Carrier variations of up to 7 x 10
14

 carriers-cm
-2

 were 

achieved again using an ionic liquid as a gate dielectric. The superconductor-insulator 

transition was traversed, and both the magnitude and the position of large 

magnetoresistance peak found in the insulating regime were modified. The systematic 

variation of the magnetoresistance peak with charge concentration was found to be 

qualitatively consistent with a simulation based on a model involving granularity. 
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Chapter 1 

Introduction 

  

“Why don’t you think about it?” said Bardeen. Schrieffer understood that 

selecting superconductivity for his thesis would be risky. The problem had been worked 

on for a long time and workers had met a lot of failures. He also knew something about 

the problem already, having helped to proofread Bardeen’s Handbuch article. “The 

question I had in my mind was: was there something that I might do and that I might 

contribute?” Schrieffer sought the advice of Francis Low. “How old are you?”  Low 

asked him. “Twenty-four” “Well, you can waste a year of your life and see how it goes.” 

 

From the Book “True genius: the life and science of John Bardeen” 

 

 

Superconductivity in a material arises from the pairing of free electrons, which 

makes them immune to external disturbances such as scattering off of defects. In the 

theory proposed by three theoretical physicists, John Bardeen, Leon Neil Cooper, 

and John Robert Schrieffer, superconductivity can be described as a macroscopic 

http://en.wikipedia.org/wiki/John_Bardeen
http://en.wikipedia.org/wiki/Leon_Neil_Cooper
http://en.wikipedia.org/wiki/John_Robert_Schrieffer
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phenomenon induced by a microscopic condensation of two electrons, called a Cooper 

pair, into one boson-like particle, where one Cooper pair consists of two ‘free’ electrons 

with opposite momenta and spins near the Fermi level of the system [1]. Given the key 

role of free electrons near the Fermi level, certain materials could potentially be made to 

be superconducting by introducing a surplus of free electrons or charge carriers by 

various methods. Chemical doping is a common method used to modulate the charge 

carrier density in solid materials. However, it might cause structural and chemical 

disorder, which introduces unavoidable complexity in the physical properties of the 

doped materials. On the other hand, the electric-field induced carrier density in field 

effect transistors (FET) configurations is free from this kind of chemical or structural 

disorder and thus has attracted significant attention from both scientists and engineers as 

a method to control the charger carrier density, thus the properties of many solid 

materials.  

By adapting the FET configuration to tune the carrier densities of certain 

materials, I have investigated the superconductor-insulator transition (SIT), that is a 

quantum phase transition at zero Kelvin, in various novel oxide materials. Instead of 

using conventional metal-oxide-semiconductor FET (MOSFET), I have employed a new 

type of field effect transistor based on electrochemistry, known as an electric double layer 

transistor (EDLT). In the scheme of the EDLT, an ionic liquid (this is an ionic compound 

composed of positive and negative ions in a liquid state at room temperature) has been 

used as the dielectric material between the gate and the source (or the drain) electrodes in 

a typical FET geometry.  

http://en.wikipedia.org/wiki/Boson
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Benefiting from this new method, I achieved electron charge transfers in materials 

about a hundred times higher (of the order of 10
15

 carriers-cm
-2

) than the largest values 

achieved using conventional MOSFETs (typically in the order of 10
13

 electrons-cm
-2

). 

The resultant enormous capacitance of EDLTs opens up the possibility of significant 

modification of the electronic properties of many materials, especially oxides such as 

high temperature superconductors, strontium titanate, and indium oxide.  

With powerful charge modulation of EDLT devices, I have investigated two novel 

oxide materials, namely strontium titanate (SrTiO3) and amorphous (disordered) indium 

oxide (a-InOx). In the following chapters, the comprehensive study of electrostatically 

doped single crystals of SrTiO3 will be reported over broad ranges of temperature and 

carrier concentration. The metal-insulator transition (MIT) of this material has been 

studied revealing many novel physical phenomena, which include an anomalous Hall 

effect (AHE) and the onset of superconductivity caused purely by carrier density 

modulation, without altering the intrinsic disorder of the system that is usually 

accompanied by a chemical doping. Furthermore, the superconductor-insulator transition 

(SIT) of a-InOx has been documented and the systematic evolutions of the electronic and 

magnetic properties as function of carrier density, with a focus on the study of the 

magnetoresistance (MR) peak is also discussed near the end of this dissertation. 

In the following sections of Chapter 1, I will review some of the fundamental 

background about superconductivity and quantum phase transitions, especially focusing 

on the superconductor-insulator transition (SIT). Chapter 2 will be devoted to the 

fundamental details regarding FETs and EDLTs; how the devices work, how one designs 
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such devices, and what are the current applications of these devices in the field of 

condensed matter physics and especially in the study of superconductivity. A 

comprehensive study of STO will be presented in Chapter 3 and lastly the carrier-driven 

SIT of a-InOx will be reported in Chapter 4. 

 

 

 

1-1  Superconductivity 

Superconductivity was discovered in 1911 by Heike Kamerlingh Onnes [2], three 

years after he had first liquefied 
4
He. He observed that the electrical resistance of various 

metals such as mercury, lead, and tin disappeared completely over small temperature 

ranges below a critical temperature Tc. Furthermore when a material is superconducting, 

it exhibits not only an electrical resistance that is zero, but bulk materials exclude applied 

magnetic fields below a critical value that is material dependent. This is called the 

Meissner-Ochsenfeld effect [3]. This is not entirely true for Type II superconductors, 

which were discovered later.  

The microscopic nature of superconductivity was not well understood until the 

late 1950’s. The first well-accepted theoretical model of superconductivity was proposed 

in 1957 by three collaborators Bardeen, Cooper, and Schrieffer, commonly known as 

the BCS theory [1], a name derived from their last names and for which they received the 

Nobel Prize in 1972. The BCS model describes superconductivity as a microscopic effect 

caused by a "condensation" of pairs of electrons into boson-like states, called Copper 

http://en.wikipedia.org/wiki/Electrical_resistance
http://en.wikipedia.org/wiki/Magnetic_field
http://en.wikipedia.org/wiki/Meissner_effect
http://superconductors.org/terms.htm#BCS
http://www.nobel.se/physics/laureates/1972/
http://en.wikipedia.org/wiki/Superconductivity
http://en.wikipedia.org/wiki/Cooper_pair
http://en.wikipedia.org/wiki/Boson
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pairs. At sufficiently low temperatures, in the presence of an attractive electron-electron 

interaction, electrons near the Fermi surface become unstable against the formation of 

Cooper pairs which leads to a lower energy state. They showed such a condensation will 

occur no matter how weak the attractive interaction. This result is a consequence of 

Fermi statistics and of the existence of the Fermi-sea background in a many-body 

quantum system.  

In the language of second quantization, the Hamiltonian H of the system can be 

written as the so-called “pairing Hamiltonian or reduced Hamiltonian” [4]  

 

         

  

       
     

        

  

 

                          (1.1) 

where    is kinetic energy,     is number operator, k and q are their momenta, σ is 

electron spin (up   or down  ),           are creation and annihilation operators 

respectively, and   is the attractive potential between electrons with opposite momenta of 

k and -k and spins of up and down.  

 By defining the single-particle energy relative to the Fermi level         , 

with   is chemical potential (or the Fermi level) one can find the following relationships. 

 

  
   

              
      

                        
    

      

(1.2) 

http://en.wikipedia.org/wiki/Cooper_pair
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where Δ is the minimum energy to break a Cooper pair (called the energy gap) into 

single-particle states (commonly known as quasi-particle states), Ek is the excitation 

energy of a quasi-particle,    is cut-off frequency related to the Cooper pair attractive 

interaction (usually on the order of the Debye frequency    in the scenario in which the 

attractive interaction is derived from the electron-lattice interaction), N(0) is the density 

of states at the Fermi level, and V is the magnitude of the attraction potential. It turns out 

the energy gap Δ becomes the order parameter in Ginzburg–Landau theory (which will be 

discussed later) with a phase factor of    , where   is the relative phase associated with 

both an occupied and empty state of Cooper pairs with a given momentum k. 

Pairs are very well ordered, minimizing the entropy of the system, and they are 

not easily interrupted or scattered by other electrons or phonons. Therefore they can 

travel freely through a material without measurable scattering that would result in finite 

resistivity. In conventional superconductors, the electron-electron attraction is generally 

attributed to the electron-lattice interaction. The BCS theory, however, requires only that 

the potential be attractive, regardless of its origin. In the BCS framework, 

superconductivity is a macroscopic effect which results from the microscopic 

"condensation" of Cooper pairs. 

 

  There is a phenomenological model describing the behavior of superconductivity, 

proposed by V. Ginzburg and L. Landau, which is known as the Ginzburg–Landau (GL) 

theory [4, 5]. It does not explain the microscopic mechanisms giving rise to 

superconductivity. Instead, it examines the macroscopic properties of a superconductor 



 

 7 

by introducing a complex pseudo-wave function ψ(r) as an order parameter. Then the 

square of absolute value |ψ(r)|
2
 represent the local density of superconducting electrons 

ns(r). The theory was developed by applying a variational method to an assumed 

expansion of the free energy density in powers of |ψ(r)|
2
 and its gradient | ψ(r)|

2
, leading 

to a pair of coupled differential equations for ψ(r) and the vector potential A(r) [4]. The 

basic assumption of GL theory is that if ψ(r) is small and varies slowly in space, the free 

energy density f can be expanded in a series of the form as following, 

 

            
 

 
      

 

   
  

 

 
  

  

 
    

 

 
  

  
 

                      (1.3) 

where α and β are constants, and          are the effective mass and the charge of the 

particles in the system. According to the BCS theory, the effective particles are Cooper 

pairs, so one can relate       and      , where m and e are the mass and the 

charge of a single electron. Within the GL model, one can define a dimensionless 

parameter κ such that 

 

  
 

 
                      

   

        
             

  

     
 

(1.4) 

where λ is London penetration depth and    is GL coherence length. In the classic pure 

superconductors κ   , but in dirty superconductors or in the high temperature 

superconductors,  κ can be great than unity, leading to a new class of superconductors, 
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named ‘type II superconductors’. In most thin-film superconductors, where the 

thicknesses d of films are comparable to the value of    or smaller, the system fall into the 

category of type II superconductors.  

  The GL theory is called a phenomenological theory as it describes some of the 

phenomena of superconductivity without explaining the underlying microscopic 

mechanism. However, later Gor’kov [6] was able to show that the GL theory was, in fact, 

a limiting form of the microscopic theory of BCS valid near the transition temperature Tc. 

The validity of the GL theory was demonstrated to be restricted to the temperatures near 

Tc, and the spatial variations of ψ(r) and A(r) are not to change rapidly. Gor’kov also 

showed that in this limit near Tc the order parameter ψ(r) turned out to be the BCS gap 

parameter Δ(r), both being in general complex parameters with a simple relationship,  ψ 

~       . 

The BCS theory and GL theories together explain most of the properties of 

classical superconductors, such as the penetration depth, the electronic heat capacity, 

single-particle tunneling, and the frequency-dependent electromagnetic absorption, with 

remarkable success. However they are not completely successful in explaining the 

properties of high temperature superconductors such as the gap size and its symmetry 

among many other properties. 

 

 

 

http://en.wikipedia.org/wiki/Phenomenology_(science)
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1-2  Quantum Phase Transitions 

A phase transition is a change of a given system from one phase (or state) of 

matter to another state. Such transitions of materials are controlled by various external 

conditions, such as temperature, pressure, dimensionality, and sometimes other 

parameters. One can boil water and drive it into a gaseous state by heating it. Pressure 

can also cause the melting of earthen rocks driving them into molten (liquid) states. Such 

transitions are very common in nature and are studied in many scientific disciplines.  

Quantum phase transitions (QPTs) are special kinds of phase transitions that 

occur at absolute zero temperature (T = 0). They are transitions in which the ground state 

of a system is changed [7, 8]. These transitions can be traversed by varying physical 

parameters, namely tuning parameters such as magnetic field, dimensionality, disorder, or 

charge carrier density (either electrons or holes). The fluctuations associated with a QPT 

are quantum fluctuations. Their signature at nonzero temperatures allows us to study 

these transitions which occur at absolute zero. 

The superconductor-insulator transition (SIT) driven by varying its disorder is an 

example of a QPT, where disorder is the tuning parameter. Such a disorder-driven SIT 

has been demonstrated by Haviland et al. by varying the thickness of thin films of 

amorphous bismuth, and is shown in Fig. 1-1 [9]. 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Phase_(matter)
https://en.wikipedia.org/wiki/State_of_matter
https://en.wikipedia.org/wiki/State_of_matter


 

 10 

 

 
 

Figure 1-1  The graph shows the evolution of the temperature dependence of the sheet resistance 

Rs with thickness for amorphous (disordered) Bi thin film deposited onto amorphous Ge. The 

disorder of the system was varied or tuned by controlling the thickness of the films using 

quenched vapor deposition at 10K. 

 

 

 

   

Consider a Hamiltonian H(δ), which varies as function of a dimensionless 

coupling parameter δ, which can be regarded as QPT tuning parameter such as disorder, 

magnetic field, or carrier density [7]. Assuming the limited case of a Hamiltonian such 

that H(δ)= H0+ δH1, i.e. δ only couples to the second term H1, therefore H0 and H1 can be 

simultaneously diagonalized and so the eigenfunctions are independent of δ. This leads us 
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to the possibility where an excited level becomes the ground state (level-crossing) at δ = 

δc  for some critical value of δ. Consider an energy scale Δ (not to be confused with BCS 

energy gap) characterizing some significant spectral density of fluctuations at zero 

temperature T=0. Then Δ satisfies the following relationship. 

 

          
   

(1.5) 

where ν is a critical exponent and z is dynamic critical exponent. The product νz depends 

upon the universality class of the QPT of the system. In addition to the energy scale Δ, 

(second-order) QPT has a divergent characteristic length scale   such that, 

 

            
       

(1.6) 

Combining equation (1.5) and (1.6), I have the following relationship between the energy 

Δ and length scale    in the second-order QPT, 

 

            

(1.7) 

Experimentally, the resistance of given system is an easily measurable quantity 

and near zero temperature in the quantum critical regime near, the sheet resistance Rs of 

the two dimensional (2D) system is expected to obey the following scaling law,  
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(1.8) 

Such QPT scaling analysis depends upon the quantum fluctuations present at 

nonzero temperatures. An analysis of this type with carrier density as the tuning 

parameter has been reported by Parendo et al., in which superconductivity has been 

induced in insulating ultrathin films of amorphous bismuth using the electric field effect 

to modulate carrier density, as shown in Fig 1-2 [10].  

 

 
Figure 1-2  Scaling analysis of R vs. T with gate voltage (Vg) as the tuning parameter. Note that 

Vg is proportional to the carrier density of the system reported here. The critical exponent product 

νz is equal to 2/3. This value is consistent with the universality classes of either the three 

dimensional (3D) XY or inverse XY models. Inset: R vs. Vg for isotherms from 65 to 100mK, 

yielding a distinct crossing point at the critical gate voltage of 11 V. 
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Although quantum phase transitions occur at zero temperature, their effects 

extend to low but finite temperature. It is essential that experimental measurements           

be performed at as low temperatures as possible to ensure the data obtained is within the 

critical regimes of the phase transition. A central task of the analysis of QPT is to predict 

the consequences of the transition at T=0 limitation by extrapolating the experimental 

data taken at finite temperature. According to the theory of QPT, it is possible to scale 

outward from the quantum critical point (QCP) at       and T=0 to finite temperature. 

Therefore the scaling analysis is a very powerful way of understanding and describing the 

thermodynamic and dynamic properties of numerous systems over a broad range of 

values of        and at nonzero values of T. 
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Chapter 2 

Electric Double Layer Transistors 

 

“All of us who were involved had no doubt that we had opened a door to a new important 

technology.” 

William B. Shockley (1910–1988) 

 

 

 

2-1  The Control of Carrier Density: Field Effect Transistors 

The control of charge carrier density has long been a key technology to tune the 

physical properties of condensed matter systems, leading to the modern semiconductor 

industry. Semiconductor electronics has been at the heart of the information revolutions 

and continuous advances in the area have made computers and other electronic devices 

cheaper and useful for a broad range of applications [11]. One of the main challenges in 

this research field, especially from the point of condensed matter physicist is the need to 

increase or induce the maximum possible carrier density, therefore inducing new states of 
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matter, possibly new superconducting states. By varying the level of carrier 

concentrations, one can induce various states such as insulators, metals, and 

superconductors as shown in Fig. 2-1 [12].  

 

 

 
Figure 2-1  Phase diagram (at T=0) of many novel materials as function of carrier density (2D) 

modulation. Superconductivity can be driven from insulator state by introducing excess (free) 

charge of electrons (or holes) in many materials such as SrTiO3, organic compounds, and some 

other copper oxides. Adapted from Ref. [12]. 
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Substitutional or interstitial chemical doping is a very common method that is 

used to modulate the charge carrier density in a given solid material. Substitutional 

doping involves replacing an existing atom with different type, within the unit cell, while 

interstitial doping adds atoms in an existing lattice unit, but not on lattice sites. In many 

(inorganic) semiconductors, the covalent nature of the inter-atomic bonds, along with the 

relatively high dielectric constants and large Bohr radii of charge carriers contribute to 

the ease of doping [13, 14]. Both methods offer a direct, permanent, and easy way of 

carrier density modulation. However, they might cause structural and chemical disorder, 

which introduces unavoidable complexity in the physical properties of the system under 

being doped.  

On the other hand, the electric-field induced carrier density by charge 

accumulation or depletion in a field effect transistors (FET) configuration is largely free 

from this kind of chemical or structural disorder and thus is attracting new interest as a 

method to control the properties of many solid materials [15]. Because the electric field 

in FETs can be turned on and off reversibly, the use of FETs also offers the significant 

advantage of controlling carrier density reversibly without altering the device quality 

over the long periods of time. 

The field effect transistor was first patented by Julius Edgar Lilienfeld in 1926 

[16]. The patent was entitled “Method and Apparatus for Controlling Electric Currents”. 

In it, he proposed a three-electrode structure using copper-sulfide semiconductor 

material, but no records exist that Lilienfeld actually constructed functioning devices. 

Practical semiconducting devices were developed only much later after 

http://en.wikipedia.org/wiki/Julius_Edgar_Lilienfeld
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the transistor effect was observed and explained by the team of William Shockley at Bell 

Labs in 1947. Stimulated by research into copper-oxide rectifiers at Bell Telephone 

Laboratories and by explanations of semiconductor rectification by Mott and Schottky, 

Bardeen and Brattain applied two closely-spaced gold contacts held in place by a plastic 

wedge to the surface of a small slab of high-purity germanium and demonstrated the 

voltage on one contact modulated the current flowing through the other, amplifying the 

input signal up to 100 times larger [17].  

Semiconductor FETs are the basis and workhorse of many modern electronics, in 

which a semiconducting material transports electrical current from a ‘source’ electrode 

on one end of the device to a ‘drain’ electrode on the other end. These electrical currents 

are controlled by a third electrode, called a ‘gate’, positioned above the source-drain 

channel and separated from it by the thin layer of an insulator (called a dielectric) which 

switches the device 'ON' or 'OFF' when a particular gate voltage is applied to it. A 

schematic diagram of a conventional FET is shown in Fig. 2-2. 

 

http://en.wikipedia.org/wiki/Transistor
http://en.wikipedia.org/wiki/William_Shockley
http://en.wikipedia.org/wiki/Bell_Labs
http://en.wikipedia.org/wiki/Bell_Labs
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Figure 2-2  Schematic diagram of a typical semiconductor FET. The source and drains are metal 

electrodes for electron flows and controlled by the top electrodes called the gate, separated by an 

insulating layer of oxides. 

 

 

 

 

 

The energy band diagram delivers a wealth of information about FET devices, 

which includes carrier concentration, electric filed, and other parameters as function of 

position. Here I adopt the metal-oxide-semiconductor (MOS) capacitor model to 

introduce the concepts relevant to the operation of modern FETs [11]. A MOS capacitor 

is a two-terminal device that is in essence the central part of MOS-FETs. Figures 2-3 (a) 
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and (b) show the energy band structure of a MOS capacitor, with metal on the left and the 

semiconductor on the right side separated by a thin oxide (insulator) layer between them. 

Here all the energy levels are measured from the vacuum state and Φm represents the 

work function of the metal electrodes. The symbols Ec, EF, Ev, and Ei represent the 

energy levels of the conductction band, the Fermi level, the valence band, and the middle 

line of the energy gap respectively. 

In Fig 2-3(a), the left panel shows the flat band diagram of the semiconductor 

with Vg = 0, i.e., no bias voltage or electric field between the metal and semiconductor. 

When a negative gate voltage is applied (Vg < 0), the metal Fermi level Fm is pushed up 

by      , with q is the fundamental charge of an electron. This requires a voltage drop 

and hence an electric field in both the insulating and semiconducting regions, therefore 

inducing a band-bending effect as illustrated on the right panel of Fig 2-3(a). This 

energy-bending in the semiconductor brings the valence band closer to the Fermi level, 

and thus the hole concentration Qp must be raised above its equilibrium value within the 

system. Therefore there is a net positive (free) charge induced on the semiconductor 

surface and the semiconductor can carry current (ON state) due to the induced free holes 

controlled by the gate electrode. 
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Figure 2-3(a) Band diagram of MOS capacitor with Vg = 0 (left) and Vg < 0 (right). Negative 

gating (Vg < 0, on the right) induces free holes Qp in valence band  and accumulated near the 

surface. 

 

 

 

 

Figure 2-3(b) Band diagram of MOS capacitor Vg = 0 (left) and Vg > 0 (right). Positive gating 

(Vg > 0 on the right) introduces free electrons Qn in the conduction band. 
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Next, I consider the opposite case when a positive gate voltage is applied on the 

metal side (Vg > 0). The metal Fermi level is pushed down by       and the energy band 

bends down in the semiconductor. As the gate voltage is increased, the total band-

bending in the semiconductor increases, and the conduction band is steadily brought 

closer to the Fermi level. Thus the (free) electron concentration Qn increases. Figure 2-

3(b) illustrated such energy bending by a positive gate voltage (Vg > 0) inducing free 

electrons onto the surface of the semiconductor, enabling free current flow in the system. 

The total charge transfer per unit area, Q2D, in a FET device can be calculated 

using the parallel-plate capacitor equation given by 

 

                       
  

 
        

(2.1) 

Here C2D is the areal capacitance (capacitance per unit area), κ is the dielectric constant of 

the insulator (dielectric material) between the gate electrode and the semiconductor,    is 

the free-space permittivity, and d is the thickness of the dielectric material used. While 

the choice of material for the gate dielectrics depends critically on cost, durability, 

operational speed, impedance and transconductance, the most important figure of merit 

for prospective gate dielectrics is the value of κ , which determines the quantity of free 

charge that can be induced in the semiconductor channels of FETs at a given gate voltage. 
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The current flow ISD between the source and the drain electrodes can be given by 

 

    
 

 
                     

   
 

 
  

(2.2) 

where W is the width of the semiconductor channel, L is the channel length,      is the 

channel carrier mobility called the FET mobility, C2D is the areal capacitance density 

associated with the gate dielectric, Vg and VSD are the voltages applied to the device gate 

and drain electrodes respectively, and Vth is a threshold voltage, that is the minimum 

value of the Vg when the conducting channel just begins to connect the source and drain 

contacts of the transistor, allowing significant current ISD to flow. In this equation, ISD is 

approximately proportional to the average charge across the channel and the average 

electric field along the channel direction. For low applied fields, ISD increases linearly 

with VSD and then eventually saturates to a state of constant ISD values regardless of VSD, 

which is known as ‘pinch-off’. The derivation of the equation (2.2) assumes the gradual 

channel approximation, which neglects the lateral components of the electric field within 

the channel. So the current only flows between the source and drain, but not laterally 

(side-ways) [11]. 
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2-2  Ionic Liquids and Electrochemical Capacitors 

An ionic liquid (IL) is an ionic compound (also known as salt) that is in a liquid 

state. For example, NaCl (Sodium Chloride) is a solid at room temperature, however if 

one heats NaCl above its melting temperature of 801
o
C, it becomes liquid and we call it 

an ionic liquid. It is different from an electrolyte where the solvent is usually water that 

contains only a small fraction of ionic compounds as solutes. Any salt that melts without 

decomposing or vaporizing will usually yield an ionic liquid. 

The ionic liquids at room temperature are called room temperature ionic liquids 

(RTILs), and commonly used definitions of ionic liquids usually refer to RTILs. Hence 

when I refer to ionic liquids I mean RTILs. Their important properties include very low 

vapor pressures (which result from the ionic nature of the materials) and relatively high 

conductivities at room temperature owning to the fact that the systems consist entirely of 

ions with weak interactions between them. Ionic liquids have many applications. They 

are powerful solvents and electrically conducting fluids, and most importantly they are 

used in electrochemical capacitors to store large amounts of energy. 

Electrochemical capacitors, also called supercapacitors, store energy using ion 

adsorption. When a voltage is applied across two electrodes in an electrochemical cell, 

charged ions in the IL move towards to both electrodes according to their charge 

polarities. As a result, the ions are collected on the electrode surfaces to form an electric 

double layer that effectively works as a sub-nanometer gap capacitor with the ions as a 

dielectric material [18]. An electrochemical capacitor consists of two capacitors 

connected in series through an IL (or a liquid electrolyte in some other applications), 

http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Pyrolysis
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Electrical_conductivity
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which forms two layers of opposite charges, called an electric double layer (EDL), at 

each electrode interface. A schematic diagram of an electrochemical capacitor using an 

IL as its dielectric is illustrated in Figure 2-4. 

 

 

 

Figure 2-4  Electrochemical capacitor formed by placing two electrical conductors in an ionic 

liquid container and applying a voltage (left). An electric double layer (EDL) is formed between 

the metal surface and IL. Charge separation occurs at the solid-liquid interface of both electrodes 

and persists after the voltage source is removed (right image), which creates two capacitors in 

series across the IL. 
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An electric double layer (EDL) is the structure that appears on the surface of a 

metal electrode when it is exposed to an IL. EDL refers to two parallel layers of 

electronic charges surrounding the electrode. The first layer, the surface charge (either 

positive or negative), comprises net charges induced by the applied external potential or 

the electric field in the metal electrodes. The second layer is composed of ions from the 

bulk IL attracted to the surface charge under the Coulomb interaction, consequently 

electrically screening the first layer in the metal electrodes.  

The model which gave rise to the term ‘electrical double layer’ was first utilized 

by Hermann von Helmholtz [19]. In this work he assumed that no electron transfer 

reactions occur at the electrode and the solution is composed only of ILs or electrolytes. 

Helmholtz's view of this EDL region is shown in the Fig 2-5. The attracted ions are 

assumed to approach the electrode surface and form a layer balancing the electrode 

charge with the distance of approach assumed to be limited to the radius of the ion, which 

is of the order of only a few nanometers or less. The overall result is two layers of charge 

(the double layer) and a potential drop which is confined to only this region.  

Owing to this very fine charge separation in an EDL structure, its capacitance 

given by (2.1) has been shown to have values of up to 500uF/cm
2
 [20] and this 

configuration has great potential as a capacitor or in other electrochemical applications 

such as electric double layer transistor (EDLT) which will be discussed in more detail in 

the following section. 

 

 

http://en.wikipedia.org/wiki/Surface_charge
http://en.wikipedia.org/wiki/Hermann_von_Helmholtz
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Figure 2-5  An electric double layer viewed by Helmholtz. The negative charges (electrons) in 

the metal electrode and the positive charges (cations) from the bulk IL form two layers of 

opposite charges at the interface, typically in the size of 1~2nm separation. 
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2-3  Electric Double Layer Transistors 

As illustrated in the previous section, a capacitor with IL as the dielectric medium 

introduces a considerably larger charge accumulation in its electrodes than that of a 

conventional capacitor. If one of the electrodes is replaced by a semiconductor or an 

insulator equipped with source and drain electrodes, the system works as a FET with the 

other electrode acting as a metal gate. This configuration is called an electric double layer 

transistor (EDLT). An EDLT functions and operates the same way as a conventional FET, 

only with the difference of having an IL as the gate dielectric compared to the use of a 

solid oxide insulator in a conventional FET. However, because of the electric double 

layer’s effective separation of a few nanometers, one can achieve electric fields as high as 

50 MV/cm [21] in these devices. This results in the EDLT having superior charge carrier 

transfer and faster performance relative to the solid dielectric FETs. A schematic diagram 

and the principle of EDLT operation are depicted in Fig 2-6, where the electric double 

layer is formed near the surface of the semiconductor with holes (left diagram) and 

electrons (right diagram) as free charge carriers within the semiconductor. 
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Figure 2-6 Schematic diagrams of the EDLT, showing the hole (left, p-type) and electron (right, 

n-type) accumulation in response to a gate voltage bias. 

 

 

 

 

 

 

 

Using an EDLT device, ultrahigh density carrier accumulation has been reported 

by Hongtao Yuan et al., in a ZnO field-effect transistor gated by electric double layers of 

an ionic liquid [22]. They found that the device reached an ultrahigh carrier density of up 

to 8 x 10
14

 cm
-2

 at 220 K and it maintained a density of 5.5 x 10
14

 cm
-2

 at 1.8 K as shown 

in Fig. 2-7. 
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Figure 2-7 Temperature characteristics of an IL-gated ZnO EDLT, showing the sheet carrier 

density ns as a function of Vg. The values of ns was obtained by Hall effect measurements at 300K 

and 220 K. The inset is the temperature dependence of ns in the highly charged layer accumulated 

at 220 K with Vg = 5.5 V. 
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2-4  The Applications of Electric Double Layer Transistors 

The formation of electric double layers at the interfaces of ionic liquids and 

semiconductors can produce extremely large electric fields, and thus resulting in large 

charge accumulations at the interfaces. Therefore, ionic liquids based EDLTs are 

applicable to many areas of fundamental research; examples include superconductivity, 

ferromagnetism, ferroelectricity, spintronics, and the study of quantum phase transitions. 

The EDLT method is an excellent technique to achieve high levels of charge injection 

into modern semiconducting materials, and could enable the development of flexible 

devices with low-power operation. 

 

 

 (a)  Superconductor-Insulator Transition 

Superconductivity has been attracting much attention for various reasons, 

including its potential for addressing energy concerns, and its potential application in 

medical equipment, high-speed processing electronics, and new transport systems, 

including magnetically levitated trains and electromagnetic ships. Superconductivity in 

many solid state systems arises when a parent insulator compound is doped with carriers 

beyond some critical concentration; what exactly happens at this superconductor-

insulator transition (SIT) is a key open question and has been study intensively. The 

cleanest approach is to tune the carrier density using the electric field effect. Therefore, 

the electric field effect in superconductors has become very important in contemporary 

science and technology. An external field can modulate the charge density and resistance, 
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and control a reversible SIT switching behavior, which plays a key role in the 

development of superconducting field-effect transistors (SuFETs). Especially in the high-

Tc superconducting cuprates, such as yttrium barium copper oxide (YBCO) and 

lanthanum copper oxide (LCO), the field effect is expected to be strong, since their low 

carrier density leads to larger electric-field penetration depths of a few nanometers.  

In 2008, the group of Iwasa published the first report of a study of the SIT of 

strontium titanate (STO) [23], using the EDLT technique. They used a polymer–

electrolyte, namely polyethylene oxide containing KClO4, as the gate dielectric, and 

fabricated a top-gate FET using undoped STO single crystals. Sheet carrier density was 

enhanced from zero to 10
14

 cm
-2

 by applying a gate voltage of up to 3.5 V to a pristine 

STO channel. A two-dimensional superconducting state emerged below a critical 

temperature Tc of 0.4 K. This was comparable to the maximum value obtained for 

chemically doped bulk crystals, indicating this method as promising for the search for 

new superconducting materials.  

Bollinger et al. in 2011 also demonstrated SIT on lanthanum strontium copper 

oxide (La2-xSrxCuO4 or LSCO), a high Tc superconductor, using the EDLT technique [24].  

The carrier-driven SIT in the copper oxides has been a long-standing technical challenge, 

because perfect ultrathin films and huge local fields are required to induce such 

transitions. Adopting the IL, DEME-TFSI, as a dielectric, such high fields have been 

obtained, enabling the SIT of LSCO. They reported significant changes in surface carrier 

density, which enabled shifts in the critical temperature by up to 30 K. Furthermore many 

curves of resistance versus temperature with nearly continuous modulation of the carrier 
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density were recorded and were shown to collapse onto a single functional form, as 

expected for a direct two dimensional SIT using a finite size scaling analysis. They 

reported the critical resistance to be precisely the quantum resistance for electron pairs 

h/4e
2
, suggestive of a phase transition driven by quantum phase fluctuations, and Cooper 

pair (de)localization. However resistance vs. temperature data at the lowest temperatures, 

which were not included in their analysis, exhibited local minima suggesting that the 

transition may not be direct. Further study to lower temperatures is needed to resolve this 

issue.   

Xiang Leng et al. also reported a carrier-driven SIT transition of ultrathin films of 

YBa2Cu3O7-x (YBCO) [25]. The electrical transport properties of ultrathin YBCO films 

have been modified using an EDLT configuration employing the IL DEME-TFSI. A 

clear evolution from superconductor to insulator state was observed in a nominally seven 

unit-cell-thick film as shown in Fig 2-8. Using a finite size scaling analysis, curves of 

resistance versus temperature, over the limited temperature range from 6 to 22 K were 

found to collapse onto a single scaling function, which suggests the presence of a 

quantum critical point. However, the scaling analysis fails at the lowest temperatures 

indicating the possible presence of an additional phase between the superconducting and 

insulating regimes. 
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Figure 2-8  Sheet resistance Rs vs. temperature T with gate voltage Vg varying from 0 to 1.52 V, 

from the bottom to top, slowly increasing voltage values with step size of about 0.1V (but not 

uniformly stepped up). The inset shows enlarged low temperature region near the transition 

between the superconducting and insulating regime. 

 

 

(b)  Metal-Insulator Transitions 

Materials can exhibit metal-to-insulator transitions (MIT) through electrostatic 

control of carrier concentrations, which may be applicable to new logic elements with 

low operating voltages and high speed response. High charge carrier injection using 
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EDLTs enables the transition to occur in various materials such as strontium titanate 

(STO) [26, 27], and vanadium oxide (VO2) [28, 29].  

Menyoung Lee et al. have reported low-temperature, high-field magneto-transport 

measurements of SrTiO3 gated by an ion gel electrolyte [26]. Metallic states of undoped 

STO were induced by electrostatic gating in an EDLT configuration and a saturating 

resistance upturn and negative magnetoresistance that signal the emergence of Kondo 

effect as function of carrier density was reported. 

Furthermore M. Nakano et al. have demonstrated EDLT operation with VO2, a 

strongly correlated material (Mott insulator) with a thermally driven, first-order MIT at 

around a temperature of 340K, and found that electrostatic charging at a surface drives all 

the previously localized charge carriers in the bulk material into motion, leading to the 

emergence of a three-dimensional metallic ground state [28]. They claimed that these 

results demonstrate a conceptually new field-effect device, extending the concept of 

electric-field control to macroscopic phase control. 

 

 

(c)  Further Applications: Spintronics 

Spintronics is an emerging technology exploiting both the intrinsic spin of the 

electron and its associated magnetic moment, in addition to its fundamental electronic 

charge. It emerged from the discovery of spin-dependent electron transport phenomena in 

some solid-state devices and has been recently focused on aspects of spin-polarized 

electron injection from a ferromagnetic metal to a normal metal or a semiconductor. In 
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this section, I review electric-field-induced ferromagnetism employing EDLTs, which 

results from the carrier mediated exchange interactions. 

Yamada et al. demonstrated electric field induced ferromagnetism at room 

temperature in a magnetic oxide semiconductor, (Ti, Co)O2, by means of electric double-

layer gating with high-density electron accumulation greater than 10
14

 cm
-2 

[30]. By 

applying a gate voltage of only a few volts, a low-carrier paramagnetic state was 

transformed into a high-carrier ferromagnetic state, thereby revealing the considerable 

role of electron carriers in high-temperature ferromagnetism and demonstrating a route to 

room-temperature semiconductor spintronics. 

Moreover, Shimamura et al. have studied the electric field effect on magnetic 

properties and Curie temperature of Co ultra-thin films. In their approach an electric field 

is applied to a cobalt thin film using an EDLT configuration [31] formed in a polymer 

film containing an ionic liquid. The change in the Curie temperature is about 100K, 

suggesting that the observed large modifications of magnetic properties can be attributed 

to the significant change in the Curie temperature, which is brought about by the large 

charge transfer due to the formation of an electric double layer at the interface. 
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2.5  The Ionic Liquid, DEME-TFSI 

In my work, I used the ionic liquid, N,N-diethyl-N-(2-methoxyethyl)-N-

methylammonium bis(trifluoromethlysulphonyl) imide, simply called DEME-TFSI, as 

the dielectric material to build EDLTs. As mentioned earlier, DEME-TFSI was recently 

found to show a large capacitance resulting in a sheet carrier density of up to 8 x 10
14

cm
-2

 

on the surface of ZnO [22]. This is eight times higher than what had been achieved using 

polymer electrolytes [23]. Owing to the supercooling properties of liquids, and the fact 

that they can undergo a glass transition [22], ions in DEME-TFSI have been found to be 

mobile down to temperatures as low as 200K. Applying a gate voltage and operating an 

EDLT at low temperature suppresses the chemical reactions; hence, it expands the 

effective electrochemical window, which allows us to further increase the carrier density. 

The molecular structures of DEME-TFSI with its constituent charged ions are 

represented in Fig. 2-9. 
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Figure 2-9  The molecular structure of DEME-TFSI. DEME
+ 

is the positive ion (cation) due to 

the one deficient electron around the nitrogen atom at the center, while the TFSI
- 
is the negative 

ion (anion) due to the surplus of one electron around the nitrogen atom at the center. 
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Chapter 3 

Phase Diagram of Electrostatically Gated 

Strontium Titanate 

 

“The 40’s and 50’s in America were exciting times. We saw the end of one era and the 

beginning of another one. The latter half of the century would see a moon landing, a wall 

that was built come tumbling down, Elvis Presley, the Beatles and many amazing 

discoveries on the scientific and medical fronts. 

One of those unique discoveries was a chemical formula researched and developed by 

the National Lead Company. It had the cubic crystal structure and fire greater than that 

of a diamond. With this discovery, it looked like they had accomplished their goal. The 

result: SrTiO3 or Strontium Titanate.” 

 

Layna Palmer from Wire-Sculpture.com, A gemstone company 

 

 

 

http://www.wire-sculpture.com/
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3.1  Introduction  

Strontium titanate (SrTiO3, or simply STO) is a classic example of perovskite-type 

insulator. It has a band energy gap of 3.2eV. It has been studied over many years, 

primarily because of the fascinating interplay between crystal structures and properties 

that it exhibits [32]. It is usually transparent and colorless, but can be doped with certain 

rare earth or transition metals to give the colors of reds, yellows, browns, and blues. STO 

has a very large dielectric constant ε ~ 300 at room temperature [33] (even higher values 

up to ε ~ 24000 at temperatures of around 10K) and is therefore widely used in high-

voltage capacitors or as the oxide layer in FET devices. It is also an excellent substrate 

material for the epitaxial growth of high temperature (high Tc) superconductors and many 

other oxide thin films. Moreover its cubic structure, as shown in Fig 3-1, and its high 

dispersion property have made synthetic STO a prime candidate for simulating diamonds 

and as a consequence it has been manufactured for jewelry-related products. It can be 

used as an optical window and a high-quality sputtering target for some other 

applications. 

 

http://en.wikipedia.org/wiki/Dopant
http://en.wikipedia.org/wiki/Rare_earth_element
http://en.wikipedia.org/wiki/Transition_metal
http://en.wikipedia.org/wiki/Dielectric_constant
http://en.wikipedia.org/wiki/Epitaxial_growth
http://en.wikipedia.org/wiki/High-temperature_superconductor
http://en.wikipedia.org/wiki/Thin_film
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Figure 3-1  The cubic crystal Structure of STO at room temperature. Each colored sphere 

represent the following atoms; Green: Sr
2+

, Red: O
2-

, Blue: Ti
4+ 

.
  
The picture is cited from the 

Wikipedia ‘http://www.wikipedia.org’. 

 

 

 

This compound crystallizes in the cubic       space group at room temperature 

with a lattice parameter of 3.905 Å. It undergoes a symmetry-lowering transition to a 

tetragonal structure below 105 K [34]. As observed by Granicher, STO can be made to 

oscillate like piezoelectric crystal after being polarized by a DC electric field of 600 

V/cm or higher [35], thus the material seems to behave as a ferroelectric below T=45K 

without the absence of any discontinuity in the dielectric constant ε [36]. This peculiar 

continuity of the temperature-dependent dielectric constant was later explained by 

http://www.wikipedia.org/
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Cochran in his work in 1960 [37]; in the paper when temperature-dependent lattice mode 

reaches zero at some low temperature, the crystal becomes unstable and undergoes a 

phase transition responsible for the ferroelectricity below T=45K. 

However, the later work by Muller and Burkard has shown that STO approaches a 

(almost) ferroelectric phase transition with a very large dielectric constant at low 

temperatures but remains paraelectric down to the lowest temperatures measured as a 

result of quantum fluctuations, making it a quantum paraelectric [38]. They measured the 

dielectric constants as a function of temperature, and between 4K and 0.3K these 

quantities are independent of temperature. They strongly argued that their finding proves 

the quantum-mechanical stabilization of the paraelectric phase below 4K with a very high 

dielectric constant. 

Even though a pure (undoped) crystal of STO is an insulator, the material can be 

rendered conducting and superconducting at sufficiently low temperatures by introducing 

oxygen defects, by (chemically) doping with Nb, Zr, La, or Ta [14, 39, 40, 41, 42, 43, 44].  

The material becomes superconducting below 0.35 K. It was also the first insulator and 

complex oxide discovered to be superconductive [39] through charge transfer processes 

resulting from the deposition of several layers of LaAlO3 [45, 46], and by electrostatic 

charging using an electric double layer transistor (EDLT) configuration employing a 

polymer electrolyte [23].  

In this chapter I describe investigations of both the electronic and magnetic 

properties of electrostatically doped STO using an ionic liquid (IL) in an EDLT 

configuration. This work has revealed unexpected features in the phase diagram as the 

http://en.wikipedia.org/wiki/Dielectric_constant
http://en.wikipedia.org/wiki/Quantum_fluctuation
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function of temperature and carrier concentration. The surprising results are, with 

increasing carrier concentration, an apparent carrier-density-dependent insulator to metal 

transition, a regime of anomalous Hall effect, suggesting magnetic ordering, and finally 

the appearance of superconductivity. The possible appearance of magnetic order near the 

boundary between the insulating and superconducting regimes is reminiscent of effects 

associated with quantum critical behavior in some complex compounds resembling those 

found in the phase diagrams of unconventional superconductors, or systems exhibiting 

quantum critical behavior [47, 48]. The successful and reversible demonstration of metal-

insulator transition driven by carrier density modulation opens up the possibility of STO-

based electronics devices.  

 

 

 

 

 

3.2  Sample Preparation 

Pristine STO (001) single-crystals were obtained from Princeton Scientific Corp. 

with lateral dimensions of 1/4 x 1/4 inch square and 500μm in thickness. The surfaces of 

commercially available single-crystals of STO are prepared by so-called mechano-

chemical polishing with an alkaline solution containing colloidal silica particles. 

However, this surface is not sufficiently clean and smooth for the purpose of atomic layer 

epitaxy to deposit various oxide materials or for FET fabrication which requires smooth 
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surface conditions to yield high quality performance. Extensive studies of high-Tc 

superconductors and related oxide thin films have required atomic layer-by-layer growth 

and the substrate most frequently used for this purpose has been STO. Therefore it must 

be clean and have an atomically smooth surface. Various in-situ cleaning procedures, 

such as annealing under the continuous flow of oxygen gas [49], ion bombardment 

cleaning [50], and sublimation of a Bi film deposited on STO [51] were reported to be of 

limited effectiveness, because only carbon-containing impurities are removed from the 

surface. These processes cannot improve the physical surface smoothness of STO and 

therefore there is a need for an alternate approach to improving the condition of the 

surface and its smoothness.  

The crystal structure of STO consists of alternating stacks of SrO and TiO2 atomic 

layers. Because SrO is a basic oxide and TiO2 is an acidic oxide, controlling the pH of a 

wet etch solution could selectively dissolve one of the atomic layers (SrO) but not the 

other atomic layer (TiO2). This would therefore enable one to prepare an atomically 

smooth surface terminated by the TiO2 atomic layer as reported by Kawasaki et al. [52]. 

This is known as a selective wet etching process and the very same approach that I 

adopted to improve the surface control on an atomic scale. 

All of the STO crystals used in these experiments were cleaned (sonicated) with 

acetone, methanol, and isopropanol for ten minutes each, to remove any organic 

contamination on the surface. This is very standard way of removing carbon-based 

contamination of many semiconducting wafers and other substrates. After being 

sonicated with the sequence of acetone/methanol/isopropanol solutions, the substrates 
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were soaked in de-ionized (DI) water for thirty minutes. While the water reacts with the 

SrO layer on the crystal surface and forms Sr(OH)2 it leaves TiO2 intact (no reaction). 

Then the substrates were immersed and swirled in J. T. Baker 10:1 Buffer Oxide Etch 

(BOE), an aqueous solution of NH4-HF: a buffered hydrofluoric acid (b-HF), for 30 

seconds. The process removes (etches away) the Sr(OH)2 layer from the surface but not 

the TiO2 layer. Therefore it is a selective etching process. DI water was used again to 

rinse out any residual BOE solutions and other contamination resulting from the etching 

process. Then the substrates were further treated by introducing them to a high 

temperature annealing furnace at 780 
o
C for 6 hours under the continuous flow of an 

ozone/oxygen gas mixture. The volume ratio of ozone to oxygen was approximately 1:4. 

The annealing process not only to reconstruct the TiO2 terminated surface which might 

have been partially damaged during the BOE process but also further eliminate any 

residual contamination at the surface. The whole cleaning and the etching processes 

(except the high temperature annealing process) were carried entirely in the clean room 

located in the Minnesota Nano Center (MNC). 

Atomic-level surface characterization with an atomic force microscope (AFM) 

was performed after the thorough cleaning, wet-etching, and annealing process. A typical 

AFM image of the surface-treated substrates is presented in Fig. 3-2. One can clearly see 

the terrace-like structures with a typical width of around 200nm and a step height of 

around 3Å. The terrace-like feature on the surface is a result of the manufacturer’s 

unavoidable polishing process that was not perfectly aligned in parallel with the layer 

structure of STO. The step size of 3~4Å is very close to the vertical lattice parameter 
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c=3.9 Å of STO and it confirms the atomic control of the surface condition within a one 

unit cell length scale. Therefore the BOE selective etching process with a b-HF solution 

provides an excellent surface condition with atomic level smoothness, which is of great 

importance for the fabrication of high-performance FET configurations as is required for 

these experiments. 

 

 

Figure 3-2  AFM image (using tapping mode) of 1μm x 1μm STO lateral area after the surface 

treatment by both BOE etching and the high temperature annealing process. The terrace-like 

structure (with typical step height of 3Å) shown in the image is a single layer of TiO2. The grey 

scale on the right represents the height of the image. 
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In the next step, electrodes in a typical Hall bar geometry along with a four-probe 

configuration were pre-patterned by means of photolithography. First MICROPOSIT 

S1818 series photoresist with 2µm thickness was spin-coated. Prior to the deposition of 

Ti/Au metal electrodes, the STO was ion milled to a depth of 70nm to create a layer of an 

oxygen-deficient metallic state at the surface. A home-built ion milling system utilizing 

argon gas with a RF power supply (from Ion Tech Inc.) was used with ion acceleration 

energy of 850eV and the etch rate of about 1nm/sec while ultrapure-grade argon gas 

(99.999% purity) was continually bled into the system during the milling process. To 

prevent overheating the STO and its photoresist coating, liquid nitrogen was used as a 

cooling agent during the entire process.  

When surface defects are produced by an ion bombardment, changes occur in the 

electronic structure of the valence band, and a band of defected (or damaged) surface 

states appears in the region of the bulk band gap [53], giving rise to an induced metallic 

state on STO [54]. An ionic model involving oxygen vacancies in TiO2 surface planes is 

able to account for such changes and responsible for the finite (or induced) conductive 

state of oxygen-defected TiO2 layer (TiO2-x) [53] after the ion bombardment. Therefore 

the argon-ion milling process insures good ohmic contact between the Ti/Au electrodes 

and the surface layer of STO that would be electrostatically gated into a conductive state. 

The induced metallic state of STO interface lowers the Schottky barrier between the 

metal electrodes and the STO interface. 

After the argon-ion etching, the deposition of consecutive Ti and Au layers (each 

layer, 70 nm in thickness with deposition rate of 3     ) was carried out using an 
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electron-beam (e-beam) evaporation system. This is a common method of physical vapor 

deposition in which target sources of Ti and Au are bombarded with an electron beam 

emitted by a charged tungsten filament under a high vacuum condition of 5 x 10
-6

 Torr or 

lower. The electron beam causes atoms from the target to transform into the gaseous 

phase. These atoms then coalesce into solid form, coating everything in the vacuum 

chamber with a thin layer of the source materials. 

 After the deposition of Ti/Au metal electrodes, a 100nm thick layer of SiO2 was 

e-beam deposited through a photo-patterned mask (using the same photoresist of 

MICROPOSIT S1818 series) onto the STO to define a conducting channel of 140μm x 

70μm in area. This was done to insure that the carrier modulation by the IL gating 

process only occurred within the selected channel area (not covered by SiO2 layer), while 

minimizing any unnecessary contact between the IL and the electrodes. This was to 

prevent possible chemical reactions between them. A Pyrex glass cylinder with 

inner/outer diameter of 2mm/4mm was glued onto the STO substrate (on the top of SiO2 

layer) using a common epoxy to serve as an IL container. A platinum coil, which offers a 

larger surface area than a wire or some other shape therefore bringing about a larger total 

charge accumulation served as the gate electrode. This coil, which was 1.5mm in 

diameter, was connected to the source (or drain) through a voltage source. The IL used 

was DEME-TFSI as briefly explained in Chapter 2. The sample preparation and a 

schematic diagram of the operation of an STO-EDLT are shown in Fig. 3-3. 

 

 

http://en.wikipedia.org/wiki/Physical_vapor_deposition
http://en.wikipedia.org/wiki/Physical_vapor_deposition
http://en.wikipedia.org/wiki/Anode
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Figure 3-3  Schematic diagrams of the sample and the operation of an EDLT: (Left) Upon 

application of a positive gate bias, anions are attracted to the gate electrode and cations are 

repelled, this creates an EDL at the sample surface. (Right) Schematics of top and side views of 

the sample design. A Pyrex glass cylinder was glued onto the STO sample using a common 

epoxy to serve as an IL container. Oxygen-deficient SrTiO3-δ was created below and around the 

Ti/Au electrodes by an argon-gas ion bombardment, but not across the channel which was gated 

by the IL, DEME-TFSI 
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3.3  Measurements: Physical Property Measurement System 

All the measurements reported in this dissertation (both in Chapters 3 and 4) were 

carried out using a Physical Property Measurement System (PPMS) manufactured by 

Quantum Design Inc. and equipped with an additional unit of 
3
He refrigerator insert 

(from the same company). The PPMS provides a flexible and an automated workstation 

that can perform a variety of experiments requiring precise thermal control [55]. The 

system allows users to control the temperature range from 1.8~400 K continuously and 

precisely. To control the temperature, a mechanical pump draws helium (
4
He) gas into an 

annular region where heaters warm the gas to the desired temperature required by a user. 

This design reduces thermal gradients and increases system flexibility by making the 

sample chamber, where one mounts the sample under the investigation, a controllable 

environment. Temperature sweep capability allows measurements to be taken while 

sweeping the temperature at a user-defined rate of between 0.01~ 10K per min. It also 

allows continuous low-temperature control, ensuring precise temperature control even 

well below 4.2K, the boiling temperature of 
4
He, and down to 1.8K. The main 

components of the device and a cross sectional view inside the PPMS cooling system is 

shown in Fig. 3-4 [55]. 
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Figure 3-4  Main components of PPMS (left) and a cross sectional view of the sample space 

(right). In the middle space (right image) is the sample chamber where users can mount their 

samples in and out to the space, using a specially designed transfer rod. The bottom of the sample 

chamber is the electrical pin-out, making electrical contact to the samples when properly installed. 
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The PPMS is equipped with a 9 Tesla magnet, which is a superconducting 

solenoid with windings of wires of a niobium–titanium alloy embedded in copper. It is on 

the outside of the probe (shown in Fig. 3-4 on the left), so it is always immersed in liquid 

helium and is therefore fully. The magnet coil constitutes a closed superconducting 

circuit. The persistent current switch consists of a small heater on section of magnet wire 

that drives a shorting link of the magnet non-superconducting breaking the closed 

superconducting circuit. The switch allows the magnet controller to be switched into the 

magnet circuit so that the magnetic field can be changed. When the heater is turned off, 

the entire magnet remains a superconductor, which eliminates the need for a current 

source during the constant field operation. This state is referred to as the ‘Persistent’ 

mode of the magnet and it minimizes the consumption of liquid helium due to dissipative 

heating along the portion of solenoid coil that is not superconducting, and in the leads 

leading to the external power supply. 

To reach temperatures below 1.8 K, a 
3
He refrigerator insert was used. The vapor 

pressure of 
3
He is much higher than that of 

4
He at the temperature of 2K and lower, 

allowing the system to be cooled down to a lower temperature of 0.3K, compared to the 

4
He-only system. This additional unit provides a base temperature of less than 0.4 K with 

hours of stability, and a temperature of 0.35K in single-shot mode (however it is only 

stable for 2hr or less). The total cool-down time with the additional insert from 300 K to 

0.4 K is less than three hours. This additional unit facilitates continuous and flexible 

measurements of the properties in a given system as function of temperature. 
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The sheet resistances Rs of the films were determined employing a four-probe 

electrode configuration with an external current source (Keithley-6220) and voltage 

meter (Keithley-2182). Its value was calculated from 

 

  
     

     
         

 

 
 

(3.1) 

where R is the measured resistance, Rs is the sheet resistance, W is the width of the 

channel, and L is its length. V1 and V2   are the measured voltages when the currents I1 

and I2 are applied. Usually the current values were set such that        , i.e. they are 

symmetric with opposite directions. 

As the IL, DEME-TFSI, enters a rubberlike phase below 240K and becomes a 

glasslike solid below 200K, where the ionic mobility falls to zero, gate voltages Vg were 

always changed at 230K and they ranged from 0V to 3V. They were applied using a 

Keithley electrometer (Model 6517A) and were held constant throughout the subsequent 

cooling and measurement. The leakage currents, Ig, between the gate electrode and the 

source (or drain) electrode, were monitored simultaneously using the same electrometer.        
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3.4  Carrier-Driven Metal-Insulator Transition 

Using the PPMS equipped with 
3
He insert, both electro- and magneto- transport 

measurements were performed with the temperature ranging from 0.4~200K and the 

magnetic field ranging from 0~9T. Two-dimensional (sheet) carrier densities, ns, were 

continuously and systematically modulated by applying various gate voltages, Vg, from 

0~3V, inducing electrons into the system as in n-type FET devices.  

The temperature dependencies of the sheet resistances Rs, of a STO crystal at 

various values of ns (calculated from Hall effect at T=180K, at a given Vg) are plotted in 

Fig. 3-5. Finite (measurable) conductivity was first observed at a carrier density ns of  

less than 1 x 10
10

 cm
-2  

(the data is shown as the red curve in Fig. 3-5 and corresponds to 

the curve obtained at Vg = 1.8V). It exhibits insulator-like behavior with increasing Rs as 

the temperature is lowered, i.e. dRs/dT < 0. As the carrier density is increased further, the 

system becomes more conductive and the temperatures above which measurable 

resistances were found shifted to lower values monotonically and systematically. 

Note the sharp resistance peak found around T=10K in the curve with ns = 1.3 x 

10
14

 cm
-2

. The peak in the Rs(T) curve shifted upon the application of a magnetic field 

(also see Fig 3-11). Very interestingly, an anomalous Hall effect was observed at this and 

nearby charge transfers, which will be discussed in more detail later. The inset of Fig. 3-5 

shows the hysteretic behavior of the sharply rising curve with ns = 1.4 x 10
12

 cm
-2

 and 

shows the difference between date obtained while cooling and warming. Similar behavior 

was observed at other carrier concentrations and they were all reproducible. The arrows 

in the inset indicate the direction of the temperature sweep. 
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Figure 3-5  Sheet resistance (Rs) vs. temperature (T) on cooling, at various sheet carrier 

densities ns, (in units of 10
13 

carriers-cm
-2

. Carrier densities were obtained from the Hall effect at 

180 K).  

 

 

 

      

In most plots of Rs vs. T, a sharp resistance rise at a temperature which depended 

upon ns, and which was systematically shifted to lower temperature with increasing ns, 

was observed. This phenomenon could be explained by the reduction of carriers 

thermally excited from states within the band gap, with decreasing temperature. Such an 

effect is believed to be responsible for the temperature dependence of the voltage 
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threshold for conductance as has been found in various oxide FETs [56, 57]. However, 

the sharpness of the rise in Rs(T), and the fact that it is hysteretic, as shown in the inset of 

Fig. 3-5, strongly suggest that this behavior may be the signature of a first order phase 

transition in the layer that is electrostatically doped.  

When ns reaches 2.6 x 10
14

 cm
-2 

or higher, the Rs is well below the value of 

quantum resistance h/e
2 

= 25.8 kΩ, and the metallic state with dRs/dT > 0 persists down 

to the base temperature of 0.35 K. A clear metallic state with ns = 2.6 x 10
14

 cm
-2 

and 

higher values is demonstrated in Fig 3-6. The graph shows a metallic state with Rs much 

lower than the value corresponding to the quantum resistance h/e
2 

and demonstrates that 

EDLT technique with STO is indeed a very effective and reversible way of controlling 

the metal-insulator transition. 

Figure 3-7 is the plot of sheet carrier density ns vs. temperature T at various levels 

of gate voltage Vg. Values of ns were all obtained from Hall effect data, which were 

measured in magnetic fields B, of up to 5T.  The values of ns ranged from less than 1 x 

10
10 

cm
-2

 to 8 x 10
14 

cm
-2

, corresponding to Vg ranging from 1.8~3V. The highest value 

of ns ever induced was 1.5 x 10
15 

cm
-2

. The carrier concentration was not linear in Vg  as 

shown in the inset of Fig. 3-7. This is probably a consequence of the voltage dependence 

of the IL's dielectric properties. 

 

 

 

 



 

 56 

 

 

 

 

Figure 3-6  Sheet resistance (Rs) vs. temperature (T) in the metallic regime with values of ns of 

26(green), 33(blue), and 52(red), from the top to bottom all in the units of 10
13

 cm
-2

. 
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Figure 3-7  Sheet carrier density ns vs. temperature T at various levels of gate voltage Vg. The 

inset is the monotonic (but not linear) relationship between ns and Vg, calculated from Hall effect 

measurements at T=180K. Please note the sharp drop at temperatures below T=50K and gate 

voltages below at Vg=+2.7V (the orange-colored data points). In this regime and near-by, an 

anomalous Hall effect was found. 
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3.5  The Onset of Superconductivity 

Strontium titanate is an interesting material which exhibits superconductivity at 

very low carrier densities, of the order of 10
19 

~10
20

 cm
-3

, when chemically doped in 

various ways.
 
Following the application of the theory of superconductivity to degenerate 

semiconductors [58], a new superconducting state was observed in the semiconducting 

STO by Schooley and his colleagues [59]. Later Koonce et al. studied STO doped with 

various levels of Nb and Ti and measured the transition temperatures of specimens 

having (bulk) electron carrier concentrations       ranging from 6.9 x 10
18

 to 5.5 x 10
20

 

cm
-3 

[39]. The variation of Tc, with bulk (3D) carrier density      , is presented in Fig 3-8 

[39]; in their work they pointed out that the curve of Tc, versus carrier density for STO 

contains a maximum value of Tc (a dome-like shape). A rough application of the simple 

BCS expression would predict a monotonic dependence of ln T, on the carrier density. 

Such exotic dome-like dependence of Tc on      , was explained qualitatively through 

the proper inclusion of the screening of inter-valley and intra-valley interactions [39]. 

As a consequence of the appearance of superconductivity in chemically doped 

STO at very low carrier densities, many experimental efforts were made towards 

electrostatic gating of undoped (insulating) STO samples using a conventional solid-

dielectric FET [60, 61, 62]. Although some were successful in inducing a carrier-driven 

MIT on STO, most faced technical challenges. Carrier injection from the source and 

drain electrodes became increasingly difficult with decreasing temperature. Moreover, 

even with a very large gate electric field, the channel resistance increased monotonically 

as the temperature was lowered, and consequently the metallic state failed to persist in 
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low temperatures [61]. They attributed this effect to the trap states within the STO 

surface channel introduced by the gate insulator, and/or to potential barrier formation at 

the interface between the metal electrodes and the STO channel. Because of these 

limitations of STO-FET configurations with solid-dielectric materials, there has been no 

report of successful gating of STO that induced superconductivity using a conventional 

FET configuration. 

 

 

Figure 3-8  Transition temperature as a function of carrier concentration. The plain solid circles 

represent experimental data. The bracketed solid circles are fictitious data used as input in the 

transition temperature calculation. The open circles show the results of the calculation, and the 

smooth dashed curve was drawn for illustrative purposes. 
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However, in 2008 an advance was made in STO-FET fabrication by adopting the 

EDLT technique and superconductivity was induced in an undoped insulating STO 

crystal [23]. Iwasa and collaborators reported electric-field-induced superconductivity in 

insulating STO using an EDLT with an organic electrolyte as a dielectric. The sheet 

carrier density ns was enhanced from zero (insulating state) up to 10
14

 cm
−2 

(metallic state) 

by applying a gate voltage of up to 3.5V to a pristine STO single-crystal channel. They 

demonstrated carrier-driven metallic state, which persisted to temperatures below 2K. 

Furthermore they observed superconductivity below 0.4 K with ns = 5 × 10
13

 cm
−2

.  

In the present work, I was able to produce very similar results albeit with a 

different dielectric. The onset of a superconducting transition was observed at a 

temperature of about 0.4K with sheet carrier density of ns = 3.9 x 10
14

cm
-2

 (ns was 

calculated from Hall effect, measured at 0.5K). The observed superconductivity 

disappears or is just shifted to lower temperatures, not accessible with our set up, as I 

increased the value of ns. Data exhibiting the onset of superconductivity is plotted for a 

various carrier concentrations in Fig. 3-9. It is not clear as to whether the similar dome-

like Tc dependency on ns (found with chemical doping) occurs in the case of 

electrostatically doped STO. However, the limited data set presented here clearly 

indicates the suppression of superconductivity above some values of ns and strongly 

suggest that the existence of the dome-like Tc vs. ns plot is plausible. Future work carried 

out to lower temperatures using a 
3
He/

4
He dilution refrigerator could resolve the issue. 
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Figure 3-9  The onset of superconductivity at various values of ns (in units of 10
13 

cm
-2

, taken at 

0.5K). Note that at higher carrier densities the transition was not observed at temperatures down 

to 350mK. In the inset, the B dependence of Rs at T=400mK for ns= 3.9 x 10
14

 cm
-2

 shows an 

increasing resistance until saturation above B=0.3T. This supports the observation of 

superconductivity. 
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3.6  Anomalous Hall Effect 

In the year of 1879, Edwin H. Hall made the great discovery that when a magnetic 

field B is applied perpendicular to the flow of current in a material, the field produces a 

force on the charges in the current, and results in a weak but measurable potential 

difference, or voltage, perpendicular to both the directions of the current flow and the 

applied magnetic field. This is the well-known Hall effect [63]. A few years later, he 

noticed that the Hall effect was much larger in ferromagnetic materials than in non-

magnetic materials and the stronger effect that Hall discovered in ferromagnetic 

conductors came to be known as the anomalous Hall effect (AHE).  

After the first discovery of AHE, experimental scientists have learned that in 

ferromagnetic materials, the Hall resistance Rxy (resistance perpendicular both to the 

current flow and the applied magnetic field) initially increases steeply in weak magnetic 

fields B, but saturates at larger values of B where it is nearly B-independent [64]. An 

empirical equation for the AHE is 

 

                       
 

   
      

(3.2) 

The first term R0B is the ordinary Hall effect term, with ns is sheet (2D) carrier density 

and e = 1.6 x 10
-19

 C is the electron charge. The second term        represents the 

anomalous Hall effect contribution due to the spontaneous magnetization, possibly 

induced by an applied B field. Unlike R0, which was already understood to depend only 
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on the carrier density ns, RAHE was found to depend subtly on a variety of the material’s 

intrinsic parameters and on temperature as well [64]. 

Although the AHE is a well-recognized phenomenon, there is still debate about its 

fundamental origins in various materials. The AHE can be either an ‘extrinsic’ (disorder 

related) effect due to spin-dependent scattering of the charge carriers, or 

an ‘intrinsic’ effect which can be described in terms of the Berry phase in the crystal 

momentum space (k-space) [65]. The Berry phase is a phase acquired or changed when 

the amplitude and the phase of a given particle wave function (usually electrons) are 

changed simultaneously but very slowly (adiabatically), and eventually brought back to 

the initial configuration, especially for motion involving rotations. 

In Fig. 3-10, I plot Rxy - R0B vs. B, i.e. the Hall resistance Rxy vs. B with the 

ordinary Hall effect (OHE) term, R0B subtracted. The linear term of R0B was obtained 

from a fit to the high field limit (above B=4 Tesla) with R0 = 1/nse and used to calculate 

ns values at a given temperature. A deviation from the linearity of the Hall resistance Rxy 

vs. magnetic field B, namely an anomalous Hall effect (AHE), is observed.  

Similar effects have been reported at the SrTiO3/LaAlO3 interface [66, 67, 68]. 

Ben Shalom et al. studied the phase diagram of the SrTiO3/LaAlO3 interface in the region 

where Tc increases while reducing the carrier concentration by the variation of gate 

voltage [66]. They observed that the AHE persists up to 100 K with peculiar, roughly 

linear temperature dependence at certain carrier density regimes, and Vg varies the AHE 

saturation field.  

http://en.wikipedia.org/wiki/Spin_(physics)
http://en.wikipedia.org/wiki/Scattering
http://en.wikipedia.org/wiki/Charge_carrier
http://en.wikipedia.org/wiki/Geometric_phase
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Seri and Klein also studied the SrTiO3/LaAlO3 interface [68]. They observed that 

the longitudinal resistance Rxx with magnetic fields applied perpendicular to the interface 

has an anti-symmetric resistance contribution, which increases with decreasing 

temperature and increasing field. They argued that the origin of this phenomenon is a 

non-homogeneous Hall effect with clear contribution of an AHE, suggesting the presence 

of non-uniform field-induced magnetization. 

Although the AHE can result from a multiple band structure [66, 68], our AHE 

observation in Fig. 3-10 that the Hall resistance changes at low magnetic fields and 

saturates at some high field favors the magnetization scenario, possibly induced by 

carrier modulation only over certain ranges of carrier density and temperature. The AHE 

effect was the strongest at T=20K, slowly decreased with increasing temperature, and 

was not observed at temperatures of 90 K and above, as shown in the inset of Fig. 3-10. 

Also note that the AHE effect is weaker at 15K compared to 20K. The effect eventually 

disappeared in regimes with higher values of the carrier concentration over the entire 

range of temperatures. 
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Figure 3-10  Anomalous Hall effect: These data were obtained with ns = 1.3 x 10
14

 cm
-2

 (taken 

at 180 K) over the temperature range from 15 to 90 K. The AHE effect was not observed at 

temperatures of 90 K and above, as shown in the inset. (The inset shows the original data before 

the ordinary Hall effect subtraction and they exhibit no signatures of the AHE.) A similar effect 

was observed at neighboring values of ns. 

 

 

 

The magnetic field dependence of Rs in the region where an AHE was observed 

was also investigated and is shown in Fig. 3-11. The peak at ns = 1.3 x 10
14

 cm
-2

 shifted 

to higher temperatures upon the application of a magnetic field and the response to field 

was not hysteretic. Similar behavior was found at the somewhat lower carrier-density of 
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ns = 8.2 x 10
13

 cm
-2

 (the upper-right inset of Fig. 3-11). This effect disappeared for carrier 

densities of 2.0 x 10
13

 cm
-2

 and lower (lower-right inset), which exhibits no change with 

applied magnetic field. It is suspected that the effect is associated with magnetic order, 

which is very closely linked to the observed AHE.  

It should be noted that ferromagnetic order of the electron spins within the Ti-3d 

conduction band was predicted for both LaTiO3/SrTiO3 and LaAlO3/SrTiO3 interfaces 

[69, 70] and evidence for this was presented by Brinkman et al. [71]. In their work, they 

showed that magnetism can be induced at the interface between the otherwise non-

magnetic insulating perovskites SrTiO3 and LaAlO3. At low temperatures, the sheet 

resistance reveals magnetic hysteresis, as a consequence of which the magnetoresistance 

hysteresis can be interpreted as the indication of ferromagnetic ordering and its associated 

domain formation. However in my work, no hysteresis was observed. Consequently it is 

not certain that ferromagnetism is responsible for the observed phenomena. 

To further investigate the magnetic properties of the material and the possible 

existence of carrier-driven magnetic ordering within the system, the magnetic-field 

dependence of Rs was measured when the system enters metallic state with ns = 2.2 x 10
14

 

cm
-2 

and higher. Figure 3-12 shows Rs as a function of B at different levels of carrier 

doping ns, all taken at the fixed temperature of T=0.5K. Here I define the change in the 

magnetoresistance ∆R as the relative change of the resistance with respect to the value at 

B=0 as follows, 
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(3.3) 

An extremely large positive magnetoresistance, up to ∆R =750%, has been found 

at ns = 2.2 x 10
14

 cm
-2

 and it slowly decreases with increasing ns, as shown in the inset of 

Fig. 3-12. When the carrier density reaches at ns = 3.4 x 10
14

 cm
-2

, ∆R was suppressed 

down to only 170% and further increase of carrier density and/or the temperature strongly 

suppressed such changes in Rs. The observed large change in ∆R cannot be explained 

simply by well-known weak localization effects found in metallic systems. Spin 

scattering of conduction electrons off of the localized magnetic moments might be the 

origin of the effect, however due to the limited data this is not conclusively established. 

Further investigations are needed to identify the origin of the colossal 

magnetoresistance effect found at low temperatures, and to shed light on the possible link 

between AHE/colossal magnetoresistance to ferromagnetism within the system. If 

carrier-driven ferromagnetism is responsible for the phenomena observed here, my 

finding will make STO-EDLT a very intriguing system for studying the fundamental 

magnetic interactions in a solid-state systems and possibly open up a new approach to 

carrier-controlled ferromagnetism in oxide devices. 
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Figure 3-11  Rs vs. T at various values of B up to 9 Tesla with ns = 13 x 10
13

 cm
-2

. The lower-

right inset shows Rs vs. B at ns = 2.0 x 10
13

 cm
-2

 and T = 95 K, which is the onset temperature for 

the sharp rise in Rs vs. T shown in Fig. 3-5. The ns in the graph is in the unit of 10
13

cm
-2

. 
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Figure 3-12  Magneto-transport measurements in the metal state with ns =22(green), 28(blue), 

34(red), all in the unit of 10
13

cm
-2

. The data are isotherms, all taken at a fixed temperature of 0.5K. 

At these carrier densities, the metallic regime persists down to the base temperature of 0.4K. The 

inset shows the change in resistance ΔR(%) as function of B. 
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3.7  Summary and Conclusion 

In summary, I have found a series of different behaviors of electrostatically doped 

STO with the doping carried out using an EDLT configuration. I have documented the 

systematic decrease of the temperatures of carrier freeze-out with increasing carrier 

concentration, with an apparent metal-insulator transition, the observation of an AHE, 

and the onset of superconductivity. I have drawn a tentative phase diagram in Fig. 3-13 as 

a function of both the temperature T and carrier density ns, summarizing all of the 

observations in this study of an STO-EDLT. The various dashed lines are simply guides 

to the eye. The blue dots represent temperatures and values of ns at which Rs appeared to 

diverge. The vertically hatched regions correspond to the approximate boundary where 

dRs/dT changes its sign, and the red diamonds denote the onset of superconductivity, 

which does not change much, over a significant range of values of ns. The other 

crosshatched region denotes the range of temperatures and carrier concentrations over 

which an AHE was found. 

The appearance of a peak in R(T), which is magnetic field dependent, in the 

vicinity of this crossover to superconductivity, along with an anomalous Hall effect 

suggests the possibility of a magnetic phase ordering in the crossover regime. This is 

reminiscent of what is found near quantum critical points in strongly correlated electron 

systems [48]. Lower temperature measurements utilizing a 
3
He/

4
He dilution refrigerator 

may elucidate the precise behavior.  

An open question is the actual depth of penetration of the induced charge layer. 

Recent theoretical work suggests that it may be localized within a very narrow layer on 
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the order of one lattice constant rather than some greater distance [72]. If that is indeed 

the case then the properties revealed in this work need not be analogous to those found in 

chemically bulk-doped STO experiments. 

 

 

 

Figure 3-13  Phase diagram of STO: the plot of T vs. ns (taken at 180 K) shows all the features 

found in the entire range of carrier doping. The various dashed lines are simply guides to the eye. 

The dots represent temperatures and values of ns at which Rs appeared to diverge. The vertically 

hatched regions correspond to the approximate boundary where dRs/dT changes its sign, and the 

diamonds denote the onset of superconductivity. The other crosshatched region denotes the range 

of temperatures and carrier concentrations over which an AHE was found. 
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Chapter 4 

 

The Study of Disordered Indium Oxide near the 

Superconductor-Insulator Transition 

 

"Localization, very few believed it at the time, and even fewer saw its importance, among 

those who failed to fully understand it at first was certainly its author. It has yet to 

receive adequate mathematical treatment, and one has to resort to the indignity of 

numerical simulations to settle even the simplest questions about it." 

 

P. W. Anderson, Nobel Lecture, 1977 

 

 

4.1  Introduction  

The competition between disorder and superconductivity has long been the 

subject of theoretical and experimental study. By varying the nominal disorder a 

superconductor-insulator transition (SIT), known as a disorder-driven SIT, is found in 
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materials such as amorphous Bi, TiN, Pb, and InO [9, 73, 74, 75, 76]. Furthermore 

various experiments on magnetic field-induced SITs using disordered materials such as 

Bi, InO, MoGe, TiN, and NbSi have been documented by many others [77, 78, 79, 80, 81, 

82, 73]. 

Such transitions in disordered thin films (2D) are believed to be quantum phase 

transitions and have been studied extensively over a few decades. Despite many efforts to 

understand these disordered systems, they still remain a major topic of research because a 

comprehensive and broadly accepted understanding of the underlying physics governing 

the competition between disorder and superconductivity has not been fully resolved.  

Among the materials, amorphous InOx (which we will refer to as InO) is of great 

interest because of the novel feature of a giant magnetoresistance (MR) peak at low 

temperatures [83, 84, 85, 86]. Moreover the direct evidence of Cooper pairs, both above 

the superconductor transition temperature, and in the insulating regime has been reported 

[87, 88]. However, the study of the disorder-driven SIT in InO, mainly achieved by 

varying its oxygen concentration during the growth process and heat treatment afterward, 

can introduce unavoidable complexities to the system including the conflation of 

variations of carrier concentration and levels of disorder [85, 89].  

In this chapter, I overcome these limitations by using a different approach. 

Namely, I tune the carrier concentration by adapting an EDLT configuration, as 

introduced in Chapter 2 and used for the study of strontium titanate in Chapter 3. I use 

this technique to induce a SIT within a given sample without altering its disorder (Earlier, 

Misra, McCarthy, and Hebard gated InO films with ILs but did not explore their 
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superconductivity [90]). Benefiting from the FET configuration, I present a 

comprehensive study of the SIT driven by carrier modulation rather than the disorder. In 

this work, I will focus on very thin films of InO two-dimensional (or quasi two-

dimensional) system.  

By studying the thin films of InO, I have explored many interesting phenomena 

such as variable range hopping in the insulating regime and the broadening of 

superconducting fluctuations near the SIT. This new approach also enables me to produce 

and then continuously change the size and the position of MR peak in the insulating 

regime. These findings might shed light on the origin of the MR peak and the possibility 

of localized superconducting islands within the insulating regime. 
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4.2  Disordered Systems and Localization 

One of the most interesting and intriguing physical phenomena in condensed 

matter physics is Anderson localization, which explains how an electron may become 

immobile when placed under a strongly disordered system [91]. The origin of localization 

is the interference between multiple scatterings of the electrons by random defects in the 

potential, altering the Bloch waves from a condition of being extended to that of being 

exponentially localized. As a result, the given material undergoes a transition from an 

electronically conductor to an insulator as the level of disorder is increased (therefore 

altering the scattering due to the random potential). The wave function      of the 

localized state as function of the spatial coordinate r can be written as 

 

           
      

  
  

(4.1) 

where     is Block-like wave function of n th lattice site with phase     and    is called 

the (Anderson) localization length describing the characteristic size of the wave function. 

So the wave function      due to the strong disorder in the system is confined in a site 

coordinate r with the typical envelope of a size given by   . 

Later work by Nevill Mott further predicted when the average mean free path 

becomes shorter than its De Broglie wavelength due to the randomness of the scattering 

potential or strong disorder, strong localization of the wave function takes a place [92, 

93]. This localization has dramatic consequences for the conductivity; a conducting 

material could turn into an insulator, exactly the opposite to what happens in a 
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superconductor. Mott also defined the Mobility edge    as the energy level separating 

localized and non-localized states of non-crystalline (disordered) materials. It is therefore 

the key parameter determining the metal-insulator transition (MIT) of many disordered 

system. Moreover scaling theories were proposed by Thouless [94] and Abrahams and 

co-workers [95], explaining the MIT as continuous transition characterized by the 

coherence (localization) length      that diverges at the transition as follows 

 

        
  

  
           

                                                   (4.2) 

Here    is a dimensionless conductance,    is the critical conductance at the transition, 

and   is the localization-length exponent. Near the metal-insulator transition    diverges 

and the wave function becomes delocalized. However, as one increases the level of 

disorder in the system, therefore affecting the value of   , the localization length    

approaches a constant value   , which is a typical size of a localized electron wave 

function, giving rise to insulating behavior. In the insulating regime where the Fermi 

level EF falls below the mobility edge   , all the occupied states become localized, 

therefore the conductivity vanishes at zero temperature. 

Consequently, at finite temperatures, electronic transport in such insulators takes 

place only by hopping processes between the localized states. In simple non-interacting 

systems, the resistance R vs. temperature T is given by the Arrhenius form, a simple 

activation hopping  driven by thermal fluctuations,  
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(4.3) 

Here T0 is the characteristic activation energy that is required for electrons (or holes) to 

hop (or jump) from one site to another neighboring site. This is thermally assisted 

hopping of a charge carrier over some range that is greater than     , with the resistivity 

enhanced by the exponential factor       depending on an energy scale of T0, strongly 

reflecting the degree of the disorder within the system. 

 When the hopping distance l between the sites becomes larger, one needs to 

consider an addition factor       
 

  
  due to the tunneling probability. Mott argued the 

hopping probability at a given temperature was seen to depend on two parameters, l the 

spatial separation of the sites, and W their energy separation [96]. He showed that the 

probability of hopping (therefore inversely proportional to the resistance R) between two 

states of spatial separation and energy separation can be combined into one form, 

 

                     
    

         

        
       

(4.4) 

Here d is dimensionality of the system, N(0) is the density of states at Fermi level 

(assumed to be a constant), and    is Boltzmann constant.  

In a metal, the screening effect of the Coulomb interaction is very strong and the 

electric field does not extend much beyond the of Thomas-Fermi screening length, 

therefore the density of states at the Fermi level remains relatively constant. However in a 
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disordered insulator, the non-negligible effect of the Coulomb interaction between the 

electrons could alter the density of states at the Fermi level, giving rise a soft energy gap, 

as first suggested by M. Pollak, and known as Coulomb gap [97]. Therefore such hopping 

transport can involve a nontrivial competition of inelastic scattering with thermal 

activation and long-range Coulomb interaction. Efros and Shklovskii considered the 

effect of the Coulomb interaction and derived the following relationship [98]. 

 

                  
     

   

   
 

(4.5) 

where α is a numerical constant, and κ is dielectric constant of the materials. Unlike 

equation (4.4) by Nevill Mott, equation (4.5) does not depend on the dimensionality of 

the system. 

When the temperature is very low, the probability of thermally-driven electron 

hopping decreases and the typical characteristic length of hopping in space become less 

important. Therefore the hopping between the energy states that are close in space, but far 

in energy level becomes smaller than that of electron hopping between the energy states 

whose levels are very close to each other even though they are far separated in space. 

This is called variable-range hopping and both the equations (4.4) and (4.5) fall into this 

category. They become dominant conduction mechanism in many disorder systems at 

very low temperature. 
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Lastly, if the localized electron wave functions somehow overlap, the system may 

behave as a metal with some quantum corrections to its conductivity, commonly known 

as weak localization correction. A theoretical model is constructed such that an electron 

moves ballistically, where the potential is assume to be periodic, but scatters when it 

encounters some random potential due to the weak disorder within the periodic lattice. At 

low temperatures, the inelastic scattering is suppressed, and elastic scattering dominates, 

allowing electrons to maintain phase coherence over relatively large distances. This phase 

coherence can give rise to coherent interference which leads to unusual resistance 

changes. Altshuler and his colleagues calculated the weak localization correction with the 

electron interaction effects of the disordered Fermi systems in the metallic regime: 

meaning that    λ   , where λ is the electronic mean free path in the Drude model [99]. 

In 2D system, logarithmic corrections are obtained for conductivity, density of states, 

specific heat, and Hall constant. Assuming the static screened interaction of the form, 

 

     
    

     
 

(4.6) 

where q is electron momentum and   is a parameter related to the screening length in 2D, 

they found the following correction to the conductivity Δσ 

 

   
  

    
                   

(4.7) 
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Here F is a factor related to the electron-electron interaction and τ is the scattering time. 

Resistance measurements on the thin-film metal strips [100] and electron inversion layers 

in Si metal-oxide-semiconductor field-effect transistors [101] have revealed the unusual 

logarithmic dependences of the resistance on the temperature as predicted by the equation 

(4.7).  

In two dimensional (2D) systems, the study of Abrahams, Anderson, Licciardello, 

and Ramakrishnan [95] predicted that electronic states are always localized due to the 

lack of dimensional freedom, unlike in three-dimensional systems (which could undergo 

a meta-insulator transition, depending on the level of disorder). On the other hand a 

numerical scaling study [102] by P. A. Lee appears to be inconsistent with this prediction. 

Altshuler et al. noted that the localization theory deals only with non-interacting electrons 

and it is necessary to consider the effects of mutual interactions between electrons in 

disordered systems to reconcile these two conflictions, as expressed in the equation (4.7). 

 

 

 

4.3 Superconductor-Insulator Transition of Disordered 

Systems 

As discussed in the previous sections, the ground state of the electron wave 

functions at the Fermi level can be localized (insulator) or delocalized (metal) being 

strongly affected by the level of disorder in a system. It has long been thought that 

superconductivity can arise only from a metallic state, i.e. the coherence of the 
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delocalized wave functions can arise only at the Fermi levels of free electron seas. 

Furthermore it has been suggested that destroying global superconductivity under the 

influence of disorder, would directly lead to the localization of electron wave functions 

and a superconductor-insulator transition (SIT).  

Various models of SITs in disordered 2D systems have been developed to 

understand the role of disorder near such quantum phase transitions. Classically it is long 

believed that superconductivity can be destroyed by fluctuations (or suppression) of the 

superconducting order parameter. In this model, Cooper pairs break up into singly 

localized electrons directly and are responsible for the SIT. Valles et al. have investigated 

the behavior of the superconducting energy gap Δ, in ultrathin films of quench Bi near 

the superconductor-insulator (SI) transition [103]. From electron tunneling measurements 

on these films, they concluded that Δ becomes very small and approaches zero at the SI 

transition, which supports the scenario of direct transition from superconductivity to 

singly localized electrons by the role of disorder. 

More interestingly, a new group of theories has been proposed in which 

superconductivity is suppressed and ultimately destroyed by fluctuations of the phase of 

the superconducting order parameter rather than its amplitude [104, 105, 106, 107, 108]. 

In these models, localized Cooper pairs can persist on the insulating side of the transition, 

in some examples forming superconducting islands, while the whole system remains an 

insulator due to the lack of global phase coherence. 

M. Fisher studied the SIT transition of disordered systems, especially those driven 

by external magnetic fields [104]. He argued that with increasing field, a disordered 
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superconducting thin film would undergo a zero-temperature transition into an insulating 

state directly. He explained that such the field-tuned transition is driven by the 

delocalization and Bose condensation of field-induced vortices. 

Amit Ghosal et al. also have shown that, within the Bogoliubov–de Gennes (BdG) 

framework, that the local pairing amplitude develops a broad distribution with significant 

weight near zero with increasing disorder [105]. Surprisingly, the density of states 

continues to show a finite spectral gap. The persistence of the spectral gap at large 

disorder is shown to arise from the breakup of the system into superconducting islands. A 

simple analysis of phase fluctuations about the highly inhomogeneous BdG state is 

shown to lead to a transition to a non-superconducting state with non-vanishing (local) 

pairing amplitude. 

 Dubi et al. simulated the superconductor–insulator transition in two-dimensional 

disordered superconductors, starting from a microscopic description that includes thermal 

phase fluctuations [106]. In their work, they adapted the negative-U Hubbard model 

described by the following Hamiltonian 

 

               
      

   

          
              

     

      

      
       

         

 

 

(4.8) 

Here    
  and     create and destroy an electron with spin σ at the lattice site i respectively. 

The first term describes the random potential on the two-dimensional lattice reflecting the 

level of disorder at a given system with a possible Zeeman field hz. The second term 

represents the hopping between nearest-neighbor sites i and j with the hopping (tunneling) 
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matrix elements t. The phases     account for the orbital effects of the magnetic field and 

the last term describes the attractive interaction (U > 0) between electrons on the same 

site and is responsible for the emergence of superconductivity. Thus the model describes 

electrons propagating on a two-dimensional disordered square lattice, subject to mutual 

attraction when two electrons with opposite spin projections occupy the same site. They 

demonstrate explicitly that disorder leads to the formation of superconducting islands 

where the amplitude of the order parameter is significant. 

 

The application of perpendicular magnetic field to the plane in disordered thin 

films, especially InO, has revealed a giant magnetoresistance (MR) peak on the insulating 

side of the SIT at low temperatures. Depending upon the microstructure, surface 

morphology, disorder, and carrier concentration, the resistance at this MR peak could be 

several orders of magnitude larger than the resistance at the transition temperature Tc [83, 

84, 77, 85]. These observations are consistent with some qualitative features of the 

superconducting island model (sometime named as Bose insulator) in which there is non-

vanishing superconducting order parameter amplitude on the insulating side of the SIT as 

described above.  

Furthermore recent experimental studies have revealed stronger correlations 

between the MR peak and the localized Cooper pairs in disordered amorphous Bi films. 

Ultrathin amorphous Bi films, patterned with a nano-honeycomb array of holes and 

studied by Hollen et al. [109], exhibited a magnetoresistance (MR) that was positive and 

grew exponentially with decreasing temperature, well below the pair formation 
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temperature. It peaked at a field estimated to be sufficient to break pairs and then 

decreased monotonically into a regime in which the film resistance followed weakly 

localized single-electron transport. The results supported the proposals that the large MR 

peaks in ultrathin film systems can exhibit an insulating phase with transport dominated 

by the incoherent motion of Cooper pairs of electrons between localized states. A similar 

study by Yen-Hsiang Lin and collaborators [78] also found a MR peak in insulating films 

of homogeneous and quench-condensed Bi films. Lin et al. suggested that there was a 

quantum phase transition between two distinct insulating phases, which might be from a 

Bose insulator to a Fermi insulator. 

While the observations of MR peaks in many disordered thin film 

superconducting systems are widely accepted as (indirect) evidence of localized Cooper 

pairing within the superconducting island picture, their origin is still not fully understood 

due to the lack of microscopic theories that quantitatively describes the experimental data.  

It was the goal of this experiment to address this issue through the study of InO thin films 

in an EDLT configuration. This new approach allowed for the production and continuous 

change of the size and the position of MR peak in the insulating regime. A few 

theoretical models have been compared with the experimental findings and the evolution 

of the MR peak as function of charge carrier density was qualitatively addressed. While 

the connection between the MR peak and the picture of localized Cooper pairs remains 

somewhat indirect, the measurements reveal close link between them and qualitatively 

support the picture of Bose insulator.  
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4.4  Experimental Set-Up and the Sample Preparation 

Amorphous (disordered) InO films were electron-gun evaporated using 99.999% 

pure In2O3 pallets. The films were grown on (100) Si wafers through a shadow mask 

defining a Hall bar geometry. The base pressure in the deposition chamber was 2 x 10
-7

 

mbar. Pure O2 gas with partial pressure 4 x 10
-6 

mbar was bled into the chamber during 

the evaporation in order to achieve samples with sheet resistances of about 10kΩ  at 

T=4K, which is very close to the SIT predicted from previous measurement of similar 

samples. The film thicknesses ranged from 10 nm to 6 nm. The 6 nm samples were all 

insulating as grown, while 75nm or thicker samples all showed global superconductivity 

at low temperature. Gold electrodes, 50 nm thick, were deposited on the InO films. An 

ionic liquid (DEME-TFSI) was used as a gate dielectric with a Pt coil top gate to form an 

electric double layer transistor (EDLT). A schematic of the top-gated EDLT is shown in 

Fig 4-1. 

The sheet resistances Rs of the films were determined employing a four-probe 

electrode configuration with a current source (Keithely-6220) and voltage meter 

(Keithely-2182). A Physical Property Measurement System (PPMS) 
3
He refrigerator unit, 

as explained in Chapter 3, with a superconducting magnet enabled us to vary the 

temperature between 300K and 0.40K and the magnetic field B between 0T and 9T. Gate 

voltages Vg, ranging from +3V to -3V were used to induce or deplete charge carriers, 

which are electrons. The various values of Vg, using a multi-purpose electrometer 

(Keithley 6517A) were applied at a temperature of 240K and were held constant 

throughout the subsequent cooling and measurement. 
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Figure 4-1  Schematic diagrams of the InO EDLT: The top view (top graph) and the side view 

(bottom graph) of the EDLT device, where upon application of a positive gate bias, anions are 

attracted to the gate electrode and cations are repelled, this creates an EDL at the InO surface, 

inducing the surplus of free electrons into the InO films. 
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4.5  Carrier-Driven Superconductor-Insulator Transition 

The temperature T dependencies of the sheet resistances Rs of two InO samples at 

different values of Vg are plotted in Fig. 4-2 (a) and (b). Both samples were grown under 

the same conditions i.e. at the same oxygen pressure and at the same time. However their 

initial resistances were adjusted so as to be different, by annealing at 65 
o
C under the 

vacuum condition for different periods of time. The annealing of InO is known to alter 

the disorder and therefore is responsible for significant changes in the resistance. 

Eventually a superconducting state could appear for a sufficiently long annealing time 

[85, 89, 74]. Sample A was annealed for one hour (therefore is labeled as a ‘more-

disordered’ sample for convenience) under the vacuum pressure of ~10
-3 

torr, while 

sample B was annealed for seven hours (is labeled as a ‘less-disordered’ sample) under 

the same vacuum condition, both at 65
 o
C.  

Both samples exhibited large changes in Rs upon gating and showed typical 

characteristic behaviors of n-type FET devices with electrons as intrinsic (dominant) 

charge carriers. Unfortunately, Hall effect measurements of such highly disordered 

systems were not possible, except in the case of a few other samples (not presented in this 

dissertation) that had relatively low normal state resistances. The process of gating was 

found to be reversible, with minor hysteresis. This suggests that apart from the remote 

possibility of a reversible chemical reaction, the gating process is electrostatic. To 

determine and/or confirm the carrier modulation of the system, I used an electrochemical 

technique known as chronocoulometry [110]. Using this technique, I observed changes in 

the sheet (2D) carrier density or charge transfer ns of up to 7 x 10
14

 carriers-cm
-2

. 
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However I did not characterize the charge transfer at each gate voltage for the films 

reported here. The accessible charge transfer was large enough for me to observe the SIT 

of InO as shown in Figs. 4-2. The T dependencies of the sheet resistances Rs, of two InO 

samples at different values of Vg are presented in Fig 4-2, (a) for sample A and (b) for 

sample B. Both samples A and B exhibited SI transitions tuned by carrier modulation, 

which is clearer in the case of sample B [Fig. 4-2 (b)]. 
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Figure 4-2(a)  The temperature dependencies of the sheet resistance Rs at various values of the 

gate voltage Vg of sample A, annealed for 1Hr at 65 
o
C. The onset of superconductivity (the 

initial downward dip in the Rs vs. T curve) occurs at Vg = +1.00V. 
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Figure 4-2(b)  The temperature dependencies of the sheet resistance Rs at various values of the 

gate voltage Vg of sample B, annealed for 7Hr at 65
 o
C. The onset of superconductivity occurs at 

Vg = -2.00V. 
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Figure 4-3 shows the Rs vs. T behavior of the insulating state; both Arrhenius-

form activation R=R0 exp(T0/T), and Efros-Shklovskii variable range hopping (ES VRH 

or ES hopping) R=R0 exp(TES/T)
1/2

 were observed. In Fig 4-3, the higher resistance 

sample showed a wide range of Arrhenius activated transport, suggesting that it has a 

hard gap in its single-particle density of states. A cross-over from Arrhenius to ES 

hopping was observed as the film became less resistive with increasing carrier 

concentration. The observed ES hopping suggests the presence of a soft gap (Coulomb 

gap) in the density of states near the Fermi level, which is due to the long range 

interactions between electrons in the system [98]. This has also been reported in other 

systems [73, 111]. The transition from Arrhenius to ES hopping is somewhat puzzling, 

however the phenomenon could be interpreted as the evidence of enhanced electron-

electron interactions driven by the addition of carriers.  
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Figure 4-3  Both the Rs vs. 1/T and 1/T
1/2

 are plotted for sample A (a1-a2, top graphs) and for 

sample B (b1-b2, bottom graphs). Note the crossover from Arrhenius to ES VRH at Vg = -0.50V 

shown in (a1-a2), whereas (b1-b2) shows ES VRH over all the ranges of Vg. 
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The understanding of the microscopic mechanism of superconducting fluctuations 

provides a unique tool for obtaining information about the microscopic parameters of 

superconductors. Superconducting fluctuations (SF) arise due to the dynamic state of 

Cooper pairs with finite lifetime which appear above the superconducting transition 

temperature Tc, but don’t form a stable and global condensate. They affect the 

thermodynamic and transport properties of the normal state above Tc directly and through 

the changes which they cause in the quasiparticle subsystem [112, 113]. When a system 

enters a superconducting state below a critical temperature Tc, global phase-coherence is 

established with the nonzero amplitude of the superconducting order parameter.  

Given the contribution of SF to the normal state, determining Tc from the 

measured data, can be a non-trivial task because of the broadening of the superconducting 

transition due to superconducting fluctuations above Tc. Thus, in order to estimate Tc 

more precisely, the theoretical model described in Ref. [113] (and references cited therein) 

is followed. This work revisits the long-studied problem of SF conductivity in disordered 

two-dimensional superconductors placed in a perpendicular magnetic field and derives 

the complete temperature-magnetic field phase diagram. According to this model, 

superconducting fluctuations in a 2D system give rise to a temperature-dependent change 

in conductance ΔG given by the various quantum and thermal fluctuation processes. 

The formation of Cooper pairs by thermal fluctuations above Tc was first 

predicted by Aslamazov and Larkin. This process, known as the Aslamazov-Larkin (AL) 

process, gives rise to the following contribution to the conductivity ΔG
AL 

[114, 113] 
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(4.9) 

Here t=T/Tc is dimensionless temperature and      is the zeta function evaluated at x=3. 

The AL process
 
provides a conductance correction to the normal conductivity and has a 

logarithmic dependence on the temperature T.  

Another process results from the interaction of the Cooper pairs with the single 

electrons within the normal state above Tc and was proposed by Maki and Thompson 

[115]. This Maki-Thomson (MT) process predicts that Copper pairs can scatter from an 

impurity potential and describes single-particle quantum interference at impurities in the 

superconducting fluctuation regime above Tc using a parameter δ known as Maki-

Thomson pair-breaking parameter. The correction to the conductivity      takes the 

form of 

 

     
  

        
  

   

 
 

        

  
  

 

   
     

(4.10) 

which has similar logarithmic dependence on the temperature as the ΔG
AL

 term. 

The AL process describes the contribution to the normal conductive due to the 

formation of unstable Cooper pairs driven by thermal fluctuation, while the MT process 

involves in the breaking of Cooper pairs due to impurity scattering with the pair breaking 

parameter  δ.  Both processes occur above the transition temperature Tc. This microscopic 

approach is a mean field approach and persists over a larger range of temperatures than 
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Ginzburg’s evaluation [116] of the width of the critical region in bulk superconductors. It 

is found that these mean field fluctuation effects can be quite significant in thin dirty 

superconducting films. It was also demonstrated that fluctuations affect not only the 

thermodynamic properties of a superconductor but its dynamics as well, and the 

fluctuation smearing of the superconducting transition was first demonstrated in 

amorphous bismuth films [117]. 

Ioffe and Dorin et al. further considered [118, 119] an additional contribution 

from the change of the single-particle density of states (DOS) owing to its role in 

fluctuation pairing. The correction to the conductivity,        is given by 

 

       
        

  
  

 

   
     

(4.11) 

which can be interpreted as the decrease of the Drude conductivity due to the lack of 

single-particle excitations at the Fermi level.  

Further consideration by Glatz et al. predicted that there is an additional 

correction from the renormalization of the single particle diffusion coefficient in the 

presence of fluctuations. This correction is labeled as       

 

      
  

   
     

 

   
     

(4.12) 



 

 96 

Here,   is the electron elastic impurity scattering time. Note that       provides a 

positive correction to the conductivity due to the suppression of the single particle 

diffusion coefficient in the presence of superconducting fluctuations. 

 

So the total correction      to the conductivity due to the SF above Tc is given 

by 

                               

(4.13) 

Lastly it is necessary to include the correction from weak localization (WL) 

theory including electron-electron interactions                 as already described in 

equation (4.7). Then the total correction         to the conductivity in a (weakly) 

disordered system above Tc can be expressed as 

 

                                        

(4.14) 

With an estimated coherence length of 13~20 nm (compare this with the typical 

superconducting coherence length of 10~30 nm for InO [120]), the films of 6 nm 

thickness can be treated as (quasi) 2D systems enabling us to employ the SF theory in 2D. 

To fit the SF theory to the data, I used the asymptotic expression in Table 1 (regime I, the 

Ginzburg-Landau regime) of Ref. [113]. Figure 4-4 is the result of the SF fit to the data 

of sample B and the values of both Tc and pair breaking parameter δ are determined 

simultaneously from the best fit as shown in the inset. This analysis allows me to 
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determine Tc and I observe a monotonic increase in Tc as function of Vg. This implies a 

monotonic increase of the superconducting pairing energy Δ as function of carrier density 

within the framework of BCS model. 

 

 

 

Figure 4-4  Dimensionless conductance G/G0 (with G0=e
2
/h) vs. T for the sample B in the 

superconducting state regime. The dashed lines are the best fits to the data. The inset is a plot of 

Tc (left) and δ (right) vs. the gate voltage Vg. 
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4-6  Magnetoresistance Measurements and the Simulation 

As introduced earlier, one of the most interesting features of InO systems is the 

giant magnetoresistance (MR) peak, found in many experiments [83, 84, 85, 86]. The 

application of a magnetic field to both superconducting and insulating InO films has 

revealed a large MR peak. These experimentally observed MR peaks are consistent with 

some qualitative features of the Bose insulator picture consisting of localized Cooper 

pairs rather than single electrons. While the enhancement of the resistance with 

increasing magnetic field may be understood in terms of decreasing superconducting 

order parameter, the suppression of the resistance at higher magnetic field is still not well 

understood. 

The MR measurements of these two samples at different gate voltages are shown 

in Figs. 4-5. The most significant feature of the data for sample A [Figs.4-5 (a1), (a2), 

and (a3)] is the transition from negative to positive MR followed by a downward slope of 

Rs (the MR peak) upon further increase of magnetic field B. All of this data was taken at 

fixed T, over the range from 0.5K to 1.3K. Also note the strong MR peak found in 

insulating regimes of both samples. The position of the peak field, Bpeak, at which the 

maximum resistance occurs, monotonically increases as function of Vg. 
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Figure 4-5(a)  Rs vs. B at various values of T and Vg for the sample A (more disordered). The 

charge density of electrons increases from the left to the right as shown in the green arrow at the 

bottom. Each curve represents a separate isotherm of Rs vs. B, where T ranges from 0.5~1.3K. 
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Figure 4-5(b)  Rs vs. B at various values of T and Vg for the sample B (less disordered). The 

charge density of electrons increases from the left to the right. Each curve represents a separate 

isotherm of Rs vs. B, where T ranges from 0.5~0.9K. 
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In a disorder-driven SIT, the spatial inhomogeneity of the pairing energy Δ can be 

very important and is believed to be responsible for the manifestation of MR peaks in the 

insulating regime. Dubi and his colleagues suggested that near the SI transition, the MR 

peaks in disordered systems arise because magnetic fields affect the concentration and the 

size of superconducting islands. As these islands shrink with increasing field, there is a 

transition from Cooper pair-dominated to single electron-dominated transport [106, 121]. 

They proposed a model which accounts for the experimental results in the entire range of 

magnetic fields, based on the formation of superconducting islands due to fluctuations in 

the superconducting order parameter amplitude in a disordered sample. At strong 

magnetic fields, due to Coulomb blockade in these islands, transport is mainly through 

the normal areas, and thus a decrease is the size and density of the superconducting 

islands leads to an enhanced conductance and a negative magnetoresistance. As the 

magnetic field is reduced and the size and density of these islands increase, the 

conductance is eventually dominated by transport through the superconducting islands 

and the magnetoresistance changes sign.  

On the other hand, the reduction of the superconducting pairing energy Δ within 

islands can itself lead to a tradeoff between conduction by Cooper pairs and conduction 

by unpaired electrons, and thus (potentially) to a MR peak, even when the concentration 

and the size of the islands are fixed. Recent theoretical works [122, 123] studied a model 

with fixed size and concentration of superconducting grains (islands), and showed how a 

MR peak deep in the insulating state can arise as a result of the reduction of the 

superconducting gap Δ with increased magnetic field. This predicts that near the MR 
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peak and at low temperature the conduction should be described by ES VRH, as shown in 

Figs. 4-3 (a2) and (b2). Both approaches lead to an insulator in which Cooper pairs with 

nonzero Δ are formed in the insulating regime of the system and are responsible for the 

MR peak. 

The shift of the MR peak to higher magnetic fields with increasing carrier 

concentration, as shown in Figs. 4-5, can be explained qualitatively within the context of 

the theory of Refs. [122, 123, 124]. Increasing the carrier density presumably increases 

the density of states at the Fermi level within the superconducting grains, thereby driving 

up the zero-field superconducting gap, Δ0. A larger value of Δ0 implies that a larger B is 

required in order to reduce Δ to the value of the grain charging energy Ec, so that the MR 

peak shifts to higher B. In this way the transition from negative MR [as in Fig. 4-5(a1)] to 

a peak at an intermediate B [Fig. 4-5(a2)] to a peak at a larger B [Fig. 4-5(a3)] can be 

understood.  

As an example, Fig. 4-6 shows values of the resistance of a simulated 2D array of 

regularly-spaced, mono-dispersed superconducting grains as a function of H (H=B/μ, 

where μ is magnetic permeability), calculated using the Hamiltonian as follows [123]  

 

     
        

 

   
 

 

    
                  

     

     
  

 
    

 

 

(4.15) 

Here, the first term describes the Coulomb self-energy of each grain and the second term 

describes the Coulomb interaction between charged grains. The value of     can be a 

positive or negative integer, and is be defined as    = Ni − Ii , where Ii is the number of 
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positive ions and Ni the number of electrons at grain i. The coefficient    
  

 is the inverse 

of the matrix of electrostatic induction    . The third term in the Hamiltonian describes 

the total pairing energy of electrons; Ni /2 is the number of electron pairs within grain i. 

At small Δ0/Ec, the conductivity is primarily due to hopping of unpaired electrons, 

and there is a monotonic negative MR [as seen, for example, in Fig. 4-5(a1)]. At larger 

Δ0/Ec, which ostensibly corresponds to larger carrier density, the MR develops a peak 

associated with a trade-off between conductivity by single electrons and conductivity by 

Cooper pairs. This peak moves to larger H as Δ0/Ec is increased [as in Figs. 4-5]. For the 

simulation of Fig. 4-6 it is assumed that a conventional BCS-like dependence of Δ on the 

field H:                . 

In this way the data shown in Figs. 4-5 is qualitatively consistent with the concept 

of tuning the local superconducting gap by modulating the carrier density. Such tuning of 

the gap by carrier density also suggests a straightforward possible explanation of the 

transition from the insulating state to the superconducting state with increasing carrier 

density. Presumably, the transition may result from regions with zero Δ being driven to 

non-zero Δ, thereby connecting superconducting grains that would otherwise be 

disconnected. Unfortunately, the simulation used to generate Fig. 4-6 cannot be used for a 

quantitative determination of the relationship Δ(n) as function of carrier density n, since 

this requires a knowledge of the H-dependence of the gap as well as the relative 

localization lengths    and    for unpaired and paired electron hopping. I also caution that 

the simulation technique is applicable only for the heavily-insulating limit, and in this 

sense the comparison between Figs. 4-5 and 4-6 is only qualitative. It should also be 
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noted that within this simple model a strong MR peak develops only at a relatively large 

ratio of the localization lengths      . A final caveat is the possibility that other models 

may give similar results. 

 

 

Figure 4-6  The simulation of the resistance of a 2D array of identical superconducting grains 

deep in the insulating state as a function of H. Different curves are labeled with their 

corresponding values of Δ0/Ec, and are normalized to their maximum resistance, Rmax. As Δ0/Ec is 

increased, which presumably corresponds to a larger carrier density, a MR peak develops that 

shifts to larger magnetic field, in qualitative agreement with what is seen in Figs. 4-5. Here all 

curves correspond to a temperature such that kBT = 0.1Ec and have localization lengths    and     

for single-electron and pair conductivity respectively, satisfying        = 8. The simulation and 

the calculation were provided by Tianran Chen and Brian Skinner. 
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4.7  The Magnetoresistance Peak and Surface Morphology 

It is useful to attempt to quantify aspects of the MR peak. A magnetic length   

associated with the field at the peak Bpeak, can be estimated as  

 

            
 

   

(4.16) 

where    = 2.07 x 10
15

 T-m
2
 is the flux quantum. Values of the peak magnetic field, 

Bpeak at different gate voltages, all taken from the isotherm curves of Rs vs. B at T = 0.5K, 

were found to be monotonically increasing functions of the gate voltage. This implies that 

   decreases with increasing carrier density. A measure of the size of the MR peak can be 

taken to be 

 

                                      

(4.17) 

Figure 4-7 shows a plot of Rnorm vs.    for each of the two samples A and B, where 

different points correspond to different values of gate voltage. The inset to the figure 

shows a plot of Bpeak vs. the reciprocal of Rs at 100K. The latter is proportional to the 

carrier concentration assuming a Drude resistance at high temperatures and assuming that 

the gate voltage changes the carrier concentration and not the disorder [24]. Note that in 

the inset, curves of Bpeak vs. 1/Rs at T=100K of the two samples collapse onto each other, 

suggesting possible universal behavior. 
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There may be a connection between the aspects of the MR peak to sample 

morphology. Atomic force microscope (AFM) images of these films (Fig. 4-7, bottom 

left, sample B) exhibited thickness roughness which could be interpreted as an effective 

granularity. A Power Spectral Density (PSD) analysis (Fig. 4-7, bottom right) of the 

AFM images revealed a structural length scale implying a weak level of correlation in the 

morphology. These lengths are indicated by the vertical dotted lines with estimated error 

bars for the two curves of Fig. 4-7 (top). Note that the lengths corresponding to the PSD 

peaks are close to the values of    corresponding to the maxima of Rnorm vs.   , especially 

in the case of sample A. Thus when the magnetic length corresponds to the structural 

length, there is a maximum in the strength of the MR peak. 

In a recent work, ultra thin amorphous Bi films were patterned with nano-scale 

honeycomb array of holes and MR peaks were observed in several samples with non-

uniform film thicknesses [125]. On the other hand the same experiment shows no MR 

peaks in samples with uniform film thicknesses [126]. It is also shown that the thickness 

variations are primarily responsible for producing the localized Cooper pairs in Bi films 

[109], and the level of the disorder can be tuned by the variation of the thickness in such 

systems [9]. Furthermore the study of InO reported by Shammass et al. [86] shows that 

the different levels of MR anisotropy, which are indirect evidence of the superconducting 

strength, have a strong relationship to different values of thickness. These findings 

suggest that there is a close relationship between effective granularity and the localization 

of Cooper pairs resulting in superconducting grains in an insulating matrix.  
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However, a granular morphology may not be essential for a system to exhibit 

granular like behavior. The oxygen concentration may be the key to determining an 

effective granularity in the amorphous InO system. A recent experimental work [127] 

showed that mesoscale spatial variations in the oxygen concentration are present in 

nominally homogeneous InO films. Such chemical inhomogeneity can induce local 

carrier density fluctuations resulting in mesoscale inhomogeneity of the pairing energy Δ. 

It has also been demonstrated that, by STM measurements, that pairing strength 

inhomogeneity can be present even when the sample surface shows high-level 

smoothness [87]. I also like to add a caveat that the samples reported in this dissertation 

might indeed be a granular system due to the strong surface thickness fluctuations. 
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Figure 4-7  (Top) Plot of Rnorm vs.   for samples A (red, square) and B (blue, triangle). The inset 

shows the values of peak field Bpeak where the maximum of the MR at T = 0.5K is found as a 

function of 1/Rs at 100K in zero magnetic field, which are proportional to the carrier 

concentration. The quantity defined as Rnorm is a measure of the magnitude of the MR peak. The 

maximum Rnorm occurs very near the length extracted from the PSD of the AFM surface profile 

(dotted vertical lines) for sample A and very close to that length for sample B. (Bottom) The 

AFM image (left) and the PSD analysis (right) showing a peak, corresponding to the periodicity 

of surface morphology, only shown for sample B. Similar results were observed for sample A. 
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4-8  Conclusions 

In conclusion, I have observed the superconductor-insulator transition along with 

the evolution of the MR peak in amorphous InO films by varying their carrier densities. 

A transition from a negative MR to a strong MR peak followed by the suppression of the 

MR peak was observed near the SIT by adding carriers. Strong MR peaks when the 

systems are insulating support the presence of localized Cooper pairs in the insulating 

regime and are qualitatively consistent with models based on there being an effective 

superconducting granularity. Comparing the data with a theoretical simulation I argue 

that larger carrier density increases the paring energy Δ, and therefore is responsible for 

both the SIT and the monotonic increase of the MR peak position to higher values of 

magnetic field. The EDLT configuration opens up the possibility of carrier-driven SIT 

studies of many other disordered systems. 
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Chapter 5 

 

Epilogue 

 

“We shall not cease from ex loration, and the end of all our exploring will be to arrive 

where we started and know the  lace for the first time.” 

 

T. S. Eliot 

 

 

The control of charge carrier density has long been a key technology to modify 

the fundamental properties of condensed matter systems, leading to the modern 

semiconductor industry. One of the main challenges in this research field, especially from 

the point of condensed matter physicist is the desperate and hungry need to increase or 

induce the maximum possible carrier density, therefore inducing new states of matter, 

possibly new superconducting states. The recent development of electric double layer 

transistor (EDLT) configurations, based on electrochemistry and utilizing a liquid 

dielectric rather than a conventional solid dielectric, enables one to overcome some of the 

limitations and the problems of conventional field effect transistors (FETs). Electric 

http://www.brainyquote.com/quotes/authors/t/t_s_eliot.html
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double layers (EDLs), formed at semiconductor-ionic liquid interfaces, induce extremely 

large electric fields. This results in a high charge carrier accumulation in the 

semiconductor, much more effectively than possible with solid dielectric materials. The 

outstanding advance of resulting from the use of EDLTs is the significant enhancement 

of charge carrier concentration by two orders of magnitude, when compared to the 

conventional FETs. This high charge carrier accumulation can enlighten many intriguing 

phenomena, such as quantum phase transitions, magnetic ordering, and possibly new 

superconductors. By adapting the EDLTs, the electrical and magnetic properties of two 

novel materials, single crystals of insulating strontium titanate (SrTiO3) and thin films of 

amorphous indium oxide (a-InO) have been examined.  

First, measurements involving the electrostatic doping of SrTiO3 over broad 

ranges of temperature and carrier concentration have been carried out employing an ionic 

liquid as the gate dielectric. The systematic decrease of the temperatures of carrier freeze-

out with increasing carrier concentration, with an apparent metal-insulator transition, the 

observation of an anomalous Hall effect, and the onset of superconductivity have been 

observed. A tentative phase diagram (Fig. 3-13) as a function of both the temperature T 

and carrier density ns, summarizing all of the observations has been constructed. The 

surprising results are, with increasing carrier concentration, an apparent carrier-density 

dependent conductor-insulator transition, a regime of the anomalous Hall effect, 

suggesting magnetic ordering, and finally the appearance of superconductivity. The 

appearance of magnetic order near the boundary between the insulating and 
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superconducting regimes is reminiscent of effects associated with quantum critical 

behavior in some complex compounds. 

An open question is the actual depth of penetration of the induced charge layer. 

Recent theoretical work suggests that it may be localized within a very narrow layer on 

the order of one lattice constant rather than some greater distance [72]. If that is indeed 

the case then the properties revealed in this work need not be analogous to those found in 

chemically bulk-doped STO experiments. 

Secondly, the evolution with carrier concentration of the electric and magnetic 

properties of a-InO thin films has been studied using the EDLT configurations. The 

superconductor-insulator transition was traversed and the magnitude and position of the 

large magnetoresistance (MR) peak found in the insulating regime were modified. A 

transition from a negative MR to a strong MR peak followed by the suppression of the 

MR peak was observed near the SIT by adding carriers. Strong MR peaks when the 

systems are insulating, support the presence of localized Cooper pairs in the insulating 

regime and are qualitatively consistent with models based on there being an effective 

superconducting granularity. The systematic variation of the MR peak with charge carrier 

concentration was found to be qualitatively consistent with the simulation based on a 

model involving granularity. Comparing the data with a theoretical simulation, we argue 

that larger carrier density increases the paring energy Δ, and therefore is responsible for 

both the SIT and the monotonic increase of the MR peak position to higher values of 

magnetic field. Future works involving tunneling spectroscopy combined with varying 
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the carrier concentration can reveal the direct link between the superconducting gap Δ 

and carrier density ns in this disordered system. 

  

The electric double layer transistor has proved to be a very powerful tool in the 

exploration of many novel materials, from simple binary oxides to complicated high-Tc 

superconductors. The technique may provide a new path to achieve very high charge 

carrier modulation at semiconductor-ionic liquid interfaces, leading to the possible 

development of new small, flexible, fast, and low-power consumption devices. Perhaps 

more importantly, they are applicable to the fundamental study of superconductivity, 

ferromagnetism, ferroelectricity, and quantum phase transition in many condensed matter 

and material fields. 
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