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Abstract 

 

Two-dimensional electron gas (2DEG) at oxide interface is a very interesting system 

that has been extensively studied in recent years. In this system, a 2DEG with high 

mobility (~10
3
cm

2
V

-1
s

-1
 at 2 K temperature) is formed at the heterointerface between 

two band insulating materials LaAlO3 (LAO) and SrTiO3 (STO). This phenomenon has 

been explained by the model of electronic reconstruction due to the accumulation of 

polar discontinuity between the LaO and AlO2 layers. Based on the model of electronic 

reconstruction and reported fabrication of field-effect transistor (FET) by 2DEG in 

oxide, the electric transport properties of the 2DEG should be able to be modulated by 

an external electric field or some polar molecules. In my thesis work, the application of 

the 2DEG as a polar molecule sensor has been demonstrated.  

 

The oxide interfacial 2DEG was achieved by depositing LAO thin film on TiO2 

terminated STO substrate by Laser-MBE. Transmission electron microscopy (TEM) and 

atomic force microscopy (AFM) were used to characterize the structure of the 

LAO/STO interface. The electric transport properties of the heterointerface, including 

mobility, charge density and conductivity, were measured at temperatures from 2.5 to 

300K.  

When a droplet of water is added to the exposed LAO interface and fully covers 

the conducting channel, the I-V characteristic of the heterointerface changes to a typical 

FET type, but the rectify direction is different from the typical Schottky junction. An 
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explanation to this phenomenon is proposed based on the fact that the polar of liquid 

molecules should affect the polarization field inside the LAO film; while this effect may 

change the conducting behavior of the heterointerface from metallic to semiconducting, 

and therefore, a Schottky junction may be formed between the 2DEG and the affect area. 

It is also interesting to find that an amorphous STO layer on top of LAO surface results 

in the same kind of current saturation as that affected by polar liquid, suggesting that the 

a-STO on LAO also changes the transport properties of the underlying 2DEG.  

 

These results not only promise the interest for understanding the oxide 

interfacial 2DEG, but also its potential applications in all-oxide device, thus may open 

new routes to complex oxide physics and ultimately for the design of devices in oxide 

electronics.  
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Chapter 1    Introduction  

1.1  Background of Thesis 

 

In the revolutionary aspects in modern physics and device industries, perovskite oxides 

have provided foundation for concept of oxide-electronics and are continuously being 

explored for their potentials in novel applications. This is due to the broad spectrum of 

intrinsic functionalities of these oxides from dielectric property, piezoelectricity and 

ferroelectricity to superconductivity, magnetism as well as multiferroic behavior [1, 2]. 

These exceptional properties can also be used in electronic devices based on epitaxial 

heterojunctions. At such perovskite heterointerfaces, unexpected physical properties, 

which are absent in either of the individual bulk constituents, may arise [3]. One 

prominent example, as firstly reported by Ohtomo and Hwang in 2004 [3], is the 

discovery of a high-mobility (~10
4
 cm

2
 V

-1
 s

-1
 at 4.2 K) two-dimensional electron gas 

(2DEG) with high carrier density (10
14

 - 10
17

 cm
-2

) [3-7] at heterointerfaces combining 

two band insulators LaAlO3 (LAO) and SrTiO3 (STO). After that, numerous prominent 

transport properties have been observed at such interface, for example, magnetic 

ordering [4, 8, 9], and superconductivity [10]
 
can be found at low temperatures. 

Subsequently, Cen et al. showed that by applying a bias at conducting-tip as gate 

voltage in conductive atomic force microscopy (C-AFM) one can observe the local 

phase transition between insulating state and metallic state (which denote 0 and 1, 

respectively) [11-13]. Recently, there are many reports on the optical response on the 
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system as well [14, 15].Upon this significant result, nanoelectronics fabrication 

platform could probably have the potential for widespread technological applications.  

 

However, an almost empty area in this field of research is the application for 

such oxide interface 2DEG; while some preliminary phenomena toward sensor 

application have been reported. Most recently, H.Y. Huang’s group has just reported the 

surface adsorption of polar liquid, such as water, induced large change (by factor of 

three) in the conductivity at the LAO/STO interfaces [16]. This conductivity change has 

been attributed to an increase of sheet carrier density of the 2DEG by more than 2×10
13

 

cm
-2

, suggesting that the adsorbent has a great influence on the charge transfer from the 

film surface to the interface. These results also suggest that sensor application utilizing 

the surface-interface coupling induced conductivity modulation is possible. In this 

thesis work, I focus on applications utilizing the LAO/STO 2DEG in sensing devices 

(for example liquids) utilizing field-effect transistor structure. 

 

1.2  What is Two-Dimensional Electron Gas (2DEG)?  

 

A two-dimensional electron gas (2DEG) is a gas of electrons free to move in two 

dimensions, but tightly confined in the third. This tight confinement leads to quantized 

energy levels for motion in that direction. Thus the electrons appear to be a 2D sheet 

embedded in a 3D world. 2DEG is a very interesting system with some properties 

different from the traditional one in 3D world[17-19], for example, quantum 



Chapter 1 

              

THE HONG KONG POLYTECHNIC UNIVERSITY 

Au Kit Page 21 

 

confinement effect or quantum hall effect [20]. It should be mentioned that quantum 

Hall Effect, which was first found in 2DEG, led to two Nobel Prizes in 1985 and 1998. 

 

Practically, 2DEG was first found in MOSFETs of semiconductor system shown 

in Figure 1-1(a). When the transistor is in inversion mode, the electrons underneath the 

gate oxide are confined to the semiconductor-oxide interface, and occupy well defined 

energy levels. Nearly always, only the lowest energy level is occupied, and the electron 

is free to move parallel to the interface and the motion of the electron perpendicular to 

the interface is ignored. Therefore, it is regarded as quasi two-dimensional. The 

illustration is shown in Figure 1-1(b).  

 

 

Figure 1-1 a) Schematic diagram of a MOSFET (adopted from Ref.[21]); b) illustration of band 

diagram between GaAs and Al doped GaAs showing the formation of 2DEG (adopted from Ref.[22]) 

 

2DEGs are also formed at semiconductor heterojunctions between different 

materials or materials with different doping levels, for example, GaAs/AlxGa1-xAs and 

GaN/AlxGa1-xN are the well studied systems (Figure 1-2). In these systems, electrons 
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accumulate at the heterointerface well confined in a triangular quantum well due to this 

special band structure;, and mobility of the carriers of these 2DEGs can be very high. 

There are some applications of the 2DEG, for example, gas sensor, photodetector [23] 

and terahertz detector [24, 25]. 

 

 

Figure 1-2 a) Cross-section of the gas sensor utilizing 2DEG (adopted from Ref.[24]), b) schematic 

representation of the terahertz detector combining 2DEG and CNT ( adopted from Ref.[25]) 

1.3  Two-Dimensional Electron Gas (2DEG) in LaAlO3/SrTiO3  

 

Not only in semiconductor interfaces, 2DEGs have also been discovered at oxide 

interfaces. One of the recent hot topics is the perovskite oxide LaAlO3/SrTiO3 

(LAO/STO) heterointerface system reported by Ohtomo and Hwang in 2004 [3], where 

a conducting layer of two-dimensional electron gas (2DEG) is formed when these two 

large-band gap insulators join together. Since the first report, many interesting 

phenomena have been observed in this conducting heterointerface, including 

superconductivity [10] and indications of magnetism [4]. In addition, its interfacial 

electronic states can also be tuned by controlling external bias field [26]. It is worthy to 

notice that more physical properties have been observed, predicted and discussed in 
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both theoretical [27-30] and experimental [4, 10, 12, 26, 31-33] work, showing that the 

2DEG formed at the interface of LAO/STO is similar to those formed at conventional 

semiconductor interfaces. However, there is still debate on the origin of the conductivity 

and high mobility of the system [6, 28, 33-36]. 

 

Compared to semiconductor heterostructure, oxide heterostructure and multi-

layers are much more difficult to fabricate. The research in this field has been limited 

for many years, and until last two decades, the growth of oxide structure was well 

developed. Many new growth techniques and characterization methods made a large 

benefit to the fabrication. For example, high vacuum pulsed-laser deposition (PLD) and 

molecular-beam epitaxy (MBE) provide the possibility to grow high-quality oxide thin 

films; different substrate surface treatment methods give the ability of obtaining well-

defined terminations of substrates; high-pressure reflection high-energy electron 

diffractions (RHEED) can monitor the growth of oxide thin film at high oxide pressure. 

As a result, fabrication of oxide epitaxial heterostructure can be achieved, and the 

precision of oxide heterostructure growth can be controlled in atomic scale.  

 

1.4   Transports Properties of 2DEG at LaAlO3/SrTiO3 Interface 

 

In 2006, Thiel et al. studied the relation between conductivity of 2DEG and the 

thickness of LAO layer [7]. It has been found that the conductivity was not related to 

the thickness of LAO; while it changed from insulating to metallic as long as the 
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thickness of LAO is thicker than 4 unit cells. This result reconciles the polar 

discontinuity model as the thickness of LAO layer has to be over a critical thickness so 

that the built-up potential within LAO is large enough to make electrons reconstructing 

as a conduction band at the interface. However, there is still an open question that the 

resulted carrier concentration at the interface is far lower than the expected value 

(assuming 0.5 electron per 2D unit cell was reconstructed.) 

 

After that, other properties have also been reported. In 2007, Reyren et al. 

reported superconductivity in this system when temperature was under 200mK [10]. 

This transition into superconductivity was considered as Berezinskii-Kosterlitz-

Thouless (BKT) transition from current voltage relation and temperature-dependent 

sheet resistance. Although a clear picture of this mechanism for the superconductivity at 

the interface cannot be obtained, the fact that the sheet carrier density is very high 

suggests that the 2DEG in the LAO/STO system is not caused by oxygen vacancies. 

 

Later on, a phase diagram of electric field controlling effect to the ground state 

of LAO/STO interface, changing between superconducting and insulating, was reported 

[26]. Based on this finding, large and tunable spin-orbit interaction and negative 

magnetoresistance were also discovered [32, 37]. Recently, quantum capacitance and 

quantum oscillation properties [38] of this system were also reported [39, 40]. All of 

these reported transport properties contribute to the picture of this interesting system. 
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Figure 1-3 a) Sheet resistance of the 8-u.c. LAO/STO interface below 400 mK, the magnetic fields 

applied are perpendicular to the interface (adopted from Ref. [10]). b) Sheet resistance at 300 mK 

of an n-type SrTiO3/LaAlO3 conducting interface grown at 1.0 10
-3

 mbar. The arrows indicate the 

direction of the measurements (at a rate of 30 mT s
-1

) (adopted from Ref. [4]). 

 

  

1.5  What Is the Mechanism Forming the Oxide 2DEG? 

1.5.1 Introduction to Perovskite Oxide 

 

Since the oxide interfacial 2DEGs so far reported are only in the perovskite oxide 

interfaces, it is worthy to have a general introduction of perovskite oxide structure. The 

general formula of perovskite oxide is ABO3, where O is oxygen anion, A and B are a 

relatively larger and smaller cations, respectively. The schematic structure of perovskite 
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oxide was shown in Figure 1-4(a). All compound oxides with this chemical formula are 

in this family.  

 

The crystal structures of the family can be changed in many different forms, 

including cubic, tetragonal, orthorhombic, rhombohedra and monoclinic depending on 

the temperature and chosen elements of A and B. Perovskite oxide also shows multiple 

properties, for example, insulating, semi-conducting, metallic, super-conducting, 

pyroelectric, piezoelectric, ferroelectric, ferromagnetic, and anti-ferromagnetic and 

multiferroic behavior[1, 2, 41] depending on the temperature and chosen elements of A 

and B. As there are many different elements can be chosen as A and B, the properties 

and behavior can be controlled depending on need. Therefore, perovskite oxide can be 

used in many different aspects and be included in many research. It is worthy to notice 

that the structure of perovskite oxide can also be considered as a sequence of alternating 

AO and BO2 atomic layers along the (001) planes. The schematic model of perovskite 

oxide is shown in Figure 1-4(b).  
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Figure 1-4 Schematic sketch of the perovskite oxide ABO3 structure. (a) One cubic unit cell of 

perovskite oxide consists of 8 x 1/8 A ions at the corners, a B ion at the center of the cube, and 4 x 

1/2 O ions at the center of every faces; (b) ABO3 structure can also be described as a stacking of AO 

and BO2 atomic planes. 

 

1.5.2 Electronic Reconstruction at LaAlO3/SrTiO3 Interface 

 

It is very surprising and interesting that a conducting interface is formed between LAO 

and STO, while both LAO and STO are originally insulating. The origin of this 
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conducting 2DEG is still under intensive debate theoretically and experimentally. The 

first explanation was proposed by Ohtomo and Hwang. In their paper [3], the 

fundamental mechanism was studied by preparing the sample with two types of 

different stacking. They grow LAO on top of STO substrate in [001] direction, along 

which perovskite oxide (ABO3) can be considered as a sequence of alternating AO and 

BO2 atomic layers. In this situation, two kinds of interfaces can be formed between 

LAO and STO, as shown in Figure 1-5.  

 

Figure 1-5 Schematic diagram of the resulting (LaO)
+
/(TiO2)

0
 interface (a), and (AlO2)

-
/(SrO)

0
 

interface (b). (Adopted from Ref. [3]) 

When LAO is epitaxially grown on STO, a particular type of interface will be 

formed depending on the termination of STO substrate. In Figure 1-5(a), TiO2/LaO 

interface is established on TiO2 termination; while in Figure 1-5(b), SrO/AlO2 interface 

is built on SrO termination. It is also shown in their paper [3] that the electric transport 

properties of these two kinds of interfaces are dramatically different. The TiO2/LaO type 

of interface is highly conducting and behaves as metallic, while the SrO/AlO2 type of 

interface is insulating.  
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Due to the different valence states of the cations, LAO can be considered as 

alternatively placed charged planes (LaO
+
 and AlO2

-
); while STO is described as the 

sequence of charge-neutral planes (SrO
0
 and TiO2

0
). Therefore, due to the sequence of 

charged plane, a potential was built within LAO layer, and a polar discontinuity is 

formed at the interface when LAO is grown on STO. Actually, this polar discontinuity 

has been named as “polar catastrophe”, which was first discussed in 1980s for the 

semiconductor heterostructures of  Ge/GeAs [42]. 

 

For a semiconductor system, to avoid such polar catastrophe, the atoms at the 

interface would redistribute, named as atomic reconstruction. Actually, this kind of 

movement of atoms leads to interface roughness, whereas it is the only option to let the 

system stable. For the interface formed by complex oxides such as LAO/STO, some of 

the cations have mixed valences allowing for charge compensation by accommodating 

extra electrons in their bands. At the conducting TiO2/LaO interface in LAO/STO 

heterojunctions, electrons can cross the interface and be accepted by interfacial Ti ions, 

leading to a n-type conducting interface. This causes Ti
4+

 ions to become Ti
3+

, 

eliminating the divergence of the electrostatic potential within LAO layer (shown in 

Figure 1-6). Therefore, this new phenomenon was proposed to be electronic 

reconstruction.[3] [43] 
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Figure 1-6 Schematic diagram of polar discontinuity. (Left) The structure of unreconstructed 

interface; (Middle) electric potential diverging with LAO thickness due to the unreconstructed 

charge configuration; (Right) with the thickness of LAO above the threshold, the charge 

distribution was reconstructed and the potential divergence was removed. (Adopted from Ref. [43]) 

 

The electronic reconstruction provides a good interpretation on the origin of the 

metallic interface between LAO and STO, however, it cannot be used to explain all the 

behaviors, such as why the SrO/AlO2 interface is insulating. There are many 

possibilities proposed, for example, the conducting behavior may be caused by the 

oxygen vacancies in STO substrate, or by an ultrathin inter-diffusion layer. Nevertheless, 

the electronic reconstruction is still the most accepted model of this phenomenon; 

however, the entire story is still under ongoing debate. 



Chapter 1 

              

THE HONG KONG POLYTECHNIC UNIVERSITY 

Au Kit Page 31 

 

1.6  Motivation of the Thesis Work 

 

Since the first report on discovery of the two-dimensional electron gas at 

LaAlO3/SrTiO3 (LAO/STO) interface in 2004, there has been a great attraction to 

scientists to study the mechanism of forming 2DEG at this oxide interface. However, an 

almost empty area in this field of research is the application of such oxide interface 

2DEG; though some preliminary phenomena toward sensor application have been 

reported, such as shown in Figure 1-7 [16]. Most recently, H.Y. Huang’s group has just 

reported the surface adsorption of polar liquid, such as water, induced large change (by 

a factor of three) in the conductivity at the LAO/STO interface [16]. This conductivity 

change has been attributed to an increase of sheet carrier density of the 2DEG by more 

than 2×10
13

 cm
-2

, suggesting that the adsorbent has a great influence on the charge 

transfer from the film surface to the interface. These results also suggest that sensor 

application is possible by utilizing the surface-interface coupling induced conductivity 

modulation. In this thesis work, I focus on applications utilizing the oxide 2DEG in 

sensing devices, such as polar liquids utilizing field-effect transistor structure.   
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Figure 1-7 Two application devices made by LAO/STO system realizing the memory behavior. a) 

The structure of FET device done by S. Thiel, with the thickness of LAO of 3 unit cells. b) The sheet 

resistance and the voltage of the back gate change with time (adopted from Ref.[7]). c) The 

structure of nanowires can be written and erased by utilizing C-AFM. d) The conductance between 

two electrodes measured as a function of the tip position across the wire (adopted from Ref.[11]). 

 

1.7  Outline of the Thesis 

A brief literature review is given in Chapter 1, including “what is 2DEG” and the 

finding of 2DEG in LAO/STO system, the mechanism of forming 2DEG and the basic 

transport properties of it. Motivation of this thesis work is also introduced.  

 

Chapter 2 gives a short introduction to those techniques that have been employed in this 

study including substrate treatment, deposition techniques, structural characterization 
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techniques, sensor preparation and transport measurement setups. 

 

In Chapter 3, the characterizations of LAO/STO have been reported. This chapter 

mainly focuses on the characterizations and basic transport properties of samples used 

in the thesis. Experimental details including procedures and parameters are also 

introduced. 

 

In Chapter 4, the phenomenon of polar liquid molecule induced transport property 

modulation at LAO/STO interface is reported. Also, some of the experiments based on 

this phenomenon are introduced in this chapter. 

 

In order to understand more about the previous findings, in Chapter 5, a similar junction 

structure to the water affected 2DEG was formed by depositing amorphous STO on the 

LAO surface.  

 

Chapter 6 gives the conclusions of this thesis and future perspectives in this field of 

research. 
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Chapter 2 Fabrication and Characterization Methods 

 

2.1  Substrate Treatment 

 

As reported by H.Y. Hwang in 2004 [3] and proved by many followed work that to form 

a TiO2 terminated surface on STO is essential to form 2DEG at the LAO/STO interface. 

But in fact, study of surface treatment of perovskite oxide, including STO, has been 

carried out many years ago before the first report of LAO/STO 2DEG, since surface 

treated substrates with single termination is essential for a high-quality epitaxial and 

atomically flat thin film growth. The first effective surface treatment method of STO 

was published by Masashi Kawasaki in 1994 [44], in which a method using NH4-HF 

(called as buffed HF solution) to dissolve SrO and obtain Ti-terminated STO substrate is 

introduced. STO surface treatment is not only important for this work, but in general is 

also significant for other thin film growth studies.  

 

As described in Chapter 1, STO is one type of perovskite which has two possible 

terminations including Ti-site and Sr-site. Usually, the surface of a normal STO 

substrate has a mixture of both two-site terminations. Considering the fact that TiO2 is 

natural oxide and SrO is acidic oxide, by controlling the ph value of buffed HF solution, 

the BHF solution will mainly dissolve the Sr atom but react very slightly with Ti atom. 

Therefore, the top surface Sr layer in contact with the BHF solution will be etched out; 
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while the Ti ions on the removed Sr ions would also be lift-off. After such an etching 

process, a step-and-terrace structure will be formed, as shown in Figure 2-1. From the 

AFM image of the etched STO surface, a step height ~0.4 nm indicates that those steps 

are single unit-cell high corresponding to the lattice constant of STO (a=3.905). 

 

 

Figure 2-1 a) A single-terminated BO2 surface with steps of about 0.4 nm high. The blue blocks 

correspond to the AO layer and the orange blocks to the BO2 layer, with blue, orange, and white 

circles corresponding to A, B, and O ions, respectively. (Adopted from Ref.[45]) b) is BHF-treated 

SrTiO3 substrates. The vertical profile was taken along the line indicated in the image. The BHF-

treated substrate exhibits atomically flat terraces and 0.4 nm-high steps. 

 

 This surface treatment method is an effective way to obtain an atomic-flat STO 

substrate with Ti-site termination. However, during the etching process, ph value of the 

BHF solution has to be controlled very strictly; there will be many remnants on the 

surface if ph value of the BHF solution is too low; while conversely, there will be many 

holes formed if ph value of the BHF solution is too high. Therefore, it is difficult to 

control the etching process and reproduction of samples, and most of the time, there will 
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be a lot of holes and remnants on the surface. 

 

 Until 1998, Gertjan Koster found out a method to solve this problem where the  

etching quality highly depends on the ph value of BHF solution [46]. A step was added 

into the procedure where the substrate was soaked into de-ionized water before etching 

with BHF solution. The SrO at topmost layer will react with water forming Sr-

hydroxide complex, which can be easily dissolved in acid, so that the etching process 

much favor to Sr than Ti ions. This method can reduce the reaction time and make the 

ph value of BHF less crucial, and therefore, can successfully reduce the hole and 

remnants formed on the surface and increase the reproducibility. It was also reported 

that an annealing process was added after BHF etching. During the annealing, the 

substrate was placed in 1atm oxygen pressure at temperature of 850
o
C to remove 

residuals and help recrystallization. Figure 2-2(a) shows an AFM image of the 

completely treated substrate. 

 

 

Figure 2-2 a) AFM image of the STO substrate after the surface treatment process, and b) the cross 

section along the line. (adopted at Ref.[46]) 
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 After these two main reports of substrate treatment methods, there are many 

ongoing researches on it. For example, a short re-etching was added to the final process 

[47, 48]. In some reports, instead of using BHF solution, HCLNO (HCL: HNO3) was 

used to etch the substrate [49-51]. In this thesis work, the method proposed by Gertjan 

Koster was used. 

 

2.2  Thin Film Deposition 

2.2.1 Introduction to Thin Film Deposition 

 

The physical vapor deposition (PVD) technique is one of the most effective ways to 

grow thin film especially for the ultra-thin film that allows investigation of properties of 

sample with strong strain or stress effects or properties at the heterointerface. PVD can 

be mainly divided into four categories, which are evaporation, sputtering, cathodic arc-

deposition and pulsed-laser deposition (PLD).   

 

Among these deposition methods, PLD is one of the most common techniques 

used for fabricating high-quality oxide, nitride, semiconductor and metal thin films (e.g. 

LAO, LSMO, Au, Pt, etc)[52-55]. PLD has a lot of advantages compared to other PVD 

techniques mentioned above, such as: (1) a lot of different materials of single element or 

compound can be used to grow thin films; (2) the growth rate can be easily and well 

controlled; (3) different ambient gases can be used to increase the variety of material 
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growth; and (4) the stoichiometry of the thin films can be preserved from the target 

materials, provided that the growth parameters are optimized. Of course, such technique 

also has its own drawbacks, for examples: (1) the small deposition area due to space 

distribution effect; (2) high cost because of the high vacuum system and the high power 

pulsed laser; and (3) low production. Those reasons limit its possibility to be utilized in 

industries, but it is very suitable for research aim using in laboratory.   

 

Molecular Beam Epitaxy (MBE) is a very powerful technology with advantages 

such as: (1) the high-quality semiconducting material thin film can be grown because of 

its ultra-high vacuum chamber (most of the semiconducting elements are highly 

reactive with oxygen especially at high temperature); (2) the growth can be controlled 

in atomic-level with the help of reflection high-energy electron diffraction (RHEED) 

system; and (3) the stoichiometry of the grown thin films can be controlled during the 

growth process. But it also has some disadvantages, such as, hard to be controlled and 

low growing rate of thin film (typically less than 1000nm per hour). 

 

2.2.2 Laser-Molecular Beam Epitaxy 

 

In my work, laser-molecular beam epitaxy (L-MBE) was used to grow the LAO films 

with high quality epitaxial heterointerfaces. L-MBE is a powerful system combining the 

advantages of PLD and MBE [56]; L-MBE is similar to traditional PLD method, but 

equipped the ultra-high vacuum chamber using complex pumping system and RHEED 
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system to monitor the atomic level growth situation. 

 

In PLD, a high energy pulsed laser is focused and used as the source ablating on 

the desired target material. A rapid congruent evaporation is induced by strong 

absorption of such a high energetic electromagnetic radiation creating plume. The 

plume passes through the vacuum and atoms are deposited on the substrate. Finally, the 

ablated material nucleates and grows into a thin film on the substrate surface. Of course 

the growth process can be monitored by RHEED system and the mechanism of it will 

be discussed later. A schematic diagram of the working principles of the L-MBE system 

used in our lab is shown in Figure 2-3  

 

 

Figure 2-3 a) A sketch of schematic diagram of L-MBE system and some deposition parameters 

(adopted from Ref. [57]) , and b) A photo of L-MBE system and excimer laser in our laboratory.  

2.2.3 Growth Modes of Thin Film 

 

During the deposition process, as mentioned before, high energy pulse laser ablates 
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material from the target surface and atoms, ions, and molecules passing through the 

vacuum and finally reach the substrate surface, and be either elastically reflected out of 

or captured on the substrate surface. Those captured particles, called adatoms, will be 

subject to desorption, adsorption and diffusion on the surface and steps, and eventually 

nucleate and grow into a film. There are four different growth modes can be 

distinguished shown in Figure 2-4. They occur mainly depending on the free energies of 

the substrate surface (γs), film surface (γF), and film-substrate interface (γI). 2D layer-

by-layer growth mode (Frank-Van der Merwe growth) occurs if the bonding between 

the film and substrate is strong, considering γF+γI<γS [58]. However, if bonding 

between the substrate and the film is weak [59], separated 3D islands mode (Volmer-

Weber growth) will grow and finally coalesce. In some cases, the lattice mismatch 

between the substrate and the film is too large to giving rise to biaxial strain, resulting in 

an elastic energy increasing with increased layer thickness, and therefore Stranski-

Krastanov growth mode (Starting by complete monolayer growth but end up by 

appearance of islands) will appear [60]. For step-flow mode, it can be found if the 

diffusion time (relaxation time) of atoms on a terrace is very fast (relaxation time of the 

atoms growing on the surface is shorter than the laser rest time). In this growth mode, 

the adatoms move to the step edges and nucleation on a terrace is prevented, and 

therefore, no island growth will be observed.  

 

Figure 2-4 Four different growth modes: (a) 2D layer-by-layer growth mode (Frank-Van der 
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Merwe growth); (b) separated 3D islands mode (Volmer-Weber growth); (c) Stranski-Krastanov; (d) 

step-flow growth modes. (Adopted from [57]) 

 

As different growth modes may occur during a film growth, in order to fabricate 

high quality thin films, there are several parameters need to be considered and 

optimized. They are mainly: (1) Laser parameters including laser fluence (joule/cm
2
), 

laser energy and the frequency of the pulsed-laser. These parameters mainly affect the 

film quality, the stoichiometry and the deposition flux of the grown thin film; (2) 

Surface temperature of the substrate, which has a large effect on the nucleation density; 

(3) The Surface of the substrate, including the miscut angle, the roughness and the 

termination site of the substrate; and (4) Background pressure, including the vacuum 

level, gas types of background, which is needed to ensure the stoichiometry transfer 

from the target to the film. [46, 61-63] 

 

2.3  Structural Characterizations 

2.3.1 Epitaxial Growth Monitoring by RHEED 

 

Reflection high-energy electron diffraction (RHEED) is a technique used to characterize 

the surface of crystalline materials by utilizing the information from diffraction of 

electron by the surface of the substrate[64]. Also, RHEED are usually used to monitor 

the growth of the thin film by continuously providing the information of the surface of 

thin film.  
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Typically, A RHEED system is composed of an electron gun, a phosphor screen 

image detector (CCD camera) and, of course, a processor and software for analysis of 

the collected information. For the RHEED system used to monitor the growth of oxide 

thin film, it would also be composed by the double pumping system. The vacuum of the 

backside of the electron gun needs to be maintained at a very high level, whereas the 

front side of the electron gun was exposed to the main chamber. Usually, the vacuum of 

the main chamber is needed to maintain at a relatively low level (a higher oxygen 

pressure) for high-quality oxide thin film growth. With the complex double pumping 

system, RHEED system can be operated up to 15 Pa oxygen pressure and be more 

functional in oxide thin film fabrication. (This pressure was almost the highest pressure 

for operation of RHEED system, not only because of the needing of high vacuum of the 

back side of the electron gun, but also because of the mean free path of the electron in 

main chamber) 

 

  RHEED is a surface-sensitive system. The incidence angles of the electron beam 

cutting on the surface of the substrate is very low, therefore, the penetration depth of 

electron is very low. Experimentally, RHEED only senses a few top atomic layers of the 

surface, therefore, the sensing volume can be regarded as a two-dimensional layer. 

Therefore, a set of one-dimensional rods would be degenerated by the reciprocal lattice 

along the z direction perpendicular to the surface of the sample. The geometry of the 

electron beam, substrate and the phosphor screen is illustrated in Figure 2-5(a). When 

the reflected electron beam hit on the phosphor screen, the phosphor material would be 
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lighted and the information was recorded by the image detector shown in Figure 2-5(b). 

 

 

Figure 2-5 Schematic diagram of the study of film surfaces by RHEED. a) The sketch of the 

geometry of RHEED (Adopted from Ref.[57]), and b) RHEED pattern of SrTiO3 substrate at 

~720
o
C 

 

In practice, the monitor of growing process is quite simple. One of the light 

spots of the RHEED pattern from reflected electron beam was first recognized, the 

intensity of it was then monitored. The intensity of recognized spot is proportional to 

the roughness of the detected surface. A higher intensity can be observed for a smoother 

surface. Figure 2-6 illustrates the above relation between roughness of the surface and 

the RHEED intensity of a period of homoepitaxial growth of a single unit layer of 

SrTiO3. 
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Figure 2-6 The surface models illustrating the growth of a single monolayer of film on a flat surface 

in layer by layer mode. The graph shows measured RHEED intensity during homoepitaxial growth 

of a single unit cell layer of SrTiO3 ( adopted from the website of RHEED company[65]) 

2.3.2 Surface Topography Examined by Atomic Force Microscopy 

 

Atomic force microscopy (AFM), or scanning force microscopy (SFM), is a type of 

scanning probe microscopy with a very high resolution. The resolution of it can be 

demonstrated in the size of several nanometers or even in the order of angstrom, which 

is 1000 times better than the optical microscopy (optical diffraction limits the resolution 

of optical microscope). In addition, AFM is one of the foremost equipments achieving 

imaging, measuring, and manipulating matter at nanoscale. In AFM, the information is 

collected by a mechanical probe "touching" (utilize atomic force) onto sample surface, 
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and in order to provide the system with a tiny but accurate and precise movements 

allowing very precise scanning, piezoelectric scanners are used. In some variations, 

electric potentials can also be scanned using conducting cantilevers. In more advanced 

versions, currents can even be passed through the tip to probe the electrical conductivity 

or transport of the underlying surface. 

 

The schematic diagram of AFM is shown in Figure 2.7 and the working 

principles of it are as following; the "soul" of it is a cantilever with a sharp tip at its end 

which is used to scan the sample surface. During the measurement, the sharp tip at the 

end of cantilever touches onto proximity of a sample surface. Then a deflection of the 

cantilever would be induced by forces between the tip and the sample. At the same time, 

the deflection would be measured using a laser spot reflected from the top surface of the 

cantilever into an array of photodiodes. Then, the information of photodiodes can be 

analyzed and the height of cantilever can be determined. Depending on the situation, by 

utilizing different types of tips, cantilever and the different additional equipment, many 

different types of forces and information could be measured in AFM including 

mechanical contact force, van der Waals forces, capillary forces, chemical bonding, 

electrostatic forces, magnetic forces, Casimir forces, solvation forces, etc. 
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Figure 2-7 a) Schematic diagram of working principle of AFM (adopted from Ref.[66]), and b) The 

SPM system in our laboratory.  

 

The AFM system can be operated in many different modes for different 

measurement. Each of them has its own advantages and disadvantages. In this thesis, 

AFM is mainly used to in basic contact mode and tapping mode in order to obtain the 

information of topography of samples. 

 

2.3.3 Film Structural Characterization by TEM  

 

Transmission Electron Microscopy (TEM) is a powerful microscopic tool for structural 

characterization even in an atomic scale. The examined material can be imaged by an 

electron beam transmitting through the sample or interacting with. As electrons need to 

transmit through the specimen, pre-treatment of the testing sample is needed. The 

sample has to be cut to a small piece and be grinded to ultra-thin. Many types of 

information such as mass, crystal structure, atomic number or defect of the sample can 
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be obtained. The Application of TEM imaging can be found in many different aspects 

like biological research, materials science and nanotechnology. In the thesis work, the 

high-resolution TEM (JEOL JEM-2010 TEM operated at 200kV) was use to confirm 

the structure and the number of layers of the samples. 

 

2.4  Sensing Device Fabrication Techniques  

2.4.1 Wire Bonding 

 

After growing the epitaxial film and forming the heterointerfaces, the main problem is 

how to connect the conducting interface to measure its transport properties. There are a 

number of methods have been used. For example, in the first published work about the  

2DEG in oxide heterointerfaces by Ohtomo et al., laser-annealed ohmic contact through 

contact shadow mask to the interface was used [3]. Kalabukhov et al. made the 

connection by sputtering the gold pads on a Ti adhesion layer of the sample[67]. Thiel 

et al. used the Ar-ion etching and electrode pattering[57] technique for the connection. 

Huijben et al. used the wire bonder to connect the interface. In our work, the method of 

making the connection is same as Huijben by the wire bonding method. A piece of 

sample, mainly LAO/STO or other oxide further deposited on it, was first cut into the 

desired shape, and then the sample was mounted by the double-side tag onto the PCB.  

After that, bonding machine with aluminum wire (ASM AB510) was used to make the 

connection between the conducting interface and the copper on PCB (the LAO layer is 

only about 4 to 20 u.c. which is about 1.6 to 8 nm thick, therefore, the LAO layer will 
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be penetrated through by the aluminum wire and the conducting interface can be ohmic 

contacted to the aluminum wire). Finally, the transport properties of the heterointerface 

can be measured by contacting wires using silver paint or welding on the copper of PCB 

as shown in Figure 2-8. 

 

 

Figure 2-8 A photo of PCB. The double sided tag was placed at the centre and it is the position for 

the sample. 

2.4.2 Parylene Coating 

 

The name for parylene is for a variety of chemical vapor deposited poly (p-xylylene) 

polymers mainly used as moisture and dielectric barriers of different devices. Among 

the parylenes, Parylene C is the most popular one because of its combination of barrier 

properties, cost, bio-acceptable, and other processing advantages. [68] 

 

In this work, during some of the measurements, samples need to be placed into 

water whereas short circuit will occur when metallic parts of the samples like aluminum 

wire and copper of PCB are in contact with the liquid. Therefore, Parylene coating is 

needed as an isolating layer. During the process, parylene was coated by the equipment 

called Parylene Deposition System 2010 as shown in Figure 2-9 (b). 
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Figure 2-9 a) The chemical formula of parylene (Adopted from Ref.[69]), and b) is the equipment in 

our laboratory for parylene coating. 

2.4.3 Patterning of the LAO/STO heterointerface 

 

In this work, a long rod-shaped LAO/STO sample is needed for some kind of 

experiments. Photolithography is used for patterning as illustrated in Figure 2-10, and 

the pattern used was shown in Figure 2-11. The difficulty of the patterning is 

temperature limitation due to photoresist used, while the 2DEG is formed by epitaxial 

growth of LAO at about 750
o
C which is far beyond the temperature that photoresist can 

sustain.  
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Figure 2-10 The basic representation of the patterning process: a) Patterning of STO by 

photolithography; b) Growth of amorphous STO; c) lift off the photo-resist; d) deposition of single 

crystal LAO at the designed temperature 

 

Figure 2-11 (a) and (b) Two main types of the patterns used in my work.  
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2.5  Measurement of Transport Properties 

2.5.1 Sheet Resistance Measurement 

 

In thin film electrical properties, a specific definition of resistance named as sheet 

resistance (RS) is often used to probe the resistivity properties of the film. Instead of 

resistance R, sheet resistance Rs is widely used in thin film characterization because of 

its unique characteristics as a very thin layer which is close to a two-dimensional system. 

The resistance of a thin film is nominally uniform in thickness. By utilizing appropriate 

electrode geometries, sheet resistance, which is applicable to two-dimensional systems 

and analogous to resistivity used in three-dimensional systems, can be obtained from 

electric transport measurements. From fundamental electronics, we know that in a 

regular three-dimensional resistor, the resistance can be written as: 

 

Where ρ is the resistivity, L is the length of resistor, and A is the cross-sectional area (of 

the resistor) which can be written as the production of the width W and the thickness t. 

By combining the resistivity ρ with the thickness t, the resistance can be considered as: 

 

where Rs is the sheet resistance with the unit “Ω/□” which means ohm per square. 

From the above equation, Rs can be obtained by measuring the resistance of the 

materials using patterned sample with known ratio of L and W.  
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On the other hands, Rs can be obtained by another method which is Van Der Pauw 

(VDW)[70]. This method is commonly used to measure the sheet resistance of the 

material and Hall Effect. The method was firstly proposed by L. J. van der Pauw in 

1958. Some of the shape and electrode configuration is shown in Figure 2-12.The sheet 

resistance Rs can be calculated by the following method. Firstly, the resistance 

  is calculated by the voltage between points 3 and 4 when the current 

source is applied to point 2 and point 3. The averaged resistance R is calculated 

as . Then, sheet resistance Rs is equal to  .  

Actually, Van Der Pauw method can also be used to calculate the sample with arbitrary 

sharp but it would not be mention in this thesis as samples used in my work are regular 

shape (5x5 mm
2
). 

 

Figure 2-12 a) The electrode configuration of van der Pauw method(adopted from [71]). 
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2.5.2 Hall Measurement 

 

Hall measurement is one of the methods to obtain the basic electric transport properties 

of the sample including: (1) sheet resistance Rs (with the help of van der Pauw method), 

charge carrier concentration ns and Hall mobility μ. The principle of Hall Effect can be 

considered as following. 

 

As shown in Figure 2-13, the current flows parallel to the applied electric field 

in a conventional conductor. However, if a magnetic field is applied perpendicular to the 

current, the current will experience a force called Lorentz force. The current flows to 

the side of the conductor and builds up a potential VH. The calculations are as following:  

Hall voltage VH is given by: 

 

where I is the current flows through the conductor, B the applied magnetic field, d the 

depth (thickness) of the plate, e the elementary charge, and  is the charge carrier 

density of the carrier electrons. The Hall coefficient is defined as: 

 

where jx is the current density of the carrier electrons, and Ey is the induced electric 

field. So, 
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Therefore, carrier concentration ns can be obtained. Since sheet resistance Rs has been 

calculated by Var Der Pauw method, the hall mobility µ can be calculated by:  

 

 

Figure 2-13 Schematic diagram of  basic mechanism of Hall Effect (modified from [72]) 
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Chapter 3 Characterization of LaAlO3/SrTiO3 

Heterointerface  

3.1  Introduction 

 

The main task of this thesis work is to study the application of the LAO/STO 2DEG as a 

sensor, so it is essential to prove that the heterointerface grown has the 2DEG 

characteristics as reported in the literature. The characteristic property for the LAO/STO 

2DEG is its metallic nature of conductivity at the interface and a reasonable value of 

carrier density and mobility. In this chapter the detailed processes of substrate treatment, 

thin film deposition, sample cutting and water-proof coating are introduced, and the 

transport properties of the heterostructure will be characterized. 

 

3.2  Experimental Details 

 

LaAlO3 thin films were deposited by laser-molecular beam epitaxy (Laser-MBE) with a 

KrF excimer laser (λ = 248 nm) on TiO2-terminated STO single crystal substrates [44, 

46]. Prior to the deposition, the substrate was pre-cleaned by acetone and ethanol to 

remove any organic remnants on it. During the deposition, the substrate temperature 

was maintained at 750 °C and about 1×10
-4

 to 3 Pa O2 pressure [73-75]. The growth 

was monitored by RHEED. The laser pulse repetition rate is 1 Hz. After deposition, the 
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samples were in-situ annealed under 10 mbar O2 pressure for 1 hour at a reduced 

temperature of 550°C and then were cooled down to room temperature in the same 

ambient.  

 

Atomic force microscopic topography confirmed that the step-terrace structure 

was maintained, indicating a good film quality. High-resolution TEM was employed to 

characterize the LAO/STO interface quality. The interfaces were contacted by 

aluminum wire using an ultrasonic wire-bonding machine for further transport 

properties measurements. Hall Effect was measured on samples with a Hall bar pattern. 

For rectangular samples, the central part was protected by a piece of tape (1 mm wide), 

and in order to isolate electrodes from liquids for sensor application, a parylene layer 

was subsequently deposited on top of the LAO film in a parylene deposition chamber. 

Current-voltage (I-V) characteristics were measured using Keithley 2400 source meter.  
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3.3  Surface Quality of Treated Substrates 

3.3.1 Treatment Process 

 

The method of surface treatment of STO substrate is introduced in Chapter 2, and the 

details are as following: (1) the commercial STO substrate was placed into a beaker 

filled with de-ionized (DI) water; (2) the beaker was placed into the ultrasonic bath for 

20 min; (3) the substrate was dried by compressed air steam (CAS); (4) the dried 

substrate was immersed into buffered-HF solution (NH4F: HF=7:1) for a certain time of 

period; (5) the substrate was ultrasonically cleaned by DI water and ethanol for 10 min, 

respectively; (6) the substrate was dried by CAS; (7) the substrate was annealed in pure 

oxygen ambient at 1000
o
C for 1 or 2 hours. 

 

3.3.2 Topography of Substrate Surface 

 

After the surface treatment process previously mentioned, the sample was measured by 

AFM. The sample topographies for different etching conditions are shown in Figure 3-1. 

From these images, we can find that the exposed time to BHF should be about 60s to 

90s, and the height of the terrace is about 0.4 nm, demonstrating that the steps are one 

unite cell high, i.e., the surface layer is either Ti-terminated or Sr- terminated. It is also 

apparent that there are some bright spots at the edge of the steps. These spot defects are 
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believed to be due to the crystal defect pinning to the etching process. Details of the 

formation mechanism needs further study. 

 

 

Figure 3-1 AFM image of the treated STO substrate. The size of AFM images are 2x2 um
2
: a) 40s 

etching by BHF; b) 60s etching by BHF; c) 90s etching by BHF; d) 120s etching by BHF; e) the 

flatten AFM image of (c); f) the surface profile of (e) showing vertical distance of the terrace of 

about 0.4 nm. 
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3.4  Structural Properties of LAO/STO Heterostructures 

3.4.1 Growth Process Monitored by RHEED 

 

The deposition was in-situ monitored by RHEED system. The RHEED pattern of 

treated STO substrate prior to deposition at 750
o
C was shown in Figure 3-2(b), where 

the spot of the pattern presents a prefect substrate surface. Figure 3-2(c) is the RHEED 

pattern after 660s deposition of LAO which is the end of the deposition. The RHEED 

oscillation of spectrum reflection during the deposition of LAO is shown in Figure 3-

2(a). The periodic signal demonstrates the number of unit-cell layers formed on the 

substrate. 
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Figure 3-2 RHEED pattern and the oscillation of the intensity: a) the oscillation of intensity of the 

RHEED pattern during the deposition of LAO on STO substrate; b) RHEED pattern of treated 

STO substrate prior to deposition at 750
o
C; c) RHEED pattern after 660s deposition of LAO which 

is the end of the deposition.  

3.4.2 Structure of thin films and interfaces 

In order to confirm the LAO film thickness and exam the quality of the film and 

interface, cross-sectional high-resolution TEM imaging was carried out. Fig. 3-3 (a) 

shows the HRTEM image of the LAO film on STO and Fig 3-3 (b) is a magnified image 

where the atomic resolution structure can be clearly seen. From the image, it can be 

found that the LAO film is epitaxially grown on SrTiO3 substrate, and interface is sharp 

and smooth; while the thickness of the LAO film is about 9-10 u.c. which is very close 

to the norminal thickness of 10 u.c. determined from the RHEED intensity oscillation 

result. 

 

Figure 3-3 (a)  High-resolution TEM image of the LAO/STO interface, and (b) an enlarged image of 

(a). The number of unit-cell (9-10 u.c.) can be counted just as expected from RHEED intensity 

oscillation result.  
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3.5  Electrical Transport Properties 

 

In order to measure the electric transport properties of the LAO/STO heterointerface, 

wire bonding technique was used to make the contact in a Var Der Pauw pattern. The 

optimized bonding parameters are shown in Table 3-1. It is worth noting that it is easier 

to bond the sample by choosing the copper pad on PCB as the first point and oxide 

surface the second one. 

Table 3-1 the parameters used for wire bonding of standard sample 

First bond reference (copper of PCB)  

First bond Power 130 

First bond Time(ms) 90 

First bond Force(g) 35 

Second bond reference (oxide surface)  

Second bond Power 140 

Second bond Time(ms) 50 

Second bond Force(s) 50 

 

After connecting the interface and the copper pad on PCB, the interfacial 

electric transport properties were measured using Lakeshore Hall measurement system 

and a cryogenic stage combined with Keithley source meters, HMS-5000 Hall effect 

measurement system with variable temperature from 80 to 350 K (ECOPIA) and 

physical property measurement system (PPMS).  
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All chosen samples shared similar electric transport properties with slight 

variation. The temperature-dependent sheet resistance and mobility of the measured 

LAO/STO sample are shown in Figure 3-4, from which the magnitude of sheet carrier 

density can be determined as n-type with ns =10
13

 /cm
-2

 and the highest mobility reaches 

2x10
3
 cm

2
V

-1
s

-1
 at  2.5K. 

 

 

Figure 3-4 Temperature-dependent sheet resistance (a), and mobility (b), of the LAO/STO interface. 

 

By comparing growth condition and the basic transport properties to the literature [301], 

we can conclude that our samples have very similar 2DEG characteristics and are ready 

for further study in sensing device application. 
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Table3-2 Values of electric transport properties reported in different studies, where the data in this 

table are all taken at low temperature about 5 K (adopted from Ref.[76]). 

 

 

3.6  Water-Proof Sample Preparation 

 

During the measurement, the samples need to be put into different liquids or in contact 

with liquid. Since the conductivities of many polar liquids (such as water, acetone or 

ethanol) are comparable to the 2DEG, when polar liquid is in contact with the aluminum 

wires on both sides of the sample, a significant proportion of the current may pass 
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through the polar liquid and induces the short circuit which should affect the results of 

the experiment. Therefore, to make water-proofed sample is important for those 

experiments. In Chapter 2, parylene coating was introduced to achieve the goal of 

water-proofing. Parylene is a type of polymer that has little effect to the transport 

properties of the sample and can also provide a high resistance protection layer to the 

LAO surface, copper on PCB and aluminum wire of connection. In order to show that 

parylene is suitable for this purpose, I-V curves of a standard sample at room 

temperature before and after parylene coating were recorded as shown in Figure 3-5. It 

is apparent that the I-V curve has very little change when the parylene coated sample is 

put inside water.  

 

Figure 3-5 I-V characteristic of the standard sample before and after parylene coating (total surface 

coated) 
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 The procedure of preparing water-proofed samples and the photo of prepared sample 

are shown in Figure 3-6 and 3-7, respectively. Basically, a piece of desired shape of 

sample was mounted onto a PCB board and the connections between the LAO/STO 

interface and copper pad on PCB were made by wire bonding (shown in Figure 3-6(a) 

to (c)). After that, a piece of blue tape with 1mm wide was placed onto the centre of the 

sample, and finally, the sample was put into the parylene coating system, and the blue 

tape was peeled off after parylene coating to obtain the water-proofed sample with an 

opened window for the LAO thin film that can be used to sense polar liquids etc. 

 

 

Figure 3-6 Schematics diagram of the process of the water-proof sample: a) a piece of bare PCB; b) 

a piece of sample with the shape of long rod pasted onto the PCB; c) the connection between the 

copper on PCB and the conducting interface by bonding  machine (ASM AB510); d) a blue tape 

was placed at the centre of the sample; e) the sample coated by the parylene; f) peel off the blue 

tape to obtain the open window for testing. 
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Figure 3-7 Photo of the standard water-proof sample 

3.7  Summary 

 

In this chapter, the process of fabricating LAO/STO (with substrate treatment) thin film 

has been shown. RHEED, TEM and AFM have been used for the characterizations of 

the LAO thin film. Electric transport properties of the LAO/STO heterointerface were 

measured and the results show that 2DEG has been successfully formed at the 

LAO/STO heterointerface. The water-proofed sample has also been synthesized and the 

results show that it is ready for sensor device application.  
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Chapter 4 Polar Liquid Molecule Induced Transport 

Property Modulation at LaAlO3/SrTiO3 

Heterointerface 

 

4.1  Introduction 

In the polar-catastrophe model [3, 7], a proposed charge transfer from LAO layer 

(including surface) to the interface is associated with a built-up of the internal electric 

field in the LAO layer originating from the polar discontinuity between LAO 

(alternating charged layers) and STO (charge-neutral layers). Such an internal electric 

field was also predicted from first-principle calculations for STO/LAO/vacuum 

stacks,[28, 30, 77-79] and illustrated by various experimental evidence[39, 80, 81]. For 

example, a latest experimental observation of an lattice expansion along the LAO c-axis 

in ultra-thin layers indicated a strong electrostrictive effect produced by dielectric 

LAO[82]. Recent experimental reports also clearly revealed the importance of the 

correlation between the interface and the surface charge states. Therefore, the interfacial 

conduction was able to be manipulated using a conducting atomic force microscopy 

technique [11, 12] through playing with the surface charges and  adsorbates [83-85], or 

a capping layer of STO [86]. The fact that the interface conducting states can be 

dramatically sensitive to the surface adsorbates leads to a strong potential of LAO/STO 

interfaces functioning as polar molecule sensors. 
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Most recently, Xie et al. [16] reported the surface adsorption of polar liquids, 

such as water, induced large change (by a factor of three) in the conductivity at the 

LAO/STO interfaces. This conductivity change has been attributed to an increase of 

sheet carrier density of the 2DEG by more than 2×10
13

cm
-2

, suggesting that the 

adsorbates have a great influence on the charge transfer from the film surface to  the 

interface. These results also suggest that sensor application is possible by utilizing the 

surface-interface coupling induced conductivity modulation. In this chapter, room-

temperature current-voltage (I-V) characteristics of the LAO/STO interface are studied 

using an in-plane field effect transistor (FET) device structure, whereas the polar 

molecules act as a gate voltage to affect the source/drain current across the interface 

channel. The local conductivity of the buried interface dramatically changes from 

metallic to semiconducting when a droplet of the polar liquid such as water is put onto 

the film surface. These observations provide a direct evidence of the build-in electric 

field in LAO layer and demonstrate that such a fascinating interface system can be used 

for high-performance polar molecule sensors. 

 

4.2  Polar Sensing 

 

I-V characteristics of the LAO/STO interface were measured before and after placing a 

droplet of liquid at the center of the sensor. A variety of liquids, including water, acetone, 

gasoline, hexane etc., have been tested. Figure 4-1(a) shows the I-V curves with and 
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without a water droplet on top of the LAO surface. It can be seen that for the sample 

tested in air, the I-V characteristic is typically linear with perfect ohmic behavior, 

illustrating a metallic conduction at the LAO/STO interface. However, when a drop of 

water is added to the exposed LAO surface, the I-V curves change to a typical FET 

source-drain type current with a strong saturation at high voltages. This 

metal/semiconductor/metal junction-like behavior indicates that, there is a strong field 

effect induced by water molecules that changes the local interfacial conduction from 

metallic to semiconducting.  Such similar junction characteristic has been observed in 

the LAO/STO 2DEG in contact with semiconductors or insulators. [40, 87, 88] Since 

LAO is a polarized ionic oxide with the polarization pointing from the substrate to the 

surface[16], water molecules which are polar, have a tendency to align their dipole 

moments with the electrostatic field to reach the most stable state (Fig. 3-8 (b)). As also 

illustrated in Ref. [16], the water molecules’ alignment weakens the local electric 

potential in LAO and thus modifies the band structure of LAO. We believe that for our 

sample with water droplet on top of LAO surface, the weakening of the local electric 

field in the LAO layer underlying the water droplet results in a transition of the 

interfacial transport property from metallic 2DEG to n-type semiconducting dominated, 

as shown in Fig.4-1(b). Therefore, a metal/n-type semiconductor/metal junction, 

analogous to a narrow channel field-effect transistor, can be formed, whose I-V 

characteristic far deviates from linear relation. The liquid was kept present on top of the 

sample surface while the measurements were performed. It is noticed that by blowing 

off all visible liquid immediately after placing the droplet, the I-V curve recovers to 

perfect ohmic behavior with a smaller resistance. After the sample was heated to above 
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373 K, the linear I-V characteristics can be resumed. We also note that non-polar liquids 

such as gasoline and hexane have no obvious influence on the I-V curve (not shown 

since they are exactly the same as that without water droplet). 

 

Figure 4-1 (a) I -V curves of the LAO/STO interface with/without water droplet on top of LAO 

surface. The inset is a schematic diagram showing the sensor structure. (b) Schematic diagram 

illustrating water molecule alignment along the electrostatic field direction on the sample surface. 

The larger arrow indicates relatively larger polarization field, and the smaller arrow represents 

smaller polarization field in the LAO layer.   
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4.3  Schottky Diode-Like Junction  

 

It is interesting to see that the 2DEG is sensitive to the position of water droplet on the 

LAO surface. When the water droplet is placed off from the device center (for this 

experiment, there is no insulating parylene coating), the I-V curve becomes asymmetric. 

Figure 4-2(a) shows a rectified I-V cueve when the water droplet is close to one side of 

the electrodes. It is believed that a Schottky diode-like junction is formed in this polar 

molecule modulated oxide interface, and a schematic diagram is shown in Fig.4-2(b) to 

illustrate the mechanism of forming the Schottky junction. 

 

Figure 4-2 (a) I -V curves of the LAO/STO interface with water on top of LAO surface but close to 

one end of electrode, and (b) schematic diagram illustrating water molecule alignment along the 

electrostatic field direction on the sample surface. 
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4.4  Schottky Junction Composed of Metal and n-Type Semi-

Conductor  

 

To explain the mechanism of the formed junction, the basic properties of Schottky 

junction are introduced. Different junctions will be formed due to different properties of 

those materials, when a type of semi-conductor contacts to another type of 

semiconductor or contacts to a metal. A Schottky junction is a type of junction formed 

by a metal contacting with a semiconductor material. The key to understand the 

behavior of the Schottky junction is to consider the work function of the semiconductor 

Φs and the work function of the metal Φm in terms of the following two cases: 

 

Case 1: 

If the work function of the metal Φm is larger than the work function of the n-type 

semiconductor Φs, considering Φm>Φs shown in Figure 4-3, Schottky barrier would be 

formed. Since in thermal equilibrium, the Fermi level of the whole system has to be the 

same, electrons should flow from the semiconductor into the metal due to the lower 

energy states in metal. Then remaining positively charged donor atoms in the 

semiconductor create a space charge region. The potential barrier seen by electrons in 

the metal side trying to move into the semiconductor is known as ``Schottky 

barrier''.[89] 

 

If a positive bias is added onto the semi-conductor side (shown in Figure 4.3 c), 
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the electrons will try to flow from the metal side to semiconductor side. However, most 

of the injecting electron included by the bias would be blocked by the Schottky barrier. 

Therefore, the rectifying behavior occurs. On the contrary, if a positive bias is added 

onto the metal side (shown in Figure 4.3 d), the electrons will try to flow from the 

semiconductor side to the metal side. In this situation, a part of bias potential is used to 

compensate the barrier voltage Φbi, which is equal to the difference of Φm and Φs, and 

the rest bias induces the electrons crossing the junction like an ohmic contact. The I-V 

characteristic of such contact is shown in Figure 4-4. 

 

Figure 4-3 Energy-band diagrams of a metal with a higher work function in contact with a n-

semiconductor: (a) before contacting, (b) after contacting in equilibrium, (c) under reverse bias and 

(d) under forward  bias. (Modified from Ref. [89]) 
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Figure 4-4 I-V characteristic of the Schottky junction forming by the contact of metal and n-type 

semiconductor. The work function of metal is relatively larger. (Adopted from Ref. [90]) 

 

Case 2: 

If the work function of the metal Φm is lower than that of n-type semiconductor Φs, i.e., 

Φm<Φs as shown in Figure 4.5, an ohmic contact will be formed. In the thermal 

equilibrium, the Fermi level of the whole system has to be the same, so electrons should 

flow from the metal into the semiconductor due to the lower energy states in 

semiconductor. Although, losing some electrons, the number of electrons in the metal 

side is still much more than electrons in the semiconductor side. The band of metal 

remains unchanged. In this case, when a bias is added on to the system, whatever the 

direction of the bias, electron can flow freely passing though the junction. Therefore, it 

is regarded as the ohmic contact. 
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Figure4-5 Energy-band diagrams of a metal with a lower work function contact to n-semiconductor: 

(a) before contacting, (b) after contacting in equilibrium, (c) and (d) are different direction of the  

bias. 

 

4.5  Proposed Explanation of the Behavior 

 

Figure 4-6 illustrates the band diagram qualitatively demonstrating the proposed 

conducting mechanism across the junction of the 2DEG and n-type semiconducting 

LAO/STO interface under the water droplet. Figure 4-6 (a) shows the state when water 

droplet is placed at center of the sensor without adding VD, where two Schottky 

junctions are formed; while under VD, the band structure changes, and the current is 
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restricted by the thickness of the depletion layer through a tunneling mechanism (Fig. 4-

6 (b)). For the case when water droplet is placed at one side closing to the electrode, 

where one Schottky junction is formed between the metallic and n-type semiconducting 

LAO/STO interface, the current is rectified. Figures 4-6(c) and (d) demonstrate the band 

structure of this junction. One can see that there is no saturation observed when the 

positive VD is applied. This indicates that, for the 2DEG, the Fermi level of the metallic 

region is higher than that of the n-type semiconducting region, which is different from a 

typical Schottky diode [91]. The typical charge carrier density of 2DEG at the 

LAO/STO interface, usually with a value of ~10
13

 cm
-2

, is much lower than normal 

metals, as a result, a non-negligible local depletion layer in metallic 2DEG region can 

be formed near to the junction. In this scenario, when VD > 0, as shown in Fig. 4-6 (c) 

(2DEG is negatively biased), the depletion layer in the metallic region is suppressed. 

Therefore, a quasi-ohmic behavior can be observed. While for VD < 0, as shown in Fig. 

4-6 (d) (2DEG is positively biased), the current is likely to be limited due to the locally-

formed barrier in metallic region. As a consequence, a “rectifier” is realized.   
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Figure 4-6 Schematic band diagrams for the Schottky junctions formed along the LAO/STO 

interface of the sample with water droplet in the center of the sample for, (a) zero bias voltage, and 

(b) non-zero bias voltage. (c-d) Schematic band diagrams when water droplet is close to one side 

electrode: (c) when VD>0, and (d) when VD<0. 

 

It is worthy to compare our work to Ref [16], where it was demonstrated that 

water absorption at the LAO surface increases the sheet carrier density at the interface 

after the water droplet was blown off. Our results are different to Ref.[16] in terms of 

the following aspects. The work in Ref. [16] addressed a common problem existed in 

the 2DEG characterizations where the samples usually are not virgin, i.e. has been 

“contaminated” by water, and therefore, the charge carrier density has been increased 

but still metallic. While in our work, the sample has been contaminated by water during 

sample cutting, mounting with wax and acetone cleaning process etc. But our result is a 
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real approach toward sensors applications when the surface is presented with liquids, 

such as water or DNA solution etc.  Our experiments reveal that the 2DEG changes to 

n-type semiconductor when polar water molecule present at the LAO surface, i.e. a 

phase change of transport; while in Ref[16]’s work, the transport is still metallic in 

nature, but with an increase of sheet carrier density. We attribute this significant 

difference to the very different experimental methods we used.  In our case, the 

modification to the 2DEG transport property is by a large number of layers of water 

molecules; while in Ref [16] work, water was blown off before the measurement, so the 

surface is only covered by very limited layers of water molecules. In addition, our 

results reveal transport properties across a Schottky junction between the 2DEG and n-

type semiconductor; while there is no junction involved in Ref. [16] since the whole 

area is “covered” by water molecules. The existence of a junction not only reveals the 

nature of the 2DEG transport tuned by water, but also other characteristics such as their 

work function relative to the n-type semiconductor.  
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4.6  Other Work  

 

Polar liquid molecule induced transport property modulation at LaAlO3/SrTiO3 

heterointerface has been demonstrated and a model has been proposed to explain the 

observed phenomena. In this session, some preliminary results of extended work based 

on the same idea of modulating the transport property of the 2DEG through field effect 

for sensing application are introduced. 

 

4.6.1 Polar Liquid Molecule Induced Enhancement of Field Effect  

 

It has been demonstrated by many researchers that the 2DEG transport property can be 

modulated by back gate field, i.e., a field effect transistor with the 2DEG gas as 

conducting channel. However, the field effect is relatively quite small as reported in 

literatures. During this thesis work, it is found that with the presence of water on the 

surface of the LAO inducing a Schottky junction at the conducting channel, the field 

effect through back gate is tremendously enhanced. 

 

During the experiment, a droplet of water was placed on top of the sample with 

the conducting channel fully covered by water. I-V characteristic of such device is 

shown in Figure 4-7(a), where a FET-like saturation of current occurs. One can see that 

when a positive bias is applied through the back gate, the saturation current was largely 
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increased. From the literature, for example Ref.[7] with the result shown at the top left 

corner, the resistance of LAO/STO heterointerface can only be slightly affected by the 

external bias when the LAO surface is not covered by water. This phenomenon can be 

understood by thinking that the back gate field modulates the current through the 2DEG 

channel by modifying the charge carrier density; while when water droplet presents on 

the surface of the 2DEG and a Schottky junction is built up, the current through the 

conducting channel will be largely affected by the back gate field through modulating 

the junction thickness and height, and therefore is more sensitive. This may make the 

2DEG applicable for real application.  
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Figure 4-7 a)  I -V curves of the LAO/STO interface with/without PBS droplet on top of LAO 

surface and fully cover the conducting channel, while an external voltage is added by back gate. 

The I-V curve of the bare sample applied with back gate is shown as the reference; b) the photo of 

the sensor prototype; c) the pattern used for photolithography. Note: for this testing, there is no 

observable difference between water, PBS (water with K and Na ions) or PBS with DNA. So, only 

the data using PBS with DNA is used.  
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4.6.2 The 2DEG as DNA Sensor  

 

To make the 2DEG into a DNA sensor is one of the original ideas in this thesis work, 

and preliminary results have been obtained even though a reliable model is still not 

available to interpret the results. Considering the fact that the surface of LAO is very 

sensitive to polar molecule and the chain of Deoxyribonucleic acid (DNA) contains 

negative charges [92], it is reasonable to expect that the 2DEG is sensitive to the 

presence of  DNA on top of the LAO/STO surface. In this session, the testing results are 

presented. 

 

During the sample preparation, LAO thin film was deposited on TiO2-terminated 

STO substrate, and the patterned thin film was placed on a PCB. The connections 

between LAO/STO heterointerface and copper pad on PCB were made by ultrasound 

wire bonding. The sample was coated by parylene for water-proof purpose (shown in 

Figure 3-6).  

 

During the experiment, two LAO/STO samples were used, one in the PBS 

(water with K
+
 and Na

+
 ions) and the other one with PBS and DNA. The I-V 

characteristics of those samples were measured at different time periods. One can see 

that, there is a significant difference between the I-V curves for the samples in contact 

with PBS with and without DNA; with DNA in PBS, clear hysteresis loops appear in 

the I-V curves. It is believed that the large DNA molecules results in slow movement 
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compared to the water molecules or K
+
 and Na

+
 ions, and the slow movement may be 

responsible for the formation of I-V loops. However, a more detailed understanding on 

the results needs further detailed study. 

 

 

Figure 4-8 I-V curves of sensors contact with (a) PBS with DNA, (b) PBS without DNA. 

4.7  Summary  

 

In this Chapter, I have demonstrated potential application of LAO/STO interfacial 

2DEG as polar molecule sensor and presented an explanation to the sensing mechanism 

using a built-up Schottky junction model. These results suggest that this type of sensor 

may be extended to applications in DNA sensing as well as polar gas molecule sensing 

if a gas catalytic layer can be coated on the sensor surface. Also, the polar liquid 

induced saturation current can be highly affected by the external bias.  
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Chapter 5 Formation of Schottky Junction at 

LAO/STO Interface with Amorphous STO on LAO 

5.1  Introduction 

 

In Chapter 4, the application of LAO/STO interfacial 2DEG as polar molecule sensor 

has been demonstrated. To explain such a sensing mechanism, a Schottky junction 

model has been proposed, in which a droplet of water changes the 2DEG into 

semiconducting, and therefore a metal-semiconductor junction is formed. At the same 

time, it opens several new questions. One of the questions should be "how can we know 

the area affected by water changed from metallic to semi-conducting?" Of course, from 

the result of I-V curve in Chapter 4 (Figures 4-1 and 4-2), the saturated current implies 

the formation of a Schottky junction. The part of the conducting channel of the 2DEG 

which exposes to atmosphere (not covered by water) should still be metallic; therefore, 

the conducing channel affected by water should be changed to semiconducting. It is a 

reasonable explanation; however, there is still not direct experimental result or any 

simulation result to proof it, even there are a few experiments related to the junction 

between semiconductor and 2DEG in LAO/STO system[40, 88]. In this chapter, similar 

results to the case with water will be demonstrated using formation of a Schottky 

junction by depositing amorphous-STO (a-STO) on LAO. 
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5.2  Experimental Detail 

 

LaAlO3 films were deposited by laser-molecular beam epitaxy (L-MBE) with a KrF 

excimer laser (λ = 248 nm) on TiO2-terminated STO single crystal substrates. Prior to 

the deposition, the substrate was pre-cleaned by acetone and ethanol to remove any 

organic remnants on it. During the deposition, the substrate temperature was maintained 

at 750 °C and about 1×10
-4

 to 3 Pa O2 pressure. The laser pulse repetition rate is 1Hz. 

After deposition, the samples were in-situ annealed under 10 mbar of O2 pressure for 1 

hour at a reduced temperature of 550°C and then were cooled down to room 

temperature in the same ambient.  A piece of stainless steel was used as the mask on the 

centre of sample. A layer of amorphous STO was deposited by the same system at a 

temperature of 150
o
C and at about 5×10

-5
 Pa vacuum condition. The laser pulse 

repetition rate is 10Hz. The samples were cooled down to room temperature in the same 

ambient. 

 

The interfaces were contacted by aluminum wire using an ultrasonic wire-

bonding machine for further transport properties measurements. The structure of the 

sample is showed in Figure 5-1. Current-voltage (I-V) characteristics were measured 

using Keithley 2400 source meter with the control of Labview. 
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Figure 5-1 Schematic diagram of the sample profile. For the connection between left side and centre, 

it is a typical connection of 2DEG. For the connection between right side and centre, a junction is 

formed between the 2GEG and the LAO layer. 

5.3  Result and Discussion 

5.3.1 Schottky Junction of between the 2DEG and a-STO 

 

In order to understand the Schottky junction formed in the LAO/STO heterointerface 

2DEG, a n-type semiconductor a-STO has been grown on LAO gate area to form a 

junction with the 2DEG, as shown in Figure 5-2 (b). The I-V characteristic of the 

connection has been measured at the room temperature, as shown in Figure 5-2 (a). 

From the I-V curve, it can be seen that a diode-like rectifying effect has been formed. 

This saturation of the current indicates that a metal and n-type semiconductor Schottky 

junction has been formed between the 2DEG and a-STO. It should be noticed that the 

direction of saturation induced by the external bias is opposite to a typical metal-n type 

semiconductor junction; while it is the same case for the Schottky junction mentioned in 

Chapter 4.  
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Figure 5-2 (a) I -V curves of the connection between centre of sample and the right side, and (b) 

schematic diagram illustrating the connection of model. At the centre, the Aluminum wire is 

connected to the heterointerface by passing through the LAO thin film. For the Aluminum wire at 

the right side, it doesn’t touch to the interface. This can be controlled by wire bonding force. 

 

5.3.2 Effect of Water on a-STO and 2DEG 

 

From the above experiment, it can be understood that a junction can be formed when 

the 2DEG contact to a-STO or the polar liquid induced semiconducting region. In the 

following experiment, I try to combine them together and analyze their behavior.  

 

I-V characteristics of the sample with patterned a-STO deposited on LAO/STO 

were measured at room temperature (shown in Figure 5-3). In Figure 5-3(a), a linear 



Chapter 5 

              

THE HONG KONG POLYTECHNIC UNIVERSITY 

Au Kit Page 88 

 

relation of I-V curve shows the ohmic contact for the connection from centre to left side; 

while the curve corresponding to Figure 5-3(c) shows the similar result as in Chapter 4. 

For the curve corresponding to Figure 5-3(d), two saturations occur for the positive and 

negative bias, but with different saturation currents. Considering the flowing direction 

of electrons, the 13μA saturation current should be induced by the junction formed 

between the 2DEG and a-STO, and the 21μA saturation current should be induced by 

the junction of the 2DEG with semiconducting region affected by water. In Figure 5-

3(e), the 23μA saturation current is due to the junction formed by the 2DEG with a-STO 

covered by water. From the above results, it can be understood that the polarity of water 

can cross the a-STO layer and affect the conducting behavior of the LAO/STO interface. 
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Figure 5-3 (a) I-V curves of the sample under different connections at room temperature, and from 

(b) to (e) are schematic diagram illustrating the connection models. 
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5.3.3 Temperature-Dependent I-V Characteristics of the 2DEG/a-STO Schottky 

Junction  

 

In order to understand the behaviors of the above formed junctions, study of 

temperature-dependent electric transport properties is important. I-V characteristics of 

the samples were measured at different temperatures and the results are shown in Figure 

5-4. Figure 5-4(a) shows the I-V curves of the connections between centre and right, 

representing the characteristic of the junction; whereas Figure 5-4(b) shows the I-V 

curves of the connections between centre and left, representing the characteristic of  the 

2DEG. The results illustrate a strong temperature dependence of the I-V characteristics 

across the junction. Some I-V curves of the connections from centre to right measured 

at different temperatures are further plotted out, as shown in Figure 5-4(c), where two 

trends can be found.  

 

Firstly, one can see that the saturated current increases when the measuring 

temperature decreases. From the I-V curves measured at 300 to 140 K, it is apparent 

that the saturation of the current gradually increases; however, no saturation of current 

can be observed when temperature is lower than 130 K. This phenomenon may also be 

explained by the Schottky junction model proposed in Chapter 4. It is worth noting that 

the carrier density of the 2DEG is much lower compared to a typical metal; a non-

negligible local depletion layer in the metallic 2DEG region may be formed near to the 

junction. When temperature decreases, the carrier density of the 2DEG is nearly 
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unchanged compared to that of semiconductor which decreases exponentially. Therefore, 

the thickness of depletion layer in the 2DEG region reduces with decreased temperature 

due to inversely proportional relationship between the thickness of depletion layer and 

carrier concentration [93]. As a result, at a relatively low temperature, electrons tunnel 

through the junction more easily and therefore results in an increased saturation current.  

 

Secondly, one can notice that there is a hump in the I-V curve before reaching 

saturation during voltage sweep, but this does not happen when voltage sweeps back; 

i.e., a loop-like I-V characteristic is formed. At room temperature, the difference 

between the values of local maximum and saturation current is very small; therefore, the 

formed loop is extremely small. However, when temperature is decreased, the 

difference between the value of local maximum and the value of saturation becomes 

larger and larger. To explain this interesting phenomenon, a model based on Joule 

heating is proposed. It is believed that during the I-V measurement, the electrical energy 

should mainly dissipates at the LAO/STO heterointerface. For a bare LAO/STO sample, 

the energy dissipates at the heterointerface evenly; however, for the LAO/STO sample 

with a Schottky junction, most of the energy should be dissipated at the junction when 

electrons move across it. The dissipated heat energy close to the junction should also 

increase when the bias voltage increases, and therefore, the area close to the junction 

will be heated up due to Joule heating. As the thickness of depletion layer is related to 

the number of carriers of the two sides of the junction, this heating induced temperature 

increase should cause the increase of depletion layer’s thickness of the 2DEG and then 

further restrict electrons passing through the formed junction. Therefore, the measured 
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current should first rise to a maximum and then decrease. Finally, it reaches an 

equilibrium state when the Joule heating rate is equal to the rate of heat dissipation, and 

therefore a stable saturation current is obtained. At room temperature, this effect is not 

very obvious and even cannot be observed as the current of the system is quite small, so 

that the energy dissipation is relativity low and the equilibrium is easy to reach. 

However, when temperature decreases, the junction allows a larger current to go 

through it first, and therefore, longer time is needed to reach the equilibrium and a 

larger hump is formed. 
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Figure 5-4  I-V curves of the junction at different temperatures from 300K to 120K with an interval 

of 10K: a) the temperature-dependent I-V curves measured by centre to right; b) the temperature-

dependent I-V curves measured by centre to left, (S6101 centre to right with a-STO); c) I-V curves 

at temperatures from 210K to 180K. The red arrow indicates the current maxima and the yellow 

arrow indicates the direction of loops. 
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5.4  Summary 

 

In this chapter, samples with the aim to illustrate the Schottky junction in the LAO/STO 

2DEG system were fabricated, where a layer of amorphous STO was deposited on top 

of the LAO/STO sample. From the I-V measurement result, it can be found that the 

current is saturated at relatively high bias voltage. The direction of saturation is the 

same as the saturation caused by polar liquid on top of the LAO/STO (results in Chapter 

4). The saturation current and the corresponding voltage are found to increase when the 

measuring temperature decreases. A hysteresis loop-like I-V characteristic was founded, 

and the loop area increases as temperature decreases.  
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Chapter 6 Conclusion and Perspectives 

 

In this thesis work, the 2DEG in LAO/STO heterointerface has been formed by L-MBE 

growth of LAO film on TiO2-terminated STO substrate. Sensing phenomenon of this 

2DEG to polar liquids has been demonstrated and the sensing mechanism has been 

proposed. The main discoveries of this thesis work are summarized as following: 

 

(1) The method of treatment of commercial STO substrate to obtain TiO2-terminated 

high-quality STO substrate has been achieved.  

(2) The growth of high-quality LAO/STO heterostructure by Laser-MBE has been 

achieved. The electric transport properties measurements have proven that the 

2DEG has been formed at this heterostructure and the results are similar to the 

literature reported results. 

(3)  It has been demonstrated that this 2DEG is very sensitive to polar liquids such as 

water.  

(4) A model has been proposed based on the formation of a Schottky junction when 

water presents at the gate area in the field effect transistor structure with the 2DEG 

as conducting channel. 

(5) Depositing a-STO on LAO across the FET gate area results in a Schottky junction 

similar to the case when water presents on the LAO surface.  
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However, there are some limitations that have not been achieved in the thesis work 

which need further study. For example, the LAO/STO 2DEG is sensitive to polar liquids, 

making it difficult to sense DNA which is usually dissolved in water. This problem 

needs to be solved by new approaches such as surface modification of the LAO surface 

or the liquid dissolving DNAs. Even we proposed the Schottky junction model to 

interpret the FET-like I-V curve when water presents on the LAO surface, there is still 

no direct experimental work or theoretical result to prove it. In addition, the selectivity 

to different polar liquids is not known, since it is difficult to maintain the same amount 

and position of different liquids on the sensor. Micro-fluidic device utilizing the 

LAO/STO 2DEG may make it possible to differentiate different polar liquids by the 

amount of change of the current. These are good topics for future study, and in long 

term, it could open a new research field of real application of the 2DEG.   
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