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NOMENCLATURE 

 

ALD atomic layer deposition - 

C-V capacitance - voltage - 

Ea applied voltage [V] 

0 permittivity of free space 8.85 × 10−14 [F cm⁄ ] 

r relative permittivity [F cm⁄ ] 

EDX energy-dispersive x-ray spectroscopy - 

EF Fermi energy [eV] 

h Planck’s constant 4.136 × 10−15 [eV ∙ s] 

- - 6.626 × 10−34 [𝐽 ∙ 𝑠] 

I-V current - voltage - 

J electric current density [A cm2⁄ ] 

J0 reverse-biased saturation current density [A cm2⁄ ] 

kB Boltzmann’s constant 8.617 ×  10−5 [eV K⁄ ] 

- - 1.381 × 10−23  [
J
K⁄ ] 

m* effective mass [kg] 

M-S metal-semiconductor - 

 ideality factor - 

ϕ𝑠𝑏 Schottky barrier [eV] 

ϕm metal work function [eV] 

q electron charge 1.602 ×  10−19 [C] 



 x 

SCLC space charge limited current - 

SEM scanning electron microscope - 

TiO2 titanium dioxide - 

Vt = 
kBT

q
 thermal voltage 25.86 [mV] at 300K 

vol% volume percent [mL] 

wt% weight percent [g] 

 electron affinity [eV] 

XRD x-ray diffraction - 
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ABSTRACT 

Metal-semiconductor interfaces on one-dimensional (1D) nanostructures represent 

crucial building blocks for next-generation nanoelectronics. Over the past two decades, 

chemically synthesized titanium dioxide nanotubes (TiO2-NTs) have gained a considerable 

amount of interest due to their high specific surface areas, tunable geometries, and 

favorable electrical properties. Explored for a variety of applications such as solar cells, 

hydrogen production, memristors, and batteries, TiO2 is a transition metal oxide material 

that contains unique wide-bandgap semiconductor properties. 

This research seeks to fabricate a conformal, rectifying metal-semiconductor interface, 

or Schottky junction, throughout an ordered array of semiconducting nanotubes. The 

atomic layer deposition (ALD) technique offers a precise, conformal growth mechanism 

and was used to deposit a continuous platinum (Pt) Schottky contact throughout the inner 

walls of the TiO2-NTs. Any defects found in the nanotubes, such as cracks, led to Pt atoms 

reaching all areas, forming an electrical short between the anode and cathode. To address 

this issue, initial experiments were centered on synthesizing defect-free, ordered TiO2-NT 

arrays using electrochemical anodization as it offers precise geometric control over the NT 

growth. Fabrication parameters, such as anodization time, electrolyte concentrations, and 

annealing environments, were investigated until the resulting NTs were free from structural 

defects. 



 xii 

Demonstrated with low vacuum annealing, oxygen vacant, nonstoichiometric TiO2 

was synthesized and investigated as a diode material. By comparing the current-voltage 

characteristics between stoichiometric and nonstoichiometric TiO2 diodes, we find that the 

oxygen vacant, nonstoichiometric TiO2 diodes displayed an improved ideality factor from 

3.7 to 2.4. A 350°C post-fabrication thermal treatment, however, led to both stoichiometric 

and nonstoichiometric TiO2 diodes having similar ideality factors of 2.0 and similar shifts 

in trap concentration and depth. Nonstoichiometric TiO2 devices exhibited a unique shunt 

conduction regime after thermal treatment where the shunt resistance was found to be on 

the order of 105 Ω. These results present valuable experimental observations into 

understanding the effects of oxygen vacancies in TiO2 and effectively modifying the 

electronic properties of a conformal Pt/TiO2 nanostructured junction using a facile post-

fabrication thermal treatment.  
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1 INTRODUCTION 

 

Nanoscience and nanotechnology are cutting-edge areas of research that continue to 

find novel roles in scientific fields such as biomedical, chemical, computational, 

engineering, and physics. In order to miniaturize existing technologies and create a new, 

this technology seeks to manipulate the unique physical and electrical properties of 

nanoscale materials, or nanomaterials. Nanomaterials range in size from about 1 to 100 nm 

and can be categorized by their dimensionality. Since the development of one-dimensional 

(1D) carbon nanotubes (NTs),1 nanostructure materials experienced an exponential 

increase in research interest due to their high specific surface area and surface-to-volume 

ratios. This ratio dramatically increases as the nanomaterial reduces in size. At nanoscale, 

many innate material properties emerge which need to be accounted for, whereas in bulk 

materials these characteristics are negligible. These properties include mechanical and 

thermal properties, electrical and magnetic characteristics, and the surface activity and 

reactivity.  

Oxide semiconductors such as titanium dioxide (TiO2) have shown promising 

electrical characteristics as thin nanostructured films. Semiconductor devices make use of 

a number of heterojunctions, such as metal-semiconductor (M-S) interfaces, to perform 

application specific tasks. The reproduction of this interface requires a comprehensive 

understanding of semiconductor properties and the unique behaviors exhibited when in 

contact with certain metals. 
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1.1 Scope of this Thesis 

Nanostructures provide a pathway for electronics continue to reduce in size while 

maintaining, or improving upon, device performance. The ability to form a conformal 

heterojunction on nanostructured semiconductors, however, remains a technological 

challenge. Conventional deposition methods for metal contacts include magnetron sputter, 

electroplating, or thermal evaporation and have previously been used as contact barriers 

for NT structures. However, at nanoscale, these methods only offer a non-uniform pore 

coverage, consequently failing to utilize the high specific surface area that NTs offer. This 

thesis seeks to develop a conformal Schottky barrier throughout self-organized 

stoichiometric and nonstoichiometric TiO2-NTs. These highly ordered TiO2-NT arrays are 

synthesized using an electrochemical anodization method and subsequently coated with 

platinum using atomic layer deposition to establish a conformal Schottky barrier. This 

study presents the nanostructure properties, fabrication techniques, and the electrical 

properties and behavior of stoichiometric and nonstoichiometric TiO2-NT diodes. The 

reader will be introduced to semiconductor concepts and materials, the nanofabrication 

processes, and characterization techniques. 

 

1.2 Thesis Organization 

The research presented in this thesis is organized into five chapters. Following this 

introduction, Chapter 2 introduces the fundamentals of semiconductors, semiconductor 

materials, and the behavior between metal-semiconductor contacts. This chapter provides 

a brief classification of semiconductors and a necessary introduction to band theory using 

Fermi-Dirac statistics and, briefly, the conduction mechanism when an electric field is 

applied. Also introduced is an overview of oxide semiconductors and the material used 
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throughout this thesis, titanium dioxide. Details regarding TiO2 are presented in this section 

reviewing the stoichiometric and nonstoichiometric crystal structure, band diagram, and 

the applications in which nanostructured TiO2 has played a role.  

Chapter 3 describes the methods used to create and characterize the nanostructured 

Schottky diode. In the first part of this chapter, the fabrication process is explained in detail 

reviewing the electrochemical process and crystallization of the resulting amorphous 

materials. This section reviews two material deposition processes used to create sacrificial 

layers and contact electrodes. Characterization techniques are also discussed in this chapter 

reviewing the atomic and nanostructure analysis methods, electrical measurements used, 

and the numerical linear approximations used to extract electrical parameters from the 

diode. 

In chapter 4, the results and analysis of this study reveal the surface and crystal 

structure, the quality of the metal contact deposition, as well as the current-capacitance-

voltage characteristics for both stoichiometric and nonstoichiometric TiO2-NT diodes. 

Electrochemical parameters such as the applied potential, anodization time, fluorine and 

water concentration, and a 1-vs-2 step anodization were varied in this study and examined 

via imaging data. Crystallization parameters were also varied such as the annealing 

environment, temperatures, and the temperature ramping rates to analyze the crystal and 

surface structure changes. Environmental parameters include atmospheric, pure O2, and 

vacuum environment. The rate at which the temperature increased and decreased was 

modified to analyze the effects of ramping rates on surface defects such as crack formation 

and propagation. Lastly, the electrical characteristics are presents in this chapter where 

parameters such as the ideality factor, Schottky barrier height, and series resistances are 
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gathered from current-voltage measurements. The capacitance-voltage measurements are 

also briefly examined in this study. 

Finally, chapter 5 summarizes the results of this study and proposes the promising 

future direction for this work.  
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2 BACKGROUND 

 

2.1 Semiconductors 

Good insulators have resistivity values as large as 1022 Ω-cm while a typical conductor 

averages around 10-6 Ω-cm. At T = 0K, semiconductors are perfect insulators, however, as 

the temperature increases the resistivity decreases resulting in conduction.2  Alternatively, 

these solids can be characterized by the energy gap, or bandgap, between the conduction 

and valence bands as shown in Figure 2-1. It is important to consider whether the 

semiconductor has a direct or indirect bandgap by viewing the energy curves of both bands 

in “k-space.” If both the valence and conduction band have maximum and minimum 

energies, respectively, that lie on the same wavevector, k, then the semiconductor has a 

direct bandgap. However, if they have misaligned wavevectors, then the semiconductor 

 

Figure 2-1: Band structure for solid insulators, semiconductors, and conductors. 

has an indirect bandgap.3 Conduction occurs in a semiconductor when electrons are 

thermally excited across the bandgap, this mechanism results in an unoccupied level, or an 

electron hole in the valence band. The electrical conductivity rapidly increases as a function 
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of temperature and can be further improved by introducing substitutional or interstitial 

impurities.4 These dopants add to either the donor or acceptor concentration by supplying 

additional electrons to the conduction band or additional holes to the valence band, 

respectively. The change in impurity concentration reduces the amount of energy required 

to move an electron into the conduction band or hole from the valence band. 

If a system is in thermal equilibrium, the Fermi-Dirac distribution function can be used 

to determine the number of existing quantum states at energy, E, that are either occupied 

or empty. The Fermi-Dirac distribution function, 𝑓, is defined as 

𝑓(𝐸) =  
1

exp (
𝐸 − 𝐸𝐹
𝑘𝐵𝑇

) + 1
(2.1)

 

where Ef, kB, and T are denoted as the Fermi level, Boltzmann constant, and absolute 

temperature, respectively.3 Figure 2-2 shows this distribution at various temperatures as a 

function of the electron energy relative to the Fermi level. In semiconductors, the number 

of electrons, 𝑛𝑐, in the conduction band and the number of holes, 𝑝𝑣, in the valence band 

 

Figure 2-2: Fermi-Dirac distribution function of electron energies at given temperatures. 



 7 

can be determined using the Fermi-Dirac statistics at any temperature T and is given 

by 

𝑛𝑐(𝑇) =  ∫ 𝑑𝐸 𝐷𝑐(𝐸) 𝑓(𝐸)

∞

𝐸𝑐

(2.2) 

𝑝𝑣(𝑇) =  ∫ 𝑑𝐸 𝐷𝑣(𝐸) (1 − 𝑓(𝐸))

𝐸𝑣

−∞

(2.3) 

where 𝐷(𝐸) is the number of states with energies between (E, E + dE) per unit volume, or 

the density of states.  

Under an applied electric field, the electrons and holes experience a force in opposite 

directions such that they produce a net acceleration in the direction of the conduction and 

valence bands, respectively. This drift current density in a semiconductor material is given 

by  

𝐽 =  𝜎𝐸𝑎 (2.4) 

where 𝜎 and 𝐸𝑎 is defined as the conductivity (reciprocal of resistivity) and the applied 

voltage. The mobility values of electrons, n, and holes, p, contribute to the overall 

conductivity and is expressed as the following. 

𝜎 = 𝑞 ∙ (𝜇𝑛𝑛 + 𝜇𝑝𝑝) (2.5) 

 

2.1.1 Semiconductor Materials 

Semiconductor materials can be classified as single crystal, polycrystalline, and 

amorphous. Single crystals such as silicon have well-defined geometric arrangements in 

their atomic structure, known as lattice points, found throughout their entire geometry. 

Polycrystalline materials are made up of smaller single crystals that are aligned randomly 
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with respect to one another and amorphous structures have no order in their atomic 

structure. 

Transition metal oxides exhibit a variety of semiconducting properties that can be 

noticeably tuned by defects in their stoichiometry. Unlike other metals, transition metals 

have properties that noticeably change based on their d-shell electrons.2 These 

semiconducting oxides have phase transitions that, often irreversibly, alter the crystal 

structure resulting in changes to physical, magnetic, and electrical properties. Conduction 

in metal oxides can either be electronic or ionic where ionic conduction typically occurs in 

an aqueous solution such as a battery.  

 

2.1.2 Titanium Dioxide 

Since the discovery of hydrogen production via photoelectrochemical water 

splitting,5–7 TiO2 films have been one of the most widely studied transition metal oxides 

for its unique semiconductor properties. TiO2 crystalizes into three distinct polymorphs 

where anatase, shown in Figure 2-3, is generally accepted to have higher electronic  

 

 Figure 2-3: Illustration of the anatase crystal structure of TiO2 with lattice parameters a=3.782 Å and c=9.502 Å. 
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efficiencies in nanostructures compared to its rutile and brookite phases.8 Rutile and 

anatase TiO2 have tetragonal structures with lattice constants a=b=4.594 Å and c=2.96 Å 

for rutile and a=b=3.782 Å and c=9.502 Å for anatase. These crystal phases are considered 

to have wide bandgaps where rutile has a direct bandgap energy of 3.0 eV and anatase with 

an indirect band gap of 3.2 eV as shown in Figure 2-4. Anatase irreversibly transforms into 

rutile when annealed at temperatures above 550°C. It is important to note that TiO2 is an 

n-type semiconductor material, thus the position of the fermi energy lies below the 

conduction band. 

 

Figure 2-4: Band diagram of TiO2. 

 

Nanostructures such as TiO2 nanotubes (NTs) have gained a considerable amount of 

scientific interest due to their high specific surface area, tunable geometries, and favorable 

electrical properties. It is often used in a variety of applications such as batteries,9–12 

electrocatalysis,13,14 filtration systems,15,16 gas sensors,17–21 hydrogen production and 

storage,22–27 photovoltaic cells,7,28–31 and, recently, memristors.32–37 Although there are 

many techniques to prepare TiO2-NTs, such as sol gel and template assisted methods, 

electrochemical anodization offers a high control over the pore diameter, interpore 



 10 

distance, wall thickness, as well as the regularity and defect ratios.38–47 Recent studies, for 

example, have analyzed the effects of NH4F and water concentrations in an ethylene glycol 

electrolyte and reported on the optimum conditions to grow self-organized, hexagonally 

arranged NTs with a low defect ratio.48–50 

Nonstoichiometric TiO2 provides further improvements in electronic conductivity and 

can be achieved through the partial removal of oxygen ions.51,52,61,62,53–60 These oxygen 

vacancies (Vo) have been reported to increase the photocatalytic activity of TiO2 through 

the formation of Ti3+ ions and the electrons left behind from oxygen ions. The energy level 

for donor states due to the Vo is located between 0.75 and 1.18 eV below the conduction 

band and have an even narrower optical gap width.59,63 The distribution of Vo is currently 

unknown and found to be stable at subsurface levels. Surface Vo directly assist in aqueous 

applications such as water dissociation and oxygen adsorption.64 Figure 2-5 illustrates the 

possible configuration of Vo sites in an anatase TiO2 supercell (space group: I41/amd). 

Using  

 

Figure 2-5: Illustration of oxygen vacancies in an anatase TiO2 supercell. 

 

computational DFT models, others have shown neighboring O atoms radially move toward 

the Vo and Ti atoms are relaxed in an outward direction.65 
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2.2 Metal-Semiconductor Contacts 

Metal-Semiconductor (M-S) contacts are an important aspect to the fabrication of 

electronic devices. There are essentially two types of M-S contacts: rectifying and ohmic. 

Ferdinand Braun was the first to document a rectifying behavior in 1874 Germany using 

lead sulfide on a thin wire.66 For over a century, this unidirectional current behavior has 

been investigated for a number of semiconductor materials and nanostructures. 

In rectifying M-S contacts, or Schottky junctions, the metal work function (m) relative 

to the semiconductor material, is considered. As a metal makes contact with a 

semiconductor, their Fermi energy levels align, resulting in the semiconductor energy 

bands to bend either up or down forming a barrier expressed by Schottky and Mott as 

𝜙𝑠𝑏 = 𝜙𝑚 − 𝜒 (2.6) 

where sb and 𝜒 are denoted as the barrier height and the electron affinity, respectively.67,68 

 In an n-type semiconductor, m will need to have an energy greater than 𝜒 to form a barrier 

height (sb) as shown in Figure 2-6(a,c). 

 

Figure 2-6: Illustration of (a) a Schottky and (b) ohmic contact with an n-type semiconductor and their (c-d) 

corresponding electron energy band diagrams at thermal equilibrium. 
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The contact exhibits an ohmic behavior in an n-type semiconductor, Figure 2-6(b,d), 

when m is less than 𝜒. Ohmic contacts produce no barrier due to the lack of potential 

difference in surface charges of both materials. This M-S mechanism allows electrons to 

flow in either direction. Work function values for common metal contacts are provided in 

Table 2-1 given in electron volts (eV). 

Table 2-1: Metal work functions for common semiconductor contacts. 

Metal m (eV) 

Al 4.28 

Au 5.1 

Pt 5.65 

Ti 4.33 

The net current diffusion flux in the M-S interface is characterized using the 

probability distribution of electrons leaving the surface of hot metals and semiconductor 

materials. This thermionic emission mechanism is applied to determine current density 

through the interface using the assumption that the flux through a semiconductor surface 

is continuous into the metal given as Equation (2.7).69 

𝐽 = 𝐽𝑠 = 𝐽𝑚  

𝐽 =  𝐽𝑠 − 𝐽𝑚 (2.7) 

The works of Schottky et al. have led to an idealized current-voltage (J-V) relation 

following thermionic emission theory and is expressed by  

J =  J0 [exp (
qEa
ηkBT

) − 1] (2.8) 

where  is a dimensionless ideality factor.  𝐽0 is the reverse saturation current which can 

be expressed in three-dimensions as 
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𝐽0 = 
4𝑞𝜋𝑚∗𝑘𝐵

2

ℎ3
∙ 𝑇2 ∙ 𝑒𝑥𝑝 (

−𝜙𝑠𝑏
𝑘𝐵𝑇
⁄ ) (2.9) 

and in 2D as 

𝐽0,2𝐷 = 
𝑞√8𝜋𝑚∗𝑘𝐵

3

ℎ2
∙ √𝑇3 ∙ 𝑒𝑥𝑝 (

−𝜙𝑠𝑏
𝑘𝐵𝑇
⁄ ) (2.10) 

where the derivation is provided in appendix I. The first term is known as the Richardson 

constant denoted as A* with units of [A/cm2K2]. The J-V characteristic of a Schottky diode, 

shown in Figure 2-7, presents the ideal case where  = 1. The extraction of electrical 

properties such as the Schottky barrier height and  will be detailed in the next Chapter. 

 

Figure 2-7: Ideal diode J-V characteristics where the ideality factor =1. 

An illustration of the current density mechanism is provided in Figure 2-8 where a 

space charge region, or depletion region, is formed between the metal and semiconductor. 

When the diode is forward biased, the depleted region is small enough to allow electrons 

to hop over the barrier and into the metal. Alternatively, during reverse bias conditions, a 

buildup of minority charges fill the semiconductor widening the depletion region and 

preventing electrons from flowing into the semiconductor from the metal. 
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Figure 2-8: Illustration of the (a) forward and (b) reverse bias mechanism for a rectifying metal contact on n-type 

semiconductors. 
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3 METHODS 

 

3.1 Fabrication 

The fabrication of a Schottky diode requires depositing a metal onto the surface of the 

semiconductor to form an M-S interface. The goal is to create a conformal Pt layer 

throughout an ordered array of TiO2-NTs as illustrated in Figure 3-1. This section reviews 

the fabrication steps taken for this study. 

 

Figure 3-1: Design of a conformal TiO2-NT Schottky diode. 

 

3.1.1 Electrochemical Anodization 

The electrochemical process to develop a uniform array of TiO2-NTs requires a unique 

balance between the concentration of ammonium fluoride (NH4F) and water in an ethylene 

glycol solution. The quantities for this electrolyte solution are based on the initial amount 

of NH4F measured and given by equations (3.1) and (3.2). 

𝑉𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑔𝑙𝑦𝑐𝑜𝑙 = 
𝑚𝑁𝐻4𝐹

𝑤𝑡%𝑁𝐻4𝐹
∗
1 − 𝑤𝑡%𝑁𝐻4𝐹 −  𝑣𝑜𝑙%𝐻2𝑂 

𝜌𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑔𝑙𝑦𝑐𝑜𝑙
 [𝑚𝐿] (3.1) 

𝑉𝐻2𝑂 = (𝑉𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑔𝑙𝑦𝑐𝑜𝑙 + 0.991𝑚𝑁𝐻4𝐹) ∙
𝑣𝑜𝑙%𝐻2𝑂

1 − 𝑣𝑜𝑙%𝐻2𝑂
 [𝑚𝐿] (3.2) 
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Table 3-1 and Table 3-2 show the scalar quantities needed for the volume of ethylene 

glycol and water, respectively, for a given combination of NH4F and water concentrations.  

Table 3-1: Scalar quantities for the volume of ethylene glycol (mL) needed for a given wt% NH4F and vol% water. 

NH4F\H20 3.0% 4.0% 5.0% 6.0% 7.0% 8.0% 9.0% 10.0% 

0.1% 870.5 861.5 852.5 843.5 834.5 825.5 816.6 807.6 

0.2% 434.8 430.3 425.8 421.3 416.8 412.3 407.8 403.3 

0.3% 289.6 286.6 283.6 280.6 277.6 274.6 271.6 268.6 

0.4% 216.9 214.7 212.5 210.2 208 205.7 203.5 201.2 

 

Table 3-2: Scalar quantities for the volume of deionized water (mL) needed for a given wt% NH4F and vol% water. 

NH4F\H20 3.0% 4.0% 5.0% 6.0% 7.0% 8.0% 9.0% 10.0% 

0.1% 9.0 18.0 27.0 35.9 44.9 53.9 62.9 71.9 

0.2% 4.5 9.0 13.5 18.0 22.5 27.0 31.4 35.9 

0.3% 3.0 6.0 9.0 12.0 15.0 18.0 21.0 24.0 

0.4% 2.2 4.5 6.7 9.0 11.2 13.5 15.7 18.0 

 

The oxidation process for Ti is defined through the following balanced reaction 

equations where hydrogen gas is released as a result.49 

Ti →  Ti4+ + 4e− (3.3) 

Ti4+ + 2O2−  → TiO2 (3.4) 

Ti4+ + 4OH−  → Ti(OH)4 (3.5) 

TI(OH)4 → TiO2 + 2H2O (3.6) 

Ti + 2H2O → TiO2 + 2H2(g) (3.7) 

Under an applied electric field, the fluorine ions interact with the TiO2 layer closest to 

the Ti anode surface which creates a porous pattern resulting in the formation of nanotubes. 

The following balanced equations describe the formation of TiF6
2- species. 

TiO2 + 6F
−  
𝐻+

→  TiF6
2− + 2H2O (3.8) 
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Ti4+ + 6F− → TiF6
2− (3.9) 

In this work, a 32 m thick Ti foil (15 mm x 10 mm) is placed into the electrolyte 

solution with Pt electrodes placed perpendicular to the Ti surface on both sides as 

illustrated in Figure 3-2. The concentration of the electrolyte is initially set to 0.5 wt% 

NH4F and 2 vol% water then later changed to 0.4 wt% NH4F and 10 vol% deionized water. 

A 60 V potential is applied between the Pt cathodes and Ti anode for 1 hour before 

ultrasonically cleaning the initial porous structure. 

 

 

Figure 3-2: Configuration to electrochemically fabricate double sided TiO2-NTs. 

 

A two-step anodization process is implemented where the initial nonuniform surface 

structure is removed. Illustrated in Figure 3-3, the initial porous structure contains a 

randomly arranged etching pattern. At the Ti interface, however, is an etched porous 

pattern that can be used as a starting template for new NTs to form. Therefore, removing 

the initial porous structure is necessary to ensure a uniform NT growth. 
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Figure 3-3: Illustration of the two-step anodization process on (a) a thin Ti foil. Initial anodization (b) forms a 

compacted TiO2 layer before (c) forming a randomly arranged porous structure. (d) Pores are ultrasonically removed, 

leaving behind a surface pattern for the (e) second anodization step. 

 

3.1.2 Heat Treatment 

Once the Ti foils have been anodized, the crystal structure is, by default, amorphous 

and requires a heat treatment to crystalize the NTs. In this study, the annealing temperature 

was set to 550°C for two hours with a steady temperature ramping rate of 3℃ min⁄ . 

Annealing was performed under atmospheric conditions, pure O2, as well as vacuum 

pressures. Figure 3-4 is the high temperature furnace used throughout this experiment. 

Nonstoichiometric TiO2 was obtained by re-annealing the samples in a vacuum 

environment. Initial annealing is used to remove organic materials and to eliminate residual   

 

Figure 3-4: Tube furnace for high temperature annealing. 
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fluorine ions from the lattice structure. After vacuum annealing, the TiO2-NTs appear 

blackened due to the formation of Ti3+ ions. A post-heat treatment was applied to both 

stoichiometric and nonstoichiometric samples in atmospheric and vacuum environments, 

respectively. 

 

3.1.3 Sputter Deposition 

Sputter deposition offers the ability to produce a Schottky junction by depositing 

metals onto a semiconductor material. However, at nanoscale, the resolution of metal 

deposition is not sufficient. 

For this study, sputter deposition will be used to strictly create a sacrificial gold (Au) layer. 

This sacrificial layer acts as a temporary protective layer to be later removed using a 

selective Au etchant or aqua regia solution. The sputtering chamber, Figure 3-5, is pumped 

down to a base pressure of about 7 Torr before flowing argon (Ar) gas at a constant 

working pressure of 10 mTorr. The gas is then subject to an RF power of 75 W, producing 

glow discharge given off by the now energetic, ionized gas, or plasma. The plasma gas 

bombards the 2-inch Au target and releases atoms in random directions where some will 

land on the Ti foil providing a complete coverage over time. 
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Figure 3-5: RF sputter deposition chamber. 

 

3.1.4 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a type of chemical vapor deposition where gasses 

are injected into a chamber to deposit materials onto a surface.70 The recent developments 

in atomic layer deposition (ALD) have provided a precise growth control of single-element, 

ultrathin conformal films on nanostructures.71 This thesis implements a two-step reaction 



 21 

sequence where a precursor gas is pumped into the chamber followed by a reactant gas, 

leaving behind an atomically deposited single-element, Pt. 

The precursor gas, trimethyl(methylcyclopentadienyl)platinum(IV), is diffused into 

the porous TiO2-NTs with an exposure time of 45s then purged of any excess gases. O2 is 

used as the reactant gas to bind to the organic compound which will leave behind a single 

platinum particle as illustrated in Figure 3-6, then purged from the system before a new 

cycle begins. 

 

Figure 3-6: Typical ALD process cycle for Pt film growth. 

 

ALD is a self-limiting surface reaction such that the reaction ends when all surface 

sites have been occupied by the precursor gas. In this regard, it is possible to form a uniform 

metal-semiconductor interface while making use of the large surface area found in 1D 

structures. Porous materials create an interesting challenge as the diffusion flux into each 

pore is dependent on the exposure time and concentration of the available Pt precursor 

gas.72–74 There are three modes of deposition throughout a nanotube or trench structure: 

reaction, diffusion, and recombination limited, illustrated in Figure 3-7.75 It should be noted 

that a high concentration of the precursor gas will provide full surface coverage, leading to 

a reaction-limited condition. 
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Figure 3-7: The modes of ALD deposition into porous structures where (a) a conformal deposition occurs in a reaction-

limited condition, (b) partial surface coverage for diffusion-limited modes, and (c) an uneven deposition rate towards 

the bottom of the nanostructure in recombination-limited modes. 

 

Since ALD will coat the entire sample, the sacrificial Au layer was used to prevent the 

device from applying Pt to the anode and cathode of the diode, resulting in an electrical 

short. Au can be etched using a selective Au etchant such as GE-8148 or Aqua Regia (nitric 

acid and hydrochloric acid). Figure 3-8 shows the device before and after Pt deposition and 

Au removal where a clear Pt boundary is visible. 

 

Figure 3-8: (a) Annealed TiO2 sample with a protective Au layer and (b) after Pt-ALD with the Au layer removed. 

 

During the initial fabrication iterations, a 10-second exposure time was performed. As 

the NTs became longer and wider, a 45-second exposure time was required to diffuse to 

the bottom of the pores. Any defects within the nanotubes such as cracks on the surface or 
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within the NTs created an opening for Pt atoms to reach the Ti foil beneath causing an 

electric short between the anode and cathode.  

 

3.2 Characterization 

3.2.1 X-Ray Diffraction 

X-ray diffraction (XRD) is a technique used to analyze the structure of bulk materials 

by capturing the angles of reflected waves with respect to the incident waves. This is a 

nondestructive and indirect characterization technique that uses the wavelength () of x-

rays (Cu K-α = 1.54 Å) to penetrate between the interatomic distances of the crystal lattice 

points.76 When incident x-rays collide with a crystal lattice point, photons at each crystal 

plane are reflected away from the surface. These reflected waves can either constructively 

or destructively interfere with one another resulting in either sharp peaks or noise, 

respectively, at various incident angles. These peak locations can then be applied to 

Bragg’s law to identify the interatomic spacing (𝑎) between each plane and given as 

2𝑎 ∙ sin 𝜃 = 𝑛𝜆 (3.10) 

 

where n indicates the reflection order. This technique allows us to gather material 

information such as the crystal structure, size, and composition.  

 

3.2.2 Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible spectroscopy (UV/Vis) was used to examine the absorption of the 

electromagnetic spectrum in both stoichiometric and nonstoichiometric TiO2-NTs. This 

technique uses ultraviolet and visible light ranges and measures the intensity of light 
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transmitted through a sample while comparing it to a reference measurement. 

Nonstoichiometric TiO2 appears much darker than oxygen rich, stoichiometric TiO2 

samples due to the Ti3+ species found throughout the lattice points. This study was used to 

show the difference in absorbance between stoichiometric and nonstoichiometric TiO2 

films. 

3.2.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy 

(EDX) were used to examine the surface and cross-sectional areas of the TiO2 

nanostructures. SEM systems use an electron beam to eject secondary and backscattered 

electrons from the material producing a topographical image. Secondary electrons provide 

information regarding the surface structure such as locating any low-density structures 

whereas backscattered images provide information regarding the subsurface features such 

as the density of material. A FEI Quanta 600 FEG Environmental SEM, Figure 3-9, was 

used for this analysis and paired with ESPIRIT and ImageJ software. 
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Figure 3-9: FEI Quanta 600 FEG Environmental SEM 

Parameters such as average diameter, pore circularity ratio, and perimeters were 

gathered using the ESPIRIT software. The circularity ratio is calculated using the 

following: 

circularity ratio =  
4𝜋 ∙ 𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
(3.11) 

 

The Fast Fourier Transform (FFT) was performed on images using the imageJ 

software. This provides us with information on the regularity of the porous structure where 

a hexagonal pattern would indicate a regular periodicity of pore openings. In irregular pore 

distributions the FFT would appear to be circular. 

In addition to imaging, the incident electron beam produces characteristic X-ray 

photons that carry information regarding the chemical composition of the material. The 

energy that these photons carry is related to the outer shell electrons filling vacancies in 
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the inner shell created by the electron beam. As we recall from band theory, electrons 

require energy to move from the valence band to the conduction band. When electrons 

move in the opposite direction, energy is lost or emitted via photons. As seen in Figure 

3-10, SEM systems can be easily fitted with EDS detectors to capture these photon energies 

and characterized on an energy spectrum.  

 

Figure 3-10: Operational overview of an EDS detector. 

 

3.2.4 Current-Voltage and Capacitance-Voltage  

The Schottky barrier height, ideality factor, and series resistance were extracted from 

the I-V measurements using thermionic emission theory, Cheung-Cheung’s method, as 

well as Norde’s method. The ideality factor is extracted using the log J-V forward bias 

slope for thermionic emission theory and Norde’s method by 

η =  
dV

dlnJ

q

kBT
(3.12) 

 

Adjustments in the thermionic emission equation is required to consider the series 

resistances (Rs) in the material. Equation (2.8) changes as follows  
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J =  J0 [exp (
qEa − JRs
ηkBT

) − 1] (3.13) 

 

The Norde method demonstrates a technique to extract the series resistance and 

Schottky barrier height by applying the following equations to the I-V measurements. 

F(V) =  
V

γ
−
kBT

q

J

A∗T2
(3.14) 

ϕsb = F(Vmin) + 
Vmin
γ
−
kBT

q
(3.15) 

Rs = 
kBT

q

γ − η

J(Vmin)
(3.16) 

 

The term 𝛾 is the next integer greater than 𝜂 and Vmin refers to minimum forward biased 

value in Norde’s function, F(V).77 

Cheung and Cheung later proposed an alternative method to find the ideality factor, 

series resistances, and Schottky barrier height. The Cheung and Cheung functions, H(J), 

are stated as follows: 

dV

dlnJ
= IRs + η

kBT

q
(3.17) 

H(J) = V − η
kT

q
ln (

J

A∗T2
) (3.18) 

H(J) = IRs + ηϕsb (3.19) 

 

A linear approximation is required to determine the intercept of the y-axis in Equation 

(3.16) and (3.18) as I approaches zero.78 The y-intercept provides both η and ϕsb with 

slope Rs. 
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The capacitance-voltage measurements were captured for stoichiometric and 

nonstoichiometric TiO2 diodes; however, parasitic capacitance values are to be expected 

in a conformal Schottky barrier that will result in deviations from typical characteristic 

equations. Limitations in the measurement system also prevents using lower testing 

frequencies to account for nanostructured and memristive materials. 

Current-capacitance-voltage measurements are taken using a Keithley 2601A 

source meter (Figure 3-11a) and a HP 4279 C-V meter (Figure 3-11b) using Au-tipped 

micromanipulator probes. The current density was measured between -1.5 and 1.5 V for 

stoichiometric and nonstoichiometric TiO2 diodes and again post-thermal treatment, while 

capacitance measurements were taken between -3 and 0 V with an oscillating frequency of 

1MHz. Capacitance measurements can be used to determine a number of factors such as 

the donor concentration (Nd) and the barrier height given by  

C = A√
εrε0qNd

2 (Vbi + VR −
kBT
q )

(3.20) 

 

where A, 𝜀𝑟, 𝜀0, and VR are the cross-sectional area, permittivity of the semiconductor, 

relativity of free space, and the applied reverse bias potential.69 The C-V measurement is 

typically more accurate in finding the built-in voltage and is found using a linear 

approximation of the 1/C2 plot and determining the location at which the line crosses the 

voltage axis. 
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Figure 3-11: (a) Keithley 2601A Source Meter for Current-Voltage measurements and (b) an HP 4279 C-V meter for 

Capacitance-Voltage measurements. 

 

3.2.5 Numerical Methods 

The method of linear least-squares approximation is used to find a “best fit” linear 

approximation to a non-linear set of data points. This numerical technique allows us to 

solve for the slope of the log J-V plot and the previously mentioned Cheung-Cheung’s 

functions. This algorithm uses existing data points to determine the coefficients a0 and a1 

in the following set of equations.79 

y = a1 ∙ x + a0 (3.21) 

a1 =
n(∑ xiyi

n
i=1 ) − (∑ xi

n
i=1 )(∑ yi

n
i=1 )

n(∑ xi
2n

i=1 ) − (∑ xi
n
i=1 )2

(3.22) 

a0 =
(∑ xi

2n
i=1 )(∑ yi

n
i=1 ) − (∑ xi

n
i=1 )(∑ xiyi

n
i=1 )

n(∑ xi
2n

i=1 ) − (∑ xi
n
i=1 )2

(3.23) 
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The variable n is defined as the total number of measurement points used to find the linear 

approximation. The algorithm used is supplied in Appendix II. 
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4 RESULTS 

 

4.1 Crystal Structure Analysis using XRD 

The TiO2-NTs were annealed at 450°C, 550°C, and 750°C to determine the 

temperature at which crystal phases irreversibly transition from anatase to rutile. Figure 

4-1 shows that the anatase crystal structure is present between 450 and 550°C and begin to  

 

Figure 4-1: X-ray diffraction patterns of TiO2-NTs annealed at 450°C, 550°C, and 750°C. 

 

vanish when annealed at higher temperatures. A hexagonally close packed (hcp) Ti crystal 

structure is present when annealed at or under 550°C and is only found when using an 

ordered array of NTs. In Figure 4-2, an XRD comparison is made between a Ti foil, 

nonstructured TiO2, and TiO2-NTs both annealed at 550°C. 

Diffraction angles for anatase TiO2 were measured at 25.35°, 37.90°, and 48.05°. The 

initial diffraction angles for rutile peaks were determined to be 27.50°, 36.95°, and 55°; 

and hcp-Ti at 35.15°. 
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Figure 4-2: X-ray diffraction patterns of a Ti foil, TiO2 film, and TiO2-NTs annealed at 550°C. 

 

4.2 Surface and Cross-Sectional Analysis using SEM 

The initial anodization parameters involved a 0.5 wt% NH4F and 2.0 vol% water 

concentration. An anodization time of 20 minutes resulted in a topological collapse in tube 

structure as shown in Figure 4-3. Thermal treatment of these collapsed tubes show 

randomized nanoparticle features throughout the surface. 

 

Figure 4-3: Initial anodization trial where the surface of the NTs exhibited (a) a collapse in the porous structure and (b) 

developed random particle features after thermal annealing.  
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The backscatter electron image of Figure 4-3a shows a subsurface (approx. 10 nm) 

formation of nanotubes given in Figure 4-4.  

 

Figure 4-4: Backscatter image of the initial anodization parameters. 

 

In the next iteration the anodization time was reduced to 15 and 10 minutes and 

revealed a visible porous structure. The surface quality still contained unwanted TiO2 

crystal features as shown in Figure 4-5. 

 

Figure 4-5: 15-minute anodization time where (a) pores are clearly visible but (b) a large-scale distribution of unwanted 

nanoscale features remained on the surface. 
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At a 10-minute anodization time, the surface features went away, however, produced 

a randomly arranged porous structure with deep surface cracks throughout the surface, 

shown in Figure 4-6. These cracks were found in previous iterations that were not 

addressed until this iteration. 

 

Figure 4-6: (a) 10-minute anodization where surface features are removed, however, (b) subsurface cracks are found 

throughout the structure using backscatter imaging. 

 

Environmental parameters were found to affect the surface crack propagation such as 

annealing in atmospheric conditions, pure O2, and under vacuum. Vacuum conditions 

eliminated most surface defects; however, I-V measurements revealed an altered material 

characteristic when forming a Schottky barrier. The annealing temperature ramping rate 

was adjusted to 3°C/min for the remainder of this study. 

After reducing the anodization time to 3 minutes, the surface structure formed an 

improved and lowered defect quality under controlled annealing parameters. After Pt 

deposition, however, the pore openings appeared to dramatically shrink in size, as seen in 

Figure 4-7a. A cross-sectional backscattered image, Figure 4-7b, shows a dense, brighter 

portion within the NTs, indicating the locations of Pt-ALD deposition. This deposition 
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quality will be further discussed in the next section. By reducing the ramping rate and 

anodization time, the surface defects appeared to be significantly reduced, however, later 

we find that a change in fluorine ions and water concentration within the electrolyte 

solution results in the elimination of surface defects. 

 

Figure 4-7: (a) 3-minute anodization with an annealing temperature ramping rate of 3°C/min along with the (b) cross-

sectional area with NT length of about 625 nm. 

 

A two-step anodization process was examined to eliminate the initial porous film and 

make use of the surface template to create a more uniform porous structure. The initial 

nanotubes require a minimum length of about 1 µm to successfully remove them from the 

Ti film. The sample was submerged in a glass beaker filled with deionized water and 

ultrasonicated for 1 hr. We can clearly see a crack-free, porous structure after this iteration, 

however, there is a widely uneven distribution of diameters that range from 60 to 160 nm, 

as seen in Figure 4-8.  
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Figure 4-8: (a) Surface pattern left behind after a 1-hour ultrasonic cleaning and the (b) Pt coated porous TiO2 structure 

formed after a 2nd anodization step. 

After reviewing the anodizing solution, adjustments were made such that the wt% 

NH4F and vol% water was changed to 0.4% and 10.0%, respectively. This change allowed 

for a longer anodization time and resulted in a uniform distribution of pores throughout the 

surface. Figure 4-9 shows the resulting NT array with its respective FFT. The FFT, using 

the imageJ software, shows a hexagonal structure indicating that the pores have periodicity 

and are mostly hexagonally arranged. 

 

Figure 4-9: SEM image of the Pt/TiO2 surface with a corresponding Fast Fourier Transform. 
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The average pore diameter is given in Figure 4-10 where over 60% of the pores, after 

Pt deposition displayed a pore diameter above 120 nm with an average diameter of 121 

nm. Figure 4-11 presents the average circularity and perimeter and was determined to be 

1.46 and 372 nm, respectively. 

 

Figure 4-10: Average pore diameter analysis. 

 

  

Figure 4-11: Circularity ratio and average pore perimeter. 

These values can be used to determine the total surface area of the diode and leads to 

the values found in the table below. 

Table 4-1: Calculated cylindrical surface area, the number of pores per area, and the overall aspect ratio. 

Cylindrical Surface Area Pores per Area 𝐀𝐬𝐩𝐞𝐜𝐭 𝐑𝐚𝐭𝐢𝐨 =
𝐥𝐞𝐧𝐠𝐭𝐡

𝐝𝐢𝐚𝐦𝐞𝐭𝐞𝐫
 

𝟏. 𝟓 
𝛍𝐦𝟐

𝐩𝐨𝐫𝐞⁄  30 
pores

μm2⁄  33-35 
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The growth rate for a given anodization time is characterized by using the cross-

sectional images of the NT arrays, presented in Figure 4-12. 

 

Figure 4-12: NT growth rate vs. Anodization time 

 

4.3 Elemental Composition using EDX and Backscatter Imaging 

Initial ALD deposition for the short 625 nm NTs resulted in a uniform coverage 

throughout the porous structure. A 10-second Pt exposure provided enough time to allow 

the Pt precursor gas to diffuse into the porous structure, as shown in Figure 4-13. Here, an 

elemental composition is combined to show the location of energetic photons with energies 

corresponding to the elements Pt, Ti, and O. 
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Figure 4-13: EDX analysis of the cross-sectional area of a 625 nm long NT. 

Backscattered electron images provide density information where the Pt metal is a 

higher density than TiO2 and shown as a brighter surface. This allows us to visualize the 

location of Pt deposits throughout the NT structure, as presented in Figure 4-14. These 

NTs were grown for 45 minutes with a length of 3.3 m and ALD exposure time of 20 

seconds. We can see a high density of metal deposits throughout the inner walls of the 

NT arrays; however, the exposure time or concentration of the precursor gas will need to 

be increased to provide a reaction-limited condition. 

 

Figure 4-14: (a) Secondary and (b) backscatter electron images showing low density areas indicating a diffusion-

limited deposition regime. 
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The bottom of the NT array indicates a slight Pt discontinuity throughout the inner 

tube walls as indicated by the horizontal stripes in Figure 4-15. This is likely attributed to 

the nucleation step in the ALD process where islands are initially formed.80 

 

Figure 4-15: Discontinuous Pt deposition at the bottom of the NTs. 

 

NTs were grown for 60-minutes and exposed to the Pt precursor for 45-seconds to 

ensure conformal deposition. Figure 4-16 shows the EDX analysis of the materials found 

throughout the Pt/TiO2-NT diode. 
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Figure 4-16: The (a) cross section of the Pt/TiO2-NT array with a (b-d) corresponding elemental composition map for 

Pt, Ti, and O. 

 

A brief material comparison was made between samples annealed under atmospheric 

conditions, pure O2, and under vacuum and is presented in Table 4-2. 

Table 4-2: Mass % of elements found under different annealing conditions. 

Element Atomic 

Number 

Mass % 

Atm O2 Vacuum 

Titanium 22 61.2 60.5 60.9 

Oxygen 8 37.8 38.3 37.8 

Fluorine 9 0.0 0.2 0.3 

 

It is important to note that an initial atmospheric annealing is required to remove any 

residual fluorine ions from the TiO2 material. The conduction mechanism behind fluorine 

ions is not yet fully understood for anatase crystal structures, however, these ions will likely 

lead to a reduction in the bandgap energy due to the modifications of energy levels around 

the conduction band edge. 
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4.4 UV-Vis Spectrum 

Stoichiometric and nonstoichiometric TiO2 was obtained through air and vacuum 

annealing, respectively. Nonstoichiometric samples displayed a darker film due to the Ti3+ 

species introduced through oxygen vacancies. The UV-vis analysis shows that in the visible 

region of the electromagnetic spectrum, nonstoichiometric samples absorbed more photons 

above 350 nm as shown in Figure 4-17. In the UV region, both samples showed similar 

absorption ratings where nonstoichiometric TiO2 was found to be absorb photons across 

the entire visible spectrum. These results align with previous literature comparing the two 

films allowing us to confirm nonstoichiometric TiO2.
81 

 

Figure 4-17: UV-vis spectrum of stoichiometric and nonstoichiometric TiO2-NTs. 

 

4.5 Current – Voltage Characteristics 

Before reviewing the Schottky diode characteristics, it was found that the 

electrochemical anodization process has a dynamic resistivity as a function of time. 

Initially, the resistance is nearly zero and then begins to significantly increase over a short 

period of time, as seen in Figure 4-18.  
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Figure 4-18: Resistance in the electrolyte increases during the anodization process for one minute before slowly 

decreasing at 3.3 mΩ/min as Ti ions enter the solution. 

 

Stoichiometric TiO2 is plotted in Figure 4-19 where the as-deposited Pt samples were 

found to have an ideality factor of about 3.7 and the post-thermally treated samples at 

η=2.04. The semi-log plot of the post-thermal samples is discontinuous due to system 

limitations in the 2601 source meter.  

 

 

Figure 4-19: (a) Current-Voltage characteristics of stoichiometric TiO2-NT Schottky diodes for the as-deposited Pt and 

thermally treated diodes. (b) Semi-log plot with corresponding ideality factors. 
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Thermal treatment above 350°C was found to have reduced performance in current 

density where crystal phase changes begin to occur. The rectification ratio, IF/IR, for the as-

deposited was found to be 1015 and thermally treated samples at 350°C and 400°C were 

found to be 3294 and 552, respectively.  

Nonstoichiometric, reduced TiO2 samples were found to have a smaller built-in 

voltage and improved ideality factors. However, thermally treated nonstoichiometric 

diodes exhibited a shunt conductance regime and a lower current density (Figure 4-20). It 

is important to note that a post-thermal treatment reduced the reverse bias current leakage 

by about two-orders of magnitude for both stoichiometric and nonstoichiometric devices. 

The IF/IR ratio for the as-deposited, 350°C, and 400°C samples were 8, 82, and 144, 

respectively. We can see that the rectification is much lower compared to the stoichiometric 

samples by a factor of 102. 

 

 

Figure 4-20: (a) Current-Voltage characteristics of nonstoichiometric TiO2-NT Schottky diodes for the as-deposited Pt 

and thermally treated diodes. (b) Semi-log plot with corresponding ideality factors and fitted curve (blue). 
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Figure 4-21: Equivalent circuit with a parallel, or shunt, conduction path. 

The shunt path can be modeled using the equivalent circuit found in Figure 4-21 

where the characteristic equation can be found using Kirchhoff’s current law and is as 

follows. 

J =  J0 [exp (
q(Ea − JRs)

ηkBT
) − 1]  + 

Ea − JRs
Rp

(4.1) 

Here, the shunt resistance was fit to the J-V curve in Figure 4-20 and found the parallel 

resistance, Rp, to be on the order of 105 Ω. 

A combined plot for Norde’s method is provided in Figure 4-22, where we can see the 

V locations to gather the Fmin values the extracted barrier height and series resistances are 

presented in Tables 4-3 and 4-4. 

 

Figure 4-22: Norde’s method plot F(V)-V for both stoichiometric and nonstoichiometric TiO2-NT diodes. 
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Cheung and Cheung’s equations are plotted on a double Y axis in Figure 4-23 where 

the left and right axis correspond to the 
dV

dlnJ
 and H(V) functions with respect to the current 

density J. 

 

Figure 4-23: Cheung and Cheung's functions plotted for (a) stoichiometric and (b) nonstoichiometric TiO2-NT diodes. 

 

Table 4-3 compares the as-deposited stoichiometric and nonstoichiometric Pt/TiO2 

Schottky diodes using two Richardson constants of 1200 [A/cm2K2] and 0.0028 

[A/cmK2/3]. 

Table 4-3: As deposited Pt/TiO2-NT Schottky diodes. 

As Deposited 
Richardson 

Constant 

Thermionic 

Emission Model 
Norde’s Method 

Cheung-Cheung 

Method 

sb(eV)  sb(eV) Rs(Ω) sb(eV)  Rs(Ω) 

Stoichiometric A3D
* 1.07 3.75 1.05 4.74 0.89 3.95 7.50 
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A2D
* 0.66 3.7 0.64 4.74 0.49 3.95 7.30 

Nonstoichiometric 
A3D

* 1.00 2.4 0.88 12.49 0.63 4.37 16.12 

A2D
* 0.59 2.4 0.47 12.49 0.38 4.37 16.12 

 

Table 4-4 compares the post-thermal treatment devices using the two Richardson 

constants used above. 

Table 4-4: Post-thermal treatment Pt/TiO2-NT Schottky diodes. 

Post-Thermal 

Treatment 

Richardson 

Constant 

Thermionic 

Emission 

Model 

Norde’s Method 
Cheung-Cheung 

Method 

sb(eV)  sb(eV) Rs(Ω) sb(eV)  Rs(Ω) 

Stoichiometric 
A3D

* 1.14 2.04 1.33 14.3 1.1 2.4 9.40 

A2D
* 0.72 2.04 0.92 14.32 0.68 2.41 9.40 

Nonstoichiometric 
A3D

* 0.96 2.03 1.25 18.37 1.10 2.01 22.54 

A2D
* 0.55 2.03 0.84 18.37 0.69 2.01 22.54 

 

The log-log plot for both stoichiometric and nonstoichiometric samples is shown in 

Figure 4-24. As previously mentioned, limitations in the 2601A source meter prevented a  

 

Figure 4-24:Log-Log plot for both stoichiometric and nonstoichiometric TiO2-NT diodes. 
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continuous current measurement for the post-thermally treated stoichiometric sample. 

Region I, II, II, and IV indicate the ohmic, space charge limited conduction (SCLC), trap-

filled limit, and the trap-free SCLC, respectively. The slopes for each region are given in 

Table 4-5. 

Table 4-5: Slopes in each region of the log-log plot. 

 
Region 

I II III IV 

Stoichiometric 

As Deposited 1.59 3.34 7.24 4.44 

Post-Thermal 

Treatment 
0.83 1.98 16.14 6.58 

Nonstoichiometric 

As Deposited 1.95 4.20 5.92 2.53 

Post-Thermal 

Treatment 
1.20 4.81 12.33 3.28 

 

Trap-limited and space charge limited current (SCLC) is commonly illustrated in a 

log-log plot due to its power law relationship 82. Recently, the parameter, G, was introduced 

to mark transitions of rapidly rising current in the diode J-V conduction curves 83–85. This 

metric is defined as: 

G = 
dlog(J)

dlog(V)
(4.2) 

where the derivatives are known to have more sensitivity to slope changes. This 

provides a simple identification of a transition voltage proportional to the built-in potential 

(Vbi). Coincidentally, these peaks in the G-V curve indicate a trap-filled limit and a 

transition into SCLC. Figure 5 presents the log-log J-V and G-V curve for (a) 

stoichiometric and (b) nonstoichiometric samples before and after thermal treatment. 

Before thermal annealing, the diodes suggest discrete traps with a concentration density of 
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~1010 cm-3
 at around 0.4 V with a secondary peak indicating the presence of discrete traps 

of varying concentrations.84 Post-fabrication annealing shows the trap-filled limit transition 

peak increased between 0.81 V and 0.83 V for stoichiometric and nonstoichiometric TiO2, 

respectively. The peak shift from 0.4 V to 0.8 V indicates an increase in trap densities for 

both devices. It is also worth noting that a post fabrication annealing results in an increase 

in trap depth as indicated by the downward shift in in the log-log curves in Figure 4-25.86 

 

Figure 4-25: Forward bias J-V and G-V curves for (a) stoichiometric and (b) nonstoichiometric samples. G-V 

characteristics represent the transition voltage between the trap-limited and SCLC regions. 
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4.6 Capacitance – Voltage Characteristics 

The C-V measurements of the diode were taken before and after thermal treatment at 

50 mVp-p and 1 MHz, see Figure 4-26.  

 

Figure 4-26: Capacitance-Voltage measurements of as-deposited and post-thermally treated stoichiometric and 

nonstoichiometric TiO2-NT Schottky diodes. 

 

For common, non-resistive, diodes, the C-V plots can be used to determine electronic 

parameters such as the built-in voltage, the carrier concentration, depletion widths, and 

Schottky barrier height. In this material, however, the C-V measurements at 1MHz 

displayed little variation in capacitance values which led to incorrect extractions of 

electronic parameters. The built-in voltage can be obtained by taking the 1/C2 plot and 

linearly fitting the curve and determining where the line crosses the x-axis. This 

measurement resulted in a built-in voltage of 10-11 V which does not match the J-V 

characteristics. Due to limitations, we were unable to capture lower frequency values which 

may have provided us with a more accurate capacitance-voltage measurement. 
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5 CONCLUSION & FUTURE WORK 

 

5.1 Conclusion 

The improvements in microelectronic fabrication processes have dramatically 

increased over the past two decades allowing for a more precise control over nanostructure 

geometries. Stoichiometric TiO2-NTs can be easily fabricated with high geometric 

precision and can be tuned for a variety of applications. This thesis described the 

experiments performed to synthesize highly ordered TiO2-NT arrays using electrochemical 

anodization. We discover that a perfect and sensitive balance between the NH4F, water 

concentration, recrystallization parameters is necessary to develop a uniformly arranged 

nanostructure. The stoichiometric and nonstoichiometric TiO2-NTs were coated with Pt, 

forming a conformal Schottky barrier where a current rectification behavior was observed 

between the anode and cathode. The metal contact deposition required enough time to 

diffuse into the porous structure as well as a high enough precursor concentration to ensure 

a conformal coating.  

Material characterization techniques such as XRD and SEM showed that the crystal 

structure was predominantly in the anatase phase and that the surface quality improved 

after changing anodization and annealing parameters. Annealing TiO2 in a vacuum 

environment was discovered to create a new parallel resistance behavior in the material 

attributed to oxygen vacancies. The electrical measurements, such as I-V and C-V, were 

applied to both stoichiometric and nonstoichiometric TiO2 diodes. The M-S diode 

parameters such as the Schottky barrier height, ideality factors, and series resistances were 
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extracted from the I-V measurements using thermionic emission equations, Cheung-

Cheung’s method, as well as Norde’s method. 

The electrical characteristics of stoichiometric TiO2-NT diodes displayed a 

rectification ratio by three orders of magnitude for both as-deposited and post-annealed 

samples. Reverse bias current was found to be improved by two orders of magnitude after 

a thermal treatment. The nonstoichiometric diodes, however, showed a more resistive 

behavior with only one to two orders of magnitude for the as deposited and post-annealed 

samples, respectively. A parallel, or shunt, resistance was formed in the post-annealed, 

nonstoichiometric samples indicating that ohmic conduction occurs before the turn-on 

voltage.  

 

5.2 Future Work 

Nonstoichiometric TiO2 diodes exhibit a resistive switching, or memristor, behavior 

due to the Vo sites, a behavior that biological dendrites and neurons exhibit. Memristor 

applications are slowly integrating into the field of neuromorphic computing for artificial 

intelligence algorithms. Additional experiments are needed to understand and control the 

location of Vo sites in anatase TiO2 materials to develop a reproducible fabrication process. 

There are still many unknowns in nonstoichiometric TiO2 that are waiting to be discovered 

and can significantly improve future technologies. Another area to investigate is the 

mechanism behind the fluorine ions during the annealing process. When annealed in a 

closed environment after electrochemically anodizing, fluorine ions appear to remain 

within the crystal. Fluorine ions can be considered a dopant, providing more electrons 

through either interstitial or substitutional defects. 
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Our current understanding of parasitic capacitance and resistances in conformal M-S 

interfaces requires further understanding. The capacitance and parallel resistances along 

the NT walls and at the bottom play different roles in the conduction process that has yet 

to be characterized for conformal barriers on TiO2-NTs.  
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APPENDIX 

 

I. Reverse Saturation Current Density 

The current density flowing out of a surface in the z-direction is given by  

𝐽0 = 2𝑞 (
𝑚∗

2𝜋ℏ
)
𝑁

𝑣𝑧𝑑𝑣𝑥𝑑𝑣𝑦𝑑𝑣𝑧 ∙ exp (
𝐸𝐹
𝑘𝐵𝑇
⁄ ) ∙ 𝑒𝑥𝑝 (

−𝑚∗(𝑣𝑥
2 + 𝑣𝑦

2 + 𝑣𝑧
2)
2𝑘𝐵𝑇
⁄ ) (I. 1) 

where m*, N, ℏ, 𝑣, and EF are the effective mass, dimensionality, Planck’s constant, 

velocities, and Fermi energy, respectively. For bulk, macroscale semiconductors the 

dimensionality is 3 (3D) and the components 𝑣𝑥 and 𝑣𝑦 both contribute to the current flux. 

By using the integration identities 

∫ 𝑒𝑥𝑝(−𝑎𝑣2)

∞

−∞

𝑑𝑣 =  √
𝜋

𝑎
(I. 2) 

∫ 𝑣𝑧 ∙ 𝑒𝑥𝑝(−𝑚𝑣𝑧
2) ∙ 𝑑𝑧 =  

𝑘𝐵𝑇

𝑚∗
∙ 𝑒𝑥𝑝 (

−(𝐸𝐹 + 𝜙𝑠𝑏)
𝑘𝐵𝑇
⁄ )

∞

𝑣𝑧,0

(I. 3) 

we obtain a 3D saturation current density of 

𝐽0,3𝐷 =
4𝑞𝜋𝑚∗𝑘𝐵

2

ℎ3
∙ 𝑇2 ∙ 𝑒𝑥𝑝

−𝜙𝑠𝑏
𝑘𝐵𝑇
⁄ (𝐼. 4) 

where the first term is typically denoted as the variable A*, the Richardson constant, with 

units of [A/m2K2]. 

For two-dimensions, only one other 𝑣 component contributes to the transmission 

equation and is characterized by the following equation. 

𝐽0,2𝐷 =
𝑞

ℎ2
√8𝜋𝑚∗𝑘𝐵

3 ∙ 𝑇3 2⁄ ∙ 𝑒𝑥𝑝
−𝜙𝑠𝑏

𝑘𝐵𝑇
⁄ (I. 5) 

It is important to note the units of A* are [A/mK3/2]. 
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II. Linear Least-Squares Regression Algorithm 

Variables x and y indicate voltage and current measurements, respectively. 

n = length(x); 

  

sumx = sum(x); 

sumxx = sum(x.*x); 

sumxy = sum(x.*y); 

sumy = sum(y); 

  

D = n*sumxx - sumx^2; 

  

a0 = (sumxx*sumy - sumxy*sumx)/D; 

a1 = (n*sumxy - sumx*sumy)/D; 
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