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Abstract 

The unique advantages like low temperature processing with device-level quality and 

high transparency give ZnO an edge over other semiconductors and extremely attractive for 

flexible and transparent electronic applications and hybrid circuits integration on sensors. 

Currently, reliable and reproducible p-type ZnO remains the most daunting obstacle strangling 

the development of junction devices based on this material system. To enable functional devices 

applications including UV photodetector, power diode in rectifier circuits like RFID, metal 

semiconductor field effect transistors (MESFET), source-gated thin film transistor (SGTFT), etc., 

rectifying Schottky contacts to ZnO have been intensively studied for decades. Many 

considerable progresses have been achieved in producing of ZnO Schottky contacts on bulk ZnO. 

However, for many applications, reliable high quality Schottky contacts on ultra-thin 

polycrystalline ZnO active layer are required. The ultra-thin active layer is beneficial to reduce 

the turn-on series resistance and promote the flexibility of the devices. 

Most of the reported metal/ZnO thin film Schottky diodes, particularly for those with an 

active layer getting down to 100 nm, suffered from large levels of extraneous traps which lead to 

poor rectifying behavior, low Schottky barrier height and large ideality factor. Numerous 

fabrication methods and interface pretreatments have been attempted to produce high 

performance diodes with low defects, high Schottky barrier, low ideality factor and subsequently 

high rectifying behavior. In the work presented in this dissertation, a novel low temperature 

plasma-enhanced atomic layer deposition (PEALD) technique with in situ plasma surface 

pretreatment has demonstrated its feasibility to produce high-performance vertical Schottky 

nanodiodes with 30 nm thick ZnO active layer grown at near room temperature (50 °C). The best 
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diode achieved in this work demonstrated remarkable room temperature performance with 

rectifying ratio of ~106, effective barrier height values of 0.76±0.014 eV, ideality factor values of 

1.140±0.007, series resistance down to 90 Ω at 1V and breakdown field of at least 1.67 MV/cm.  

To optimize the fabrication conditions, a series of devices with various ZnO deposition 

temperatures down to 50 °C and pretreatment and different bottom electrodes were fabricated 

and characterized by material study and electrical study. The material characterizations showed 

that the films composition, surface morphology and crystalline structure depended on the ALD 

recipe and substrate material.  The electrical measurements evaluated the electrical performance 

and indicated the defects level across the Schottky barrier.  

The effect of barrier inhomogeneity, which widely existed in metal-oxide semiconductor 

interface, on the temperature dependent behavior of the diode was observed and attributed to the 

nanocrystalline nature of the materials and interface defects lying in the bandgap. In addition, we 

demonstrate an interesting time-related improvement of the Schottky nanodiodes performance, 

which is potentially important for long-term usage.  

Finally, analytical simulations of the diode’s current-voltage characteristics were carried 

out taking into account the other mechanisms like image force lowering and thermionic field 

emission in the carrier transport. The significant roles of other mechanisms besides thermionic 

emission were revealed for this specific configuration. We believe the advances achieved in this 

dissertation are important to the development of ZnO based technology, especially in the fields 

requiring low synthesis temperature.  
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Chapter 1                                                                             

Zinc Oxide for Semiconductor Devices                                                                           

1.1 HISTORIC RESEARCH AND DEVELOPMENT ON ZNO 

Since the first semiconductor transistor was invented in 1947, semiconductor industry has 

grown to be a 312 billion US dollars in 2011 and is expected to grow 5 times larger in 2025 

because of the increasing demand for smart media1. Si-based devices have continuously 

dominated the current commercial market in integrated circuits and discrete devices for power 

switching, computing, communication and data storage. As to optoelectronic and high-speed 

applications, gallium arsenide (GaAs) became the semiconductor of choice because of its 

superior optical characteristics and electron transport properties comparing to Si. GaAs is a direct 

bandgap semiconductor, whereas Si is indirect, hence GaAs is more efficient for optoelectronics 

application. GaAs also has higher carrier mobility than Si2, which lead to faster devices. 

However, with increasing demand for greater power handling, larger frequency, and higher 

temperature electronics and UV/blue light emitter applications, the performances of Si-based and 

GaAs-based techniques have approached their theoretical limits of this material and thus they 

have little room for further improvement. In order to satisfy this increasing demand, it becomes 

urgent to search for other semiconducting materials and develop their synthesis and processing 

techniques. Wide bandgap semiconductors have been studied extensively in recent years, 

because of their inherent material advantages for electronics applications. They have larger 

energy bandgap, higher thermal conductivity, higher breakdown voltage, and comparable carrier 

mobility compared to Si and GaAs3. Many researchers have put efforts in finding optimum wide 
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bandgap compound semiconductor materials for power and optical applications2,4,5. SiC is 

expected to be superior to both Si and GaAs in electronic applications4, and is the most common 

compound semiconductor material other than Si used in power electronics at the present time. In 

the past two decades, GaN-based technology has achieved remarkable breakthrough. The 

development of GaN-based devices has revolutionized many industries including lighting, 

biotechnology, communication, medicine and imaging6,7. ZnO is an emerging wide-gap 

compound semiconductor material rivaling with GaN and SiC. 

Indeed, ZnO is an “old” material appearing since the Bronze Age. It has been used for 

over hundred years as paint pigment, catalysts8, cosmetics, lubricant additives, materials in gas 

sensor9, materials for transparent conductive electrode10, materials for piezoelectric devices11 and 

materials for varistors12. These mature areas led to a fairly large amount of the annual usage of 

ZnO. As early as 1957, a book entitled “Zinc Oxide Rediscovered” was published by the New 

Jersey Zinc Company to promote the materials’ “frontier” characteristics for semiconducting, 

catalytic, ferrite, luminescent, photoconductive and photochemical, and other potential 

applications13. At that time, research focused mainly on polycrystalline ZnO growth, 

characterization and applications. Polycrystalline ZnO was developed and used in surface 

acoustic wave (SAW) devices owing to large electromechanical coupling, varistors and 

transparent conductive films (TCO). Later, with the developing of GaN-based technologies, new 

need for high-quality single crystal ZnO as an alternative substrate for GaN and InGaN epitaxy 

was proposed originally because of their lattice match. This drove ZnO growth techniques for 

fabricating large area wafers in both bulk and epitaxial forms to be improved economically and 

reproducibly14–16. The realization of high quality large area ZnO wafer led to potential 

opportunities of ZnO as a semiconductor device material for a range of applications including 
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power diodes, field effect transistors, UV light emitting diodes (LEDs), UV photodetectors, 

transparent conducting oxide (TCO), etc. 

1.2 PROPERTIES OF ZINC OXIDE 

ZnO has a number of superior properties for electronic and optoelectronic applications. 

Its electrical parameters are listed in Table 1.1 compared to those of GaN and Si. ZnO has a high 

melting point of 1975 ºC and an excellent thermal stability. ZnO is an II-VI compound 

semiconductor with a direct wide bandgap of 3.37 eV at room temperature. Compare to those of 

GaN, ZnO has a larger exciton binding energy of 60 meV, which will potentially enhance 

luminescence efficiency for light emitting devices and laser diodes utilizing excitonic transitions. 

ZnO has a higher saturation velocity while its electron Hall mobility in single crystal at room 

temperature is slightly lower, both of which are important for device performance. The effects of 

those intrinsic properties on the electronics devices quality are evaluated by the methods 

introduced in section 1.3.   

 
Furthermore, ZnO has better radiation resistance for space and harsh environments 

applications. ZnO is non-toxic and environmental friendly. ZnO has a relatively low-cost native 

substrate, which is significant for minimal lattice mismatch in developing lasers and LEDs 

Table 1.1 Comparison of electrical properties of ZnO, Si and GaN bulk materials3,13,18,19,209–213. 

Properties Si ZnO GaN 

Bandgap at 300 K (eV) 1.12 3.37 3.44 

Exciton Binding Energy (meV) / 60 25 

Electron Hall Mobility (cm2/Vs)* 1500 440 1250 

Hole Hall Mobility (cm2/Vs)* 600 5-50 850 

Saturated Electron Velocity (107 cm/s) 1.3 3.2 3 

Dielectric Constant 11.8 8.9 9 

Thermal Conductivity() (W/m-1K-1) 1.3 1.16 (40 for sintered ZnO) 2.3 

* Carrier Hall mobility values compiled are from reported measurement at room temperature. 
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applications. ZnO is also attractive in quantum well engineering due to its tunable bandgap via 

divalent substitution on the cation site while still keeping the wurtzite structure. For example, 

with Mg substitution in ZnO, the bandgap has been increased to ~4.0 eV; a lower bandgap of 

~3.0 eV has been achieved with Cd substitution17.  

1.2.1 Crystal Structure of ZnO 

ZnO is normally formed in hexagonal (wurtzite) crystalline structure (see Figure 1.118), 

with lattice parameters a=0.325 nm and c=0.521 nm. Zinc atom locates in the center of 

tetrahedron, bonding with 4 oxygen atoms on the corner. Since the electronegativity of Zn and O, 

1.65 and 3.44 separately, have a large difference, chemical bonding between the atoms are highly 

ionic, where electrons form d orbit of Zn atoms hybridize with those from p orbit of O atoms. 

Ideal hexagonal structure shows c/a = 1.633 while ZnO has a ratio of 1.602 slightly off from the 

ideal wurtzite structure. Consequently, with alternating zinc and oxygen layers stacking on 

[0001] and [000 1  ] direction separately, polar surface is induced on c-axis. This property drives 

ZnO nanostructure to grow preferably in c-axis orientation. 

 

Figure 1.1. ZnO wurtzite crystal structure18. 
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1.2.2 Electrical Properties of ZnO  

Conductivity in ZnO is extremely defect related and ranges from metallic to insulating. 

Electrical conduction in unintentionally doped films of these oxides occurs because of intrinsic 

defects, such as interstitial metal or oxygen vacancies, which donate free electrons. These oxide 

semiconductors are therefore inherent n-type or electron conductors, and oxide semiconducting 

films can be engineered with electron carrier concentrations more than 1021 cm–3 and mobilities 

greater than 50 cm2V-1s-1 even with polycrystalline or amorphous structure19–22. With its high 

conductivity and high transparency, ZnO would be an alternative to indium tin oxide (ITO) as 

transparent conducting oxide (TCO), especially important since ITO is facing a potential world-

wide shortage with increasing demand for solar cell industry23,24. 

Similar to other wide-bandgap semiconductors, ZnO suffers from doping asymmetry 

issues since its valence band is relatively far from the vacuum level. Since 1970, significant 

efforts were made to study doping and implantation of impurities into ZnO. It was found that 

ZnO is inherently n-type. The p-type conductivity in ZnO is proven to be a difficult challenge till 

now25,26. The first convincing results of well characterized p-type ZnO homoepitaxial films 

fabricated by molecular beam epitaxy (MBE) were published by Look et al. and the advance can 

potentially lead to realization of p-n junction ZnO light emitting diodes (LED)27. Other than 

Look’s work, the production of reproducible p-type material is still elusive. In order to 

controlling the conductivity in ZnO, researchers have put strong efforts to learn the role of native 

point defects. For a long time, Zn interstitials, O vacancies and Zn antisites have been assumed 

as the main causes for n-type conductivity28.  In contrast, recent reports show that this attribution 

may be wrong. Zn interstitials act as shallow donors but have a high formation enthalpy in n-type 
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ZnO. Then it is unlikely to contribute to n-type conductivity. When Fermi level (Ef) shifts 

towards the valence band maximum, the formation energy of Zn interstitials decreases 

dramatically. This means it is very likely to compensate p-type impurities. Oxygen vacancies are 

a deep donor and have a low formation enthalpy in p-type material. Hence, it is not responsible 

for n-type conductivity but it can prevent the achievement of p-type conductivity. Zn antisites are 

a deep donor as well and have a high formation enthalpy in p-type. Thus it may not be account 

for either n-type conductivity or compensation center in p-type material29.  Instead, for as-grow 

n-type conductivity, the unintentional background hydrogen at interstitial or substitutional sites 

act as shallow donor and can be responsible for the n-type conductivity30. Other impurities such 

as Ga, In and Al can also form shallow donor centers. On the other hand, there are only few p-

type doping candidates for ZnO having been reported including nitrogen, P, As or Sb4. Despite a 

lot of efforts have been made by researchers to solve the doping asymmetry issues, The 

production of  reproducible p-type ZnO remains a formidable challenge for the moment31, and 

reproducible homogeneous junctions based on p-type and n-type dopants in ZnO have not been 

reported to date. The lack of reliable p-type ZnO materials prevents the development of high 

quality ZnO based homogeneous junction devices. 

1.2.3 Optical Properties of ZnO  

ZnO optical bandgap is in the range of 3.2 to 3.4 eV. It is transparent to visible light but 

has a sharp UV cut off at around 380nm in transmission. As a direct bandgap semiconductor, 

ZnO photoluminescence (PL) processes consisting of electron-hole pair generation excited by 

photons having energies greater than the ZnO bandgap energy and recombination of excited 

states to generate emissions centered about 380 nm. However, visible ZnO PL emissions with 
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green and orange bands centered about 500 nm and 630 nm respectively have also been 

observed. The visible bands emissions are found to be correlated to intrinsic defects in the grown 

films with strength dependence on the amount of defects. It is generally accepted that the green 

bands are related to oxygen depletion and the orange bands are related to excess oxygen32. Hence, 

the PL emissions can be used as indicators for defects levels in the ZnO films. 

Since potential optoelectronics applications of ZnO overlap significantly with those of 

GaN, ZnO is usually regarded as a potential alternate to the more mature GaN material system 

due to their similar bandgap for device applications, large exciton binding energy, relatively low-

cost native substrates, etc. It is given that GaN-based optoelectronic devices are already mature 

with commercial products available. For example, GaN-based light emitting diodes (LEDs) have 

gained a large market because they have higher efficiency than even the fluorescent bulbs, and 

blue lasers are already applied in high-density data storage system. For ZnO, the large exciton 

binding energy (60 meV) makes it promising for even brighter optical emitters than GaN (25 

meV) optoelectronics. 

1.3 DEVICE FIGURE OF MERITS  

The important parameters including breakdown voltage (VBV), on resistance (Ron), 

maximum current density (Jmax), off leakage (Ioff), and material reliability, are used to evaluate 

power devices. Since the electrical properties are all related to the fundamental material 

properties, figure of merits (FOMs) were generated by various researchers based on these 

relationships, such as Johnson’s figure of merit (JFOM), Keyes’ figure of merit (KFOM), 

Baliga’s figure if merit (BFOM), and Baliga’s high frequency figure of merit (BHFFOM). Those 
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figures of merit provide insights for the evaluation of materials from which devices could be 

fabricated.  

In 1965, Johnson derived a figure of merit to compare the switching capability of 

semiconductors device which defines the power-frequency product for a low voltage transistor. 

The tradeoff between the cut-off frequency (fT) and the maximum allowable voltage-ampere 

performance are shown to be related to the critical electric field and saturation velocity of the 

semiconductor as given by33  

𝐽𝐹𝑂𝑀 = (
𝐸𝐶𝜐𝑠

2𝜋
)

2

                                   (1.1) 

Which suggests that semiconductor with wider band gap would have an edge over narrow band 

gap semiconductor in switching properties. In 1972, Keyes derived a figure of merit providing a 

thermal limitation to the switching behavior of transistors used in integrated circuits as given 

by34  

𝐾𝐹𝑂𝑀 = 𝜆 (
𝑐𝜐𝑠

4𝜋𝜖
)

1/2

                                   (1.2) 

Where λ is the thermal conductivity, c is the velocity of light and ϵ is the dielectric constant of 

the semiconductor. In 1983, Baliga derived a figure of merit which defines material parameters 

for minimum conduction losses in high power devices as given by35 

𝐵𝐹𝑂𝑀 = 𝜖𝜇𝐸𝐺
3                                   (1.3) 

Where μ is the mobility and EG is the bandgap of the semiconductor. A refinement of BFOM 

taking into account the switching losses in high-frequency systems is given by36 

𝐵𝐻𝐹𝐹𝑂𝑀 = 𝜇𝐸𝐶
2                                   (1.4) 

known as Baliga’s high frequency figure of merit (BHFFOM). The critical breakdown field EC is 

related to the bandgap of the semiconductor as37  
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𝐸𝐶 = 𝐸𝑔
3                                      (1.5) 

The final relation BHFFOM=Eg
6 is obtained by substitution of eq 1.5 into eq 1.4. The FOMs 

for ZnO and GaN, normalized to those of Si, are tabulated in Table 1.2 based on the materials 

properties listed in Table 1.1.   

 

This summarized table of FOMs depicts that high quality crystalline ZnO is promising 

for high power, high frequency and high temperature device applications significantly 

outperforming Si and rivaling with GaN due to its large bandgap, high saturation velocity, and 

good thermal conductivity. The most detrimental property of ZnO is the relatively low mobility. 

However, in the case of polycrystalline or amorphous thin film based devices, the mobility of 

oxide semiconductor based on ZnO material has an edge over other available techniques. The 

mobilities of available polycrystalline and/or amorphous semiconductors are listed and compared in 

Table 1.3. This advantage makes ZnO extremely attractive for flexible electronics which require 

lower processing temperature22,38–40.   

 

Table 1.2. Figures of merit for power electronic devices based on material properties listed in 

Table 1.1. 

Properties Si ZnO GaN 

BFOM~ϵEg
3 1 6 81 

BHFFOM~Eg
6 1 99 700 

JFOM~vs
2Eg

6 1 4497 4471 

KFOM~vs/ϵ 1 3 5 

 

Table 1.3. Comparison of mobilities for polycrystalline or amorphous semiconductors22. 

 Oxide 

semiconductors 

Amorphous 

Si 

Low-T 

poly-Si 

Organic 

semiconductors 

Carrier Mobility 

(cm2V-1s-1) 

1-100 1 max 50-100 0.1-10 
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1.4 ZNO SCHOTTKY CONTACT MOTIVATION 

High quality rectifying Schottky contact has been studied extensively and is critical to 

enable many other applications like UV photodetector, power diode in rectify circuits like RFID, 

metal semiconductor field effect transistors (MESFET), source-gated thin film transistor, etc41–47. 

Despite the fact that ZnO Schottky contact has been studied since 196548, most of the reported 

metal/ZnO Schottky diodes were leaky leading to poor rectifying behavior and low Schottky 

barrier height (SBH). Researchers have found that interface states between metal and ZnO 

contribute tremendously to the formation of Schottky barriers. In addition, the properties of ZnO 

active layer affect the diode performance like series resistance, breakdown voltage, leakage 

current, etc49.  

Historical reports of Schottky contacts to n-type ZnO using various metallization 

materials including Pt, Au, Pd, Ir, conducting polymer PEDOT: PSS, etc. are listed in Table 1.4 

with their identical Schottky parameters: effective Schottky barrier height qΦB and ideality factor 

n, which indicate the rectifying capability of the diode and the impact extent of non-ideal factors 

on the diode, respectively.  The qΦB values were restricted to a range of 0.5-0.9 eV albeit with 

different metallization materials and large n values were obtained for most of the contacts 

reported. An ideality factor larger than unity for a diode with negligible series resistance 

indicates that there are other mechanisms in addition to thermionic emission contributing to the 

current transport across the Schottky contact.  

It was also shown that metallization contacts to ZnO without surface pretreatment 

exhibited Fermi-level pinning and even ohmic behavior due to the presence of numbers of 

defects in the forbidden bandgap on ZnO surface50–55. In addition, surface accumulation layer 

induced by hydroxyl adsorbates may hinder the diode rectifying as reported by Coppa et al54. To  
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reduce the surface defects and remove the adsorbates on the ZnO surface, many surface 

pretreatment techniques have been proposed, such as hydrogen peroxide treatment52,53, 

oxygen plasma treatment51,56,57, chemical etching58, etc. The surface treatment processes 

Table 1.4 Schottky contacts to n-type ZnO compiled from literatures.  

Description Metal ΦB (eV) n 
47n-ZnO single wafer Spin-coated PEDOT:PSS 

(Schottky) 

E-beam Ti/Au (ohmic) 

1.1 1.02 

64n-ZnO single wafer E-beam Pt, sputtered W (Schottky) 

E-beam Ti/Al/Pt/Au (ohmic) 

0.70, 

0.45 

1.5, 2 

66n-ZnO epi on Sappire E-beam Ir (Schottky) 

Evaporated Ti/Al/Ti/Au (ohmic) 

0.824 1.68 

51 n-ZnO single wafer E-beam Au (Schottky) 

 

0.5 2 

155n-ZnO epi on Al/Si E-beam Au (Schottky) 

E-beam Al (Ohmic) 

0.586 1.5 

156n-ZnO single wafer Spin-coated PEDOT:PSS 

(Schottky) 

E-beam Ti/Au (ohmic) 

0.9 1.2 

67n-ZnO epi on p-Si 

Hydrothermal seed layer @ 90 °C; 

Annealed @ 450 °C 

Evaporated Au (top Schottky) 

Evaporated Al (top ohmic) 

0.78 1.84 

68n-ZnO epi on n-Si Evaporated Pd (Schottky) 

Evaporated Ti/Al (ohmic) 

0.81 1.46 

69n-ZnO epi on n-Si Evaporated Au (Schottky) 

Evaporated Au–Sb alloy (ohmic) 

0.59 1.2 

70n-ZnO epi on Sappire Evaporated Pd (Schottky) 

PLD ZnO:Al seed layer(ohmic) 

1.14 1.49 

71n-ZnO epi on Sappire Sputtered Pt, Au, Ag and Pd 

(Schottky) 

PLD ZnO:Al seed layer(ohmic) 

0.66-

0.84 

1.25-

1.59 

44n-ZnO epi on Ag E-beam Ag (Schottky) 

E-beam Ti/Au (ohmic) 

0.27 2.4 

54n-ZnO (000 1 ) wafer E-beam Au (Schottky) 

E-beam Ti (ohmic) 

0.60-

0.67 

1.03-

1.86 
49n-ZnO epi on glass (0.5-1 um) 

RF sputtered;  Annealed @ 1000 °C 

Sputtered Mn 

Evaporated Au (Schottky) 

\ 2.7-3.5 
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have improved the properties of Schottky contact and widely been applied to fabricate high 

quality Schottky contacts on top of high quality bulk ZnO. 

Thermal stability is another important property for ZnO Schottky contacts operating in 

high temperature environment as well as their long term reliability59–63. ZnO Schottky contacts 

realized with Au and Ag had shown low thermal stability limiting their application59. Both Au 

and Ag Schottky contacts showed degrading properties by heating in vacuum as low as 365 K. 

Tungsten (W) has a promising thermal stability. In the study by K. Ip, et  al.64, W had shown a 

thermal stability as high as 500 C for bulk ZnO.   

Recent advances in wafer-based high quality ZnO Schottky contacts were reported with a 

better understanding the physical formation processes.65 Most of the studies are focused on the 

formation of Schottky contacts on high quality ZnO (single crystal wafer or thick epitaxial films 

grown at high processing temperature)51,62,66–71. The promising techniques based on ZnO single 

wafer can rarely surpass the much advanced GaN techniques and limits their applications in the 

market. While the thin film technologies based on ZnO material system with the advantages of 

low-temperature processed films with acceptable electrical properties and compatibility with the 

existing Si industry may seek a path out for this material in the extremely competitive market. 

For example, integrated circuits applied on microelectromechanical systems (MEMS) sensors, i.e. 

hybrid integration, usually require low processing temperature technology, since high processing 

temperature is one of the major concerns to integrate the electrical circuits directly onto 

microelectromechanical systems (MEMS) sensors like capacitive micro-machined ultrasonic 

transducers (CMUT) to improve performances72. Applications in integrated circuits require 

embeddable thin film configurations. High quality ultra-thin ZnO film has been demonstrated for 

ZnO based circuits with high temperature (~700 °C) PLD73–76 and low temperature ALD77.   
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Furthermore, the advantage of low processing temperature expands the variety of suitable 

substrates and opens the feasibility of transparent ZnO-based flexible electronic applications, 

since the use of flexible plastic substrates precludes high manufacturing temperature which 

deforms such substrates78. ZnO based flexible electronics are regarded as an emerging 

technology with revolutionary potential with an enormous market79. Although functions relevant 

to flexible electronics including bending, rolling, folding, and stretching as well as device 

durability of ZnO-based devices have not been studied extensively. Researchers have shown that 

devices based on ultrathin ZnO material system have stable performance on flexible substrate 

and it is as good as that on rigid wafers like Si substrates80–83.  

In this thesis project, the focus is on ZnO Schottky nanodiodes based on low temperature 

grown polycrystalline ZnO thin films with nanometer-scaled thickness. The low temperature 

growth of ZnO thin films are achieved by an emerging technique, atomic layer deposition (ALD). 

Nanodiodes with scaled down active layer thickness principally have reduced series resistance, 

which is an important factor for RF applications. Devices based on such thin films are potentially 

feasible for flexible electronics. The unique advantage of low processing temperature is ideal for 

integrations on any substrates such as flexible plastic, display panel, MEMs chips, etc.  

Furthermore, in this project, a bottom Schottky contact configuration is proposed to 

simplify the fabrication processes. As mentioned above, it has been approved that surface 

treatment is one of the key factors to produce high quality Schottky contacts on top of bulk ZnO. 

As to the case of ultrathin ZnO thin films, it is difficult to control the surface treatment process to 

maintain the consistency of the properties. And also subsequent damage to ZnO may be induced 

by the surface treatment processes. With bottom Schottky contact configuration, we can avoid 

surface treatment on the ZnO thin film to prevent damaging ZnO thin film.  
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A systematic study of various Schottky metallization for the ultrathin polycrystalline ZnO 

thin film is carried out to explore proper contact material which can give good rectifying 

behavior and also good thermal stability. The Schottky contact formation mechanisms are 

explored as well as the current transport mechanisms in the nanodiodes. Although we only 

demonstrate Schottky nanodiodes fabricated on rigid Si wafer in this thesis, the low temperature 

processing makes it compatible for flexible substrates like plastic and hybrid integration on 

sensor chips. 
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Chapter 2                                                                          

ZnO Thin Films Synthesis and Device Processing 

2.1 INTRODUCTION 

The fabrication of ZnO thin film is an essential process step in the utilization of ZnO in 

modern electronic devices such as LEDs, UV detectors, sensors, thin film transistors (TFTs), 

surface acoustic wave (SAW) devices. The properties of thin film ZnO grown by a variety of 

deposition techniques including sputtering49,81,84,85, sol-gel86–88, pulsed laser deposition (PLD)89–

92, chemical vapor deposition (CVD)93,94, molecular-beam epitaxy (MBE)27,95, and atomic layer 

deposition (ALD)23,40,96,97 have been widely investigated. One typical issue with physical vapor 

deposition (PVD) including PLD and sputtering is the variation of layer thickness over a large 

surface area which typically depends on the angle between source and substrate normal, while 

CVD can attain uniform thickness over a large planar surface. The disadvantages with CVD lie 

in: (i) the production of by-products in growth, and (ii) constricted transport of reactants within 

high-aspect ratio featured surface of substrate, leading to a non-conformal deposition. 

For optoelectronic applications including LEDs and laser diodes, high quality ZnO 

epitaxial layers are required to obtain good device performance. This can be achieved by RF 

magnetron sputtering, PLD, MOCVD, and MBE, etc., which allows a fine control over the 

deposition procedure. Typically, deposition temperature above 300 ºC, postdeposition annealing 

and the used of substrates with only small lattice mismatch, such as single-crystal Sapphire, GaN, 

etc., are necessary to get high quality crystalline ZnO films.  



 

16 

 

For electrical applications including varistors, piezoelectric devices, transparent 

conductive electrodes for solar cells, gas sensor and TFTs, high quality crystalline ZnO single-

crystal thin films are not necessary as acceptable performance can still be attained with 

polycrystalline ZnO thin film. Polycrystalline ZnO can be grown with low deposition 

temperature making it extremely attractive for devices on low cost substrates such as plastic, Si 

and glass. Although dominant carrier scattering at grain boundaries as well as intrinsic defects in 

ZnO thin film limit its carrier mobility41, the low deposition temperature is a key advantage 

making it viable especially for transparent thin film transistors (TFTs) on flexible polymer 

substrate and hybrid integration on other devices which have low temperature tolerance.  

2.2 ATOMIC LAYER DEPOSITION OF ZNO THIN FILMS 

2.2.1 Introduction of Atomic Layer Deposition 

Atomic layer deposition (ALD) is emerged as an approach to overcome the limitations of 

PVD and CVD, and provides: (i) uniform deposition of sub-nm thick films over large substrate, 

(ii) dense films free of defects like pinholes, particulate inclusions, etc., and (iii) uniform 

coverage over high-aspect ratio featured surface of substrate. It was developed as a variation of 

conventional CVD technique in which the chemical reactants are individually introduced into the 

reactor in a cyclic sequence, i.e. for a binary compound reaction, 

𝐴 + 𝐵 → 𝐴𝐵 

The source of A or B element known as precursor is pulsed into the reactor with a 

sequence of ABABABAB… with inert gas purges between every precursor pulse.  
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While both CVD and ALD involve surface reactions of the precursors, one advantage of 

ALD is the self-limiting of the reaction by terminating it on saturation when the active sites are 

consumed regardless of any excess reactants. This self-limiting nature leads to a uniform 

deposition of layers over featured substrate surface and potentially yields good coverage for 

extremely large substrates with sufficient precursor flux to reach surface saturation condition. 

Furthermore, the inert gas purges between every precursor pulse successfully remove the excess 

precursor molecules and by products of the reaction, ensuring the grown films are free of 

contaminations from the by-products incorporated into the reaction and particulate inclusions 

from gas phase reaction. Furthermore, using highly reactive precursor like plasma, ALD growth 

can be conducted at very low temperatures23,96–98. Due to these excellent natures, ALD ZnO has 

attracted increasing attention recently23,40,44,83,99–104.  

2.2.2 ZnO Thin Film Growth 

The ALD processes for ZnO thin films growth in the work were developed in 

collaboration with Prof. Ken Cadien’s research group. The ALD-150LX reactor from Kurt J. 

Lesker is schematically depicted in Figure 2.1. With the support of inductively coupled plasma 

ICP (0.6 kW, 13.56 MHz) equipped in the system, in-situ substrate surface plasma treatment 

(SPT) is performed before deposition to clean the surface-absorbed contaminations and tune the 

interface chemical bonds. There are two types of ALD processes developed for ZnO thin film 

growth: (i) thermal ALD (TALD) using deionized water (H2O: Optima LC/MC, Fisher Scientific, 

18 MΩ) and diethylzinc (DEZ) precursors with high purity Ar (5.0 purity, Praxair) as the carrier 

gas, and (ii) plasma enhanced ALD (PEALD) using inductively-coupled remote oxygen plasma 

and DEZ precursor with high purity Argon (Ar) as the carrier gas. ZnO films were all deposited 
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under continuous 100 sccm Ar flow in a cylindrical ALD reactor with a controlled vacuum at 1.0 

torr (133.3 Pa) during the deposition.  

In the precursor half reactions of TALD, DEZ molecules were discretely pulsed through a 

three-port diaphragm valve 1 (Swagelok) for duration t1 into the precursor carrier gas (100 sccm 

flow of Ar) stream. During reactant reaction step, H2O molecules were pulsed through a three-

port diaphragm valve 2 for duration t3 into the reactant carrier gas (Ar) stream to introduce O 

source to react with the absorbed DEZ at the substrate. Between every reactant precursor pulse, 

the ALD reactor was purged (utilizing continuous 100 sccm Ar flow) for durations t2 (post-DEZ 

purge) and t4 (post-H2O purge), respectively. 

 

In the precursor half reactions of PEALD, DEZ molecules were discretely pulsed through 

a three-port diaphragm valve 1 (Swagelok) for duration t1 into the precursor carrier gas (100 

sccm flow of Ar) stream. During reactant reaction step, a 60 sccm flow of O2 was released into 

the reactant carrier gas (Ar) stream flowing through ignited plasma (0.6kW, remote ICP) for 

 

Figure 2.1. The schematic diagram of the ALD chamber. Gas lines in the dash line box are only used 

for TALD. 
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duration t3 to introduce active plasma species at the substrate. Following every precursor and 

plasma exposure step, the ALD reactor was purged (utilizing continuous 100 sccm Ar flow) for 

durations t2 (post-DEZ purge) and t4 (post-plasma purge), respectively.  

The cycle sequence for each recipe type is depicted in Figure 2.2 with the duration for 

each step t1 — t2 — t3 —t4. The deposition temperature (Tsub) as the fifth variable in ALD recipe 

was controlled by a heater underneath. The ZnO thin film thickness is monitored by an in-situ 

J.A.Woollam M-2000DI spectroscopic ellipsometer (SE). Initially, the optical constants of the 

ZnO thin films were found by fitting the optical model to the measured data. By assuming that 

the optical constants are the same during the ALD growth, the thickness of the growing oxide 

can then be monitored in situ.  

 

 

Figure 2.2. The schematic diagrams of (a) TALD cycle and (b) PEALD cycle.  
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The details of a series of ALD recipes and surface plasma treatments (SPT) conditions 

used in this work are summarized in Table 2.1. The recipe is named in a format of T (or P)-

temperature in ºC, for example, P-200. T and P correspond to TALD and PEALD, respectively. 

A systematic study of the ALD ZnO was carried out in collaboration with Dr. Amir Afshar. The 

ALD recipes including T-200, P-200, P-130, P-100, P-200-2, P-200-3, and P-200-4 were 

determined based on the calibrated saturation curves. The saturation curves indicated: (i) the 

minimum dose time for saturation of growth rate per cycle (GPC) is 20 ms for DEZ, 0.1 s for 

H2O, and 2.0 s for oxygen plasma, (ii) the ALD window for both type of ALD is in the range of 

100-200 °C with a maximum GPC at 150 °C.   Please refer to Dr. Amir Afshar’s thesis in ref.105 

for more details.  

 

The recipe of P-50 was developed in collaboration with Dr. Triratna Muneshwar. After 

exploring a large range of the ALD parameters96, it showed that a self-limiting trend which is 

expected for ALD was found in a temperature window of ≤ 50 °C for PEALD while higher 

Table 2.1 Summarization of ALD recipes.  

Recipe  

 

Cycle Parameters  

(s) 

GPC 

( •
A /cycle) 

Tsub (°C) SPT gas 

Ar:O2 

SPT time 

(s) 

t1 t2 t3 t4 

T-200 0.03 5.00 0.50 10.00 1.6 200 100:60 5 

P-200 0.03 10.00* 2.00 5.00 1.5 200 100:60 5 

P-100 0.03 10.00* 2.00 5.00 1.25 100 100:60 5 

P-130 0.03 10.00* 2.00 5.00 1.44 130 100:60 5 

P-200-2 0.04 5.00 2.00 2.00 1.444 200 100:60 5 

P-200-3 0.04 5.00 2.00 2.00 1.444 200 100:60 15 

P-200-4 0.04 5.00 2.00 2.00 1.444 200 100:0 305 

P-50 0.06 8.00 5.00 5.00 1.15 50 100:0 10 

T-50# 0.04 5.00 0.50 10.00 / 50 / / 

*The purge consists of 2 parts: first 5 s is pure Ar, next 5 s is a mixture of 100:60 Ar:O2; 
#T-50 recipe is only used as a surface treatment before the PEALD deposition, to prevent the 

metal surface oxidation during deposition. 
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temperature showed suspected non-ALD mode of ALD growth. The minimum dose time for 

saturation of growth rate per cycle (GPC) is then 60 ms for DEZ and 5.0 s for oxygen plasma. 

2.3 FABRICATION OF SCHOTTKY DIODES 

The fabrication of Schottky diodes started with p+-Si <100> wafers (525±20 μm) with a 

resistivity ρ=10-20 ohm•cm. The Si wafer is pre-cleaned by piranha solutions (H2SO4:H2O2 3:1 

mixture) for 20 min to remove any organic contaminations. After cleaning, Si wafers were put 

into a MiniBrute furnace which is set to 900 °C to grow 50 nm thermal oxides (SiO2). The 

SiO2/Si substrate pieces were then transferred into a planar magnetron sputter system to deposit 

~50 nm thick metal electrodes. The metals include platinum (Pt), gold (Au), nickel (Ni), silver 

(Ag), copper (Cu) and titanium tungsten (TiW) with 5 nm Ti as the adhesion layer for all of the 

above metals. The chamber ambient is controlled at 7 mtorr with Ar flow backfilled from a base 

pressure of 10-6 torr. The samples were then transferred to the ALD chamber to grow ZnO thin 

films as described in section 2.2. During the transferring, the samples were exposed to the 

atmosphere. After ZnO growth, the top ohmic contacts consisting of Al/Au layer stacks (~120/10 

nm thick respectively) were sputtered in a Kurt J. Lesker planar magnetron sputter system from 

and patterned by conventional lift-off process. Finally, the ZnO thin films, where were not 

covered by the Al/Au pattern, were removed by wet etching with a commercial Al etchant. The 

process flow for top ohmic contact fabrication is illustrated Figure 2.3. A top view microscopic 

image for a single diode is shown in Figure 2.4a and a schematic diagram of the diode cross 

section of the inside circle area was shown in Figure 2.4b.  The fabricated diodes are named in a 

format of process type (P or T) - process temperature in ºC – and bottom metallization material 

throughout the thesis, for example, P-200-TiW for the diode shown in Figure 2.4. The probe 
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configuration for the electrical measurement is also shown in Figure 2.4. The bottom Schottky 

electrode is connected to the anode and the top ohmic contact is connected to the cathode which 

is typically set as ground. All the electrical measurements are performed with white overhead lab 

lights on and microscope light on since the device performance is independent on the lighting 

condition from observations.  

 

Figure 2.3. Microfabrication process flow of the top ohmic contact for Schottky diode. TiW is 

used as the bottom Schottky metal for example. 
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Figure 2.4. (a) A top view microscopic image for a single diode, (b) a schematic diagram for 

the diode cross section of the inside circle area. TiW is used as the bottom Schottky metal for 

example. 

 

 

 

Anode 
Cathode 
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Chapter 3  

Zinc Oxide Thin Film Characterizations  

In the formation of an intimate contact between a metal and a semiconductor, the 

structural, electrical and chemical natures of the semiconductor are crucial to control the 

behavior of resulting contact. In this chapter, the techniques used to study the nature of the 

synthesized ZnO thin films are introduced including field emission scanning electron microscopy 

(FESEM), atomic force microscopy (AFM), X-ray diffraction (XRD), and X-ray photoemission 

spectroscopy (XPS). 

3.1 FIELD EMISSION SCANNING ELECTRON MICROSCOPY  

Field emission scanning electron microscopy (FESEM) generates images from electrons 

instead of light for conventional optical microscopy. A beam of electron is produced and 

accelerated from a field-emission cathode in an electron gun. The generated electron beam is 

then focused onto the sample surface by a series of condenser and objective lenses in a vacuum 

tube. A scanning coil moves the beam across the sample surface. The electron beam interacts 

with the sample and produces various types of signals including backscattered electrons, 

secondary electrons, Auger electrons, characteristic x-rays, etc. The signals, typically secondary 

electrons signals in standard SEM, are collected by a detector, and amplified and converted to a 

cathode ray tube image. The contrast in the final image depends on the sample and the 

equipment setup, providing information on the sample composition, topography and morphology.  

Compare to the optical microscopy, the main advantages of using electrons for image 

formation are high resolution down to 1.5 nm, high magnification up to 500,000X, and large 
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depth of fields or effective focus range. Compare to the conventional SEM, the FESEM provides 

narrower probing beams at both low and high electron energy, resulting in improved spatial 

resolution down to 1.5 nm (three to six times better). Furthermore, the problem of electrical 

charging of samples can be minimized by low accelerating voltage (in the range of 0.5 to 30 kV), 

and the low-kinetic-energy resulted from low accelerating voltage reduces penetration depth into 

the material.   

 

Figure 3.1 SEM image of  (a) T-200 ZnO thin film (b) P-200 ZnO thin film (c) P-100 ZnO thin 

film deposited on Cu substrate; (d) P-50 ZnO thin film deposited on SiO2 substrate. 

A FESEM of model JAMP-9500F (JEOL) was used in this work to study the surface 

morphology of the ZnO thin films. The samples are named in a format of T (or P)-temperature-

substrate. Figure 3.1 shows the high resolution FESEM images for T-200-Cu, P-200-Cu, P-100-

Cu and P-50-SiO2. The T-200-Cu shows a surface feature with mainly elongated shape grains 
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and mixed with some round shape grains, similar to that reported by Weng et al106. The P-200-

Cu shows more uniform surface features consist of larger round grains with average size ~30 nm. 

The P-100-Cu also shows smaller round grains. The P-50-SiO2 shows smoothest surface with the 

smallest round grain. 

3.2 ATOMIC FORCE MICROSCOPY  

Atomic force microscopy (AFM) employs a miniature tip on a silicon (or silicon nitride) 

cantilever that deflects a laser beam depending on surface topography and properties through an 

interaction between the tip and the surface. The signal is measured with a photodetector, 

amplified and converted into an image display on a cathode ray tube. Depending on the type of 

surface, AFM can be performed in contact mode or tapping mode. In tapping mode, a 

piezoelectric crystal is used to oscillate the cantilever near its resonant frequency. A feedback 

controlled piezoscanner measures the oscillation amplitude and adjusts the sample surface-tip 

separation to keep constant force and amplitude on the sample by actuating the cantilever in Z-

direction. The resolution in Z direction is on the order of •
A and constrained by the electrical or 

thermal noises, while the lateral resolution is limited by the tip radius typically on the order of 

few nanometers.  

 AFM measurements in this work were carried out using Veeco DI 3100 Atomic Force 

Microscopy in tapping mode to study the surface roughness and the quality of the ALD films. 

All measurements were taken using NanoWorld Pointprobe® NCH probes with a resonance 

frequency of 320 kHz and a force constant of 42 N/m. The scans were made from a 1x1 μm2 area 

and a resolution. Figure 3.1 shows the AFM images for three samples of 30 nm ZnO thin films. 
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Figure 3.2. Typical AFM images of ZnO thin films deposited by (a) 200°C TALD on TiW 

substrates (b) 200°C PEALD, (c) 50°C PEALD on SiO2 substrate. 

After capturing of the AFM images, the NanoScope Analysis v1.40r1 software was used 

to process the images. The images were subjected to 3rd order flattening to remove any nonlinear 

background artifacts due to the piezoscanner. Three different roughness parameters including 

root mean square roughness (Rq), average roughness (Ra), and the maximum roughness depth 

(Rmax), were analyzed and summarized in Table 3.1. The particle analysis was also carried out 

and shown in Table 3.1. All the films showed nanoscale grain sizes close to AFM tip radii which 
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limited the minimum grain size that can be detected. T-200 ZnO showed smoother surface than 

the P-200 as well as a smaller grain size. P-50 ZnO also showed smoother surface than the P-200 

as well as smaller grain sizes. The AFM analysis suggests that the roughness of the ZnO thin 

films is significantly affected by the crystallinity, i.e. crystal size.  The variation of surface 

profile increases with larger grain size. For T-200 ZnO, the AFM image show non-uninform 

contrast with dark shadow areas. The roughness analysis verifies the dark shadow areas are not 

pinholes in the film. This non-uniform contrast in T-200 ZnO thin film may be attributed to the 

polycrystalline nature of the film with various crystal orientations, which will be further 

established in XRD structural study in next section.  

Table 3.1. Processed information from AFM images for three ZnO thin films (see Table 2.1 for 

the corresponding recipe). 

sample Recipe  

 

Substrate Rq 

(nm) 
Ra 

(nm) 
Rmax 

(nm) 
Majority particles’ sizes 

(nm) 

1 T-200  TiW   0.756 0.598 6.09 10-20 

2 P-200 TiW 1.37 1.02 12.9 10-30 

3 P-50 SiO2 0.884 0.704 8.36 10-20 

3.3 X-RAY DIFFRACTION  

X-ray diffraction (XRD) technique uses monoenergistic X-ray beam to interact with the 

sample and is diffracted in specific direction according to Bragg’s law107 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛λ          (3.1) 

where d is the spacing between diffracting crystalline planes, θ is the incident angle, n is an 

integer, and λ is the wavelength of the beam. The interplanar distances d can then be determined 

by the specific directions θ where the diffraction peaks were detected.  

Rigaku Ultima IV in-plane system embedded with Cu-Kα radiation (λ=1.5405 Å) and a 

thin film mode attachment were used to investigate the crystallinity of the ZnO thin films with 
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power setting of 40 kV and 44 mA. Since the standard θ-2θ scan XRD can penetrate deep into 

the substrate, signals from the deeper substrate layer can dominate the weaker diffraction from 

the ZnO layer. The glancing angle X-ray diffraction (GAXRD) is used to characterize the ultra-

thin ZnO films with a beam incident angle of ω (from 0.2 ° to 0.5 °) to the substrate surface. The 

GAXRD has many advantages over the standard θ-2θ scan XRD including a superior 

signal/noise ratio108.  The scan speed was set as 2.00 °/min with a 0.05 ° sampling width. 

 

 The GAXRD profiles of the ZnO thin films are shown in Figure 3.3 for two set of 

samples on different substrates with the P-50-SiO2 for comparison. All of the ZnO showed the 

hexagonal crystal structure in consistent with the existing liturature97. The ZnO peaks (100), 

(002), (101), (102), (110) and (103) peaks match well with wurtzite ZnO109. The P-200 ZnO 

shows preferred orientation of (002) while T-200 and P-50 show preferred orientation of (100). 

The GAXRD profiles for Cu and TiW substrates demonstrate similar diffraction peaks positions 

except the presence of anonymous peaks most likely from the bottom TiW layer in P-200-TiW. 

 

Figure 3.3. GAXRD profiles with ω=0.2 ° for (a) ZnO thin films on Cu substrates; (b) ZnO 

thin films on TiW substrates; The GAXRD profile with ω=0.5 ° for P-50-SiO2 is added in 

both figures for comparison. Note: the anonymous peaks not belong to ZnO in (b) are 

attributed to bottom TiW layer. 
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While the intensity of each peaks varies between two different substrates indicating that the 

crystalline orientation of the ZnO thin film is dependent on the substrate nature110. 

Figure 3.4 shows a comparison between the GAXRD and θ-2θ standard mode XRD 

profiles for P-50-SiO2. The θ-2θ standard mode XRD profile shows three major peaks at (100), 

(002) and (101) with comparable intensities, indicating the polycrystalline nature of the P-50 

ZnO. Note that the sharp anomalous peaks not marked are from the Si substrate. 

 

3.4 X-RAY PHOTOEMISSION SPECTROSCOPY 

X-ray photoemission spectroscopy (XPS) is a quantitative spectroscopic technique for 

sample’s chemistry analysis including elemental composition, electronic states of the element 

and chemical bonding. A monochromatic soft X-ray beam is applied and focued on the material 

surface to interact with the samples. The sample material absorbs the X-ray photos and emits 

electrons which have kinetic energies (Ekinetic) high enough to escape from the sample surface. 

The escaping electrons are then detected by a spectrometer in a typical takeoff angle of 90°, 

 

Figure 3.4. Comparison of XRD patterns from GAXRD and θ-2θ standard mode for P-50 

ZnO on SiO2. 
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giving a XPS spectrum profile of count rate versus binding energy of ejected electrons. The 

binding energy is giving by  

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝑞𝛷)               (3.2) 

This is known as Ernest Rutherford’s equation, where Ephoton is the known photon energy, 

qΦ is the work function of the spectrometer. The profile of specific Ebinding identifies the 

elements. The shift of the Ebinding gives information of the oxidation state of the element. The 

areas of the peaks for different element in a sample provide the stoichiometric ratio of the 

material. The escaped electrons are usually ejected from 2 to 20 atomic layers deep. The 

penetration depth can be reduced by tilting the sample or reduce the takeoff angle. The resolution 

of the XPS is limited to 1.0 atomic percentage (at. %). 

XPS measurements in this work were performed using an ULTRA (Kratos Analytical) 

AXIS-165 spectrometer using monochromatic Al-Kα radiation (hν = 1486.69 eV) ran at a power 

of 210 W. The systems is equipped with an in situ Argon gun which enables surface cleaning and 

sputter etching by 4 keV Ar+ ions, providing a depth profiling study. The system is pumped to an 

ultrahigh vacuum (10-9 torr) under measurement and the X-ray beam is focused to a 

300μm×700μm area. High-resolution spectra with step energy of 0.1 eV were collected for P-200 and 

T-200. Finally, the XPS data were analyzed using CasaXPS software. The binding energies for all 

peaks were calibrated by the C1s peak at 284.8 eV. 

A series of high resolution XPS profiles of Zn, O, C, and Cu (substrate) are used to 

determine the material stoichiometric of ZnO respect to a continuously etching time. As can be 

seen from Figure 3.5, the T- ZnO close to the interface shows a Zn-rich interface while the P-200 

shows an O-rich interface. The first-principles calculations showed that he formation energy of 
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the defects including oxygen vacancies (VO), zinc interstitials (Zni), and Zn antisites  (ZnO) in 

ZnO material are favored in Zn-rich condition18,111–113.  

 

The intrinsic defects all behave as donors are believed to be responsible for the inherent 

n-type nature of ZnO114. Among those native defects, VO has the lowest formation energy in 

either Zn-rich environment. The role of oxygen vacancies as a shallow donor has been 

questioned recently, instead, it was regarded as a deep level defects with a ε(2+/0) transition 

level located approximately at 0.7±0.2 eV respect to the conduction band minimum18,112,113,115. 

 

 
Figure 3.5. The depth profiles for T-200-Cu and P-200-Cu. 
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Such a deep transition level implies VO defects are unlikely to contribute to free carrier 

concentration in ZnO at room temperature. However, they can act as generation-recombination 

(G-R) centers in the space charge region for G-R current transport or traps assisting tunneling 

current transport116 leading to poor on/off rectification.  

Furthermore, Figure 3.6 shows the high resolution XPS spectra of O1s with the dominant 

peak at 529.9 eV of binding energy and a shoulder peak at 531.7 eV. The former dominant peak 

comes from metal-O bond, in this case, referring to Zn-O bonds, while the shoulder peak is 

assigned to the O atoms in Zn-OH bonds117. The at. % of Zn-OH chemical state out of the total O 

is calculated to be 11% and 10% for T-200-Cu and P-200-Cu, respectively. This observation 

suggested that ZnO thin films deposited by both TALD and PEALD at 200 °C have abundant 

hydrogen impurity while the TALD leaves a bit more –OH reaction sites during deposition 

compared to that of PEALD. The behavior of hydrogen in ZnO has been well-established that H 

is responsible, at least partially, for the inherent n-type conductivity in ZnO51,62,112,118,119.   

 

 

 
Figure 3.6. High resolution XPS spectra of O1s for T-200-Cu at the etching time of 310 s and 

P-200-Cu at the etching time of 270 s. 
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3.5 SUMMARY 

The topography, crystallinity and chemistry of the ZnO thin films grown by TALD, and 

PEALD at various deposition temperatures are studied and compared in this chapter. The XRD 

results show that all the films under study have multiple crystalline orientations, i.e. 

polycrystalline nature. The P-200 ZnO thin films have stronger preferred orientation than the T-

200 films. Since the P-200 films grown on different substrates show similar XRD patterns, it 

indicates that substrate type has no strong impact on the polycrystalline property of the ZnO thin 

films. In addition, the XRD spectra for PEALD films grown at 200 ºC and 50 ºC (refer to Figure 

3.3) show that higher deposition temperature may improve the crystalline property of the films.  

The FESEM images reveal that the grain shape and grain size varies with different 

precursors and deposition temperatures. The P-200-Cu has a surface feature with round grains 

and 20-30 nm average grain sizes while the TALD-200-Cu has a surface feature with majority 

rice-like grain shape with partial round grains areas and slightly smaller grain sizes. The P-100-

Cu also shows round grains but smaller size and the P-50-SiO2 shows the smallest round grain 

size and smoothest surface compared to ZnO grown at higher temperatures. Grain size analysis 

on the AFM images reveals similar trend as that from FESEM images. Surface roughness 

analysis on the AFM images reveals that the surface roughness is related to the grain size and 

crystalline orientation of the material. The films with larger grain size tend to have rougher 

surface. The ZnO film processed by TALD shows some distinct areas with different grain shape 

and size may be related to its more randomly oriented polycrystals.  

The XPS studies give a comparison of stoichiometric composition and chemical bond 

between ZnO thin films fabricated with TALD and PEALD at the same deposition temperature 

of 200 °C. The PEALD ZnO shows an oxygen-rich interface while the TALD ZnO has a zinc-
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rich interface with same substrate metal, suggesting that PEALD ZnO have reduced defects 

densities at the interface of Schottky contacts and potentially giving better Schottky behavior. 

Besides, the P-200 and T-200 ZnO both reveal abundant hydrogen impurities, suggesting high 

doping densities in both films and potential high tunneling probability across the Schottky barrier.      
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Chapter 4                                                                         

Schottky Contact Formation and Characterization                                                                    

This chapter introduces the general understanding of Schottky contacts formation and 

current transport mechanisms though the metal-semiconductor interface, explains the Schottky 

contacts’ ‘figure of merit’ contributing to the device performance, described how to determine 

these parameters and identify the governing current transport processes. In the end, a model is 

proposed for analysis of these specific Schottky diodes based on ZnO thin film. 

4.1 INTRODUCTION  

Schottky diodes are essentially one of the simplest devices in semiconductor technology 

which consist of two metal electrodes to a given semiconductor: one side with a rectifying 

(Schottky) behavior and the other side with a linear (ohmic) behavior. The rectifying behavior in 

metal-semiconductor contacts was first discovered in 1874 with a thin metal wire on a galena 

(lead sulfide) by Braun120. This point contact arrangement, known as point rectifier, was widely  

used in early crystal radio receivers with the advantage of giving low capacitance especially 

important for radio detection, but simultaneously comes with  high series resistance, poor 

rectification ratio, poor reproducibility and early reverse breakdown because of electric field 

crowding (i.e., enhanced electric field) near the sharp point contacts. Thus, most modern 

Schottky diodes use larger area contacts with a diameter about 10 um to 1 mm fabricated with 

various techniques like thermal or electron beam (E-beam) evaporation, sputtering, pulsed laser 

deposition (PLD), etc. 
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4.2 SCHOTTKY CONTACT FORMATION  

The simplest semiconductor device building block-Schottky contact, surprisingly, can 

give insights into the complex semiconductor interface and bulk properties, thus provides an 

alternative way to characterize the materials for various applications. It is well known that the 

Schottky contact formation deviate from conventional Schottky-Mott model due to the complex 

nature of semiconductor surfaces with reconstructed energy band structure and high density of 

dangling bonds. Generally, the defects introduced by the interactions between the metal and 

semiconductor affect the Schottky barrier formation. Therefore the underlying physics governing 

Schottky contacts formation attracts lot of interest in developing contacts for diverse material 

systems. 

4.2.1 Schottky-Mott Model 

Conventional Schottky barrier formation model was proposed by Schottky121 and Mott122 

in 1938 by assuming there is no interactions of any kind between the metal and semicondutor. 

Figure 4.1 depicts the Schottky contact formation process. Figure 4.1a gives the energy band 

structure of an isolated metal adjacent to an isolated n-type semiconductor before contact. The 

work function of metal (ΦM) is generally different from the that of semicondutor (ΦS), both 

referring to the energy differences between the Fermi levels (EF) and the vacuum level (E0) of the 

material.  Note that the Fermi level in the semicondutor depends on the doping concentration at 

which the Fermi-Dirac distribution function equals to ½. The electron affinity (χ
S
) is defined in 

semicondutor as the energy difference between the conduction band to the vacuum level. When 

the metal and semiconductor are bought into contact, since the respective Fermi levels for any 

solid in contact must be the same in thermal equilibrium, electron will travel from the higher 
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Fermi level side to the lower one until equalization occurs, leading to the reconstruction of the 

energy band structure. To build up a Schottky barrier, the work function of the metal side is 

higher than that of the semiconductor side, electrons flow from the semiconductor conduction 

band to the metal as shown in Figure 4.1b, resulting in a space charge region (depletion region) 

in semiconductor close to the interface. The build-in potential prevent the electrons from moving 

to the metal and maintaining a zero net current on the interface as shown in Figure 4.1c.  

In the absence of interface states, i.e. Schottky-Mott model, the ideal Schottky barrier 

height (ΦB_SMM) is simply fixed by the metal’s vacuum work function (ΦM) and the 

semiconductor’s vacuum electron affinity (χ
𝑆
) 

𝛷𝐵_𝑆𝑀𝑀 = 𝛷𝑀 − χ
𝑆

                  (4.1) 

 

Figure 4.1. Schottky-Mott model of n-type semiconductor Schottky contact: (a) isolated metal 

and semiconductor band structure; (b) metal and semiconductor are brought into contact ;(c) 

thermal equilibrium band structure of Schottky contact. 
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Although the empirical ΦB of Schottky contacts never obey the Schottky-Mott model 

relationship123, it can be used as an initial prediction of the Schottky barrier height. A table 

consisting of work funcion of metals and their respective ΦB_SMM to ZnO predicted by Schottky-

Mott Model is listed in Table 4.1. 

 

4.2.2 Fermi Level Pining Phenomena  

An interface behavior parameter 𝑆Φ = 𝑑Φ𝐵 𝑑Φ𝑀⁄  can be used to determine the relation 

between effective Schottky barrier height (ΦB) and ΦM. In classical Schottky-Mott Model, SФ is 

unity according to eq 4.1. The experimental values of SФ for a range of common semiconductors 

is summerized in Figure 4.2124. It can be seen that the experimentally determined interface 

behavior parameter SФ is generally much smaller than the unity. For semiconductors like Si, Ge, 

GaAs, etc., the experimentally determined ΦB is almost independent of the ΦM.  This phenomena 

is known as Fermi level pining and is usually attributed to the interface charge states which 

lower the ΦB
125. As a result this will lead to a net change in the potential energy arrangement for 

n-type Schottky contact as  

𝛷𝐵 = 𝛷𝑀 − 𝜒𝑠 + 𝑞𝐷𝑖𝑛𝑡       (4.2) 

Table 4.1 Work function and ΦB_SMM  for polycrystalline potential candidates214.  

Elements Work function 

(ΦM) eV 

SMM barrier 

height (ΦB_SMM) eV 

Au 5.1 0.9 

Pt 5.65 1.45 

Ag 4.26 0.06 

Ni 5.15 0.95 

Cu 4.65 0.45 

W 4.55 0.35 

B 4.45 0.25 

Cr 4.5 0.3 

Al 4.28  0.08 

*ZnO electron affinity: 4.2eV85 
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where Dint is the potential due to the interface dipole.  

The origin of the Dint term in eq 4.2 is due to interactions between metal and 

semiconductor including (i) the overlap of electron wave functions126, (ii) the creation of native 

defects introduced either by the metallization or the abrupt interruption of the periodic structure 

of crystal lattices, and (iii) chemical bonding124,127. These interactions create interface charges in 

both sides of the contact separated by a small physical gap θ about a few Angstroms 

subsequently leading to the interface dipoles formation. The lack of success of the Schottky-Mott 

model indicates that these interactions have to be considered in modelling the Schottky contact 

formation. These types of interaction models are generally referred to as fixed separation 

models124, which will be discussed and compared here. 

 

4.3 CHARACTERIZATION OF SCHOTTKY CONTACT FIGURE OF MERIT 

There are numbers of methods available to determine the ΦB including current-voltage (I-

V) measurements, capacitance-voltage (C-V) measurements and photoelectric measurements as 

 

Figure 4.2.  Experimental values of interface behavior parameter SФ versus bandgap for a 

range of common semiconductor124. 

 



 

41 

 

introduced by Schroder128. For their simplicity, I-V measurements and C-V measurements are the 

most widely adopted ones and commonly used by the researchers to characterize the Schottky 

barrier heights. The ideal electrical characteristics are deduced based on Schottky-Mott model 

with assumptions: (i) uniform doping; (ii) fully depleted space charge region; (iii) excess carriers 

flowing through the contact do not interrupt the thermal equilibrium of the barrier. However, the 

measured electrical characteristics are not ideal. Thus, in the analysis of measured electrical 

characteristics, the non-ideality factors are necessary to be included. In addition, the capacitance-

frequency and conductance frequency techniques are commonly used to explore the interface 

defects and bulk impurity levels. All of the electrical characteristics reported here were measured 

by Keithley 4200-SCS with Schottky metal contact as anode and top Al/Au contact as cathode as 

indicated in Figure 2.4b in section 2.3. 

4.3.1 Current-Voltage Measurements 

 Schottky Barrier Heights Extraction  

4.3.1.1.1 Ideal Current-Voltage Model 

Current-voltage (I-V) measurements are the most widely adopted technique to determine 

the barrier heights (qΦB) of Schottky contacts. The widely used theory of the current transport 

across Schottky contacts was first developed by Bethe in 1942129. It proposed that the current 

flow is determined by electrons for n-type semiconductor, with enough energy to overcome the 

Schottky barrier by thermionic emission (TE). As mentioned above, for the validity of this 

method, the thermal equilibrium of the barrier must be maintained provide that ФB >> kT/q.  

The TE currents flowing through the Schottky contact in either direction are equal in 

equilibrium and determined by the ФB
130, 
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𝐼𝑇𝐸(𝑆 → 𝑀) = 𝐼𝑇𝐸(𝑀 → 𝑆) = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Ф𝐵

𝑘𝑇
)          (4.3) 

where ITE(S→M) is the current from semiconductor to the metal, ITE(M→S) is the current from 

metal to semiconductor, A is the device area. The diameter of all diodes characterized in this 

thesis is 100 µm.  A* is the Richardson constant which only depends on the effective mass of the 

materials, k is the Boltzmann constant, and T is the absolute temperature of the contact. When 

the Schottky contact is forward biased as shown in Figure 4.3a with an external bias voltage (V) 

on the anode, i.e. the metal side,  the built in potential decreases by qV allowing the electrons 

flow from the semicondutor to the metal. The current density from the metal to the 

semiconductor becomes 

𝐼𝑇𝐸(𝑀 → 𝑆) = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞(Ф𝐵−𝑉)

𝑘𝑇
)      (4.4) 

While the current flowing in the reverse direction is fixed by the ΦB and independent of the 

applied voltages, 

𝐼𝑇𝐸(𝑆 → 𝑀) = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Ф𝐵

𝑘𝑇
)         (4.5) 

Thus, the net forward current density (Jfwd) flowing across the Schottky contact is  

𝐼𝑓𝑤𝑑 = 𝐼𝑇𝐸(𝑀 → 𝑆) − 𝐼𝑇𝐸(𝑆 → 𝑀) = 𝐼𝑆 [exp (
𝑞𝑉

𝑘𝑇
) − 1]        (4.6) 

𝐼𝑆 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Ф𝐵

𝑘𝑇
) = 𝐼𝑠1 exp (

−𝑞𝛷𝐵

𝑘𝑇
)        (4.7) 

where IS is the known as the saturation current. For V>3kT/q, the -1 term in eq 4.6 becomes 

neglibible and then the forward current should increase exponentially with applied voltage V. 

When the Schottky contact is reverse biased as shown in Figure 4.3b with an external 

bias voltage (V) in the anode, i.e. the metal side, the built in potential increases by qV which 

makes ITE(S→M) >> ITE(M→S) resulting in a net reverse current of Ir = I0  independent of V.  
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Eq 4.6 is valid for the ideal case provided TE is the only current transport mechanism 

involved and the Schottky barrier is homogeneous, defect free and has no interface states. For 

realistic cases, an ideality factor n is introduced into eq 4.6 to incorporate the non-ideal factors 

for analysis of the I-V characteristics, 

𝐼 = 𝐼𝑆 [exp (
𝑞𝑉

𝑛𝑘𝑇
) − 1]                 (4.8) 

 
The I-V characteristics are usually plotted as current density versus voltage (J versus V) 

in semi-log scale provided the physical contact area is well defined, from which the saturation 

current density JS can be determined by extrapolating the linear region of the semi-log scaled J-V 

plot at forward bias voltages to V=0. Then the ФB can be extracted as 

Ф𝐵 =
𝑘𝑇

𝑞
 ln (

𝐽𝑠

𝐴∗𝑇2)              (4.9) 

The ideality factor n can be determined from the slope of the same linear region of the semi-log 

scaled J-V plot at forward bias voltages. Provided V >> kT/q, 

 

Figure 4.3. Schottky barrier band structure at forward bias voltage; (b) Schottky barrier band 

structure at reverse bias voltage. 
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𝑛 =
𝑞

𝑘𝑇
(

𝑑 ln 𝐽

𝑑𝑉
)

−1

                (4.10) 

To extract the value of ФB for a particular diode one typically uses the theoretical 

Richardson constant A* value only depending on the effective mass of the materials. In practice, 

the value of apparent Richardson constant A** is usually not the theoretical value of A*, and 

depends on the contact preparation processes including the surface cleaning, sample annealing 

and metal deposition processes. It is complicated to obtain an accurate A** value. But fortunately, 

A* appears in the ‘ln’ term in eq 4.9, which means if A* is varied by a factor of 2, the extracted 

qФB would change by 0.7kT. Another type of error arises in choosing the linear range from the 

semi-log scale J-V plot. Since other current transport mechanisms could modify the lower part of 

the J-V plot, especially for structures with high barrier height, while the upper limit affected by 

the series resistance. Therefore the linear region is reduced making it difficult to fit the 

experimental J-V characteristics with a wide range of temperature when the non-ideal effect on 

the currents becomes significant116.  

4.3.1.1.2  Voltage-dependent Model for Schottky Barrier   

The deviation from TE model is typically due to: (i) TE is not the only dominant current 

transport mechanism; (ii) the series resistance is too large. In those cases, the ideality factor 

increases and the physical meaning of the extracted ΦB cannot be justified as that defined in the 

thermionic emission model. Empirical values of n are usually greater than unity because of non-

ideal behaviors. The common mechanisms causing the non-ideal behaviors include image force 

lowering, field emission, interfacial thin native oxide layer, and lateral barrier inhomogeneity. 

These mechanisms will be described in Section 4.4.  
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It has been suggested that the effect of the non-ideality should be included not only for 

the ITE(M→S) but also for the ITE(S→M)131. Assuming the ΦB depends linearly on voltage as  

Ф𝐵(𝑉) = Ф𝐵𝑉0 + 𝛾(𝑉 − 𝐼𝑅𝑠)         (4.11) 

Where γ > 0 since the ΦB increases with increasing forward bias voltage. The substitution of eq 

4.11 in eq 4.6 yields  

𝐼 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Ф𝐵𝑉0

𝑘𝑇
) exp (

𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
) [ 1 − exp (

−𝑞(𝑉−𝐼𝑅𝑠)

𝑘𝑇
)]                    (4.12) 

where ФBV0 is the ΦB at zero bias, and ideality factor is defined as  

1

𝑛
= 1 − 𝛾 = 1 −

𝑑Ф𝐵

𝑑𝑉
       (4.13) 

provided RS is negligible. Thus, a plot of log[I/(1-exp(-qV/kT)] versus V should now give a 

straight line all the way to the V=0 and a wider range from which n can be determined. 

 Series Resistance Extraction 

4.3.1.2.1 Single Point Approach 

The reduction of the diodes thickness can reduce the series resistances and subsequently 

improve the radio frequency (RF) response for demanding applications. Thus Series resistance 

(Rs) is one of the important parameters that need to be considered in the developing of Schottky 

diodes. At large current and large forward bias voltages, the I-V characteristics deviates from 

linearity which can be attributed to the Rs with ∆V=IRS, allowing RS to be simply determined at a 

particular point according to  

𝑅𝑠 =
∆𝑉

𝐼
               (4.14) 
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4.3.1.2.2 First Order Derivation of I-V Characteristics Approach 

The slope method to extract Rs is also developed based on eq 4.8128. The method is 

potentially more accurate than the single point approach. When the influence from Rs on the 

current becomes significant, For V >> kT/q, eq 4.8 can be expressed as  

𝐼 = 𝐼𝑆 exp [
𝑞𝑉𝐷

𝑛𝑘𝑇
]                 (4.15) 

when the effect of RS is significant, VD = V - IRs, and eq 4.15 can be rewritten as 

𝑉 = 𝐼𝑅𝑠 + 𝑛𝜙𝐵 +
𝑛𝑘𝑇

𝑞
ln (

𝐼

𝐴𝐴∗𝑇2)         (4.16) 

Differentiating eq 4.16 with respect to I and rearranging terms, we obtain  

d𝑉

d(ln 𝐼)
=  𝐼𝑅𝑠 +

𝑛𝑘𝑇

𝑞
      (4.17) 

Thus, a plot of dV/d(lnI) versus I will give Rs as the slope, and nkT/q as the intercept of y-axis.   

4.3.1.2.3 Norde Method and Deviations 

Another method to extract Schottky parameters was first proposed by Norde132. 

Assuming an ideal diode with n=1, the Norde function can be expressed as  

𝐹 =
𝑉

2
−

𝑘𝑇

𝑞
ln (

𝐼

𝐴𝐴∗𝑇2)                     (4.18) 

Substituting eq 4.16 into eq 4.18 yields 

𝐹 = −
1

2
𝑉 + 𝐼𝑅𝑠 + 𝜙𝐵                     (4.19) 

when V>>IRS so that the term IRS can be neglected, eq 4.19 gives the first order derivative of -

1/2 for F(V). When V ≈ IRS, eq 4.19 gives the first order derivative of 1/2 for F(V). Hence, F(V) 



 

47 

 

should have a minimum point lying between these two limits at voltage of Vmin. The 

corresponding current is Imin. At the minimum point where dF/dV=0, the RS is 

𝑅𝑠 =
2

𝐼𝑚𝑖𝑛

𝑘𝑇

𝑞
        (4.20) 

Substituting eq 4.20 into eq 4.19, the minimum F value is obtained  

𝐹𝑚𝑖𝑛 = −
1

2
𝑉𝑚𝑖𝑛 +

2𝑘𝑇

𝑞
+ 𝜙𝐵     (4.21) 

The RS of the diode is calculated from Imin at V=Vmin. One disadvantage of this technique is that 

an apparent A* must be known for an accurate evaluation. However, the apparent A* for 

particular diodes commonly deviates from its theoretical value depending on the specific contact 

preparation. In the absence of an accurate apparent A*, one has to assume a theoretical value or 

literature values. Another disadvantage of this method is that it assumes n=1, which is not valid 

in most practical cases. 

A modified Norde method was proposed by Sato and Yasumura133 

𝐹 = (
1

2
−

1

𝑛
) 𝑉 +

𝐼𝑅𝑠

𝑛
+ 𝜙𝐵         (4.22) 

 to extract the value of n, ΦB, and RS from the I-V measurements of Schottky diodes. Their 

approach extends the validity of this method to n<2 but requires two experimental I-V 

measurements conducted at different operating temperature and the determination of minima of 

the modified function. Besides, the apparent A* value is still needed.  

Another modified Norde method to determine Rs and ΦB of the diodes was defined as69 

𝐹 =
𝑉

𝛾
−

𝑘𝑇

𝑞
ln (

𝐼

𝐴𝐴∗𝑇2)                     (4.23) 



 

48 

 

where 𝛾 (dimensionless) is the first integer greater than n. This method overcomes the limitation 

of n<2 but still need the apparent A* value and the determination of minima of the F versus V 

plot. The value of ФB can be determined as  

𝛷𝐵 =  𝐹(𝑉min) +
𝑉min

𝛾
−

𝑘𝑇

𝑞
              (4.24) 

Where F(Vmin) is the the minimum point of F and Vmin  is the corresponding voltage. Rs value can 

be determined as 

Rs =  
𝛾−𝑛

𝐼min

𝑘𝑇

𝑞
                (4.25) 

It is noted that all of these approaches based on original Norde method have the 

difficulties of obtaining an accurate value for the F function minimum. Several variations of the 

Norde method have been proposed to overcome these difficulties and n limitations. H-function is 

one of these developed by Cheung and Cheung134 and defined as  

𝐻(𝐼) = 𝑉 −
𝑛𝑘𝑇

𝑞
ln (

𝐼

𝐼𝑠1
)          (4.26) 

With eq 4.16, eq 4.26 becomes 

H(𝐼) = 𝑛Ф𝐵 + 𝐼𝑅𝑠        (4.27) 

Thus, a plot of H(I) versus I will give Rs as its slope, and nФB as its y-intercept. Similar to that of 

F plot, the H plot also needs the apparent A* value.  

4.3.2 Current-Voltage-Temperature Measurements 

Current-voltage-temperature (I-V-T) measurements are typically used to extract the 

apparent A* provided the physical area of the Schottky contact is well-defined. It also provides a 
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self-consistency check of the ФB derived from the I-V measurements in a wide range of 

temperature. Eq 4.7 can be written as  

𝑙𝑛(𝐼𝑠/𝑇2) = ln(𝐴𝐴∗∗) − 𝑞Ф𝐵/𝑘𝑇         (4.28) 

Where A** is the apparent Richardson constant. A plot of ln(IS/T
2) versus 1/T known as a 

Richardson plot can be obtained which should be a straight line and gives -qФB/k as its slope and 

ln(AA**) as its y-intercept if the ΦB is independent of temperature. The slope of the plot is 

usually well defined whereas the extraction of A** involving extrapolating the slope to the 

vertical axis (1/T = 0) over a long distance is prone to error since the experimental data usually 

covers only a narrow temperature range.  Uncertainty in the data typically can lead to a large 

uncertainty in A**. 

Precautions should be taken if the Schottky parameters from the I-V-T measurements are 

temperature dependent. The variation of barrier heights and ideality factors extracted from I-V-T 

measurements by classical thermionic emission model can be attributed to the existence of 

excess current introduced by superposition of recombination current and/or field emission 

current over thermionic emission, or the presence of potential fluctuations at the interface of 

metal and semiconductor. In this case, accurate extraction of n and ФB becomes difficult by the 

standard Richardson plot. Based on the I-V relationship proposed by Hackam and Harrop135 as 

𝐼 = 𝐴𝐴∗∗𝑇2𝑒𝑥𝑝 (−
𝑞Ф𝐵

𝑛𝑘𝑇
) exp (

𝑞𝑉

𝑛𝑘𝑇
)       (4.29) 

Bhuiyan et al. proposed a modified Richardson plot as 

𝑛(𝑇)𝑙𝑛 (
𝐼𝑠

𝑇2) = 𝑎ln(𝐴𝐴∗∗) + 𝛼/𝑘 − (1/𝑇)(Ф𝐵𝑇0 − 𝑘𝑏𝑙𝑛𝐴∗)/𝑘         (4.30) 

by taking into account the temperature dependence of both the n and ФB based on their empirical 

observations as 
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𝑛(𝑇) = 𝑎 + 𝑏/𝑇               (4.31) 

And 

Ф𝐵(𝑇) = Ф𝐵𝑇0 − 𝛼𝑇             (4.32) 

where ФBT0 is the ΦB at absolute 0 K. 

4.3.3 Capacitance-Voltage Measurements 

The capacitance-voltage (C-V) technique provides an alternative method to obtain ΦB 

even without a well-defined physical contact area. The barrier heights obtained by the C-V 

measurements are regarded as the most reliable value not strongly affected by non-ideal 

behavior136.  

 Schottky Barrier Heights Extraction 

As described above in the Schottky-Mott model, the equalization of Fermi levels of the 

contacted metal and semiconductor results in a depletion region which can be regarded as a 

dielectric layer naturally. It consists of space charges due to the ionized donors and locates 

entirely in the semiconductor side of the contact. Thus, the depletion region forms a “planar 

capacitor” with the metal and the non-depleted semiconductor bulk as the parallel plates. The 

width of the depletion region Wd can be determined by applying the Poisson equation with “full 

depletion approximation” which means130 

i. All the donors in the depletion region from the Schottky interface to the Wd are 

completely ionized with resultant positive charge; 

ii. The semiconductor bulk region beyond the depletion region is neutral with zero 

electric field. 

The charge density profile in the semiconductor thus becomes  



 

51 

 

ρ(𝑥) = {
𝑞𝑁𝐷               0 < 𝑥 <  𝑊𝑑        

0                       𝑥 ≥ 𝑊𝑑           
    (4.33) 

where ND is the effective doping density of the semiconductor, as shown in Figure 4.4a. The 

positive charge density in the semiconductor is exactly equalized by the negative charge in the 

metal  

 𝑄𝑀 =  − 𝑄𝑆 = −𝑞𝑁𝐷𝑊𝑑                   (4.34) 

So that the net charge is zero and the electrical field beyond the depletion region is zero. To 

determine the electric field distribution in the depletion region, we can start with the one 

dimensional Poisson equation  

𝑑𝜉

𝑑𝑥
= −

𝑑2𝑉

𝑑𝑥2 =
𝜌(𝑥)

𝜀𝑆𝜀0
           (4.35) 

With the boundary condition ξ(Wd) = 0, the electric field distribution in the depletion region as 

shown in the Figure  4.4d is  

𝜉(𝑥) = {
−

𝑞𝑁𝐷

𝜀𝑆𝜀0
(𝑊𝑑 − 𝑥)               0 < 𝑥 <  𝑊𝑑         

               0                                 𝑥 ≥ 𝑊𝑑           
        (4.36) 

The maximum electric filed ξmax = -qNDWd/𝜀𝑆𝜀0 can be obtained at the Schottky interface. By 

integrating the -ξ(x) from 0 to x, the potential distribution in the semiconductor as shown in 

Figure 4.4c can be obtained  

𝑉(𝑥) = {
−𝑉𝑏𝑖 (1 −

𝑥

𝑊𝑑
)

2

               0 < 𝑥 <  𝑊𝑑        

               0                                 𝑥 ≥ 𝑊𝑑           
            (4.37) 

where Vbi is the build-in voltage representing the potential drop across the depletion region of the 

semiconductor. The width of the depletion region Wd can be obtained as 

𝑊𝑑 = √
2𝜀𝑆𝜀0𝑉𝑏𝑖

𝑞𝑁𝐷
         (4.38) 
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In practice, the thermal energy distribution of the majority carrier has to be considered. Thus the 

potential drop across the depletion region becomes Vbi –kT/q, the width of the depletion region 

becomes  

 
Figure 4.4. (a) A schematic diagram of the  Schottky diode, (b) charge distribution, (c) potential 

distribution, (d) electric field distribution, (e) energy distribution across the Schottky barrier. 

𝑊𝑑 = √
2𝜀𝑆𝜀0

𝑞𝑁𝐷
(𝑉𝑏𝑖 −

𝑘𝑇

𝑞
)                 (4.39) 

And the maximum electric field becomes 

𝜉𝑚𝑎𝑥 = −√
2𝑞𝑁𝐷

𝜀𝑆𝜀0
(𝑉𝑏𝑖 −

𝑘𝑇

𝑞
)                   (4.40)  
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When a small external voltage is applied, the boundary condition changes from V(Wd) = 

0 to V(Wd) = V,  the Wd varies subsequently as  

𝑊𝑑 = √
2𝜀𝑆𝜀0

𝑞𝑁𝐷
(𝑉𝑏𝑖 −

𝑘𝑇

𝑞
− 𝑉)                 (4.41) 

Provided the physical contact area A is known, the total space charge QSC in the depletion region 

is 

 𝑄𝑆𝐶 = 𝑞𝑁𝐷𝑊𝑑𝐴             (4.42) 

The small-signal capacitance (C) of the depletion region can be obtained from dQSC /dV, 

resulting in  

𝐶 = 𝐴√
𝑞𝜀𝑆𝜀0𝑁𝐷

2(𝑉𝑏𝑖−𝑘𝑇/𝑞−𝑉)
                 (4.43) 

And  
𝐴2

𝐶2 = (
2

𝑞𝜀𝑆𝜀0𝑁𝐷
) (𝑉𝑏𝑖 −

𝑘𝑇

𝑞
− 𝑉)        (4.44) 

 

In the C-V measurements, the capacitance is measured as a function of the applied 

external voltage (V) by applying a small AC signal with a typical frequency between 10 kHz to 1 

MHz. The C-V measurements are then plotted as 1/C2 versus V of which the Vbi-kT/q is obtained 

by extrapolating the slope of 1/C2 versus V to the 1/C2axis.  

The ФB of the Schottky contact is related to the Vbi by  

ФB = 𝑉𝑏𝑖 + ζ           (4.45) 

Where 

 ζ =
𝑘𝑇

𝑞
ln (

𝑁𝐶

𝑁𝐷
)          (4.46) 

where NC is the effective density of states in the conduction band. 
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 Effective Donor Concentration extraction 

The C-V technique can also be used to obtain depth profile of the effective donor 

concentration of the semiconductor. The effective donor concentration is obtained from the slope 

of 1/C2-V curve as 

𝑁𝐶−𝑉 = (−
2

𝑞𝜀𝑆𝜀0
) [𝑑(1/𝐶𝐷

2)/𝑑𝑉]
−1

        (4.47) 

or from the dC/dV method with137 

𝑁𝐶−𝑉 =
𝐶𝐷

3

𝑞𝜀0𝜀

𝑑𝑉

𝑑𝐶𝐷
              (4.48) 

both as a function of depth 

𝑊𝐶−𝑉 =
𝜀0𝜀

𝐶𝐷
                 (4.49) 

where CD is the capacitance density, 

𝐶𝐷 = 𝐶/𝐴               (4.50) 

The 1/C2-V plot is preferred in analyzing C-V characteristics as it can easily tell if the carrier 

density is uniform. In the simplest case for non-compensated and homogeneously doped 

semiconductor, the C-V concentration NC-V equals to the free carrier concentration and donor 

concentration. While for the semiconductor with large variation of the donor concentration, the 

NC-V does not have a direct physical meaning but related to the total depletion charge. 

4.3.4 Frequency-dependent Capacitance and Conductance Method 

Capacitance - frequency (C-F) and conductance - frequency (G-F) techniques have been 

commonly used to investigate the interface states energy distribution in the bandgap of the 

contact interface. Ideally, the diode capacitance and conductance should be frequency-
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independent. However, in reality the quantities usually are dependent on frequency due to the 

presence of interface defect states and/or the series resistance RS and impurity levels69,138,139.  

 

The electron emission-capture process at interface states in equilibrium is able to follow 

the low frequency AC signals and provide a source of excess capacitance Cit beside CS from the 

depletion region. The conductance represents the loss mechanisms due to the carrier transport 

over the ΦB and the interface trap capture and emission. Figure 4.5a depicts the complete 

equivalent circuit for the Schottky diode with interface traps. The normalized parallel 

capacitance Cp and Gp in the simplified circuit as shown in Figure 4.5b are defined as128 

𝐶𝑝 = 𝐶𝑠 +
𝐶𝑖𝑡

1+(𝜔𝜏𝑖𝑡)2
              (4.51) 

𝐺𝑝

𝜔
=

𝐺𝑠

𝜔
+

𝑞𝜔𝜏𝑖𝑡𝐷𝑖𝑡

1+(𝜔𝜏𝑖𝑡)2              (4.52) 

equivalent circuit models 

 

Figure 4.5. The small signal equivalent circuits for capacitance and conductance 

measurements; (a) Schottky diode depletion region capacitance CS and conductance GS with 

interface trap time constant τit =Cit/Git; (b) simplified parallel circuit of (a); (c) taking into 

account series resistance RS; (d) measured circuit. 
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Where Cit = q2Dit, ω=2πf (f is the measurement frequency) and τit = Cit/Git, is the interface time 

constant. Eq 4.51 and eq 4.52 are for interface traps with single energy level in the band gap. For 

interface defects continuously distributed in the energy band gap, the primary capture and 

emission occurs by traps located around the Fermi level within a few kT/q leading to a time 

constant dispersion, the parallel Gp then becomes 140  

𝐺𝑝

𝜔
=

𝐺𝑠

𝜔
+

𝑞𝐷𝑖𝑡

2𝜔𝜏𝑖𝑡
ln[1 + ((𝜔𝜏𝑖𝑡)2)]            (4.53) 

Eq 4.51 and eq 4.52 show that the parallel capacitance and conductance are depending on not 

only applied voltage from CS and GS, but also frequency. At a fixed applied bias voltage, the CS 

and GS are constants. The interface traps density and the time constant can be extracted from C-f 

and G-f measurements provided the Cit and Git are not screened by CS and GS. Capacitance meter 

which generally assumes the device to consist of the parallel Cm - Gm combination as shown in 

Figure 4.5d should directly give the Cp and Gp. 

For diode with appreciable series resistance, Figure 4.5c gives a more complete circuit 

with the RS. Compare the circuits in Figure 4.5c and d gives141 

𝐺𝑚 =
𝐺𝑝(𝐺𝑝𝑅𝑠+1)+𝜔2𝐶𝑝

2𝑅𝑠

(𝐺𝑝𝑅𝑠+1)
2

+𝜔2𝐶𝑝
2

𝑅𝑠
2
            (4.54) 

𝐶𝑚 =
𝐶𝑃

(𝐺𝑝𝑅𝑠+1)
2

+𝜔2𝐶𝑝
2

𝑅𝑠
2
           (4.55) 

𝐶𝑃 =
𝐶𝑚

(1−𝐺𝑚𝑅𝑠)2+𝜔2𝐶𝑚
2

𝑅𝑠
2          (4.56) 

𝐺𝑝 =
𝜔2𝐶𝑚𝐶𝑃𝑅𝑠−𝐺𝑚

𝐺𝑚𝑅𝑠−1
                   (4.57) 

The interaction of RS and RP cause the measured capacitance to be underestimated in parallel 

mode of the capacitance meter.  For 𝐺𝑝 ≪ 1/𝑅𝑠  and low frequencies, the effect of Rs to the 
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measured capacitance can be neglected, the parallel capacitance is close to the measured 

capacitance. By fitting C-f curve with eq 4.51, the interface trap density and time constant can be 

obtained. As to the Gm -f curve, when the diode current is small and RS is negligible, the loss due 

to the interface states becomes dominant and it should show a maximum peak at ω≈1/τit (or 

ω≈2/τit for continuously distributed defect energy leading to a time constant dispersion).  The 

density of states is given by the first derivative of eq 4.52, 

𝐷𝑖𝑡 =
2

q
(

𝐺𝑝

𝜔
)

max
   for single level       (4.58) 

or  

𝐷𝑖𝑡 =
2.5

𝑞
(

𝐺𝑝

𝜔
)

max
  for continuous levels       (4.59) 

In n-type semiconductor, the energy of the interface states Ess  with respect to the 

conduction band is given by138,142 

𝐸𝑐 − 𝐸𝑠𝑠 = 𝑞Ф𝐵 − 𝑞(𝑉 − 𝐼𝑅𝑠)         （4.60） 

where Ec is the bottom of conduction band.  

By applying either of the two methods in appropriate applied voltage range and frequency range, 

an energy distribution of the interface states could be obtained for a specific Schottky contact. 

4.4 NON-IDEAL BEHAVIOR IN CURRENT TRANSPORT 

There are numbers of mechanisms which could cause non-ideal behavior in current 

transport. These mechanisms include image force lowering (IF), thermionic field emission (TFE), 

defect-assisted tunneling, recombination, lateral barrier inhomogeneity, etc., as shown in Figure 

4.6. In this section, the major sources which cause non-ideal behavior in nanodiodes based on 

polycrystalline oxide semiconductor will be described. 
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4.4.1 Image Force Lowering 

In ideal Schottky-Mott model described in Section 4.2.1, the ideal Schottky barrier height 

of the Schottky contact is determined by the metal work function and semiconductor electron 

affinity. In reality, the effective barrier heights of Schottky contacts are always slightly reduced 

by the image force (IF) lowering effect even for perfect Schottky contact with perfect 

crystallinity, homogeneous interface potential and no interface states. This effect is produced by 

a small attractive force between the electron approaching the barrier and its respective positive 

“image” charge induced in the metal143 and results in a barrier height lowering by ∆ФIF given by 

∆Ф𝐼𝐹 = [(
𝑞3𝑁𝐷

8𝜋2𝜀∞ 
2

𝜀𝑆 𝜀0 
3
) (Ф𝐵 −

𝑘𝑇

𝑞
− 𝑉 − ζ)]

1

4
          (4.61) 

 

Figure 4.6. Non-ideal behaviors in current transport across Schottky barrier. 
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Where ε∞ is the image force dielectric constant, other symbols have their usual meanings. 

Eq 4.61 implies that the ∆ФIF increase with increasing reverse bias. The resultant ФB varies 

depending on applied voltage V. Also, the ∆ФIF is positively dependent on the effective donor 

concentration ND for a given semiconductor. Thus, for moderately doped semiconductor, 

although ∆ФIF is small, it can lead to a deviation of reverse current from a constant IS, i.e., 

voltage-dependent reverse currents. It is worthwhile to note that the IF lowering only affects the 

I-V characteristics but not C-V characteristics as it is only produced by electrons which approach 

the barrier. The ideality factor of a Schottky contact due to the IF lowering is increased to  

1

𝑛𝐼𝐹
= 1 −

∆Ф𝐼𝐹 

4
(Ф𝐵 −

𝑘𝑇

𝑞
− 𝑉 − ζ)

−1

      (4.62) 

4.4.2 Thermionic Field Emission 

According to the eq 4.38, the width of the depletion region Wd is proportional to the effective 

donor concentration ND
-1/2. Thus, for heavily doped semiconductors the barrier may be 

sufficiently thin for electrons to tunnel directly through it. A more preferred process for 

moderately doped semiconductor is thermionic field emission (TFE), in which the electrons are 

thermally excited to a position on the barrier where it can tunnel through. A tunneling parameter 

E00 determined by144  

𝐸00 =
𝑞ℎ

4𝜋
(

𝑁𝐷

𝑚∗𝜀𝑆𝜀0
)

1

2
          (4.63) 

where m* is the effective electron mass, can be compared to the thermal energy kT to evaluate the 

relative probability of these processes. When E00 << kT, the dominant current transport process is 

the thermionic emission, whereas when E00 >> kT the field emission, i.e., tunneling becomes 
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significant. For E00 is comparable to kT, the current transport will be affected by maily TFE, 

leading to a lowering of the ФB by  

∆Ф𝑇𝐹𝐸 = (
3𝐸00

2
)

2

3
(Ф𝐵 − 𝑉 −

𝑘𝑇

𝑞
− ζ)

1

3
             (4.64) 

And the ideality factor is increased to  

𝑛𝑇𝐹𝐸 =
𝑞𝐸00

𝑘𝑇
𝑐𝑜𝑡ℎ (

𝑞𝐸00

𝑘𝑇
)        (4.65) 

Thus, the ideality factor nTFE varies with the temperature in the presence of TFE. For Schottky 

contacts of moderately doped semiconductor with infinite semiconductor layer, the probability of 

the TFE is very low. However, it can be enhanced with the presence of defect states or traps in 

the depletion region which provide a tunneling route to promote the tunneling probability and 

consequently increase the ideality factor nTFE.  

4.4.3 Generation and Recombination  

Generation and recombination (G-R) currents can occur in the depletion region of a 

Schottky contact as that in p-n junction by simultaneous capture of elections and holes assisted 

by defects states in the semiconductor. The G-R current can be described by the relation116 

𝐼𝐺−𝑅 = 𝐼𝑆−𝐺𝑅 [exp (
𝑞𝑉−𝐼𝑅𝑆

2𝑘𝑇
) − 1]      (4.66) 

And                                       

𝐼𝑆−𝐺𝑅 =
𝑞𝑛𝑖𝑊𝑑

2𝜏
              (4.67) 
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Where ni is the minority carrier concentration and τ is the minority carrier lifetime with in the 

depletion region and is inversely proportional to the defect density so that the G-R current 

increase with increasing defect density. For wide band semiconductor like ZnO, the ni is very 

small therefore the IG-R can be negligible. Instead, the hopping current transport induced by 

electrons tunneling between defects states for these materials may be important. 

4.4.4 Barrier Inhomogeneity  

The presence of Schottky barrier inhomogeneity was recognized and reported 

sporadically before 1990s145–148. This issue has not received serious attention until the advances 

achieved in ballistic electron emission microscopy (BEEM) technique provided the spatial 

resolution needed to study the potential distribution underneath the metal layers149,150. The 

presence of Schottky barrier inhomogeneity is very common because: (i) any defects and 

contamination in the interface may provide as the sources for the barrier potential fluctuation, (ii) 

non-epitaxial growth of materials can lead to the local variation in interface atomic structure 

varies locally, and (iii) the interface dipole induced by the interaction between metal and 

semiconductor can vary laterally. The Schottky barrier inhomogeneity may be particularly 

important for polycrystalline Schottky diodes studied here125.  

Song et al.151 has firstly introduced an analytical potential fluctuation model assuming the 

contact area is composed of isolated sub-areas with definite ΦB following a Gaussian distribution. 

The model provides a physical insight for the difference in ΦB obtained from capacitance-voltage 

and current-voltage measurements. Recently, Tung proposed a dipole-layer approach which 

induced an embedment of low barrier patches in a higher background uniform barrier145. The 

barrier inhomogeneity approach generally assumes a lateral distribution of non-uniform Schottky 
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barrier height in the contact area and different functions including Gaussian and exponential 

distributions have been proposed152. Among these functions, the Gaussian distribution is most 

widely adopted and it leads to useful expressions for current-voltage characteristics. The model 

developed by Werner and Guttler153 is widely used for Schottky barrier inhomogeneity which 

assumes a Gaussian distribution P(ΦB) for spatial distribution of the ΦB with a mean value of �̅�𝐵 

and a standard variation of δ as described by: 

𝑃(𝛷𝐵) =
1

δ𝑆√2𝜋
exp (−

(𝛷𝐵−�̅�𝐵)2

2δ𝑆
2 )                (4.68) 

where 
1

δS √2π
 is the normalization constant  of the Gaussian distribution. The total current under 

the forward bias voltage is given by154: 

𝐼 = ∫ 𝐼(𝛷𝐵, 𝑉)
+∞

−∞
𝑃(𝛷𝐵)𝑑𝛷𝐵                   (4.69) 

Provided pure thermionic emission dominant the current transport,   

𝐼 = 𝐴 ∙ 𝐴∗𝑇2 exp (−
𝑞Φ𝐵

𝑖𝑛ℎ

𝑘𝑇
) exp [

𝑞(𝑉−𝐼𝑅𝑆)

𝑛𝑖𝑛ℎ𝑘𝑇
]                   (4.70) 

Where the A* is the theoretical Richardson constant. Φ𝐵
𝑖𝑛ℎ and ninh are the apparent ΦB at zero 

bias and apparent ideality factor respectively, given by: 

Φ𝐵
𝑖𝑛ℎ = Φ̅B0 −

q𝛿0
2

2kT
                            (4.71) 

(
1

𝑛𝑖𝑛ℎ
− 1) = 𝜌2 −

𝑞𝜌3

2𝑘𝑇
                         (4.72) 

where Φ̅B0 stands for the mean barrier height and δ0 is the standard deviation, both at zero bias. 

It is assumed that the mean barrier height Φ̅B and standard variation δ2 linearly depend on bias 

voltage: Φ̅B(V) =Φ̅B0+ ρ2V and standard deviation δ2(V)= δ2
0 + ρ3V, where Φ̅B0 is the mean 

barrier height at zero bias, ρ2 (dimensionless) and ρ3 are the voltage coefficients which may 

depend on T. These assumptions quantify the deformation of the barrier height distribution 
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caused by the bias voltage153. The temperature dependence of the standard deviation δ is usually 

negligible.  

The relation of the Richardson plot could now be modified by taking into account the 

barrier inhomogeneity. The expression of the modified relation is  

ln(𝑗𝑠 𝑇2⁄ ) − (
q2δ0 

2

2(𝑘T)2
) = ln(𝐴∗∗) −

𝑞Φ̅B0

𝑘T
           (4.73) 

Thus, the A** can be calculated from the y-intercept and Φ̅B0 from the slope of the ln (js/T
2)-q2 

δ0
2/2(kT)2 versus q/kT plot. 

During the extraction of  Φ𝐵
𝑖𝑛ℎ and ninh, an initial value of A* which is the theoretical 

Richardson constant of the material is used. The reliability of the extracted parameters in this 

barrier inhomogeneity model is discussed here. Similar to that discussed above in section 4.3.1, 

A* (or A** in this case) appears in the ‘ln’ term in eq 4.9, which means if A* (or A**) is varied by a 

factor of 2, the extracted effective barrier height, the Φ𝐵
𝑖𝑛ℎin this case, would change by 0.7kT; 

The resultant discrepancies in δ0 and Φ̅B0 are about 2% and 3%, respectively, indicating that the 

values of  δ0 and Φ̅B0 are little relevant to the initial value of A*. In contrast, the extraction of 

apparent Richardson constant A** in eq 4.73, is highly relevant to the initial value of A*.  
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Chapter 5                                                                   

Schottky Nanodiodes Results and Analysis                                                                                   

5.1 INTRODUCTION 

The choice of the best metal for Schottky contacts to ZnO is an important topic in the 

developing of ZnO based technology. Many noble metals have been widely used as Schottky 

electrodes on ZnO in the literatures44,47,49,51,54,64,66–71,155,156. Potential interdiffusion and chemical 

reactions between the electrodes and ZnO could be harmful to the device performance. In 

particular for the bottom electrode configuration in this thesis, the thermal stability of the 

electrodes is an essential concern to obtain good device performance, since the interface 

interaction could be enhanced by heating during the fabrication process of the diodes. The source 

of heating can come from the photolithography process which can reach 115 °C during the 

photoresistor baking and in the range of 50 to 200 °C during the ALD process.  

 An overview of literatures on thermal stability studies with several Schottky contact 

metals relevant to this thesis is given below. There are several reports indicating that Au 

electrode tends to interact seriously with ZnO at ambient temperature higher than 60 °C59,60,115. 

Some studies indicated that Ag  contact has a slightly better thermal stability than that of Au59,115. 

Temperature-dependent electrical characterizations showed that both Pt and Pd formed thermal 

stable contacts to bulk ZnO up to 200 °C62,63,157,158.  However, Pt contact on n-type ZnO thin film 

degraded significantly after annealing at 300 °C63. Tungsten (W) contact on (0001) bulk ZnO 

crystal was found to be stable up to ~700 °C without any detectable intermixing due to the high 

melting points of W (3410 ◦C)64. Elemental Copper (Cu) has been widely used in silicon-based 
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integrated circuits because of its excellent thermal and electrical conductivity, high 

electromigration resistance and low cost159. However, Cu diffuses easily into semiconductor 

layers so that a diffusion barrier is normally required in the Si-based devices. And thermal 

stability of Cu Schottky contacts is one of the most important issues in Si devices. In the case of 

other material system, Chang-da Tsai et al.45 reported Cu Schottky contacts to InGaP were stable 

with thermal stability up to 450 ºC.  

Alloys and other compounds materials can also be good Schottky contact candidates. 

Sputtered TiW alloys have good thermal and electrical properties, high corrosion resistance and 

low diffusion of metals. Hence, it is used as diffusion barrier between Al and Au and in the 

presence of silicides. However, in the case of using TiW alloy as contact to ZnO, one uncertainty 

is the interdiffusion of Ti and ZnO based on the evidences that Ti/Au as an ohmic contact to ZnO 

thin film showed significant changes in morphology for > 200 °C60, and that Ti and the ZnO 

react to form Ti-O phases after annealing at 250 °C60. Recent studies showed that partial 

oxidized noble metals such as PdOx, AgOx and IrOx have good thermal stability at 180 °C160,161. 

Since the interactions of electrodes to various material systems typically differ from one to 

another, a systematic study on the stability of metal contacts on ZnO is important for devices 

consist of ZnO Schottky contact.  

As discussed in section 1.4 Schottky nanodiodes based on ultrathin ZnO film grown at 

low temperature are ideal for many applications. In the following sections a number of 

systematic studies on ZnO Schottky nanodiodes are reported. In study I, metals shown rectifying 

behavior on P-200 ZnO are identified. The electrical characteristics of the P-200 Schottky diodes 

are studied. Material studies to investigate the interface chemistry of the winning contacts TiW 

and Cu contacts are reported. In study II, the effects of PEALD deposition temperatures, metal 
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surface plasma pretreatment durations as well as thermal stability of Cu contact are studied. In 

study III, comprehensive studies for P-50 Schottky nanodiodes are reported. The studies include 

(i) the identification of Schottky metals in some of which have been rarely applied as Schottky 

contacts to ZnO in literatures; (ii) the long-term stabilities for all P-50 ZnO Schottky contacts 

with aging, providing a piece of evidence for interface interaction extent between ZnO and these 

electrodes; (iii) interface defects and temperature-dependent behavior for the winning contacts Pt 

and Cu. The temperature-dependent measurements on Cu and Pt Schottky nanodiodes also 

provide an estimate of their thermal stabilities; (iv) series resistance analysis for the best 

nanodiode, P-50-Pt; (v) the mechanisms involved in the diode behavior. In the last section of this 

chapter, a current transport model for the ZnO Schottky nanodiodes is developed by using 

analytical transfer matrix method. 

5.2 STUDY І: P-200 AND T-200 SCHOTTKY NANODIODES  

5.2.1 Summary of Device Behavior 

Schottky nanodiodes based on T-200 and P-200 ZnO were firstly investigated. Metals 

including Cu, Ni, Pt, Au, Ag, and TiW were used as the bottom electrode to investigate their 

suitability as Schottky contacts. These candidates are selected according to their work function 

(see Table 4.1) and their thermal stability, and also for comparison to previous reported works. 

The ohmic contact was kept as Al/Au stacks for all diodes. The resultant contact type of each 

device is determined by I-V measurements and summarized in Table 5.1 with either ohmic 

(linear) or Schottky (rectifying).  
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None of the devices with T-200 ZnO thin films showed Schottky behavior. We attributed 

it to the extremely high free carrier concentration nature of the T-200 ZnO thin film. There are 

numbers of mechanisms that can lead to high free carrier concentration: (i) high concentration of 

hydrogen (H) related dopants like hydroxyl detected in high resolution XPS study, hydrocarbons 

and free H atoms; (ii) zinc-rich interfacial layers observed from the XPS study, and (iii) more 

random orientations of the polycrystalline grains observed from the XRD study. Please refer to 

Chapter 3 for the details of thin film characterizations. As to the devices with P-200 ZnO thin 

films, the Au and Pt contacts appeared to be ohmic while other reactive metals showed rectifying 

behavior (Schottky).  

Despite the fact that Au has been widely investigated as a rectifying contact to ZnO, its 

rectifying behavior varies significantly depending on the interface conditions and ambient 

temperatures in literatures48,54,95,115,162–164. Mosbacker et al.51 demonstrated a conversion of Au 

contact from ohmic to rectifying behavior by remote oxygen plasma treatment on atomically 

ordered polar single-crystal ZnO. The authors attributed the conversion to the removal of the 

adsorbate-induced accumulation layer and reduction of near-surface donor density and defects 

leading to a lower tunneling and hopping current transport. Neville and Mead164 measured an 

effective barrier height value of 0.66 eV for Au on chemically prepared ZnO crystals with an 

Table 5.1 Summary of P-200 and T-200 Schottky diodes performance 

Contact Metal P-200 T-200 

Au ohmic ohmic 

Ag Schottky ohmic 

Pt ohmic ohmic 

TiW Schottky ohmic 

Cu Schottky ohmic 

Ni Schottky ohmic 
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unspecified orientation. Polyakov et al.59 measured the effective barrier height of ~0.65 eV for 

Au on (0001) Zn surface of bulk n-ZnO crystals. The authors also indicated that the Au Schottky 

diodes were degraded by heating to 365 K (92 °C) in vacuum due to chemical reaction between 

Au and ZnO interface. Simpson and Cordaro115 also indicated that Au contacts on single-crystal 

ZnO are easily degraded with thermal cycling under room temperature. To this end, the ohmic 

behavior of the Au/ZnO contacts in this work is attributed to their poor thermal stability since the 

bottom Schottky contact has to be heated to 200 °C in the ZnO growth process. 

Unlike the Au contacts, the Pt contacts were reported with good thermal stability for 

temperatures lower than 200 °C. A potential reason for the Pt/ZnO contact showing ohmic 

behavior could be there are the insufficient O species deposited onto the Pt surface during the 

growth of initial layers due to the simultaneously oxygen desorption is enhanced by higher 

temperature, subsequently creating a Zn rich interface layer in the contact and becoming a ohmic 

type due to high tunneling current. A further study of the interface chemical states is needed to 

confirm this speculation. 

5.2.2 Electrical Characteristics of P-200 ZnO Schottky Diodes 

Typical normalized I –V (J-V) characteristics for Ag, TiW, Cu and Ni Schottky contacts 

on P-200 ZnO are shown in Figure 5.1a in semi-log scale. The linearity of the logarithmic of the 

forward-bias junction current versus voltage is poor due to the significant effect of series 

resistance or voltage-dependent ΦB. The precise extrapolation of Schottky parameters (ΦB and n) 

from J-V characteristics becomes difficult since it requires that the series resistance has 

negligible contribution in VD at VD>3kT/q and also ΦB is a constant. While the approach based 

on the semi-log J/{1-exp[-qV/kT]} versus voltage plot is valid for the entire bias range and 
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allows for a linear dependence of ΦB on applied voltage, as discussed in section 4.3.1.1.2. Since 

the series resistance effect on the J-V characteristics vanishes when the current gets to zero, the 

extrapolation of Schottky parameters from the small current region in the semi-log J/{1-exp[-

qV/kT]} versus voltage plot should be more accurate. The semi-log J/{1-exp[-qV/kT]} versus 

voltage plots for all the diodes are shown in Figure 5.1b. The ΦB0 and n0 are then determined 

from the y-intercept and the slope for nearly zero current region of the semi-log J/{1-exp[-

qV/kT]}-V plot for each diode, according to eq 4.12. The theoretical Richardson constant A* 

value of 32 A cm-2 K-2 is used for the calculations with 𝑚∗ = 0.27 𝑚0  for ZnO54,56,58,63–

65,68,71,155,157,158,165–168.  

 

The obtained Schottky parameters from both J-V plot (ΦB and n) and J/{1-exp[-qV/kT]}-

V plot (ΦB0 and n0), plus the rectifying ratio at ±1 V, are shown in Table 5.2.  The effective 

barrier heights calculated by these two approaches for each diode are close to each other. While 

the ideality factor n0 calculated form the J/{1-exp[-qV/kT]}-V plot is obviously smaller than n 

calculated form J-V plot, which can be attributed to the presence of series resistance. The larger 

 
Figure 5.1 (a) Typical normalized I-V characteristics for Schottky contacts with P-200 ZnO 

thin films; (b) A logarithmic plot of the J/{1-exp[-qV/kT]} versus voltage respect to the (a). 
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of the deviation between n0 and n suggest more significant of the series resistance effect. By 

comparing the measured J-V characteristics and the Schottky parameters in Table 5.2, one can 

tell that the extent of the effect from series resistance is not only depends on the value of the 

series resistance but also depends on the magnitude of the current, corresponding to the IRS term 

in eq 4.12. Furthermore, the J/{1-exp[-qV/kT]}-V plot is not linear even at V=0 V would suggest 

that the RS is not the only factor leading to the large ideality factor. 

  

 

It is worthwhile to note that a permanent breakdown occurs at 3.45 V for the P-200-Cu as 

shown in Figure 5.2. Using the method described by Baliga169, a minimum breakdown field 

Table 5.2 Schottky parameters for Schottky contacts with P-200 ZnO thin films. (All the 

measurements were performed at room temperature.) 

Sample ΦB (eV) n ΦB0 (eV) n0 Ratio @ ±1 V 

P-200-Ag 0.44 4.45 0.45 1.99 <10 

P-200-TiW 0.54 1.98 0.54 1.76 10<&<100 

P-200-Cu 0.53 2.82 0.54 1.73 10<&<100 

P-200-Ni 0.37 3.29 0.39 1.99 <10 

 

 
Figure 5.2. Typical I-V characteristic curve for PEALD ZnO/Cu Schottky diode. The inset 

shows the breakdown voltage of the diode.  
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strength of 2.3 MV cm-1 can be calculated, which is among the highest breakdown field strengths 

reported for ZnO. 

Typical normalized C-V and G-V characteristics are shown in Figure 5.3a-d for Schottky 

contacts on P-200 ZnO thin films with Ag, TiW, Cu, and Ni contacts. Precaution should be taken 

in the analysis of doping concentration from the measured C-V characteristics. With the presence 

of the series resistance, the measured capacitance and conductance can deviate from the parallel 

capacitance with large frequency of the small AC signal as discussed in section 4.3.4. 

Furthermore, the Keithley 4200 SCS gives valid data only if the device under test (DUT) has an 

impedance value higher than a specific value. The suggested minimum impedance value is ∼100 

Ω for the LCR meter in this system170.  Hence, for the devices with high conductance at both 

forward and reverse bias voltage, the available valid measurement range is very limited.  

The P-200-Ag diode gives relatively high capacitance value and the lowest conductance 

value. By performing C-V analysis in the bias voltage range from -0.2 to -1 V according to 

section 4.3.3, the doping concentration and the depletion width versus voltage profiles are 

determined and shown in Figure 5.3e. A consistent doping concentration of 1.8x1018 cm-3 is 

obtained for the ZnO thin film. The extrapolated doping concentration data have significant 

scattering in the large reverse bias voltages region due to the noises from the measurement. The 

lowest depletion depth of 38 nm obtained here indicating that there is a significant effect of the 

excess capacitance in addition to the space-charge-region induced capacitance.  

The analysis of the C-V characteristics for the P-200-TiW diode is performed in the bias 

voltage range from -0.25 to -0.75 V as there is a preliminary breakdown present at ~-0.75 V. The 

doping concentration and the depletion width versus voltage are determined and shown in Figure 

5.3f. Different from that observed in P-200-Ag, the reasonable probable depletion depth of few 
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nanometers indicates the contribution of series capacitance is much less in this diode. The 

extracted doping concentration of the ZnO thin film in this P-200-TiW diode much larger than 

the Ag one and decreases continuously with increased reverse bias voltage. Since the depletion 

width decrease with increased reverse bias voltage, Figure 5.3f suggests the doping concentration 

of ZnO in P-200-TiW is nonuniform and decreases away from the bottom interface, i.e. increases 

toward the bottom interface. An increasing carrier concentration close to the interface may be 

resulted from diffusion of titanium and oxygen between the TiW and ZnO layers as well as 

higher lattice defects. According to H. Kim et al171, oxygen diffuses into the TiW layer and 

reacts with Ti element since the enthalpies of formation for TiO2 (∆HTiO2=-944 kJ/mol) and TiO 

(∆HTiO=-519 kJ/mol) are much smaller than that for ZnO (∆HZnO=-350 kJ/mol). GAXRD results 

discussed in section 3.3 also indicated that Ti diffuses into the ZnO and formed detectable 

titanium oxide phases in P-200 ZnO thin film.  

The analysis of the C-V characteristics for the P-200-Cu diode is performed in the bias 

voltage range from -0.2 to -1 V. The measured conductance for the P-200-Cu diode is 

comparable to that of the P-200-Ag diode. The doping concentration and the depletion width 

versus voltage are determined and shown in Figure 5.3g. An almost constant doping 

concentration of 6x1018 cm-3 is obtained for the ZnO thin film. The smallest depletion depth of 14 

nm obtained here indicates effect of series capacitance could be also present for this P-200-Cu 

diode. From the comparison of the I-V characteristics and C-V characteristics of these three 

diodes, we can find that the effect of series capacitance is related to the effect of series resistance 

on the diode. The effect of series resistance on the diode is Ag>Cu>TiW, the effect of series 

capacitance on the diode is Ag>Cu>TiW. 
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Figure 5.3 Typical normalized C-V and G-V characteristics (a-d) and extracted depletion width 

and doping profile versus voltage (e-f) for Schottky contacts with P-200 ZnO thin films.C-V 

measurements are performed at 1 Mhz for Ag and Cu, and 0.5 Mhz for TiW and Ni. 

Lastly, for the P-200-Ni diode, the analysis of the C-V characteristics is difficult due to its 

large conductance value. No useful information was extracted since the analysis of the doping 

profile and depletion depth is unreliable because of the narrow valid voltage range. For all diodes, 

the extraction of build-in potential from (A/C)2 versus voltage plot cannot be obtained with the 

approach given in section 4.3.3.1, due to the presence of series capacitance, series resistance, 

non-uniform doping concentration, etc. 

5.2.3 Interface Chemistry of P-200-Cu Contact 

As the PEALD process involves exposure of Cu surface to reactive remote oxygen 

plasma, the chemistry of the Cu/ZnO interface and the crystal structure of the Cu substrate are 

studied with XPS and GAXRD. It was observed that a thin layer of native copper oxide can later 

be reduced by the ZnO growth during the ALD process. 

Figure 5.4 shows the XRD patterns for the 30 nm P-200 ZnO thin films on Cu substrate 

at glancing angles of (a) 0.5 degrees and (b) 0.2 degrees. The XRD pattern for T-200  ZnO thin 

film on Cu substrates performed at glancing angles of 0.2 degrees is shown in Figure 5.4(c). At a 
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glancing angle of 0.5 degrees, the sub-layer of Cu showed peaks at (111) and (200) planes with a 

predominant (111) texture well matched with elemental Cu XRD card172, indicating the 

polycrystalline nature of the Cu film. The absence of any XRD peaks of copper oxides and of 

Zn-Cu intermetallic compounds show that interfacial layers of Cu remained elemental after ZnO 

growth. 

 
Figure 5.5 depicts a series of Cu 2p XPS spectra with increasing Ar+ beam etching time. 

Cu 2p signal started to appear on the XPS spectrum after 360 s of etching starting from the 

PEALD-ZnO thin film surface. The etching rate is calculated to be ~3 nm/min. By increasing the 

etching time with 30 s increments, the Cu 2p signals become stronger without any change in 

peaks shape or position. After 540 s of etching, the Cu 2p spectra maintained at consistent shape 

and intensity regardless of any further etching. Many researchers have used the presence of a 

well-known shake-up satellite located at 943 eV found beside the Cu 2p main peak as an 

evidence for the presence of CuO117, which is not observed in our sample, indicating the lack of 

CuO presence at the interface. It was also reported that there is very little Cu 2p3/2 binding 

 

Figure 5.4. GAXRD for as deposited 30 nm PEALD ZnO thin film on Cu substrate with 

different glancing angle: (a) Theta=0.5 deg. (b) Theta=0.2 deg. (c) as deposited TALD ZnO 

thin film Theta=0.2 deg. 
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energy (BE) shifted (~0.4 eV) between Cu2O and Cu metal173,  leading to the difficulty in 

chemical state differentiation by XPS only. The series of Cu 2p spectra showed a consistent Cu 

2p3/2 binding energy of 932.6 eV agreed with the standard value reported for Cu metal174. The 

scans from the top layers has broader peaks can be attributed to the very thin thickness as well as 

the potential presence of Cu2O. Cu LMM X-ray generated Auger LMM spectra (XAUS) is 

typically used to distinguish the Cu chemical state due to the distinct chemical shifts between 

copper metal and Cu(I) oxide. Although Cu LMM XAUS was not acquired here, considering the 

atomic composition ratio of Cu, Zn and O shown in section 3.4, it is reasonable to suggest that 

there is not significant Cu2O present at the interface.  

 
However, XPS study of the Cu substrate surface before the ZnO deposition exhibited a 

typical Cu 2p spectrum for native Cu oxide with the well-known shake-up satellite as shown in 

Figure 5.6, suggesting that the native copper oxide at the surface was reduced in the ZnO 

deposition process117,175. This is consistent with the fact that the oxidation of Zn is preferred due 

 
Figure 5.5. Series of Cu 2p XPS peaks detected along in-situ Ar+ beam etching on 30 nm 

PEALD ZnO/Cu sample.  Cu 2p peaks started to appear at 360 s etching time (the bottom first 

spectrum in the figure). XPS scan was performed with every 30 s etching from 360 s to 540 s. 
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to the Gibbs free energy formation of ZnO (fGºZnO = -320.52 kJ mol-1) is more negative than 

that of CuO (fGºCuO = -129.7 kJ mol-1) and Cu2O (fGºCu2O = -149.kJ mol-1)176.  

 

5.2.4 Interface Chemistry of P-200-TiW Contact 

A series of high resolution XPS spectra of P-200-TiW sample are used to determine the 

material stoichiometric of ZnO respect to a continuously etching time. The atomic percentage of 

each element versus etching time, i.e., depth profile of the sample is shown in Figure 5.7. The 

XPS peaks from Zn2p, O1s, C1s, Ti2p and W4f are used for the calculation of atomic percentage. 

The P-200-TiW shows an O-rich interface due to the oxidation of substrate surface. The oxygen 

composition profile with a tail into the substrate indicates the presence of oxides in the substrate, 

which are further verified by the chemical state study of the Ti and W.  

Figure 5.8 depicts a series of W4f XPS spectra with increasing Ar+ beam etching time. 

W4f signals started to appear on the XPS spectrum after 135 s of etching starting from the 

PEALD-ZnO thin film surface. By increasing the etching time with 45 s increment steps, the 

W4f signals become stronger with a transition of chemical state as seem from the change of peak 

 
Figure 5.6. XPS spectrum for Cu substrate before ZnO growth shows the Cu surface has 

native oxidation. 

 

Cu(0)+Cu(II) 2p3/2  
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shape or position shifted. The first two scans on the interfacial layers indicate the presence of 

tungsten oxide in the interface, which vanishes when etching into deeper layers177. After 270 s of 

 

 
etching, the W4f spectra maintained at consistent shape and intensity regardless of any further 

etching. Ti2p spectra also show a transition of chemical states from the interface to deeper inside 

layer as shown in Figure 5.9117. In the interface layers, Ti(IV) chemical states is detected locating 

 
Figure 5.7. The depth profile for P-200-TiW shows the stoichiometric composition of the 

sample with increasing etching depth. 

 

 
Figure 5.8. A series of W4f  XPS spectra detected along in-situ Ar+ beam etching on P-200-

TiW sample.  W4f peaks started to appear at 135 s etching time (the first bottom spectrum). 

XPS scan was performed with every 45 s etching steps from 135 s to 270 s. 
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W 
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at ~458 eV binding energy, which vanishes when etching into deeper layers. An component 

analysis for the Ti2p spectra from the scan after 450 s etching duration (shown in Figure 5.9) 

indicates the existing of Ti(II) together with majority elemental Ti(0) which coincides the 

presence of oxygen in the substrate of TiW in Figure 5.7. 

 

 

In addition, Figure 5.10 shows the high resolution XPS spectra of O1s in ZnO layers with 

the dominant peak at 529.9 eV and a shoulder peak at 531.7 eV. The at. % of OH chemical state 

 
Figure 5.9. Ti2p spectrum after 180 s etching and 450 s etching. The component analysis of 

the 450 s spectrum is performed and shows more bond states of Ti2p. 

 

 
Figure 5.10 High resolution XPS spectra of O1s for P-200-TiW, compared to that of P-200-

Cu and T-200-Cu. 
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out of the total O for P-200-TiW is calculated to be 19.3%, which is much higher than the P-200-

Cu of 10% (see section 3.4). The higher hydrogen impurity in P-200-TiW agrees with the 

observation of higher doping concentration in this device from C-V characteristics discussed in 

section 5.2.1.  

5.3 STUDY ІІ: OPTIMIZATION OF CU SCHOTTKY NANODIODES 

 
The effects of deposition temperature and plasma treatments on the substrate surface 

prior to ZnO growth are studied for Cu-ZnO system. Cu metallization is applied on a set of ZnO 

thin films fabricated by PEALD with deposition temperatures of 100 °C, 130 °C, and 200 °C, 

referring to as recipes P-100, P-130 and P-200 respectively in Table 5.1. The Cu surface for each 

sample in this set is treated with 5 s ICP oxygen plasma in situ (see section 2.2.2) before the ZnO 

deposition. Another set of Cu/ZnO contacts with ZnO thin films grown by PEALD with the same 

deposition temperature of 200 °C but the Cu contacts were exposed to oxygen plasma with 

pretreatment duration of 5 s, 15 s and 30 s,  referring to as recipes P-200, P-200-2, and P-200-3 

respectively in Table 5.1. The thermal stability of Cu contact with P-130 ZnO is explored by 

annealing the same sample in forming gas (with a formulation of 5% hydrogen in nitrogen) for 5 

Table 5.3. Schottky parameters of Cu/ZnO diodes with various deposition temperatures, 

oxygen plasma pretreatment durations, and/or annealing temperatures. 

Recipe Remote plasma (s) Annealing T (K) qΦB (eV) n 

P-100 5 s O2 / 0.55 2.3 

P-130 5 s O2 / 0.56 2.6 

P-130 5 s O2 373 K 0.56 2.6 

P-130 5 s O2 473 K 0.57 2.6 

P-130 5 s O2 573 K 0.60 2.4 

P-200 5 s O2 / 0.54 2.7 

P-200-2 15 s O2 / 0.58 2.7 

P-200-3 30 s O2 / 0.56 2.6 
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mins at 100 °C, 200°C and then 300 °C. The Schottky parameters, including effective barrier 

height and ideality factor, for all diodes are obtained and summarized in Table 5.3. The ΦB and n 

are extracted from forward bias region in the range of 0.1 V - 0.3 V according to eq 4.9 and eq 

4.10.  

5.3.1 Cu Contacts to ZnO with Various Deposition Temperatures 

I-V curves for devices with P-200, P-130, and P-100 ZnO thin films are shown in Figure 

5.11. All devices have a similar Schottky barrier (ΦB) in the range of 0.51-0.55 eV with an 

increasing trend when the deposition temperature decreases, a similar n in the range of 1.1-1.13 

with a decreasing trend respect to decreasing deposition temperature. The devices also have 

increasing on/off ratio at ±1 V as deposition temperature decreases. As can be seen from Figure 

5.11, the on/off ratio of the sample with 100 °C deposition temperature is increased by an order 

of magnitude compared to that of 200 °C deposition temperature. The values of effective 

Schottky barrier height are slightly different. The value of the ideality factor larger tends to 

increase at higher deposition temperature. A hypothesis taking into account the presence of 

interfacial layer of oxide is proposed following for the obtained ideality factor values. 
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A complete description for the J-V characteristics requires taking into account quantum 

mechanical effects (QME) 178: 

𝐽 = 𝐴∗∗𝑇2 𝑒𝑥𝑝(−𝑞𝜑𝐵 𝑘𝑡⁄ ) [𝑒𝑥𝑝(𝑞𝑉 𝑘𝑡⁄ ) − 1]                    (5.1) 

Where 

𝐴∗∗ = 𝑓𝑝𝑓𝑄𝐴∗ (1 + 𝑓𝑝𝑓𝑄 𝑣𝑅 𝑣𝑑⁄ )⁄                                             (5.2) 

where 𝜑𝐵  is Schottky barrier potential, 𝑓𝑝 is the probability of emission over the potential  

maximum, 𝑓𝑄 is the ratio of total current flow with QME to the thermionic current flow without 

these effects, A* is the Richardson constant only depending on the effective mass of materials, 

A** is the apparent Richardson constant depending on practical factors,  𝑣𝑅 is thermal velocity 

constant, and 𝑣𝑑 is an effective diffusion velocity. n is originally defined as: 

𝑛 ≡
𝑞

𝑘𝑇

𝑑𝑉

𝑑𝑙𝑛𝐽
                                                             (5.3) 

for V > 3𝑘𝑇 𝑞⁄ , 

𝑛 ≈ [1 −
𝑘𝑇

2𝑞𝑉𝑏𝑖

𝑑 𝑙𝑛𝐴∗∗

𝑑 ln 𝜉
−

∆𝜑𝐼𝐹

4𝑉𝑏𝑖
+

𝑑𝜑𝐵

𝑑𝜉

𝜉

2𝑉𝑏𝑖
]

−1

                                    (5.4) 

 
Figure 5.11. I-V curves of Cu Schottky contact to P-100, P-130 and P-200 ZnO thin films. 
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where 

𝜉 = (2𝑞𝑁𝑑𝑉𝑏𝑖 𝜀𝑠⁄ /𝜀0)1 2⁄                                                 (5.5) 

and 

𝑉𝑏𝑖 = 𝜑𝐵 − 𝑉 −
𝑘𝑇

𝑞
[1 + 𝑙𝑛(𝑁𝑐 𝑁𝑑⁄ )]                       (5.6) 

If the 
𝑘𝑇

2𝑞𝑉𝑏𝑖

𝑑 𝑙𝑛𝐴∗∗

𝑑 ln 𝜉
 and 

∆𝜑𝐼𝐹

4𝑉𝑏𝑖
 terms in eq 5.4 is negligibly small, the deviation of n from unity is 

dominated by 
𝑑𝜑𝐵

𝑑𝜉
. The quality of  

𝑑𝜑𝐵

𝑑𝜉
 is related to the interface defects density and interfacial 

layer thickness in the model proposed by Crowell et al.179: 

𝑑𝜑𝐵

𝑑𝜉
= − [

𝑞𝐷𝑠

𝜀𝑠
+

𝜀𝑖

𝜃𝜀𝑠
]

−1

                                        (5.7) 

where θ and εi,is the thickness and permittivity of the interfacial layer respectively, DS is surface 

defects density near the fermi level at the interface of the semiconductor. According to eq 4.39, 

𝜉 2𝑉𝑏𝑖 ≈ 𝑊𝑑
−1⁄ , when 𝑑𝜑𝐵 𝑑𝜉⁄  is comparable with the width of the semiconductor depletion 

region Wd, large deviation of 𝑛 from unity would occur according to eq 5.4. For example, the Wd 

for the P-100-Cu at ~0.25 V is ~10 nm obtained from C-V characteristics as shown in Figure 

5.12d, the n for the P-100-Cu of 2.3 could be obtained with (dφB)⁄dξ ≈ -5.7. The value -5.7 of 

(dφB)⁄dξ can be induced by either a surface state density of ~1013 states/cm2/V or a thin 

interfacial layer of 2 nm with 𝜀𝑍𝑛𝑂/𝜀𝐶𝑢𝑂 ≈3180. According to eq 5.4 and eq 5.7, the larger value 

of ideality factor for P-200-Cu could be due to slightly increased thickness of interfacial layer, 

which is thermodynamically plausible for the reaction of Cu oxidation. 

The C-V and G-V curves for devices with P-100, P-130 and P-200 ZnO thin films in are 

shown Figure 5.12 (a) to (c). Conductance at reverse bias voltages decreases with decreasing 

synthesis temperature from 200 to 100 °C, which is in accordance with the observation of 
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reduced leakage current in I-V characteristics. The effective carrier concentration NC-V data 

extracted according to eq 4.48 for P-100 as shown in Figure 5.12 (d) has significant scattering. 

Hence it is hard to use the NC-V to make a comparison of the doping concentration in the ZnO 

films. In the other hand, the depletion width W depends on both bias voltage and doping 

concentration according to eq 4.49. Under the same bias voltage, e.g. -1 V, assume the effect of 

series capacitance and non-ideal factors on the C-V characteristics are negligible, a comparison 

of W at -1 V shows the P-100 has slightly larger W, i.e., lower doping concentration.  
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Figure 5.12. C-V and G-V curves of Cu Schottky diodes with P-100 (a), P-130 (b) and P-200 (c) 

ZnO with their respective depletion width W and effective doping concentration NC-V versus 

voltage characteristics for (d) P-100-Cu, (e) P-130-Cu and (f) P-200-Cu. All measurements were 

performed at a frequency of 100 kHz. 

Figure 5.13 shows the C-f curves for P-130 and P-200 ZnO device. The frequency-

dependence capacitances for both devices suggest the existence of interface defects according to 

section 4.3.4. The reduced frequency-dependence with larger reverse bias voltage could be 
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attributed to the reduction of effective carrier contributed from interface defects. This 

observation indicates that the energy distribution of interface defects in the bandgap is not 

uniform and decreases with increasing energy respect to the minimum conduction band as the 

energy level of the interface states detected is related to the bias voltage according to eq 4.60.  

 

5.3.2 Cu Contacts to ZnO with Various Pretreatments Duration 

The I-V characteristics of the P-200 ZnO/Cu devices with Cu substrates pretreated with 

oxygen plasma at various durations are shown in Figure 5.14. The performance of the devices is 

affected by the interface conditions altered by the duration of the plasma cleaning process. Both 

devices with 15 s and 30 s pretreatments show significantly increased series resistance from the 

I-V characteristics, which can be due to the oxidation of Cu substrates. Although the device with 

15 s pretreatment shows the smallest leakage current which is mostly likely due to its highest 

series resistance, the rectifying behavior is not improved. The decrease of the series resistance 

 
Figure 5.13. C-f curves of Cu Schottky contacts with P-130 (a) and P-200 (b) ZnO. Both 

devices show frequency-dependence nature indicating the existence of interface defects. 
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for the device with 30 s pretreatment suggests that the resistivity of the Cu substrate is not 

proportional to the pretreatment duration. 

 

Figure 5.15 shows the C-V, G-V, depletion width versus voltage and doping 

concentration versus voltage curves for P-200 ZnO/Cu devices with various oxygen plasma 

pretreatment durations. The capacitance decreases in the order of 5 s > 30 s > 15 s pretreatments 

as shown in Figure 5.15a and their respective minimum depletion width increase in the order of 5 

s < 30 s < 15 s pretreatments as shown in Figure 5.15b. According to eq 4.55, it suggests the 

effect of series resistance is significant on Cu devices in the order of 15 s > 30 s >5 s 

pretreatments, which agrees well with the I-V characteristics. The doping concentration can be 

estimated by the slope of 1/C2-V plots with 5 s > 30 s > 15 s pretreatments as shown in  Figure 

5.15a provided the series resistance and parallel conductance is independent of the applied bias 

voltage.   

 

 

 
Figure 5.14. I-V curves for P-200 ZnO devices pretreated with oxygen plasma duration of 5 s, 

15s, and 30 s. 
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Figure 5.15. (a) C-V, (b) depletion width versus voltage, (c) G-V, and (d) doping concentration 

versus voltage curves for P-200-Cu devices pretreated with various oxygen plasma duration. The 

measurements were all performed at 100 kHz. 

In this case, the depletion width is improper to be used as a clue for the doping 

concentration. The extracted effective carrier concentration NC-V is neither reliable before the 

contribution of other elements into the measured capacitance can be identified.  Overall, longer 

oxygen plasma pretreatment on Cu substrate didn’t show any beneficial impact on the device to 

this end. Long oxygen plasma pretreatment increases the series resistance which is harmful for 

the turn on behavior of the diode. Thus, the oxygen plasma pretreatment duration should be kept 

short enough to avoid over-oxidation of the Cu substrates. 
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5.3.3 Cu Contacts to ZnO with Various Annealing Temperatures 

The thermal stability of the P-130-Cu contact is studied by post-deposition annealing for 

5 mins in forming gas ambient to a maximum temperature of 573 K (300 °C) beyond which the 

device breaks down permanently. It is of interest to find that the rectifying behavior is improved 

with reduced reverse current by annealing at 573 K (300 °C), while the series resistance of the 

diode varies very little from the large forward bias I-V curves as shown in Figure 5.16. This 

improvement of rectifying behavior can be attributed to the increase of ΦB as shown in Table 5.3.  

 
According to section 4.4.2, with the presence of thermionic field emission, the ΦB and n 

is related to the doping concentration in Schottky contacts on highly doped semiconductors. The 

higher doping concentration will lead to further lowering of the ФB and increasing of n.  The C-V 

measurements following can provide the doping concentrations in the ZnO thin film, which 

agree well with the observation from I-V characteristics.  

 
Figure 5.16. IV characteristics of P-130-Cu ZnO Schottky diodes measured as deposited and 

after annealed at 373 K (100 °C), 473 K (200 °C), and 573 K (300 °C). 
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Figure 5.17. C-V and G-V characteristics for annealing temperature Tanneal=100°C (a), 

Tanneal=200°C (c), and Tanneal=300°C (e); Depletion width W versus voltage and doping 

concentration NC-V versus voltage curves for Tanneal=100°C (b), Tanneal=200°C (d), and 

Tanneal=300°C (f). All the measurements were performed at 100 kHz for P-130-Cu devices. 

Comparisons of the C-V, G-V, depletion width versus voltage, and doping concentration 

versus voltage curves is shown in Figure 5.17. The smallest detectable depletion width of the 

annealed diodes remains similar after annealing up to 573 K (300 °C), which suggests the effect 

of series capacitance is little on the C-V curves for all annealed samples. The extracted effective 
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doping concentrations NC-V for the samples annealed under 473 K (200 °C) as shown in Figure 

5.17 (b) and (d) are similar to the as deposited sample (see Figure 5.12e). While the sample 

annealed at 573 K (300 °C) shows lower doping concentration of ZnO thin film. The potential 

mechanism for the decrease of doping concentration with annealing is the eviction of mobile 

dopants like hydrogen, which is proved to be present in P-200-Cu sample (see Figure 5.10).  

5.4 STUDY ІІI: P-50 SCHOTTKY NANODIODES 

In our recent study reported by Dr. Triratna Muneshwar96, for ALD growth of ZnO at 

deposition temperature (Tsub) ≥ 60 °C, precursor decomposition during growth was suspected 

which led to increasing in doping concentration and reduction in resistivity in deposited ZnO thin 

film with increasing deposition temperature Tsub. The speculation was confirmed by the self-

limiting ZnO PEALD growth observed at Tsub=50 °C with respect to both DEZ pulse duration 

and O2-plasma exposure duration. Similar trend for doping concentration and film resistivity 

respect to deposition temperature was also observed by Guziewicz et al97,99. The resistivity the P-

50 ZnO thin film is determined to be 211 Ω-cm from van-der-Pauw sheet resistance 

measurement with the sample grown on bare SiO2/ Si wafer.  

Schottky diodes with P-50 ZnO were investigated on a series of Schottky metals 

including Cu, Ni, Pt, Au, Cr, Ru and TiW with the other electrode kept as Al/Au stacks for every 

diode. Substrates were pre-cleaned using 10 s Ar plasma prior to ZnO deposition. To avoid non-

uniform surface oxidation of the Pt layers that would lead to more serious barrier potential 

inhomogeneity problem during the initial oxygen (O2) plasma cycles in ZnO deposition, 1.8 nm-

thick T-50 ZnO layer was deposited, it was then followed by depositing 30 nm-thick P-50 ZnO. 

The resultant contact type of each device is determined by I-V measurements and summarized in 
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Table 5.4 with either ohmic (linear) or Schottky (rectifying). All of the devices show rectifying 

behavior except the Au contacts. The ohmic behavior of Au contacts is attributed to the poor 

thermal stability as discussed in section 5.2.1.   

  

5.4.1 Aging-related Effect on P-50 Schottky Nanodiodes 

The aging-related effect on P-50 Schottky diodes are studied by I-V measurements. 

Figure 5.18a-f shows the I-V characteristics measured from the first day to 60th days after 

fabrication for Cr, TiW, Cu, Ru and Ni Schottky diodes while the Pt Schottky diodes are tracked 

till 250 days after fabrication. The Pt contacts show a large increase in rectifying ratio @ ±1 V 

from 5x104 to 106 resulted from the decrease of leakage current as they age. Cu contacts also 

show a small increase as they age while Cr and Ru contacts show relatively good stability over 

time. The TiW and Ni show obvious degradation in rectifying ratios as they age.  

Table 5.4 Summary of P-50 Schottky diodes performance 

Contact Metal P-50 

Au ohmic 

Pt Schottky 

Cr Schottky 

TiW Schottky 

Cu Schottky 

Ru Schottky 

Ni Schottky 
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Figure 5.18. (a-f) aging related I-V curves of P-50 Schottky diodes with different bottom 

electrodes; (g-l) Extracted Schottky barrier heights and ideality factors from the forward I-V 

curves for the respective diodes. 
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If the aging effect is introduced by the interface chemical reaction, then the thermal 

stability of the contacts can be extrapolated based on the aging behavior since interface chemical 

reaction is typically as a result of thermal degradation. Figure 5.18 (g) to (l) shows the evolution 

of Schottky parameters ΦB and n extracted from forward I-V plots using eq 4.9 and eq 4.10, 

respectively. The decrease (or increase) of ideality factors and increase (or decrease) of barrier 

height correspond to improved (or degraded) rectifying behaviors of the respective diodes. The 

aging effects in P-50 Schottky contacts may be attributed to the diffusion of ambient oxygen to 

the Schottky contact interfaces which subsequently annihilates the interface oxygen vacancy 

defects50. For ZnO, the role of oxygen vacancies has been studied extensively18,110,112,113. These 

studies showed that the oxygen vacancies VO are preferred to form in Zn-rich condition and have 

a deep transition level located at approximately 0.7±0.2 eV under the conduction band EC. Such 

a deep transition level implies VO defects are unlikely to contribute to free carrier concentration 

in ZnO at room temperature. However, they can behave as generation-recombination (G-R) 

centers in the space charge region for G-R current transport,  traps assisting tunneling current 

transport116, or high density interface defects pining the fermi levels across the contacts. The ΦB 

deviates from the Schottky-Mott model and Fermi level pining at about VO energy level are 

commonly observed for ZnO and typically attributed to interface defects125. 

The self-healing of the interface VO defects during aging is speculated based on the 

observation of increasing ΦB as the device ages. The source of oxygen for the self-healing could 

be from absorption and diffusion of ambient molecular oxygen to the Schottky interface in 

aging50,181. A model to describe the aging effect is proposed and shown in Figure 5.19.  A 

schematic diagram of the newly-fabricated Pt/ZnO/Al Schottky diode (not scaled) and its 

respective band structure are shown in Figure 5.19 (a) and (c) respectively. The model assumes (i) 
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the ZnO layer has a uniformly lower doped region close to the Pt electrode and a degenerately 

doped region close to the Al electrode; (ii) there are interface states heavily populated around VO 

(+2, 0) energy level; and (iii) there are volatile shallow donors  like hydrogen, hydroxyl, 

hydrocarbons, etc. existing in the ZnO layer112. The diode’s schematic diagram and its respective 

band structure after aging are shown in Figure 5.19 (b) and (d) respectively.  

 

 

Figure 5.19. Non-scaled schematic diagrams of (a) the newly-fabricated and (b) the aged 

Pt/ZnO/Al diodes, respectively. Va is applied voltage to the anode (Pt), n is the doping 

concentration of the uniformly doped region and n+
 is the doping concentration of the 

degenerately doped region close to the Al contact; (c) and (d) are band structures of the 

newly-fabricated and aged Schottky contacts at 0 V bias. Efm and Efs are the fermi levels of Pt 

and ZnO respectively, EC and EV are the conduction band minimum and valence band 

maximum in ZnO, Wd is the depletion region width; (e) A comparison of normalized C-V 

characteristics from 1st day (d1) and 60th day (d60).   
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The aged diode has relatively less interface defects density and volatile dopants 

concentration. A spontaneous annihilation of the interface defect states is suspected by 

absorption and diffusion of ambient molecular oxygen into the Schottky interface as the device 

age, the formation of molecular oxygen OO in n-type ZnO is energetically more favorable 

compared to oxygen vacancy VO and oxygen interstitial Oi
31. This annihilation reduces the 

interface defects density and consequently reduces the fermi level pinning and enhances the ΦB 

by ∆ФB. Another possible mechanism involved in this aging behavior is the decrease of volatile 

shallow donors (mainly hydrogen) as the transition of H+ to H2 molecule is energetically 

preferred in high doped ZnO30, which can decrease the tunneling possibility and reduce the ΦB 

lowering by thermionic field emission process144, and consequently increase the ΦB. Both the 

increase of ΦB and decrease of shallow dopants can result in larger depletion region which is 

confirmed by the capacitance-voltage (C-V) measurements before and after aging as shown in 

Figure 5.19e.  

5.4.2 The Analysis of Series Resistance in Pt/ZnO Contact 

Series resistance (Rs) is one of the important parameter that needs to be considered in the 

analysis of Schottky diodes. The analysis of Rs is carried out in this section for the P-50-Pt diode 

with the best performance. As all devices use the same ohmic electrode-Al/Au, the series 

resistance behavior due to the top ohmic contact in the P-50-Pt diode is representative for all 

devices.  At large forward voltages when the I-V characteristics are significantly influenced by 

Rs, the semi-log I-V plot deviates from linearity with a voltage deviation ∆V=IRS as shown in 

Figure 5.20(a), which gives a simple approach to determine RS =∆V/ I at a particular current 

(refer to section 4.3.1.2.1). The diode impedance Z=dV/dI is also derived and shown in the right 

axis of Figure 5.20(a). It is found that RS extracted from I-V curve is not a constant but 
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continuously decreasing with increasing applied bias voltage with a minimum RS of 90 Ω at 1V. 

Other methods to extract Rs as discussed in section 4.3.1.2 assuming a constant series resistance 

present in the diode according to eq 4.17 and eq 4.27, making them unsuitable for the case here 

since neither the dV/d(lnI) versus V plot nor the H(I) versus V plot show linearity as can been 

seen in Figure 5.20b and 5.20c. Similar phenomena were observed by other researchers using Al 

as the cathode contacts182,183.  

 
Several underlying mechanisms might be responsible for the variation of Rs: first of all, 

in the general for metal-semiconductor contact, the neutral charge region (NCR) expands while 

the depletion width narrows simultaneously with increasing forward bias voltages, leading to an 

increasing of Rs. However, this is opposite to the trend observed from the I-V characteristics here. 

Secondly, larger bias currents may change the series resistance by heating the substrate, which is 

unlikely a concern for our case since the diodes operate at low power in our measurements. For 

Schottky diodes with large barriers, low doping and thin layers, increasing minority carriers 

injection ratios under forward bias voltages can lead to a significant change of the substrate 

 

Figure 5.20. (a) A typical semi-log scale I-V characteristic of a Pt/ZnO Schottky diode, right y-axis 

shows the diode impedance, the dash line plots the simulated current based on thermionic model 

assuming RS=0 Ω ; (b) dV/d(lnI) versus I plot; (c) H(I) versus I plot. 

 

(a) 
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resistance due to conductivity modulation184–186. It is noted that the log (∆V) versus log (I) plot 

has almost linear relationship with a slope of 2.4 as shown in the inset of Figure 5.20a. The space 

charge limited current transport mechanism is typically attributed for power law relationship 

between current and voltage at high injection187. The space charge limited conduction can be 

arisen from the interface oxide layer as a results of the interaction between the top Al layer and 

the ZnO surface layer188. 

5.4.3 The Analysis of Interface Defects  

 Pt/ZnO contact 

Capacitance (C-f) and conductance (G-f) techniques have been commonly adopted to 

investigate the interface defects distribution  located in the forbidden band142.  At large forward 

bias current, the validity of the measured capacitance values are limited by the LCR meter170. At 

small forward bias currents, the measured capacitance shows dependences on both voltage and 

frequency. Figure 5.21a shows the normalized C-V characteristics at a fixed frequency between 

20 kHz to 1MHz. Figure 5.21b shows the frequency-dependence of capacitance at a steady DC 

bias. The results indicate that the measured capacitance originates from both the space charge 

region (Cs) depending on applied voltage and interface states (Cit) depending on frequency 

applied. Furthermore, the effect of the series resistance lowers the measured capacitance at high 

frequency as introduced in section 4.3.4. The capacitance at low frequency is significantly larger 

than the Cs from space charge region since the electron emission-capture process on the interface 

states in equilibrium with ZnO is able to follow the AC signal and induce excess capacitance. 

For an ideal Schottky diode, the conductance (Gp) should be independent to the small AC signal 

frequency (ω=2πf). However, the Gp/ω - ω plots in Figure 5.21c show flattened curves for the 
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diode biased under small forward and reverse DC voltages. These Gp/ω - ω plots indicate 

frequency-dependence of Gp, attributed to the presence of the diode conductance, the effect of 

the series resistance (RS), and impurity levels69,138,139 as introduced in section 4.3.4. For diode 

biased under large forward DC voltages, the Gp/ω decrease continuously with increasing ω. This 

observation coincides with the case if G is almost a constant when the conductance contributed 

from the interface states response is screened out by the large diode conductance.  

 
By analyzing the C-f measurements, the interface states density and trap time constant 

can be extracted. For 𝐺𝑝 ≪ 1/𝑅𝑠  and at low AC signal frequencies, the effect of Rs to the 

measured capacitance can be ignored141, resulted in the measured capacitance being close to the 

parallel capacitance. The interface trap density and time constant can be obtained by fitting C-f 

curve with eq 4.51 in a frequency range of 50 kHz to 1MHz. At large forward bias, the effect of 

series resistance RS on the measured capacitance become significant invalidating the fitting of the 

C-f curve with the simple model in eq 4.51. A fitting example of the experimental data is shown 

 

Figure 5.21. (a) Typical capacitance voltage plot of Schottky contact with different bias; (b) 

measured frequency-dependent capacitance for the diode under different DC bias condition; (c) 

Gp/ω - ω plots from conductance measurement for the Schottky diode under different DC bias 

condition.  

 

ω(s-1) 
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in the inset of Figure 5.22 for 0.1 V bias. By performing the fitting to all bias voltages from -1 V 

to forward 0.3 V, an energy distribution of the interface states can be obtained  as the energy 

level of the interface states Ess with respect to the conduction band in n-type semiconductor is 

given by138,142 

Ec − Ess = 𝑞𝛷𝐵 − 𝑞(𝑉 − 𝐼𝑅𝑠)         （5.8） 

where Ec is the bottom of conduction band, 𝑞𝛷𝐵 is the barrier height and V is the applied voltage, 

IRs is the voltage drop across the series resistance. 

 
As shown in Figure 5.22, the energy distribution of the interface states in the bandgap can 

has an overall gradual decrease of interface states densities away from the conduction band. 

There is a peak appearing close to the oxygen vacancies VO(+2, 0) defect level at ~0.7 eV below 

the conduction band minimum(CBM)50. The increase of VO close to the interface can be 

attributed to the chemical reaction at metal-ZnO interface. As mentioned above, VO plays an 

important role in Schottky barrier formation by pining ZnO fermi level close to ~0.7 eV 

regardless of the metal work function50, which corresponds to the peak position of the defects 

 
Figure 5.22. Energy distribution curve of the interface states fitted from Cp-f data for P-50-Pt. 

( Inset:The Cp-f characteristics of the Schottky diode at 0.1 V forward bias. The solid line 

presents the functional fitting) 
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energy distribution curve. This analysis agrees with the previous assertion of oxygen vacancies 

dominating interface states which also explains the potential fluctuations in the Schottky contact 

interface.  

 Cu/ZnO contact 

The interface defects analysis is performed for Cu/ZnO contact by C-f and G-f techniques. A 

voltage- and frequency- dependent capacitance is also observed in this diode as shown in Figure 

5.23. By functional fitting the C-f characteristics with eq 4.51 as shown in Figure 5.24a for 0 V 

bias for example, the interface trap density and the trap time constant can then be extracted to be 

1.4x1012 cm-2eV-1 and 1.6 µs, respectively. A series of Gp/w versus frequencies plots calculated 

from measured G-f characteristics with various bias voltages are illustrated in in Figure 5.23c. 

The interface states density and the trap time constant can be obtained from the maximum value 

of the peak in Gp/w-w plot according to eq 4.53. The interface trap density and the trap time 

constant can then be extracted to be 3.7x1011 cm-2eV-1 and 0.8 µs respectively at 0 V bias. 

However, the conductance attributed to the interface states is screened out with the presence of 

large diode conductivity and significant series resistance, the analytical region in the G-f 

techniques is thus less than that in the C-f techniques.  

The energy level of the interface traps Ess with respect to the CBM is given by eq 5.8.  An 

energy distribution profile of interface states is obtained and shown in Figure 5.24b. The 

interface traps density is larger than that of the Pt/ZnO diode and shows an overall decrease 

against increasing of Ec-Ess but no obvious peak appears exactly around the oxygen vacancy 

transition energy level at 0.7±0.2 eV.   
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5.4.4 Non-ideal Behavior Effect on Schottky Parameters 

The deviation of ideality factor from unity can be attributed to the presence of different 

mechanisms including image force, barrier inhomogeneity, interface layers, series resistance, 

tunneling and trap assisted tunneling as introduced in section 4.4. Among those many 

 
Figure 5.23. (a) Typical capacitance - voltage plot of Cu/ZnO Schottky contact with different bias; 

(b) frequency-dependent capacitance measured with different DC bias condition; (c) conductance 

measurement of Cu/ZnO Schottky diode with various DC bias condition. 

 

Figure 5.24. (a) The Cp-f characteristics of the Schottky diode at 0 V forward bias, the solid 

line presents the functional fitting plot; (b) energy distribution curve of the interface states 

fitted from Cp-f data at different bias for P-50-Cu. 
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mechanisms, the effect of image force on Schottky parameters is essential for all Schottky 

contacts, and the thermionic field emission is speculated to dominate the current transport across 

the Schottky barrier in addition to thermionic emission. The evaluations of the effects of these 

mechanisms on Schottky contact performance are related to the doping concentration according 

to the conventional theories introduced in section 4.4. The doping concentration in the P-50-Pt 

diode is estimated by the 1/C2 – V characteristics measured at 10 kHz as shown in Figure 5.25a 

and the extracted depth profile is depicted in Figure 5.25b according to section 4.3.3. The doing 

concentration in P-50 ZnO thin film is estimated to be 2.38 x 1017 cm-3.  

 
The image force lowering behavior is introduced in section 4.4.1. The barrier height 

lowering due to image force is depicted as a function of applied voltage assuming a Schottky 

barrier height of 1 eV according to eq 4.61 and shown in Figure 5.26 together with the ideality 

factor n calculated according to eq 4.62. The n is only increased by 2-7% at room temperature 

(300 K) which is not sufficient to explain the much larger values obtained from the room 

temperature measurements. 

 
Figure 5.25. (a) Normalized 1/C2 versus voltage plot of Pt/ZnO contact; (b) Carrier 

concentration versus depth plot. The measurement was performed at 10 kHz frequency. 
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According to Padovani and Stratton’s thermionic field emission (TFE) model as 

introduced in section 4.4.2, the tunneling parameter E00 is 5 meV for such doped ZnO. The 

barrier height lowering due to the presence of TFE is depicted as a function of applied voltage 

assuming a Schottky barrier height of 1 eV and shown in Figure 5.27 together with the ideality 

factor n is calculated according to eq 4.64 and eq 4.65. The n is only increased by 1- 2% 

calculated at room temperature (300 K). Again, this value is too low to explain the much larger 

values extracted from the room temperature measurements. The conventional theory fails to 

explain the diode performance due to the finite thickness of the active layer in our case since the 

quantum mechanical transmission could be enhanced significantly in such nanoscale barrier. A 

model to calculate the apparent transmission coefficient and the combined current transport 

across this nanodiode is developed in section 5.5 following.  

 
Figure 5.26. The barrier height lowering ∆ΦIF and ideality factor n enlargement introduced by 

image force.  
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5.4.5 Temperature-dependent Behavior of Schottky Parameters 

 Pt Contacts 

A series of current density-voltage (j-V) plots for the P-50-Pt diodes at various ambient 

temperatures T are shown in Figure 5.28a. A Richardson plot of ln(𝑗𝑠 𝑇2⁄ ) versus 1/𝑇 for the 

saturation currents (js) deduced from the j-V curves by extrapolating the forward bias curve 

toward 𝑉 = 0 is presented in Figure 5.28b. The Richardson plot is typically used to determine 

the thermal activation energy from the slope and the apparent Richardson constant (A**) for 

specific diode according to section 4.3.2. Figure 5.28b shows the Richardson plot deviates from a 

straight line, indicating a temperature-dependent ΦB due to other mechanisms besides thermal 

emission participating in the current transport144,153,154,189. The A** and temperature-independent 

ΦB for this particular diode is extracted as 1.932 A/cm2/K2 and 0.846 eV respectively by a linear 

fitting of the Richardson plot with eq 4.28 in the temperature range of 333 K – 413 K.  

 

Figure 5.27. The barrier height lowering ∆ΦTFE and ideality factor n enlargement introduced 

by TFE. 
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The limited temperature range leads to a large inaccuracy in the evaluation of A**. The 

theoretical A* value of 32 A/cm2/K2 for ZnO (m*=0.27mo)
 is still used for the extraction of 

Schottky parameters. Schottky parameters values are listed in Table 5.5 including ΦB and n 

extracted from 0.1 - 0.2 V region of I-V plots according to eq 4.9 and 4.10. Figure 5.28c depicts 

the calculated ΦB and n for diodes at different ambient temperatures T.  The room temperature 

ΦB are lower than that estimated by Schottky-Mott model (see Table 5.1), but similar to that 

reported previously for Pt on cleaned n-type single crystal ZnO wafer58,64.  

 

 

Table 5.5 Schottky parameters for Pt/ZnO diodes measured at temperature range from 293 K 

to 413 K.  

T (K) ΦB (eV) n 

293 0.797±0.019 1.35±0.073 

333 0.885±0.032 1.29±0.03 

353 0.920±0.018 1.30±0.018 

383 0.928±0.006 1.19±0.034 

413 0.944±0.005 1.06±0.02 

 

 

 
Figure 5.28. (a) Typical I-V characteristics of Pt/ZnO Schottky diode measured from 293 K to 

413 K; (b) Richardson plot in the temperature range of 293 K – 413 K.; The inset is a schematic 

image of the Pt/ZnO diode; The contact diameter is 100 µm; (c) temperature-dependent barrier 

height (qΦB) and ideality factor (n) for Pt/ZnO diodes measured at temperature range from 293 

K to 413 K. 

 

 



 

108 

 

To deduce the barrier height and Richardson constant using a Richardson plot, 

precautions should be taken if temperature dependences of the Schottky parameters are observed 

from the I-V-T measurements. The variation of barrier heights and ideality factors extracted from 

I-V-T measurements by classical thermionic emission model can be attributed to the existence of 

excess current introduced by superposition of recombination current or/and field emission 

current over thermionic emission, or the presence of potential fluctuations at the interface of 

metal and semiconductor. The potential fluctuations in Schottky contact interface can be 

attributed to numbers of localized defects. 

Furthermore, it is worthwhile to note that the breakdown voltage of the stabilized P-50-Pt 

diode was measured to be 5 V at room temperature indicating a breakdown electrical field of 

1.67 MV/cm assuming a deep depletion mode planar capacitor configuration which is among the 

highest reported values for ZnO. In addition, the Pt contacts show thermal stability with 

temperature of at least 413 K, which is the highest temperature available in the cyclic 

temperature-dependent measurements. 

 Cu Contacts 

A series of current density- voltage (j-V) plots at various measurement temperatures are 

shown in Figure 5.29a. A Richardson plot of ln(𝑗𝑠 𝑇2⁄ ) versus 1/𝑇 is presented in Figure 5.29b 

with the saturation currents (js) deduced by extrapolating the forward bias j-V curves towards 

V=0. By a linear fitting of the Richardson plot with eq 4.28 in the temperature range of 293 K – 

383 K as shown in Figure 5.29b, the A** and temperature-independent ΦB for P-50-Cu diode are 

extracted as 6.9x10-4 A/cm2/K2 and 0.32 eV respectively. The extracted A** is very much smaller 

than the theoretical value for ZnO (32 A/cm2/K2). At high measurement temperature, the diode 
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starts to degrade, leading to the deviation of Richardson plot from a straight line as observed in 

Figure 5.29b.  

 

 
Figure 5.30. Temperature-dependent effective barrier height qΦB and ideality factor n for 

Cu/ZnO diodes measured at temperature T range from 293 K to 413 K. 

The diode performance degrades permanently after measured at 140 °C. The rectifying 

behavior at room temperature becomes similar to the ones fabricated at deposition temperature of 

200 °C discussed above. The early degradation indicates the P-50-Cu diode has less thermal 

 
Figure 5.29. (a) Typical I-V curves of P-50-Cu Schottky diodes measured from 293 K to 413 

K; (b) typical Richardson plot of the saturation current 𝑗𝑠 obtained from the I-V curves in part 

(a). 
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stability compared to the P-50-Pt diode. Note that the limited T range may leads to an inaccuracy 

of the extracted parameters. Furthermore, plots of barrier height qΦB and ideality factor (n) 

versus T are illustrated in Figure 5.30. The decrease of n with increasing T is observed. The 

increase of the ΦB with increasing T is observed till ~383 K beyond which it decreases.  

 Barrier Inhomogeneity effect on I-V-T behavior 

When the barrier inhomogeneity effect (introduced in section 4.4.4) is present in the 

contacts, the analysis of the experimental I-V-T characteristics with eq 4.9 and 4.10 now gives 

ΦB
𝑖𝑛ℎ and ninh, respectively, which should obey the relationship given by eq 4.71 and eq 4.72 

provided the barrier inhomogeneity is the only mechanism besides thermionic emission 

responsible for the temperature-dependent properties of Schottky contacts. The plots of ΦB
𝑖𝑛ℎ(T) 

versus q/2kT and (ninh
-1-1) versus q/2kT are calculated and shown in Figure 5.31a along with 

their linear fits. The experimental results fit very well with the theoretical predication and gives 

Φ̅B0=1.32 V and δ0=0.16 V, and (𝑛𝑖𝑛ℎ
-1

 (T)-1) versus q/2kT plot gives ρ2=-0.30 and ρ3=0.029. 

This Φ̅B0 value after correction is much closer to the theoretical Schottky barrier height value for 

P-50-Pt of 1.45 eV estimated by the ideal Schottky-Mott model.  The standard deviation stands 

for the extent of the barrier inhomogeneity. The smaller the value of δ0 means better 

homogeneity of the potential distribution. A δ0 value of 0.16 V is significant when compared to 

the Φ̅B0 value of 1.32 V for this P-50-Pt diode, indicating significant inhomogeneity of potential 

distribution. The linearity of the Richardson plot should be able to restore by taking into account 

the barrier inhomogeneity. The modified Richardson plot ln (js/T
2)-q2 δ0

2/2(kT)2 versus q/kT is 

shown in Figure 5.31b. The corrected A**=11.64 A/cm2/K2 with an uncertainty of 141% due to 

the limited range of measurement temperature and Φ̅B0=1.25±0.1 V are obtained for the P-50-Pt 
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diode by comparing the linear approximation of the modified Richardson plot with eq 4.73. The 

corrected A** is much closer to the theoretical value of 32 A/cm2/K2 in comparison to that of 

1.932 A/cm2/K2 obtained from the standard Richardson plot. This value is consistent with those 

values extracted from I-V-T measured in similar temperature ranges reported for the best ZnO 

Schottky diodes183.  The Φ̅B0=1.25±0.1 V from this modified Richardson plot agrees well with 

the value of 1.32 V obtained from the ΦB
𝑖𝑛ℎ(T) versus q/2kT plot.  

 
For P-50-Cu, ΦB

𝑖𝑛ℎ(T) versus q/2kT and (𝑛𝑖𝑛ℎ
-1

 (T)-1) versus q/2kT plots can be obtained 

using the experimental data of ΦB
𝑖𝑛ℎ (T) and n, which are illustrated in Figure 5.32a. By 

comparing the linear approximation of the ΦB
𝑖𝑛ℎ(T) versus q/2kT plot with eq 4.71, the zero bias 

mean barrier height 𝑞Φ̅B0 and standard deviation δ0 for P-50-Cu diode were obtained as 0.93 eV 

and 0.13 V, respectively. This estimated value of 𝑞Φ̅B0is much higher than the value of 0.45 eV 

calculated from the ideal Schottky-Mott model for elemental Cu Schottky contacts, however, it is 

close to the one calculated for ideal CuO/ZnO heterojunction (~1 eV).  This suggests that 

 
Figure 5.31. (a) The ΦB

𝑖𝑛ℎ (T) versus q/2kT and (ninh
-1-1) versus q/2kT plots with linear 

approximation for Pt/ZnO diode; (b) modified Richardson plot of ln (js/T2)-q2 δ0
2/2(kT)2 

versus q/kT for Pt/ZnO diode. 
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significant oxidation on the Cu surface may occur pre-deposition or during deposition of the 

PEALD ZnO resulted an increase in the work function of the Cu surface.  

The modified Richardson plot, ln(js/T
2)-q2δ0

2/2(kT)2 versus q/kT, considering barrier 

inhomogeneity is shown in Figure 5.32b. The excellent linear fitting of the data indicates that the 

barrier inhomogeneity model can well explain the temperature-dependent phenomena of the 

Cu/ZnO contact before it reach the high temperature limit. The intercept value (with an 

uncertainty of 34.5% due to the limited available measurement temperature) of the plot is used to 

get the A**=19.96 A/cm2/K2 for the Cu/ZnO diode, which is much closer to the theoretical 

Richardson constant for ZnO of 32 A/cm2/K2 comparing with that of 6.9x10-4 A/cm2/K2 obtained 

before the inhomogeneity correction was considered.  

 

5.5 CURRENT TRANSPORT MODEL FOR NANODIODE  

There are various current transport mechanisms existing in rectifying metal-

semiconductor contacts affecting the majority carrier current flow including diffusion, 

thermionic emission, tunneling, space-charge-limited effect, image force lowering of the barrier 

 
Figure 5.32 The ΦB(T) versus q/2kT and (n-1 (T)-1) versus q/2kT plots with linear 

approximation for Cu/ZnO diode; (b) modified Richardson plot of ln (js/T2)-q2 δ02/2(kT)2 

versus q/kT for Cu/ZnO diode. 
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height, etc.130. In nanodiodes with such a thin layer of semiconductors, further expansion of the 

space charge region with increasing reverse bias voltage is prevented by the finite physical 

dimension. Thus, the electrical field distribution in the semiconductor will principally deviate 

from the conventional models discussed in the section 4.3, and subsequently affects the tunneling 

probability across the barrier and the thermionic field emission (TFE) current transport in the 

diode190,191. Ideally, the space charge region can principally “reach through” the whole 

semiconductor layer if the ZnO’s doping concentration is lower than 1018 cm-3 without any extra 

bias192. However, in practice with metal electrodes in both sides, the semiconductor surface 

layers close to the ohmic side is tends to be degenerately doped due to unintentional factors such 

as hydrocarbons contaminations from atmosphere, and the defects introduced by the sputtering, 

inter-diffusion of metal (referring to Al used in this work) into semiconductor, etc.  

5.5.1 Schottky Potential Barrier for Calculating Transmission Probability  

The following assumptions are proposed based on the previous observations to model the 

current transport mechanisms: (I) the top few nanometers of ZnO layer in this region Wd to W is 

degenerately doped (n+); (II) the bottom ZnO layer is uniformly doped with a carrier 

concentration of ND in x ≤ Wd. A schematic diagram of the proposed diode layout is depicted in 

Figure 5.33.  

The electrical field 𝜉(𝑥)  and barrier potential  𝑈(𝑥)  profile in the Schottky diode are 

calculated by Poisson’s equation as 

𝜉(𝑥) = {

𝑞𝑁𝐷

𝜀𝑆𝜀0
𝑥 +

𝑞𝑛+

𝜀𝑆𝜀0
𝑊𝑑 −

𝑞𝑁𝐷

𝜀𝑆𝜀0
𝑊𝑑 −

𝑞𝑛+

𝜀𝑆𝜀0
𝑊                     0 ≤ 𝑥 < 𝑊𝑑

𝑞𝑛+

𝜀𝑆𝜀0
𝑥 −

𝑞𝑛+

𝜀𝑆𝜀0
𝑊                                                          𝑊𝑑 ≤ 𝑥 < 𝑊

                         (5.9) 
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𝑈(𝑥) = {
−

𝑞𝑁𝐷

2𝜀𝑆𝜀0
𝑥2 − (

𝑞𝑛+

𝜀𝑆𝜀0
𝑊𝑑 −

𝑞𝑛+

𝜀𝑆𝜀0
𝑊 −

𝑞𝑁𝐷

𝜀𝑆𝜀0
𝑊𝑑) 𝑥                   0 ≤ 𝑥 < 𝑊𝑑

−
𝑞𝑛+

2𝜀𝑆𝜀0
𝑥2 +

𝑞𝑛+

𝜀𝑆𝜀0
𝑊𝑥 +

𝑞𝑁𝐷

2𝜀𝑆𝜀0
𝑊𝑑

2 −
𝑞𝑛+

2𝜀𝑆𝜀0
𝑊𝑑

2              𝑊𝑑 ≤ 𝑥 < 𝑊
                (5.10) 

 

Figure 5.33. (a) Schematic diagram of a ZnO Schottky diode (not to scale); (b) assumed doping 

profile in the ZnO layer. 

Where 

𝑊 = √
2𝜀𝑆𝜀0(𝑉𝑏𝑖−𝑉𝑎)+𝑞𝑛+𝑊𝑑

2−𝑞𝑁𝐷𝑊𝑑
2

𝑞𝑛+                      (5.11) 

and qVbi ≈qΦ1, which is the barrier height in M1 contact. By taking into account the image force 

effects, U(x) becomes 

𝑈(𝑥) = {
−

𝑞𝑁𝐷

2𝜀𝑆𝜀0
𝑥2 − (

𝑞𝑛+

𝜀𝑆𝜀0
𝑊𝑑 −

𝑞𝑛+

𝜀𝑆𝜀0
𝑊 −

𝑞𝑁𝐷

𝜀𝑆𝜀0
𝑊𝑑) 𝑥 −

𝑞𝑥

6𝜋𝜀∞𝜀0
                   0 ≤ 𝑥 < 𝑊𝑑

−
𝑞𝑛+

2𝜀𝑆𝜀0
𝑥2 +

𝑞𝑛+

𝜀𝑆𝜀0
𝑊𝑥 +

𝑞𝑁𝐷

2𝜀𝑆𝜀0
𝑊𝑑

2 −
𝑞𝑛+

2𝜀𝑆𝜀0
𝑊𝑑

2 −
𝑞𝑥

6𝜋𝜀∞𝜀0
             𝑊𝑑 ≤ 𝑥 < 𝑊

       (5.12) 

Where ε∞ is the image force permittivity (4 for ZnO). The electrical field profile and barrier 

potential profile is determined and depicted in Figure 5.34a and b, respectively. The constants 

used in the calculation are: the dielectric permittivity ϵs =9 ϵ0 for ZnO, doping concentration ND 
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= 2x1017 cm-3 in the low doped region with thickness Wd = 19 nm, doping concentration n+ = 

2x1019 cm-3 in degenerately doped region,
 and Schottky barrier height qΦ1=1 eV. 

 

Figure 5.34. (a) The profile of electrical field distribution across the Schottky Nanodiode under 

an applied voltage Va; (b) The profile of potential distribution across the Schottky nanodiode 

under an applied voltage Va. 

5.5.2 Calculation of Transmission Probability in Schottky Nanodiodes 

At the interface of metal and semiconductor in Schottky contacts, the potential functions 

usually vary abruptly as can be seen in Figure 5.34b. In this case, the use of conventional 

Wentzel-Kramers-Brillouin (WKB) approximation to calculate the transmission probability 

across potential barriers leads to large inaccuracy193. Another method for calculating the 

transmission coefficient is to solve Schrodinger's equations step by step all the way across the 

potential barriers to get the final values of the wave function as described by Chandra and 

Eastman194. In addition, analytical calculations of the tunneling coefficient by connecting the 

Airy functions at two interfaces were applied by reseachers195,196, which was showed by Lui and 

Fukuma197 that this calculation was applicable to use with arbitrary piecewise linear potential 

barriers. However, these calculations have never been taken into account variations of electron 
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effective masses which are critical for resonant tunneling in quantum-well or supperlattice, and 

also, complicated treatment are usually encountered for these cases. In this work, accurate 

calculation of transmission coefficient across the Schottky barrier in the nanodiode applies a 

simpler method with multistep potential approximations for potential functions, effective mass 

functions and permittivity functions. The transmission coefficient across the Schottky diode 

potential barrier is calculated by connecting momentum eigenfunctions197,198.  

To begin with, the potential barrier is split up into N discrete segments where the 

potential energy can be regarded as a constant, e.g. an arbitrary potential function as shown in 

Figure 5.35. As the divisions become finer, the approximated potential function will get closer to 

the actual one.  The potential barrier U(x), the effective mass m*(x), and the permittivity ϵ(x) at 

the jth segment are approximated as 

𝑈(𝑥) = 𝑈𝑗 = 𝑈[(𝑥𝑗−1 + 𝑥𝑗)/2]         (5.13) 

𝑚∗(𝑥) = 𝑚∗
𝑗 = 𝑚∗[(𝑥𝑗−1 + 𝑥𝑗)/2]         (5.14) 

𝜖(𝑥) = 𝜖𝑗 = 𝜖[(𝑥𝑗−1 + 𝑥𝑗)/2]         (5.15) 

For xj-1<x<xj   (j=0, 1, 2 … N, N+1). 

The wave function ψj in the jth segment for an electron with energy E is given by  

𝜓𝑗(𝑥) = 𝐴𝑗 exp(𝑖𝑘𝑗𝑥) + 𝐵𝑗 exp(−𝑖𝑘𝑗𝑥)         (5.16) 

where  

𝑘𝑗 = √[2𝑚𝑗
∗(𝐸 − 𝑈𝑗)]/ℎ/2𝜋      (5.17) 

And h is the Planck’s constant. 
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Since the continuity of ψj(x) and (1/𝑚𝑗
∗) (dψj/dx) at each boundary is conserved, the 

determination of Aj and Bj in eq 5.16 can be reduced to the multiplication of the following N+1 

(2x2) matrices, 

(𝐴0
𝐵0

) = ∏ 𝑀𝑙 (𝐴𝑗

𝐵𝑗
)𝑙=0

𝑗−1           (5.18) 

Where  

𝑀𝑙 =
1

2
[
(1 + 𝑆𝑙)exp[𝑖(𝑘𝑙+1 − 𝑘𝑙)𝑥𝑙] (1 − 𝑆𝑙)exp[−𝑖(𝑘𝑙+1 + 𝑘𝑙)𝑥𝑙]

(1 − 𝑆𝑙)exp[𝑖(𝑘𝑙+1 + 𝑘𝑙)𝑥𝑙] (1 + 𝑆𝑙)exp[−𝑖(𝑘𝑙+1 − 𝑘𝑙)𝑥𝑙]
]              (5.19) 

And  

𝑆𝑙 =
𝑚𝑙

∗

𝑚𝑙+1
∗

𝑘𝑙+1

𝑘𝑙
              (5.20) 

By setting AN+1 = 1 and BN+1 = 0 in eq 5.18 for j = N+1, the transmission probability D(E) can be 

calculated as194 

𝐷(𝐸) =
𝑚0

∗

𝑚𝑁+1
∗

𝑘𝑁+1

𝑘0

1

|𝐴0|2               (5.21) 

Transmission probability from metal1 to metal2 is calculated for the barrier potential 

function calculated in last section, and depicted in Figure 5.36a for electrons with variable 

kinetic energy EK and Figure 5.36(b) for electrons with fixed EK under variable bias conditions, 

 

Figure 5.35. Energy band diagram (solid line) and it multistep approximation (broken line) 

across the potential barrier. 
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respectively. The division for each discrete segment is set to be 0.1 nm in the calculation. The 

constants used in the calculation are: the effective mass m* = 0.27 m0 for transport in ZnO, the 

dynamic dielectric permittivity ϵs =9ϵ0 for ZnO. The oscillatory behavior of the transmission 

coefficient in Figure 5.36b is supposed to be due to resonance through the virtual states above 

the barrier, which should be reduced with finer divisions198. 

 

Figure 5.36. (a) Transmission probability for electrons with variable kinetic energy EK  under 0 V 

bias voltage; (b) Transmission probability for electrons with fixed EK=0.5 eV under variable 

applied bias voltage. 

5.5.3 Current Transport across Schottky Nanodiode 

The carrier transport across the Schottky barrier will be considered in two parts: I. carrier 

traversing from semiconductor to metal corresponds to current density JSM; II. Carrier traversing 

from metal to semiconductor corresponds to current density JMS. The total current density is then 

obtained as the algebraic sum of these two components199,200: 

 𝐽 = 𝐽𝑆𝑀 − 𝐽𝑀𝑆            (5.22) 

The expression for JSM and JSM is  
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𝐽𝑆𝑀 =
𝐴∗𝑇

𝑘
∫ 𝐷(𝐸)𝑒𝑥𝑝 [

−𝐸

𝑘𝑇/𝑞
] 𝑑𝐸

∞

𝑈𝑚𝑎𝑥
+

𝐴∗𝑇

𝑘
∫ 𝐷(𝐸)𝐹𝑆[1 − 𝐹𝑚(𝑉)]𝑑𝐸

𝑈𝑚𝑎𝑥

𝐸𝑓𝑠
          (5.23) 

𝐽𝑀𝑆 =
𝐴∗𝑇

𝑘
∫ 𝐷(𝐸)𝑒𝑥𝑝 [

−𝐸

𝑘𝑇/𝑞
] 𝑑𝐸 +

𝐴∗𝑇

𝑘
∫ 𝐷(𝐸)𝐹𝑚(𝑉)[1 − 𝐹𝑠]𝑑𝐸

𝑈𝑚𝑎𝑥

𝐸𝑓𝑠

∞

𝑈𝑚𝑎𝑥
            (5.24) 

Where Umax is the maximum potential in the diode barrier profile, Efs is the fermi level in 

semiconductor. The first terms in both eq 5.23 and eq 5.24 are the thermionic component and the 

second terms correspond to the tunneling component. Fm and FS are the Fermi-Dirac distribution 

functions in metal and semiconductor, respectively, as  

𝐹𝑆 =
1

1+𝑒𝑥𝑝(
𝐸−𝐸𝑓𝑠

𝑘𝑇/𝑞
)
             (5.25) 

𝐹𝑚(𝑉) =
1

1+𝑒𝑥𝑝(
𝐸−𝑉−𝐸𝑓𝑚

𝑘𝑇/𝑞
)
            (5.26) 

The calculated results of I-V characteristics are shown in Figure 5.37 compared to the 

experimental results for a P-50-Pt diode. The Richardson constant A* = 32 A/cm2/K2 is used in 

the calculation. The calculated I-V-T characteristics showed good agreement with the 

experimental data in the reverse bias region whereas the deviation in the forward bias region at 

low temperature could be attributed to the series resistance, interface states charge, etc. which 

critically impact the ideality factor in the forward bias I-V characteristics. The model developed 

here does not take into account the effect of those imperfect factors on the forward I-V 

characteristics yet.  

The agreement in the reverse bias I-V characteristics verifies the superposition of 

thermionic field emission (TFE) over thermionic emission (TE) dominating the carrier transport 

at low temperature. As the temperature increased, the dominating current transport mechanism 

transited to almost pure TE mechanism with a constant leakage current. The calculation showed 
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the doping concentration of degenerately doped region in ZnO thin film tended to decrease 

during heating, which suggested that the dopant in the degenerately doped region of the thin film 

can be reduced by annealing. The dopants could come from absorptions during fabrication or left 

over derivatives from deposition. In addition, the reduction of the doping concentration led to the 

lowering of transmission coefficient and reduction of the voltage dependence on the leakage 

current, leading to the more ideal performance of the diode. 

 
Figure 5.37. Comparison of calculated (dotted line) and empirical (solid line) I-V-T 

characteristics for a P-50-Pt diode at various measurement temperatures. 

In addition to ALD fabricated nanodiodes, nanodiodes based on ZnO thin films grown by 

pulsed laser deposition (PLD) at a deposition temperature of 250 °C have been fabricated and 

characterized. The details can be found in Appendix I. Finally, the TiW Schottky contact was 
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applied in source gated thin film transistors (SGTFTs) based on ALD ZnO thin films. The details 

of the SGTFT device can be found in Appendix II. 
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Chapter 6                                                               

Conclusions 

In this thesis project, studies are carried out for vertical Schottky nanodiodes (SNDs) 

consist of 30 nm thick nanocrystalline ZnO thin films with bottom Schottky electrodes, which 

are grown by atomic layer deposition (ALD) at 50 °C to 200 °C deposition temperatures. The 

relative low processing temperature and simple fabrication steps made the SNDs ideal for 

flexible electronics applications and hybrid integration on sensor chips. A systematic study of 

Schottky metallization materials on ZnO thin film was performed to explore proper contact 

material. The studies showed that the I-V characteristics of the SNDs depended on not only the 

Schottky barrier height but also the doping concentration of the ZnO thin films grown by ALD, 

because of the presence of thermionic filed emission in the carrier transport across the barrier. 

The doping concentration in ZnO active layer showed negative dependence on the deposition 

temperature of PEALD.  

6.1 CONCLUSIONS FOR STUDY I 

In study I, we investigated the performance of a series of metal contacts to ZnO thin films 

grown by P-200 (PEALD at 200 °C deposition temperature) and T-200 (TALD at 200 °C 

deposition temperature). All of the devices with T-200 ZnO thin film showed ohmic behavior 

which can be attributed to the Zn-rich interface and Zn-rich thin films. The devices with P-200 

exhibited rectifying behavior with Ag, TiW, Cu, and Ni contacts but linear behavior with Au and 

Pt contact. The P-200 ZnO thin films had stoichiometric compositions of Zn and O. The Zn-rich 

non-stoichiometric composition of T-200 thin films pointed to higher doping concentration than 



 

123 

 

that of P-200 films. In addition, the high doping concentrations of ZnO layers for both P-200 and 

T-200 films were attributed to the hydrogen impurity in the ZnO thin films. Both the P-200-Cu 

and P-200-TiW samples showed an O-rich interface while the T-200-Cu showed Zn-rich 

interface, indicating the oxidation of the metallic layer of the substrate was more significant in 

PEALD than TALD. The oxidation of the metal substrates in atmosphere or during the initial 

deposition cycles of PEALD determined the formation of O-rich interface, which improved the 

stoichiometric composition, reduced the interface doping concentration, reduced the tunneling 

probability and consequently led to rectifying behavior across the Schottky barrier.  In summary 

for study I, we found: 

 The ease of initial oxidation of the metal substrate surface contributes significantly to the 

formation of O-rich interface, and subsequently the formation of rectifying contact. The 

oxidation of Pt and Au can rarely occur since the reaction is endothermic, while the 

oxidation of other candidates are driven by their exothermic free energy of formation 

with Ag>Cu>Ni>W>Zn>Ti. This leads to the failure of Pt and Au contacts to P-200 ZnO 

thin film. 

 The thermal reliability of the metal substrates with ZnO is another important factor in 

identify good Schottky contact. The poor rectifying behavior of all the devices with P-

200 ZnO could be due to their thermal reliability cannot stand the high ambient 

temperature of 200 °C during deposition of ZnO. 

 The P-200-Cu and P-200-TiW diodes give the best rectifying behavior among this set of 

devices with relatively high ΦB of 0.53 eV and 0.54 eV, respectively. 

 The presence of significant effect of series resistance leads to larger inaccuracy in the 

extracted Schottky parameters from the I-V plot. The alternative J/{1-exp[-qV/kT]}-V 
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approach is less sensitive to the effect of series resistance on extrapolating Schottky 

parameters and provides more accurate Schottky parameters. The values of ΦB obtained 

by two methods are very close with an deviation of 0.1 eV while the values of n obtained 

by the J/{1-exp[-qV/kT]}-V approach is significantly smaller than that by I-V plot. 

 The C-V technique gives the doping concentration in ZnO thin films. For the contacts 

without significant effect of series capacitance such as P-200 TiW and Cu contacts, the 

extraction of doping concentration from C-V curves is more reliable, and extracted data 

show P-200-TiW has larger doping concentration than P-200-Cu.  

 The hydrogen impurity is detected in both P-200 Cu and TiW contacts. The difference of 

hydrogen impurity level provides evidence in the view of chemistry for the different 

doping concentration in the ZnO thin film.   

6.2 CONCLUSIONS FOR STUDY II 

Study II studied the optimization methods for Cu contacts to ZnO thin films deposited by 

PEALD at deposition temperatures of 100 °C, 130 °C and 200 °C. PEALD grown ZnO active 

layer with lower deposition temperature showed improvement of Schottky rectifying behavior 

with slightly increased Schottky barrier height and decreased ideality factor. Increase of oxygen 

plasma pretreatment duration on Cu substrate didn’t show any beneficial impact on the device. 

The annealing of P-130-Cu devices showed improved rectifying behavior. In summary for study 

II, we found: 

 Lowering ZnO PEALD deposition temperature improves the rectifying behavior 

of Cu/ZnO contacts with slightly increased Schottky barrier height and reduced 

ideality factor extracted from I-V characteristics. In the view of thermodynamics, 
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the lower deposition temperature reduced interfacial oxide (CuO in this case) 

formation. The theory of interfacial layer effect can explain the ideality factor 

values much larger than unity and also agrees well with the thermodynamics 

expectation. The doping concentration of ZnO thin films obtained from C-V 

characteristics decreases with decreased deposition temperature. 

 Longer oxygen plasma pretreatment increases the series resistance which is 

destructive for the turn on behavior of the diode. The capacitance-voltage 

characteristics also show significant effect of series resistance induced by too long 

oxygen plasma pretreatment. Thus, the oxygen plasma pretreatment duration 

should be kept short enough to avoid over-oxidation of the Cu substrates.  

 Good thermal stability at least 300 °C is observed by tracking the I-V 

characteristics with increased annealing temperature. The C-V characteristics 

show the doping concentration in ZnO is reduced by annealing at 300 °C. Diodes 

break down permanently after annealing at 400 °C for 5 mins. 

 With lower doping concentration in ZnO deposited at lower temperature or 

annealed, the device performance is improved. This observation points to the 

presence of thermionic field emission (TFE) in addition to thermionic emission in 

the current transport in the diodes under study, since the TFE is related to the 

doping concentration in ZnO. 

6.3 CONCLUSIONS FOR STUDY III 

In study III, we found that the P-50-Pt diode behaved best with high performance and 

excellent uniformity across the wafer. Pt contact showed significant improved rectifying 
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behavior over time; Cu, Cr and Ru contacts showed good stability with slightly change over time; 

TiW and Ni contacts showed obvious degradation in rectifying performance over time. The 

significant degradation of the TiW and Ni diodes could be due to interface chemical reaction or 

interdiffusion between ZnO and metal contacts over time after fabrication.  

The thermal stability of Pt contact and Cu contact was studied. Both Pt and Cu contacts 

showed decreasing ideality factor and increasing barrier height with increasing ambient 

temperature, indicating that the effects of other current transport mechanisms besides TE 

decreased at high temperature and left TE as the dominant current transport mechanism.  

The calculation of transmission coefficient across the Schottky barrier potential was 

performed to evaluate the dominant carrier transport mechanism. The calculated I-V 

characteristics showed good agreement with the experimental data. This verified the presence of 

thermionic field emission (TFE) dominating the carrier transport at low temperature. While the 

temperature increased, the field emission portion in the current transport vanished gradually to 

pure TE mechanism at high operating temperature. The calculation also showed the change of 

doping profile across the active layer was responsible for the variation of I-V characteristics of 

the diode.  

Although all the Schottky diodes in this project were fabricated on rigid Si wafer for 

better understanding of the effects of various processes on the device performance. The low 

processing temperature used in this thesis project makes it compatible for flexible substrates like 

plastic and hybrid integration. Different to that in conventional Schottky contact theories, the 

doping concentration of the semiconductor and the applied voltage affect the diode performance 
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due to the presence of TFE in the SNDs. Thus, relatively low doping concentration is necessary 

to produce high performance SNDs. In summary for study III, we found: 

 The suitability of various metal electrodes as Schottky contact to ZnO thin film is 

identified by the rectifying behavior of the devices. Extensive aging effect studies 

for all SNDs show spontaneous degradation of the rectifying behavior with TiW 

and Ni contacts, relatively stable rectifying behavior with Cu, Cr and Ru contacts, 

and spontaneous improvement of the rectifying behavior with Pt contact. 

 To be a good bottom Schottky electrode, the metal has to be resistive to interface 

chemical reaction and diffusion during and after fabrication. Au is not a good 

candidate due to its poor thermal stability-react with ZnO at temperature less than 

100 °C. Taking into account the degradation of the devices as they age, the 

ranking of good Schottky candidates is Pt>Cu>Cr>Ru>TiW>Ni>Au. 

 Series resistance analysis for P-50-Pt show a dynamic RS suggests that the ohmic 

contact Al/Au is not the best choice for ZnO SND. The Al is easy to be oxidized 

and causes an interfacial layer with high resistance.  

 The interface defect distribution of P-50-Pt and P-50-Cu is identified. Pt contact 

shows less interface defects than the Cu contact. The low interface defect density 

(~1011 cm-2eV-2) for both SNDs is one of the reasons for their good rectifying 

behavior.  

 The conventional mechanisms for non-ideal behavior include the image force (IF), 

thermionic field emission (TFE), and barrier inhomogeneity are applied to study 

the insight for the Schottky performance and temperature-dependent behavior.  
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Conventional IF and TFE fail to explain the large ideality factor values and is 

attributed to the finite physical dimension of the SNDs. The barrier 

inhomogeneity model explains the temperature-dependent behavior of the diodes 

with some extent of deviations.  

 The current transport model developed for the SNDs gives simulated I-V 

characteristics consistent with the measured data in the reverse bias region. The 

deviation in the forward bias region is attributed to the significant effect of Rs. 

 The best SND achieved in this work P-50-Pt demonstrates remarkable room 

temperature performance with rectifying ratio of ~106, effective barrier height 

values of 0.76±0.014 eV, ideality factor values of 1.140±0.007, series resistance 

down to 90 Ω at 1V and breakdown field of at least 1.67 MV/cm.  
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6.4 DIRECTIONS FOR FUTURE WORK 

6.4.1 Issues to Solve 

The carrier transport in our Schottky contacts depends on the doping concentration 

produced unintentionally during the deposition process of ZnO. Contaminations or defects 

induced in the processing may leads to the failure of the device, especially during the top contact 

sputtering. A better control of the diode property could be achieved with less invasive fabrication 

techniques for the top contact like ALD. Furthermore, the series resistance of our diodes is still 

too large at present time for ultrahigh frequency RF applications. Other contact materials 

including nitride, such as ZrN and TiN due to its chemical stability and reasonable electrical 

resistivity (15  cm), and borides, such as W2B5 and CrB2, due to its hexagonal structure and 

reasonable resistivity value could be better candidates as Schottky contacts. In addition, the 

thermal stability of the diode affects the long term diode performance. Although Pt contact has 

shown best performance and excellent stability over a long period of time, but Pt is costly. 

Further studies to find suitable thermal stable and economical materials as Schottky contacts for 

ZnO are still needed for low cost applications. To further improve the rectifying ratio, thin 

dielectric film insertion can be applied. Krajewski et al  have recently demonstrated the tuning of 

the properties, mainly the rectifying ratio, of ALD-ZnO-based rectifying structures by inserting a 

thin dielectric film101,102. 
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6.4.2 The Potential Applications of ZnO Schottky Diodes 

 Rectifier 

Schottky diode (SD) is commonly used in the design of rectify circuits since SDs have 

advantages of fast switching speed and low turn on voltage, which is particularly important for 

application in power detection and microwave network circuits. ZnO based Schottky diodes 

currently are attracting increasing attention for potential application in radio frequency (RF) 

electronics41,182,183,201.The Schottky nanodiodes with ultrathin ZnO films developed in this thesis 

can be potentially used in the design of integratable rectify circuit in RFID, diode bridge rectifier, 

etc. A rectifier is typically used to converts an alternating current (ac) input signal into a direct 

current (dc) supply voltage. A diode bridge circuit configuration is used for rectify circuit design 

with this ZnO SDs and shown in Figure 6.1. The rectify behavior characterization of the diode 

bridge is one of the interest in the development of ZnO based SDs’ applications. 

 

Figure 6.1. A fabricated diode bridge rectify with four Schottky nanodiodes configuration.   
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 UV Photodiode  

Optoelectronic device application, especially in the UV range, is one of the important 

research fields in transparent wide-gap semiconductor technology. Among various UV 

photodetector architectures including simple photoconductors, Schottky photodiodes, p-n 

photodiodes, MSM photodiodes, etc., the Schottky photodiode has an edge over others in the 

aspects of potential zero-bias operation, high UV/visible contrast, low dark current, high 

response speed and high quantum efficiency130,202,203. Transparent Schottky contacts based on 

ZnO with large potential barriers are promising for high performance UV photodetectors; 

however, the difficulty in fabricating a good Schottky contact with low leakage current on ZnO 

limits the performance of the ZnO Schottky photodiodes47,93,166,204. This Pt-50 Schottky contact 

developed in this work has shown large barrier height and low leakage current, which is 

promising to improve the photoresponsivity.  
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Appendix I. Schottky Diodes with ZnO Grown by PLD 

Pulsed laser deposition (PLD) is one of the most widely used techniques for oxide thin 

film deposition with attractive features like generation of energetic species, hyperthermal 

reaction of the ablated cations with the oxygen molecular from the environment, stoichiometric 

transfer of target material composition, compatibility with a wide range of background pressures 

from ultra-high vacuum to 0.1 torr19,205,206. The PLD system is shown schematically in Figure 

Appx. I. 1 including a vacuum chamber equipped with pumps, a target holder and rotator, laser 

source, and substrate holder with an embedded heater underneath. The substrate is aligned 

normal to the target for the deposition of ZnO. The chamber is equipped with gauges to monitor 

ambient pressure and gas lines to control the background environment. In PLD processing, the 

pulsed laser beam is directed to the target surface with adjustable laser beam size assisted by a 

movable focusing lens. Plasma plume is then ejected which consists of atoms, ions, and 

molecules from the ablation. The energetic particles travel toward the substrates with a strong 

forward-directed velocity normal to the target surface, and condense onto the substrate placed 

opposite to the target.  

Based on a previous study on ZnO growth by PLD in our group109, the optimized growth 

conditions used are: the substrate surface was 3 cm away from the ZnO target surface with two 

surfaces oriented parallel to each other, the substrate was heated to 250 C in a vacuum chamber 

with a background pressure of 10-5 torr which is backfilled with oxygen to a pressure maintained 

at 0.1 torr. The ZnO thin films were deposited by ablating a 99.9 % pure ceramic ZnO target 

using a KrF laser (248 nm, 15 ns, 20 Hz) with typical pulse energy of 50 mJ and laser fluence of 

2.5 J/cm2. High quality ZnO thin film with Hall mobility of 8 cm2V-1s-1 can be achieved on a 
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SiO2 substrate. Typically, as-grown ZnO is intrinsically n-type conductivity due to the nature 

defects such as oxygen vacancies, zinc and hydrogen interstitials28.  

 

Figure Appx. I. 1. A schematic diagram of the alignment in PLD chamber.  

 

Figure Appx. I. 2. The AFM image for the PLD grown ZnO thin film. 

The thickness of the film is targeted to be 30 nm although uniformity control is poor in 

our system. The deposited ZnO thin film surface morphology is characterized by AFM as shown 

in Figure Appx. I. 2. The root mean squared (RMS) roughness of 1 µm2 area is 8.8 nm mainly 

due to the presence of debris particles in the film. A significantly smaller RMS roughness of 1.7 

nm is achieved from a debris-free region of 0.25 µm2 area of the same image. The PLD grown 
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ZnO shows larger size surface feature compared to those grown by ALD discussed above 

attributed to higher deposition temperature and energetic species in the deposition plume. 

 

Figure Appx. I. 3. GAXRD profiles with ω=0.2°C of (a) 250°C PLD-ZnO film, (b) 200°C TALD-
ZnO and (c) 200°C PEALD-ZnO film on Cu Substrates. (d) The GAXRD profile with ω=0.5°C 
for 50°C PEALD-ZnO film. 

 

Figure Appx. I. 4. GAXRD profiles of ZnO thin film synthesized by TALD at 200 °C, PEALD at 

200°C and PLD at 250°C. Titanium oxide (TixOy) phases were detected in both PLD-ZnO and 

PEALD-ZnO.  

The PLD grown ZnO structural property is characterized by GAXRD as shown in Figure 

Appx. I. 3 and Figure Appx. I. 4 for PLD-Cu and PLD-TiW, respectively, compared to other 

TiW/ZnO 
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films discussed above. The peaks detected matches well with ZnO XRD profiles in the literature 

for all the samples, except some anonymous peaks from thin films on TiW substrates due to 

titanium oxide. The PLD film shows a strong dominating orientation of (002). It is noted that the 

Ti diffusion is enhanced significantly in ZnO growth at higher temperature. 

The ZnO thin film composition is studied by XPS depth profile as shown in Figure Appx. 

I. 5.  The PLD grown ZnO thin film shows a Zn-rich composition suggesting a high doping 

concentration in the film. The Cu substrate is less oxidized compared to that resultant from ALD 

processing.  The high resolution oxygen XPS profile in ZnO thin film is also used to evaluate 

hydroxyl defects in the thin film. As shown in Figure Appx. I. 6, the hydroxyl component in 

PLD-ZnO is the same as that of PEALD.  

 

 

Figure Appx. I. 5. XPS depth profile of the ZnO thin film composition. 

PLD 
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After top electrode fabrication, primary results for Schottky nanodiode (SND) with PLD-

ZnO are obtained and summarized in Table Appx. I. 1. The SNDs with bottom electrodes 

including Au, Ag, and Pt all exhibit linear I-V characteristics while TiW device show Schottky 

behavior but poor rectifying ratio as shown in Figure Appx. I. 7a compared to PEALD device 

with the same electrodes materials.  The failure of Schottky barrier formation may be due to high 

deposition temperature and too thin active layers. Chemical reaction between the electrode and 

ZnO is promoted at high temperature. As to the thickness control, the deposition rate is hard to 

control due to some practical issues of the system.  From the XPS depth profile, it is noticed that 

the PLD-ZnO on Cu is etched away faster than the ALD ones, indicating the film is much thinner 

leading to a high reverse current. As the C-V turns into negative quickly due to the low 

impedance of the device as shown in Figure Appx. I. 7b, the extraction of doping concentration 

from C-V becomes difficult. The results for PLD-ZnO on Cu and Ni electrode were inconclusive 

as fabrication failure occurred when underlying Cu layer was easy to be etched away with Al 

etchant quickly.  

 

Figure Appx. I. 6. High resolution oxygen XPS profile in ZnO thin film. 
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Table Appx. I. 1. Primary results for Schottky nanodiode with PLD-ZnO 

Metal PLD ZnO 

Au ohmic 

Ag ohmic 

Pt ohmic 

TiW Schottky 

Cu process failure 

Ni process failure 

 

 

Figure Appx. I. 7. (a) Typical I-V characteristics of PEALD-ZnO and PLD-ZnO diodes with 

TiW bottom electrode. (b) Typical C-V characteristics for PLD-ZnO diode. 
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Appendix II. Utilization of Schottky Contact in SGTFT 

ZnO based transparent thin film transistor (TFT) has attracted intensive research interests. 

A particular application of Schottky contact (SC) is to be a buried source contact in TALD ZnO 

based source-gated TFTs (SGTFTs)207,208. A schematic diagram of the SGTFT with T-130 ZnO 

thin films active layer is depicted in Figure Appx. II.1. The operating principle of the SGTFTs is 

that the carrier transport in the transistor is dominated by the electrostatics of the gate-controlled 

potential barrier at the source rather than by the carrier density of the channel between the source 

and drain like in conventional transistors. This SGTFT architecture has shown being less 

sensitivity to the crystalline quality of the ZnO thin film43,207, which makes it compatible with 

low temperature ZnO grown and particularly attractive for building TFT back panel matrix for 

transparent and flexible electronics. 

 

The Studies of SGTFTs carried out in our group has shown that the formation of SC with 

source metal electrodes plays significant roles in the I-V characteristics of the SGTFTs207,208. The 

family curves of the SGTFT with TiW SC are shown in Figure Appx. II. 2, compared to that of a 

SGTFT having ZnO active layer grown under same deposition condition but without SC. The 

former one shows better control of current transport in the TFT than the latter one, indicating the 

important role of SC in realization of current control in TFTs with poor crystalline ZnO active 

layer.

 

Figure Appx. II. 1. A schematic diagram of the SGTFT.  
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Figure Appx. II. 2. (a) Output characteristics of SGTFT with TiW SC; (b) Output 

characteristics of SGTFT without SC. 

 


