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ABSTRACT 

Hybrid inorganic heterostructures and methods of fabricating p-type 

semiconductors for optoelectronic devices 

Jian-Wei Liang 

 

For III-nitride wide-bandgap materials, the lack of efficient p-type wide bandgap 

semiconductors limits the full potential of group-III nitride-based optoelectronic devices. 

Conventional wide bandgap p-type materials consisting of magnesium-doped gallium 

nitride (GaN:Mg) and magnesium-doped aluminum gallium nitride (AlGaN:Mg) typically 

exhibit low hole carrier concentrations of <1018 cm-3. Hence, I used different wide-

bandgap inorganic p-type materials as a promising solution, e.g., copper thiocyanate 

(CuSCN). CuSCN has multiple attractive properties that hold potential for applications in 

III-nitride materials. For example, its energy band gap is up to 3.9 e.V and its electron 

effective mass is higher than its hole effective mass. These two key features make CuSCN 

a potential wide bandgap p-type material for III-nitride systems. By exposing CuSCN to 

chlorine, Cl2-infused CuSCN thin film achieves a hole concentration up to 3 × 1018 cm-3 and 

maintains its visible-light-blind optical properties. Based on these desirable features, p-

CuSCN/n-GaN heterojunction ultraviolet photodetectors, as well as the p-CuSCN and n-

GaN interface, were fabricated to investigate the potential applications of p-CuSCN in III-

nitride devices. Moreover, p-CuSCN also benefits the corresponding organic solar cells; p-

CuSCN-based organic solar cells perform better in power conversion efficiency and 

stability tests under various conditions than intrinsic CuSCN-based organic solar cells. This 
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work on p-CuSCN not only paves the way for new III-nitride semiconductor devices, but 

may also potentially enable the development of organic devices with better performance 

and longer lifetime. 

To explore the potential of transition metal oxides in UV photodetectors, NiO was 

selected to proceed with device fabrication because of its wider energy bandgap and 

lower hole effective mass than other transition metal oxides. Since single crystal quality 

is required to maintain its visible-light-blind optical property, brand-new templates were 

invented to grow single-crystal NiO thin films, TiN/MgO, and TiN/Si. Use of TiN thin film 

between NiO and the substrates provides a good back-side metal contact for NiO-based 

semiconductor devices. Several tools were employed to ascertain the single-crystal 

quality of as-grown NiO thin films on TiN/MgO and TiN/Si. I demonstrate NiO/TiN/MgO 

and NiO/TiN/Si bilayer structures may pave the way towards better NiO-based ultraviolet 

optoelectronic devices. 
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Chapter 1  

Introduction 

1.1 Research Background 

Semiconductors dominate the modern world and human society. As the applications of 

semiconductors are wide-spread, the pursuit of better-performing semiconductors is a 

never-ending competition. For electronics, semiconductors with a higher energy bandgap 

have a higher breakdown voltage, higher temperature tolerance, higher device stability, 

and reduced energy loss [1]. For photonics, semiconductors with increasingly large energy 

bandgaps can potentially enable the development of new products for new markets. (e.g., 

new photodetectors, new light-emitting diodes, and new laser diodes). However, few 

semiconductor materials have a high-energy bandgap. In the group III-V family, GaN and 

AlN are well-known wide bandgap materials. In the group-IV family, diamond and silicon 

carbide (SiC) are well-known for their wide-bandgap properties. In the group of transition 

metal oxides, ZnO, NiO, and Ga2O3, have been noticed as wide-bandgap materials. The 

device applications of these materials have developed vigorously. GaN and AlN are 

typically used in ultraviolet light-emitting diodes (UV LEDs) [2-6], blue LEDs [7-13], high 

electron mobility transistors (HEMTs) [14-18], UV photodetectors (UVPDs) [19, 20], UV 

laser diodes (UVLDs) [21-23], and blue LDs [24, 25]. SiC is a very popular substrate material 

for the epitaxial growth of low-dislocation-density gallium nitride [26] and for power 

devices [27, 28]. ZnO can be fabricated using UVPDs [29, 30]. Since NiO is a natural p-type 
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material, its applications include p-n junction diodes [31] and forming an ohmic contact 

between ITO and p-GaN layer [32]. The device applications of Ga2O3 have been extended 

to power devices [33, 34] and UV photodetectors [35, 36] due to its wide energy bandgap. 

Even though wide bandgap materials have been studied heavily in last two decades, 

several bottlenecks hinder the potential applications of these materials. For nitride 

materials, the common-used p-type nitride is Mg-doped GaN and Mg-doped AlGaN, 

which possesses a relatively low hole concentration (~1017 cm-3) and thus low conductivity. 

Even worse, the hole concentration of magnesium-doped AlGaN becomes lower as the Al 

composition is increased, as shown in Fig. 1.1 [37]. The low conductivity of p-type 

materials significantly reduces the hole injection efficiency and makes it challenging to 

form ohmic contacts. These flaws further hamper the performance of the corresponding 

devices and their applications. Therefore, researchers are desperate to find a way to 

increase the hole concentration of p-type GaN and p-type AlGaN and its conductivity. The 

most common way to increase the conductivity of p-type GaN and p-type AlGaN is by 

increasing the magnesium-doping concentration. However, the magnesium-doping 

efficiency is merely 1%, thus excessive magnesium doping is required to reach the desired 

hole concentration and film conductivity, and usually leads to poor material quality.[38] 

Poor material quality will increase trap levels between valence band and conduction band. 

These trap levels cause the absorption of light with lower energy than energy bandgap 

and influence the optical property of a material. To avoid poor material growth, less than 

5 nm heavily doped p-GaN is grown on normal p-GaN to form ohmic contacts, and only 5 

nm heavily doped p-GaN does not significantly change the hole concentration of the 



18 
 

entire p-GaN layer. Considering the disadvantages and limitations of heavily doped p-GaN, 

a wide bandgap material with higher hole concentration is desperately needed. In this 

thesis, a new wide bandgap p-type material, p-CuSCN, is introduced and its potential 

applications in the III-nitride system are evaluated. 

For the wide-bandgap oxide materials, natural dopants contribute to the absorption of 

visible light. The dopants usually come from the vacancies in the lattice and different 

vacancies generate different carriers. Usually, oxygen vacancies are the electron donor 

and make the metal oxide an n-type material, while metal vacancies are the electron 

acceptors that generate hole carriers in the metal oxides. Hence, a high carrier 

concentration indicates high vacancies and thus low crystal quality for both n-type and p-

type metal oxides, which leads to low visible-light transparency. To maintain the wide 

bandgap property, it is necessary to grow the material on a lattice-matched substrate to 

achieve good crystal quality. Moreover, for most metal oxides, the activation energy of 

native electron donors is lower than that of the native electron acceptors, which make 

most metal oxides natural n-type semiconductors. Therefore, p-type metal oxides are 

rarer than n-type metal oxides, and only a few materials naturally exhibit the p-type 

property, such as SnO, CuO, Cu2O, CuXO2 (X = Al, B, Cr, Sc, Y), and NiO. Thus, the lattice 

structure and the stoichiometry of these materials were investigated to understand the 

possibility of lattice-matched growth. Tin oxide is stoichiometric and has two different 

structures, cubic p-type SnO and rutile n-type SnO2. Tin oxide is avoided in this work due 

to the difficulty of controlling its stoichiometry during epitaxial growth and its low energy 

bandgap. Copper oxide has two forms, Cu2O and CuO, which have a low energy bandgap 
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and stability. CuXO2 wide-bandgap materials either have a high hole effective mass or a 

low energy bandgap, which is unfavorable for studies on p-type wide-bandgap materials. 

Moreover, CuXO2 will undergo phase separation under certain conditions, which makes 

epitaxial growth challenging. Among these p-type metal oxides, NiO has a wider energy 

band gap with a lower effective hole mass, as shown in Fig. 1.2 [39]. NiO can undergo 

lattice-matched epitaxial growth and is a wide-bandgap p-type material, this is an ideal 

material to proceed with further research on the use of wide-bandgap materials in order 

to create improved UV photodetector semiconductor devices. 

 

 

Figure 1.1. Plot of free carrier concentration versus aluminum-mole fraction for AlxGa1-xN 

[37]. 
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Figure 1.2. Plot of hole effective mass with respect to the energy bandgap of selected 

transition metal oxides [40-46].  

 

1.2 Outline  

Electrical engineering research requires material and device characterization. Chapter 2 

introduces the working principles of the measurement techniques employed in this thesis; 

specifically, Kelvin probe measurements, Hall effect measurements, high-resolution X-ray 

diffraction, atomic force microscopy, dynamic secondary-ion mass spectroscopy, 

absorbance and transmission spectrophotometry, X-ray photoelectron spectroscopy, 

transmission electron microscopy, and high-angle annular dark field imaging. Chapter 2 

also provides details of the device characterization based on optoelectronic 

measurements and time response tests of p-CuSCN/n-GaN UVPDs, and optoelectronic 

measurements of p-CuSCN-based organic photovoltaics and perovskite solar cells. 
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Chapter 3 includes three sections. The first section introduces the optical and electronical 

properties of CuSCN, which is followed by its applications in organic semiconductor 

devices and its processing flexibility. After that, the disadvantages of CuSCN thin films are 

pointed out and potential solutions, e.g., salt thiocyanate treatments and halogen gas 

treatments, are investigated. In this thesis, chlorine exposure was selected to resolve the 

conductivity issue of CuSCN and material characterization was conducted. The second 

section of Chapter 3 describes the experimental details of exposure of CuSCN thin films 

to chlorine using ICP-RIE chamber. By doing so, CuSCN can be exposed to chlorine under 

stable conditions. The third section focuses on the material characterization of pristine 

CuSCN thin film and Cl2-infused CuSCN thin film, e.g., UV-Vis absorbance and 

transmittance spectra of CuSCN thin films before and after chlorine infusion, Hall effect 

measurements of CuSCN thin films after different periods of exposure to chlorine, and 

surface morphology of CuSCN thin films before and after chlorine infusion. Moreover, the 

interface and band alignment of p-CuSCN and n-GaN were also investigated by TEM 

imaging and XPS measurements, respectively. Thus, Chapter 3 provides fundamental 

information on the chlorine-infused CuSCN thin films.  

Chapter 4 concentrates on the device characterization of p-CuSCN/n-GaN heterojunction 

UVPDs and p-CuSCN-based organic solar cells, e.g., optoelectronic characterization, 

responsivity measurements, and EQE measurements of p-CuSCN/n-GaN UVPDs with 

respect to the incident wavelength, and J-V curve measurements, EQE measurements, 

and stability tests of organic solar cells. The device characterization reveals the impact of 

p-CuSCN on III-nitride devices and organic devices. 
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Chapter 5 describes the material characterization of the crystal quality of a NiO thin film 

grown on a TiN/MgO template and a TiN/Si template. Using X-ray diffraction, high-

resolution X-ray diffraction, transmission electron microscopy imaging, and the fast 

Fourier transform algorithm, the single crystal quality of as-grown NiO thin film and TiN 

thin film is confirmed, which is crucial to device performance. 

Chapter 6 discusses the work on the wide-bandgap materials CuSCN and NiO described in 

Chapters 3, 4, and 5. Since these projects on chlorine-infused CuSCN thin film and NiO 

grown on TiN/MgO and on TiN/Si are innovative, some other outstanding projects not 

covered by this thesis merit investigation. Thus, several projects with high potential are 

proposed in the future work section. 
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Chapter 2  

Measurement techniques used for material and device characterization 

2.1 Introduction 

There is a lack of fundamental studies on CuSCN and chlorine-infused CuSCN thin films 

and the crystal quality of NiO grown brand new templates needs to be ascertained; 

therefore, multiple instruments were employed to perform material characterization of 

chlorine-infused CuSCN thin films and NiO thin films grown on brand-new templates. For 

chlorine-infused CuSCN thin films, the most desired study is the carrier type and carrier 

concentration. Thus, Kelvin probe tests and Hall effect measurements were selected to 

acquire the information on work function, carrier type, and carrier concentration. 

Furthermore, in order to verify whether the optical properties of CuSCN thin film changed 

or not after exposure to chlorine, the absorbance and transmittance spectra were 

measured using a spectrophotometer. Moreover, SIMS measurements were carried out 

to analyze how deeply the chlorine molecules penetrate the CuSCN thin films and AFM 

was utilized to examine the surface morphology of CuSCN before and after chlorine 

infusion. Finally, XPS measurements were conducted to investigate the binding energy of 

CuSCN thin films before and after exposure to chlorine to verify whether chlorine infuses 

into the thin film and whether new chemical bonds form in the process. 

For NiO thin films grown on TiN/MgO and TiN/Si, the top priority of this project was to 

obtain high-quality NiO thin films. Hence, XRD and HRXRD were selected to analyze the 
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crystal quality because their measurements are relatively time-saving and do not cause 

specimen damage. Once the crystal quality of NiO and TiN were ascertained, TEM and 

HRTEM measurements were carried out to confirm the crystal quality and calculate the 

corresponding lattice constants.  

In this chapter, the working principles of the multiple tools used for material 

characterization of chlorine-infused CuSCN thin films and NiO thin films on different 

templates are introduced using schematic diagrams and descriptions, and the details of 

corresponding device characterization are also discussed. 
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2.2 Working principles of instruments used in this study 

2.2.1 Kelvin probe measurements 

 

Figure 2.1. Working principles of a Kelvin probe force microscope. 

Kelvin probe measurements are useful for acquiring the work function of specimens. In 

this thesis, the work function of CuSCN thin films before and after exposure to chlorine 

was measured using a Kelvin Probe (KP technology Ltd., UK) with reference to a vibrating 

5-mm diameter stainless-steel tip. The reported values were averaged over 100 readings 

for each measurement. The measurements were carried out in a nitrogen glove box 

environment. Fig. 2.1 shows the working principles of a Kelvin probe force microscope, 

where Evac is the vacuum level, Ep is the Fermi level of the probe, φp is the work function 

of the probe, Es is the Fermi level of the sample, φs is the work function of the sample, Vc 

is the contact potential built by the difference of the work function of probe and sample, 
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Vb is the backing potential to compensate for the Vc. In Kelvin probe measurements, the 

sample is deposited on a conductive substrate with a known work function (e.g., metal 

substrates, ITO templates, etc.). Once the electrical connection between probe and 

sample is established, an electrical current will flow from the high work function material 

to the low work function material. Hence, surface charge will accumulate at the interface 

of the probe and the sample, which generates contact potential (Vc). This potential will 

determine a dc signal which further generates a backing potential (Vb) to neutralize the 

contact potential, where Vc is equal to –Vb. φs is then acquired after substitution to the 

equation φp = φs + eVb [47]. 

 

2.2.2 Hall effect measurements 

 

Figure 2.2. Schematic diagram of Hall effect measurements. 
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Hall effect measurements are commonly used to determine the carrier type and carrier 

concentration of a sample. As shown in Fig. 2.2, Vh is the Hall voltage, Vx is the applied 

voltage, L is the length of the thin film, W is the width of the thin film, t is the thickness of 

the thin film, Ex is the electrical field in the x-direction, Ey is the electrical field in the y-

direction, Vx is the drift velocity of carriers, and B is the magnetic field in the z-direction. 

In accordance with the right-hand rules and Lorenzo force theory, the electromagnetic 

force is given by: 

F = q(E + ν × B) (1) 

𝐸𝑦 = −
𝑉𝐻

𝑤
 

(2) 

 

After substitution to Eq. 1 and 2, VH is equal to νxBzw. Meanwhile, the current flowing in 

the x-direction is defined as: 

Ι = ntw(−𝜈𝑥)(−𝑒) (3) 

Where n is the carrier concentration and e is the elementary charge.  

After substituting VH into Eq. 3, we obtain: 

𝑉𝐻 =
𝐼𝑥𝐵𝑧

𝑛𝑡𝑒
 

(4) 

where positive VH indicates holes and negative VH indicates electrons. 

Then, the Hall coefficient (RH) is defined as: 

𝑅𝐻 =
𝑉𝐻𝑡

𝐼𝐵
=

1

𝑛𝑒
 

(5) 

With Eq. 4, the carrier concentration can be acquired. 
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In this thesis, after exposure of CuSCN thin films to chlorine for certain periods of time, 

the Au metal pad was deposited on Cl2-exposed p-CuSCN thin film with a shadow mask 

by magnetron sputtering (ESC, ESCRD4), as shown in Fig. 2.3. After deposition of the Au 

metal, the Hall effect measurement can be performed and the carrier information can be 

obtained. 

 

Figure 2.3. Sample for Hall effect measurement with four gold metal pads on the four 

corners. Sample dimension: 1 cm × 1 cm. Dimension of gold metal pads: 1.5 mm × 1.5 mm. 

 

2.2.3 X-Ray Diffraction  

 

Figure 2.4. Schematic diagram of the working principle of X-ray diffraction (XRD). 
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X-ray diffraction is commonly used to assess crystal quality and identify material species. 

Constructive interference occurs when the atomic spacing is an integer number of the 

incident wavelength, which creates a peak in the XRD spectrum. Bragg’s law defines the 

relationship between atomic spacing and constructive interference, as follows:  

2dsinθ = nλ (6) 

where, d is the atomic spacing, λ is the wavelength of incident light, θ is the angle 

between the incident light and the crystal phase. A schematic diagram of the working 

principle of XRD is shown in Fig. 2.4.  In this thesis, XRD was employed to study the 

deposition of NiO and TiN layers grown on a MgO substrate and a Si substrate, which 

end up being NiO/TiN/MgO sample and NiO/TiN/Si sample Since the lattice structure of 

NiO, TiN, and MgO is rock-salt cubic and their lattice constants are similar, the (200) 

peaks of TiN and NiO result in two shoulders on the MgO (200) peak. High-resolution 

XRD was used to further analyze the crystal quality of NiO and TiN. 
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2.2.4 High-resolution X-ray diffraction (HRXRD) 

 

Figure 2.5. Schematic diagram of the working principle of high-resolution X-ray diffraction. 

Since the sample platform is movable, HRXRD can provide more detailed information on 

crystal quality than XRD. Before HRXRD measurements, calibration is required to place 

the beam, sample platform, and X-ray detector in the proper positions. First of all, the 

tilted angle of the platform is calibrated. The position of the sample is then adjusted to 

illuminate the sample with the X-ray beam, which will reflect the x-ray to the detector. 

The next step is to adjust the position of the detector so that it can receive the maximum 

intensity of reflected light. Once the peak intensity is maximized, the calibration is 

complete. In this thesis, HRXRD was used to analyze the rocking curve of NiO and TiN 

layers of the NiO/TiN/MgO and NiO/TiN/Si samples, which provides information on the 

crystal quality. In rocking curve measurements, the platform is tilted over a certain range 

of ω angles, which generates a peak containing the specific full width at half maximum 

(FWHM). The lower the FWHM value, the higher the crystal quality in the layer. Φ scans 
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were also employed to analyze the crystal structure and crystal orientation of NiO, TiN, 

MgO, and Si. Φ scans of cubic NiO, TiN, MgO, and Si can provide information on whether 

the four-fold peaks of the cubic materials are aligned or not, which indicates spinning 

mismatch during crystal stacking, as shown in Fig. 2.5. 

 

2.2.5 Atomic force microscopy (AFM) scanning 

 

Figure 2.6. Schematic diagram of the working principle of atomic force microscopy (AFM). 

AFM can be used to study the surface morphology of samples. The components of an 

AFM include a cantilever with a sharp tip, a laser, a photodetector, and electronics to 

process the signals from the photodetector. During the measurements, the tip senses the 

surface morphology of the sample line by line and causes the cantilever to move. Once 
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the cantilever moves, the laser that hits on the top of the cantilever will detect the 

movements of the cantilever and send the signal to the photodetector. After the 

electronics connected to the photodetector process the data, the surface morphology of 

samples is obtained. In order to prolong the lifetime of the tip, tapping mode is usually 

used for measurements. The tip regularly moves up and down in a sinusoidal manner and 

this mode is affected by the attractive or repulsive interactions with the surface of the 

sample, which is detected and recorded by the electronics, as shown in Fig. 2.6. Compared 

with contact mode, tapping mode can provide a higher lateral resolution and cause less 

damage to the soft sample and the tip itself. However, the scanning speed of tapping 

mode is slower than that of contact mode, thus a longer time is required to complete the 

scanning. In this thesis, AFM was utilized to analyze the surface morphology of CuSCN thin 

films before and after exposure to chlorine. The AFM experiments were performed using 

a Dimension Icon 3100 (Veeco, US) operated in tapping mode with a Bruker RTESPA-300 

tip made of 0.01-0.025 Ohm-cm antimony (n)-doped Si. The scanning setup had an area 

of 500 nm*500 nm and resolution of 256 pixels.  
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2.2.6 Dynamic secondary-ion mass spectrometry (SIMS) 

 

Figure 2.7. Schematic diagram of the working principle of dynamic secondary-ion mass 

spectrometry. 

A secondary-ion mass spectrometer is used to examine the compositions of specimens. 

The machine consists of a primary ion beam generator, a high vacuum chamber which 

holds the sample and is equipped with a secondary ion extractor, a mass analyzer, and a 

detector. During the measurements, the primary ion beam hits the surface of the sample 

and generates secondary ions in the vacuum chamber, including neutral, negative, and 

positive ions. The mass analyzer separates these ions; different mass analyzers use 

different methods to separate the ions. A sector field mass spectrometer utilizes 

electrostatic forces and magnetic forces to separate the ions based on their mass-to 

charge ratio. A quadrupole mass analyzer generates resonant electric fields to isolate 

specific ions. A time-of-flight mass analyzer identifies the ions by their velocity. Due to the 

fact that all ions have the same kinetic energy, the velocity is determined by the mass of 
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the ion. The higher the mass, the lower the velocity of an ion will be. This time-of-flight 

mass analyzer is the only one which can detect all secondary ions at the same time. Once 

the secondary ions are separated by the mass analyzer, the detector measures the current 

generated by the ions hitting the Faraday cup. The detector is usually made of a CCD 

camera or a fluorescence detector. In this thesis, SIMS measurements were carried out 

to analyze the elements in CuSCN thin films before and after exposure to chlorine and to 

assess how deeply chlorine ions penetrate into the thin films. SIMS experiments were 

performed using a Hiden instrument (Warrington, UK) operated under ultra-high vacuum 

conditions (typically 10-9 Torr). A continuous Ar+ beam was employed at 4 keV to sputter 

the sample surface while the selected ions were sequentially collected using a MAXIM 

spectrometer equipped with a quadrupole analyzer. The raster of the sputtered area was 

approximately 750 x 750 µm. To avoid the edge effect during the depth profiling process, 

data were recorded from a small area located in the middle of the sputtered region. The 

acquisition area was adjusted using adequate electronic gating to approximately 75 x 75 

µm.  

 

 

 

 

 

 



35 
 

2.2.7 Spectrophotometry for absorption and transmission spectra 

 

Figure 2.8. Schematic diagram of a UV-Vis spectrophotometer. 

Spectrophotometers analyze how much electromagnetic radiation is absorbed by a 

sample and consist of two sections, a spectrometer and a photometer. A spectrometer is 

able to generate the desired wavelength using a light source, focal lens, a prism, and a slit. 

The light source has to provide wide a range of bright wavelengths, not fluctuate during 

the measurements, and exhibit a long lifetime. However, no single light source covers the 

wavelength range from the ultraviolet region to infrared regions. Two different light 

sources are required to build up a spectrometer, a deuterium lamp is responsible for the 

180 nm to 380 nm range and a tungsten halogen lamp covers the range from 380 nm to 

3000 nm. The output light is then focused on the prism, which splits the light into its 

component wavelengths. By moving the slit, the wavelength is filtered and only desired 

wavelength can escape from the spectrometer. The selected wavelength then passes 

through the sample and the transmittance of light is analyzed by the photometer 

according to the following formula:  
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% Transmittance (%T) =
𝐼𝑡

𝐼0
× 100% 

(7) 

where T is the transmittance, It is the light intensity after passing through the sample, I0 

is the original intensity of light from the spectrometer. Once the transmittance is obtained, 

the absorbance can then be calculated by the following formula: 

Absorbance (𝐴) = 2 − 𝑙𝑜𝑔10%𝑇 (8) 

In this thesis, the transmittance and absorbance spectra of CuSCN thin films exposed to 

chlorine for different periods of time were acquired to determine whether exposure of 

CuSCN thin films to chlorine influences the optical properties of the CuSCN thin films. The 

transmittance and absorbance measurements were carried using a Shimadzu UV-3600 

spectrophotometer. 
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2.2.8 X-ray photoelectron Spectroscopy (XPS) measurements 

 

Figure 2.9. Schematic diagram of the working principles of X-ray photoelectron 

spectroscopy.  

X-ray photoelectron spectroscopy analyzes the chemical bonds and identifies the 

elements in samples. An X-ray photoelectron spectroscope consists of an X-ray source, an 

ultra-high vacuum chamber, magnetic shielding made from Ni-Fe ferromagnetic alloy 

with high permeability, an electron-collecting lens, an electron energy analyzer, and an 

electron-detecting system, as shown in Fig. 2.9. X-rays hit the sample and excites the 

electrons within the sample. These electrons carry information on the electron 

configuration of the sample and are collected by the electron collection lens. The electron 

binding energy is then calculated by the electron energy analyzer by the photoelectric 

effect equation, which is expressed as: 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜑) (9) 
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where Ebinding is the binding energy of the electrons which is related to the chemical 

potential, Ephoton is the X-ray energy, Ekinetic is the kinetic energy of X-ray-emitted electrons 

measured by the electron energy analyzer, and φ is the work function of the sample. The 

detected binding energy corresponds to the elements of the sample, and each element 

generates a group of characteristic XPS peaks which can be identified by software. These 

peaks show the electron configuration of the electrons in atoms. Notably, the XPS peaks 

of elements are shifted in different molecules, which provides information on the specific 

chemical bonding. Hence, the chemical bonding and chemical states of measured samples 

can be acquired by an XPS survey spectrum. In this thesis, X-ray photoelectron 

spectroscopy measurements were employed to analyze the chemical bonding of CuSCN 

thin films before and after exposure to chlorine. X-ray photoelectron spectroscopy (XPS) 

studies were carried out using a Kratos Axis Supra DLD spectrometer equipped with a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 45 W, a multichannel 

plate, and delay line detector under a vacuum of 1~10−9 mbar. High-resolution spectra 

were collected at fixed analyzer pass energies of 20 eV. 
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2.2.9 Transmission electron microscopy (TEM) & high-resolution transmission electron 

microscopy (HRTEM) imaging 

 

Figure 2.10. Schematic diagram of a transmission electron microscope (TEM). 

Transmission electron microscopy is a technique used to build up an image by 

transmitting a high-energy electron beam through a sample. The components of a TEM 

include a vacuum system, specimen stage, electron gun, electron lens, and an aperture. 

The electron gun generates high-energy electrons which pass through a series of 

condenser lenses and condenser apertures to adjust their direction. The adjusted electron 

beam then hits the specimen to create the corresponding image. The electron beam that 

interacts with the specimen is then processed by series of objective lenses and apertures 
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to produce a magnified image on the screen, as shown in Fig. 2.10. The resolution of the 

image depends on the wavelength of the electrons, which is determined by the following 

formula: 

d =
𝜆

2𝑁𝐴
 

(10) 

where d is the resolution, λ is the wavelength of the electron beam, and NA is the 

numerical aperture. Since the numerical aperture is fixed, decreasing the wavelength of 

the electron beam is the only method to increase the resolution. Moreover, according to 

the concept of wave-particle duality proposed, the wavelength of the electron beam as 

the function of its energy can be described by the Planck-Einstein relation, which is 

expressed as: 

E =
ℎ𝑐

𝜆
 

(11) 

where E is the energy of the electrons, h is Planck’s constant, c is the speed of light, and 

λ is the wavelength of the electron beam. Since the wavelength of the electron beam is 

inversely proportional to its energy, the wavelength of electron beam will reduce if the 

energy of the electron beam is increased. Thus, a shorter wavelength electron beam 

produces higher resolution images. In this thesis, TEM was employed to analyze the 

interface of p-CuSCN and n-GaN, and confirm the diffusion of Cu into the GaN layer. TEM 

was also utilized to examine the bilayer structure of NiO/TiN/MgO and NiO/TiN/Si 

samples. 
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2.2.10 High-angle annular dark fieldimaging 

 

Figure 2.11. Schematic diagram of the working principles of HAADF imaging. 

High-angle annular dark field (HAADF) is an imaging method that collects the electrons 

which are inelastically scattered by the nuclei of atoms in scanning transmission electron 

microscopy. In order to detect the electrons from inelastic scattering, the HAADF detector 

is located at a very high angle with respect to the specimen stage, as shown in Fig. 2.11. 

This imaging technique is highly sensitive to differences in the principal quantum numbers 

of atoms. Since elements with a higher principal quantum number scatter more electrons 

at high angles, the HAADF detector sense stronger signals from elements with a higher 

principal quantum number, which correspondingly produces brighter images.  
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2.2.11 Electron Energy Loss Spectroscopy measurements  

Electron energy loss spectroscopy (EELS) is used to analyze the elements and their 

distributions in a specimen. In EELS measurements, the sample is exposed to an electron 

beam with known kinetic energy. Some electrons will be scattered inelastically by the 

atoms of the sample and lose a certain amount of kinetic energy, depending on the 

elements present in the sample. By measuring the energy of inelastically scattered 

electrons, the electron spectrometer creates images that provide information on the 

elements a sample possesses. In this thesis, EELS measurements were employed to 

examine the elemental distribution at the interface of p-CuSCN and n-GaN and investigate 

Cu diffusion into the GaN layer. 

 

2.3 Details of device characterization 

2.3.1 p-CuSCN/n-GaN UVPD characterization 

Characterization of p-CuSCN/n-GaN was performed using a customized measuring station, 

which consists of an arc lamp as a light source, a proper optical setup guiding the light to 

the fabricated device, and a semiconductor analyzer to measure the optoelectronic 

characteristics (HP 4155B Semiconductor Parameter Analyzer). ND filters were adopted 

to manipulate the output power from the arc lamp in order to calibrate the light intensity.   
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2.3.2 Time-response tests 

Time-responding tests were performed using a customized optical setup that included a 

266 nm laser as the light source, a picoprobe-loaded manipulator, a camera, a beam 

chopper, and a controllable sample holder. The signals were detected using a Digital 

Storage Oscilloscope (DSOX1102G, KEYSIGHT) 

 

2.3.3 Organic solar cell and perovskite solar cell characterization 

The device properties of solar cells were measured in a glovebox using a Keithley 2400 

source meter under illumination with a simulated 100 mW cm-2 AM1.5G light source from 

an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5G, with a KG-5 silicon 

reference cell certified by Newport. EQE was characterized using a specially designed EQE 

system (PV measurement Inc.). Measurements were performed at zero bias by 

illuminating the devices with monochromatic light supplied from a Xenon arc lamp in 

combination with a dual-grating monochromator. The number of photons incident on the 

sample was calculated for each wavelength using a silicon photodiode calibrated by NIST. 

Light-intensity dependence measurements were performed with PAIOS instrumentation 

(Fluxim) in steady-state and transient modes [48, 49]. 

 

2.3.4 Stability test 

Unencapsulated devices were stored in the dark in a nitrogen glovebox. The devices were 

periodically measured under AM 1.5G one sun illumination for over 450 hours. 



44 
 

Continuous thermal stability tests were performed in a nitrogen glovebox. The devices 

were placed on a hot plate maintained at 85 °C following ISOS-D2 and the stability of the 

devices was measured under AM 1.5G one sun illumination over 300 hours. After the 

measurements, the devices were placed on the hot plate again. A continuous light-

soaking test was performed under simulated white LED light illumination (Newport) 

without any filter at a temperature of around 40 °C over 100 hours following a previously 

described method [50].  
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Chapter 3  

Optical and electrical characterization of CuSCN and p-CuSCN thin films 

3.1 Introduction 

Copper thiocyanate (CuSCN) is a hexagonal material with lattice constants of c = 3.85 Å 

and a = 10.94 Å according to simulations based on VASP code, the density functional 

theory [51-57]. CuSCN has multiple impressive features that make it ideal for various 

semiconductor devices. For example, the energy bandgap of CuSCN is up to 3.9 eV, as 

shown in Fig. 3.1, and its electron effective mass is predicted to be heavier than its hole 

effective mass [57]. Also, CuSCN has been reported as a natural p-type material with a 

hole-doping concentration of 7.2×1017 cm-3 [58]. Such characteristics indicate a wide 

optical window and brilliant hole-transporting features. In organic light-emitting diodes 

(OLEDs), CuSCN thin film serves as a hole transport layer (HTL) between the hole injection 

layer and the light-emitting layer, which increases the hole injection efficiency and thus 

the overall device performance. Furthermore, optical feature of CuSCN thin films ensures 

extremely low absorption of emissions yielded by the light-emitting layer [59-61]. In 

organic solar cells, use of CuSCN as a hole-transporting layer efficiently delivers hole 

carriers away from the light-absorbing layer, while its transparency in the visible light 

region does not block the incident light from entering the active layer [62-67]. For thin-

film transistors (TFTs), CuSCN is one of the rare materials that can be used to produce p-

channel TFTs due to its natural hole-doping character [68-71]. For ultraviolet 
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photodetectors (UVPDs), CuSCN’s wide energy bandgap property determines its strong 

absorption in the UV regions and CuSCN has been further used to fabricate metal-

semiconductor-metal (M-S-M) photodetectors and p-n junction photodetectors with 

different n-type materials [72, 73]. Aside from its electronic and optical properties, CuSCN 

also exhibits excellent superior processing versatilities. Many different solution-

processing methods for CuSCN deposition have been reported, including ink-jet printing 

[74, 75], spin-coating methods [59, 62, 70], doctor-blade coating [76, 77], and 

electrochemical deposition [66, 78, 79]. Spin-coating can be used to create films with 

thicknesses ranging from a few nanometers to hundreds of nanometers on a few square-

centimeter substrates, while doctor-blade coating can produce a similar range of 

thicknesses of thin films as spin-coating on a larger area plate in a shorter period of time. 

Electrochemical deposition of CuSCN takes a longer time than the other three process, 

and requires relatively complicated equipment. However, using electrochemical 

deposition, we can obtain CuSCN thin films with smaller and more homogeneous grain 

sizes than using other solution-processing methods. Moreover, in electrochemical 

deposition, the grain size can be manipulated by adjusting the electrode potential, which 

is not possible in the spin-coated and doctor blade methods. Diethyl sulfide (DES), 

dipropyl sulfide, and aqueous ammonium hydroxide are typically used as solvents to 

dissolve CuSCN powder. Usually, if we prefer to have a CuSCN thin film with very smooth 

surface, aqueous ammonium hydroxide is a better option than sulfide solvents [80]. 

However, if a thicker CuSCN thin film is desired, sulfide solvents will be chosen.  Moreover, 

for the HTLs in organic solar cells, sulfide solvents are usually selected to dissolve the 
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CuSCN powder since aqueous ammonium hydroxide is corrosive to several organic 

materials in photovoltaic structures. However, even though the hole-doping 

concentration of CuSCN has been reported as 7.2 × 1017 cm-3, the hole concentration and 

sheet conductivity of intrinsic CuSCN are low due to the fact that the dopant will not be 

100% activated. It is necessary to find an approach to increase the conductivity of CuSCN 

before introducing it into III-nitride semiconductor devices. Researchers usually use two 

methods, post-treatment of salt thiocyanate [81, 82] or exposure to halogen gases [83], 

to increase the conductivity of CuSCN thin film. For salt thiocyanate post-treated CuSCN 

thin films, only the performance of CuSCN-based devices before and after salt thiocyanate 

post-treatment of CuSCN have been reported in the literature. Reliable electronic and 

optical characterization of such CuSCN thin films is lacking. In terms of exposure of CuSCN 

to halogen gas, the exposure experiments described in the literature [83] were not 

performed using a vacuum chamber equipped with controllable gas valves, and we were 

unable to repeat the exposure experiments under stable conditions using this method. 

Also, electronic and optical characterization of halogen-exposed CuSCN is lacking. Even 

though we speculated the halogen and cyanate salt post-treated CuSCN are p-type 

materials [83, 84]. Hall Effect measurements are required to confirm this hypothesis, but 

have not been reported in the literature yet. Without this key information, we cannot 

completely understand the optical and electrical properties of p-CuSCN and to potentially 

exploit its characteristics in III-nitride device systems. Consequently, a proper tool to 

expose CuSCN thin film to a halogen gas and characterization of the optical and electronic 

features of the resulting thin films is desperately required. According to the sheet 



48 
 

resistance experiments of CuSCN thin films exposing to chlorine, bromine, and iodine,[83] 

chlorine-infused CuSCN thin film had the lowest resistance and longest lifetime, as shown 

in Fig. 3.2. Hence, this chapter introduces a method to expose CuSCN to chlorine to 

increase the conductivity of CuSCN thin film, and the Cl2-infused CuSCN thin films are 

characterized using multiple techniques.  

 

 

Figure 3.1. Structure of CuSCN in simulations and optical properties of CuSCN thin film. 

(a) Crystal structure of CuSCN in the c-plane. (b) Crystal structure of CuSCN in the a-

plane. (c) Transmission spectra of different thicknesses of CuSCN. (d) Tau plots of CuSCN 

thick and thin films [57]. 
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Figure 3.2. Sheet resistance of CuSCN thin films exposed to (a) Cl2, (b) Br2, and (c) I2 with 

respect to exposure time. 

 

3.2 Exposure of CuSCN thin films to chlorine (Cl2) gas  

In order to expose CuSCN to chlorine under stable conditions, inductively coupled plasma-

reactive ion etching (ICP-RIE) where the chlorine gas is available is required to proceed 

with the experiments. Using an ICP-RIE tool, CuSCN thin films can be exposed to chlorine 

under different conditions, e.g., by manipulating the exposure time, chamber pressure, 

chamber temperature, and flow rate of the gas, as shown in Fig. 3.3. In this thesis, CuSCN 

thin films were exposed to chlorine under stable conditions using an ICP-RIE with the 

model of Oxford Instruments PlasmaLab 100 ICP-RIE, and transformed into p-type 

materials, as confirmed by Hall effect measurements. For the exposure conditions, the 

chamber was filled with chlorine at a flow rate of 15 sccm, a chamber pressure of 5 mTorr, 

and a chamber temperature of 20 °C. The Cl2-CuSCN thin films were then characterized 

by multiple tools, such as UV-Vis spectrophotometry, SIMS, Kelvin probe tests, and AFM. 
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In an attempt to realize the possibility of introducing p-CuSCN to the III-nitride material 

system, the p-CuSCN thin film was coated onto n-GaN to study the band alignment of 

CuSCN and GaN, and the corresponding interface was examined by TEM, HAADF, and EELS 

techniques. 

 

 

Figure 3.3. Schematic diagram of exposure of a CuSCN thin film to chlorine by ICP-RIE. 
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Cl2 Cl2
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3.3 Characterization of CuSCN and Cl2-infused CuSCN thin films 

 

Figure 3.4. Electrical characterization of CuSCN and p-CuSCN. (a) I-V curves for CuSCN and 

p-CuSCN after exposure to chlorine for different times. (b) Hall effect measurements for 

p-CuSCN after exposure to chlorine for different times. (c) Kelvin Probe tests of CuSCN 

and p-CuSCN after exposure to chlorine for different times.  

Once the resistance of CuSCN thin films had been reduced by exposure to chlorine, gold 

metal pads were deposited on the films. I-V measurements reveal that the current flowing 

through the films increased by five orders of magnitude, indicating that exposure to 

chlorine increased the conductivity of the thin films. Furthermore, the amount of current 

flowing through depends on the duration of the exposure to chlorine, and peaked at an 

exposure time of 15 minutes, which indicates chlorine saturates the CuSCN thin films 
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within 15 minutes. However, since chlorine is a corrosive gas, exposure for more than 15 

minutes degraded the conductivity and decreased the current flowing though the thin 

films, as shown in Fig. 3.4 (a). In order to understand what carrier type contributes to the 

conductivity of Cl2-exposed CuSCN, Hall Effect measurements of CuSCN thin films were 

performed, as shown in Fig. 3.4 (b). The measured characteristics show the Cl2-exposed 

CuSCN has hole carriers and the hole concentration depends on the exposure time to 

chlorine. The maximum hole concentration of chlorine-treated CuSCN was obtained for 

the exposure time of 15 minutes, and slightly decreased once the exposure time was 

increased over 15 minutes, in agreement with the I-V measurements in Fig. 3.4 (a). Kelvin 

probe tests confirmed that the carrier type is hole. In Fig. 3.4 (c), the work functions of 

Cl2-exposed CuSCN increased by 0.3 eV compared to 5.1 eV for pristine CuSCN. This 

increasing work function solidifies that the exposure of CuSCN to chlorine transforms it 

from a neutral material to a p-type material.   
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Figure 3.5. Optical characterization and AFM images of pristine CuSCN and p-CuSCN thin 

films. (a) UV-Vis absorbance and transmittance spectra of intrinsic CuSCN and p-CuSCN 

after different durations of exposure to chlorine. (b) Surface roughness of intrinsic CuSCN. 

Average height: 46.70 nm. RMS roughness: 9.80 nm. (c) 3D AFM image of intrinsic CuSCN. 

(d) Surface roughness of p-CuSCN after 15 minutes of exposure to chlorine. Average 

height: 13.45 nm. RMS roughness: 2.45 nm. (e) 3D AFM image of p-CuSCN after 15 

minutes of exposure to chlorine. 

 

The UV-Vis absorbance and transmittance spectra were generated for pristine CuSCN 

and p-CuSCN exposed to chlorine for different periods of time. The spectra reveal that 

the absorbance and transmittance of CuSCN thin films did not change after exposure to 

chlorine, which indicates that the optical properties of CuSCN and p-CuSCN are 

independent of the existence of chlorine, as shown in Fig. 3.5 (a). In terms of the surface 
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morphology of CuSCN examined by the AFM, the average height and RMS roughness 

value of an unexposed CuSCN thin film are 46.7 nm and 9.8 nm, respectively, as shown 

in Fig. 3.5 (b). However, after exposure to chlorine, the average height and RMS 

roughness values are 13.45 nm and 2.45 nm, respectively (Fig. 3.5 (d) and (e)), which 

indicates that chlorine gas influenced the surface morphology of CuSCN.  

 

 

Figure 3.6. Secondary ion mass spectrometry (SIMS) measurements of 250 nm-thick 

CuSCN and 250 nm-thick p-CuSCN thin films. (a) Positive SIMS profile of intrinsic CuSCN. 

(b) Negative SIMS profile of intrinsic CuSCN. (c) Positive SIMS profile of Cl2-exposed CuSCN. 

(d) Negative SIMS profile of Cl2-exposed CuSCN. 

In an attempt to determine how deeply chlorine penetrates into the layer of CuSCN thin 

film, SIMS measurements of CuSCN and p-CuSCN were performed, as shown in Fig. 3.6. 
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Due to the fact that the charger neutralizer beam makes measurements difficult, we 

decided to coat CuSCN thin films onto Ti substrates to reduce the power of the charger 

neutralizer. Since strong electron beam bombardment occurs during SIMS 

measurements, many different CuSCN fragments were detected in the positive and 

negative profiles of pristine CuSCN (e.g. Cu2CN+, CuCS+, Cu+ in positive profile, and SCN-, 

S-, Cu2C2N4
- in negative profile). These ions represent the existence of CuSCN, as shown 

in Fig. 3.6 (a) and (b). For Cl2-exposed CuSCN, chlorine-related fragments were detected 

throughout the entire CuSCN thin film, such as Cu2Cl+ in positive profile, and Cl- and 

CuCNCl- in negative profile, as shown in Fig. 3.6 (c) and (d). These new ions suggest that 

Cl2 had penetrated the CuSCN thin film. Moreover, the depth of the Cl2-related 

fragments indicated that the Cl2 reacts with the entire layer of the CuSCN thin film, 

rather than simply attaching onto the surface of CuSCN. 



56 
 

 

 

Figure 3.7. XPS measurements of CuSCN and Cl2-exposed p-CuSCN. (a) Binding energies 

of Cu 2p in pristine CuSCN and Cl2-exposed p-CuSCN. (b) Binding energies of Cl 2p in 

pristine CuSCN and Cl2-exposed CuSCN. (c) Binding energies of S 2p in pristine CuSCN and 

Cl2-exposed p-CuSCN. (d) Binding energies of N 1S in pristine CuSCN and Cl2-exposed p-

CuSCN. (e) Survey spectra of pristine CuSCN and Cl2-exposed p-CuSCN. 
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XPS investigations were performed to characterize the chemical compositions of pristine 

CuSCN and Cl2-surface treated CuSCN films. Fig. 3.7 (a) presents the XPS spectra of the Cu 

2p core level for both pristine CuSCN and Cl2-surface treated CuSCN films. The Cu 2p core 

level spectra contains one doublet situated at 932.5 eV and 952.4 eV, corresponding to 

the Cu 2p3/2 and Cu 2p1/2 spin–orbit split components, respectively. The binding energies 

of the components of the Cu 2p doublet are characteristic of Cu from CuSCN [64, 85]. We 

did not observe a significant shift in the Cu 2p core level between pristine CuSCN and Cl2-

surface treated CuSCN thin films. Similarly, the peaks for the N 1s and S 2p core levels 

were not significantly different between pristine CuSCN film and Cl2-treated CuSCN film. 

The Cl 2p core level of Cl2-treated CuSCN film generates one doublet situated at 198.6 eV 

and 200.2 eV, corresponding to Cu-Cl bonds [86, 87]. It was difficult to observe the Cu-Cl 

bond of the Cu 2p region, since the dominant contribution to the Cu signal comes from 

CuSCN and due to the proximity of the Cu 2p binding energies of the Cu-Cl bond and Cu 

2p of CuSCN. 
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Figure 3.8. (a) Cl 2p spectrum of pristine CuSCN and chlorine-infused CuSCN thin film from 

XPS measurements. (b) Standard reference database of XPS measurement for species of 

metal chloride. (c) Speculation of chemical reaction during the infusion of chlorine into 

CuSCN. 

The Cl 2p spectrum exhibits a peak at a binding energy of 198.6 eV, as shown in Fig. 3.8 

(a), which indicates that chlorine infusion generated a chloride material. According to the 

Standard reference database of XPS measurement shown in Fig. 3.8 (b), the binding 

energy of 198.6 eV in Cl 2p spectrum is referring to the chemical bonding of copper and 

chlorine, which suggests that chlorine will form a chemical bonding with copper during 

the exposure to chlorine. Since V.P.S Perera suggested that copper will decouple with 

thiocyanate group once chlorine form a chemical bonding with it [83], we speculated the 

chemical reaction happening during the exposure of CuSCN to chlorine, as shown in Fig. 

3.8 (c). Once copper formed a chemical bonding with copper and decoupled with 

thiocyanate group, thiocyanate group would serve as an electron acceptor and take away 

one electron from copper, which make copper electron-deficient. This mechanism of 
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making copper electron-deficient will cause the entire CuSCN thin film a p-type material 

and change the surface morphology of CuSCN, as shown in Fig. 3.5. 

 

Figure 3.9. XPS measurements and band alignment of CuSCN/GaN heterojunction. (a) 

Difference in the binding energies between the valence band maximum (VBM) of CuSCN 

and Cu 2p3/2. (b) Difference in the binding energies between the VBM of CuSCN and Ga 

2p3/2. (c) Difference in the binding energies between Cu 2p3/2 and Ga 2p3/2. (d) Band 

alignment diagram for the CuSCN/GaN heterojunction. 

High resolution XPS studies were conducted to characterize the valence band offset (VBO, 

∆𝐸𝑉 ) and conduction band offset (CBO, ∆𝐸𝑐 ) of CuSCN/GaN heterojunction. The XPS 

measurements were performed using a Kratos Axis Supra DLD spectrometer equipped 
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with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 45 W, a 

multichannel plate, and a delay line detector under a vacuum of 1~10−9 mbar.   

The VBO for CuSCN/GaN heterojunction was obtained by the method developed by Kraut 

et al. [88], using the following formula:  

 ∆𝐸𝑉 = (𝐸𝐶𝑢 2𝑝3/2

𝐶𝑢𝑆𝐶𝑁 − 𝐸𝑉𝐵𝑀
𝐶𝑢𝑆𝐶𝑁) − (𝐸𝐺𝑎 2𝑝3/2

𝐺𝑎𝑁 − 𝐸𝑉𝐵𝑀
𝐺𝑎𝑁) + (𝐸𝐺𝑎 2𝑝3/2

𝐺𝑎𝑁/𝐶𝑢𝑆𝐶𝑁
− 𝐸𝐶𝑢 2𝑝3/2

𝐺𝑎𝑁/𝐶𝑢𝑆𝐶𝑁
) (1) 

 ∆𝐸𝐶 = ∆𝐸𝑉 − (𝐸𝑔
𝐺𝑎𝑁 − 𝐸𝑔

𝐶𝑢𝑆𝐶𝑁) (2) 

Fig. 3.9 (a) presents the Cu 2p3/2 core level and the valance band spectra of bulk CuSCN, 

from which the core level energy of Cu 2p3/2 and the VBM energy were determined to be 

932.6 eV and 0.9 eV, respectively, which indicates (𝐸𝐶𝑢 2𝑝3/2

𝐶𝑢𝑆𝐶𝑁 − 𝐸𝑉𝐵𝑀
𝐶𝑢𝑆𝐶𝑁) = 931.7 eV. The 

Ga 2p3/2 core level and valance band spectra of bulk GaN are shown in Fig. 3.9 (b), from 

which the binding energy of Ga 2p3/2 is measured as 1117.38 eV and the VBM is 2.48 eV. 

The difference between Ga 2p3/2 and VBM was then calculated to be 1114.90 eV. Fig. 3.9 

(c) presents the core level spectra of thin film CuSCN grown on GaN, which presents the 

core level energy of Ga 2p3/2 and Cu 2p3/2. The binding energy of Ga 2p3/2 and Cu 2p3/2 

were determined as 1118.48 eV and 932.59 eV, respectively, which shows that the energy 

separation between Ga 2p3/2 and Cu 2p3/2 is equal to 185.87 eV. After substituting the 

obtained values into Eq. 1, we calculated ∆𝐸𝑉 to be 2.67 eV. 

Since the energy bandgaps of GaN and CuSCN were determined as 3.4 eV and 3.8 eV, 

respectively, the conduction band minimum (CBM, ∆𝐸𝑐 ) can be determined by 

substitution of ∆𝐸𝑉 acquired from the XPS analysis and the energy bandgap (Eg) values of 

GaN and CuSCN into Eq. 2. The CBM was calculated to be 3.07 eV. Thus, the offset 
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parameters acquired from this XPS study are represented as a schematic diagram of band 

alignment, as shown in Fig. 3.9 (d), which indicates that the band alignment of the CuSCN 

and GaN heterostructure is categorized as a type-II heterojunction.  

 

Figure 3.10. Transmission electron microscopy (TEM) images of the interface between p-

CuSCN and n-GaN. (a) Bright-field image of the interface between p-CuSCN and n-GaN 

layers. The white arrows indicate the diffusion area (b) Bright-field image of another 

cross-section of the interface between p-CuSCN and n-GaN. The white arrows indicate 

the diffusion area (c) High-resolution transmission electron microscopy (HRTEM) images 

of the interface between p-CuSCN and n-GaN. Red circles indicate the area invaded by a 

different element. (d) Magnified HRTEM images of the interface between p-CuSCN and n-

GaN. (e) Atom-revealing high-resolution HRTEM images of the interface between p-

CuSCN and n-GaN. 
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TEM imaging was performed to further investigate the interface of the p-CuSCN/n-GaN 

heterostructure, as shown in Fig. 3.10. The morphology of CuSCN layer is inhomogeneous 

and irregular, which indicates the amorphous structure of CuSCN, in agreement with a 

report by Jaffe et al. [57]. Interestingly, the darker spots (indicated by white arrows in Fig. 

3.10 (a) and (b)) show inhomogeneous structures in the GaN layer, which may indicate 

elements from CuSCN diffused into the GaN layer. The HRTEM images unveil large 

number of tiny and inhomogeneous spots, which are caused by the element diffusion 

mentioned above. The irregularity and random distribution of the spots may be due to 

the amorphousness of CuSCN thin film. The amorphous CuSCN thin film creates various 

interfaces with GaN, which leads to spots with different morphologies, as shown in Fig. 

3.10 (c). Further magnification of the diffusion area reveal the irregular morphology of 

the spots, as shown in Fig. 3.10 (d) and (e).  

  



63 
 

 

Figure 3.11. High-angle annular dark field (HAADF) and electron energy loss spectroscopy 

(EELS) images of the interface between p-CuSCN and GaN layers. (a) HAADF image of p-

CuSCN/n-GaN heterojunction. The area selected by the red line indicates the region of 

EELS scanning. (b) Copper signal from EELS. (c) Sulfur signal from EELS. (d) Nitrogen signal 

from EELS. (e) Gallium signal from EELS. 

 

EELS scanning and HAADF imaging in scanning transmission electron microscopy (STEM) 

were employed to identify which elements diffuse into the GaN layer, as shown in Fig. 

3.11. We included both the CuSCN layer and the diffusion area in the GaN layer in the 

HAADF images during the EELS scanning in order to acquire a broad view of the elemental 

distributions, as shown in Fig. 3.11 (a). The EELS shown in Fig. 3.11 (b), (c), (e), and (f) 

reveal Cu, S and N signals located in the CuSCN layer and Ga and N signals located in the 

GaN layer, as expected. Furthermore, Cu signals were not only detected in the CuSCN 
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region, but also in the GaN region, which confirms that the element diffusing into the GaN 

layer is copper, as shown in Fig. 3.11 (b). Consolidation of the EELS scans for copper and 

those of gallium and nitrogen reveal that the copper signal in GaN is located where the 

Ga and N signals are weakest, which indicates that copper replaces gallium and nitrogen 

in the diffusion process. Because Cu is known as very mobile atoms, this element can 

diffuse into different layers or materials with enough kinetic energy. We speculated that 

the kinetic energy is from the chemical reaction happened during the exposure of CuSCN 

to chlorine. Once copper coupled with chlorine and decoupled with thiocyanate, these 

mechanism of breaking and forming bonds generates energy which will become the 

kinetic energy of the diffusion of copper into different layers or materials. Moreover, since 

the kinetic energy of diffusion of copper is from the chemical reaction of exposure of 

CuSCN to chlorine, we believe the diffusion of copper into GaN happens only if CuSCN is 

exposed to chlorine. In other words, the Cu does not diffuse into GaN without the 

exposure of CuSCN into chlorine. Based on this speculation of diffusion of copper, the 

method to minimize the diffusion can be exposing CuSCN to different halogen gases. Fig. 

3.2 indicates that different halogen gases will generate different sheet resistances of 

CuSCN thin films. We believe that this phenomenon indicates different strengths of 

chemical reactions which generate different kinetic energy. The higher the sheet 

resistance, the lower the kinetic energy. Therefore, if we expose CuSCN to bromine or 

Iodine, the diffusion of Cu into GaN will be minimized. 
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Chapter 4  

Development of CuSCN-based and p-CuSCN-based organic photovoltaics 

and p-CuSCN/n-GaN UV photodetectors 

4.1 Introduction 

Considering its impressive optical and electrical features and processing flexibilities 

(shown in Chapter 3), Cl2-infused CuSCN thin film possesses astonishing potential for 

applications in III-nitride-based semiconductor devices and organic semiconductor 

devices. Thus, p-CuSCN/n-GaN heterojunction UVPDs and Cl2-CuSCN-based organic solar 

cells, e.g., traditional organic photovoltaics and perovskite solar cells, were fabricated and 

characterized in this Chapter. The following text describes the fabrication processes for 

these inorganic and organic devices and unveils their characteristics measured from L-I-V 

curves, followed by explanations of their unique device performance. 

 

  



66 
 

4.2 p-CuSCN/n-GaN heterojunction UVPDs  

 

Figure 4.1. Fabrication process for the p-CuSCN/n-GaN heterojunction ultraviolet 

photodetector. 

The template of undoped GaN/sapphire was purchased from Semiconductor Wafer Inc. 

(SWI). Veeco 930 molecular beam epitaxy (MBE) was employed to grow the n-GaN layer. 

For the growth conditions, the nitrogen plasma power was 250 W at a nitrogen flow rate 

of 0.6 sccm. The temperature of the silicon cell and gallium cell was set to 1180 ˚C and 

898 ˚C, respectively. The total duration of epitaxial growth required to produce 200 nm-

thick n-GaN thin film was 1 hour and the electron concentration of this layer is 10-18 cm-3. 

The AZ 5214 photoresist was coated and developed using a spin coater and a µPG 501 

laser writer, respectively. Ti (50 nm)/Pt (145 nm) was then deposited onto n-GaN by 

magnetron sputtering. Ti (50 nm)/Pt (145 nm) n-contact metal was formed by the lift-off 

process. For the p-type layer, the CuSCN thin film was deposited onto the surface of an 

as-fabricated n-GaN template by the following solution-processing method. CuSCN 

powder (60 mg) from Sigma-Aldrich was dissolved in 1 mL diethyl sulfide, filtered through 

sapphire

n-GaN
Ti/Pt Ti/Pt

p-CuSCN

Ti/Pt
p-CuSCN

Au

Ti/Pt
p-CuSCN

Au

n-contact 
deposition

p-contact
deposition

Au etchant
2 minutes

undoped-GaN

sapphire

n-GaN

undoped-GaN

sapphire

n-GaN

undoped-GaN

sapphire

n-GaN

undoped-GaN

sapphire

n-GaN

undoped-GaN

p: 3×1018 cm-3
n: 1×1018 cm-3

200 nm

Solution-processed
p-CuSCN deposition

250 nm



67 
 

a polymer filter twice to remove undissolved particles, and the prepared solution was 

then spin-coated onto the surface of as-fabricated n-GaN template at a spin rate of 150 

rpm for 30 seconds. Then, the sample was placed onto a hot plate at 105 ̊ C for 10 minutes, 

to produce a 250-nm thick CuSCN thin film. The sample was loaded into the ICP-RIE 

chamber for exposure to chlorine. The chlorine flow rate, chamber pressure, and chamber 

temperature were 15 sccm, 5 mTorr, and 20 ˚C, respectively. This exposure step lasted 15 

minutes. Then, 195 nm Au was deposited onto the chlorine-exposed sample to cover its 

surface entirely. In order to partially remove the Au/p-CuSCN bilayer, AZ 5214 photoresist 

was patterned and developed on the sample. The sample partially covered by photoresist 

was etched using Au etchant for 2 minutes, which is an aquatic solution of potassium 

iodine and iodide and can etch Au and p-CuSCN layers together. After 2 minutes, the 

photoresist layer was removed with acetone to complete fabrication of the p-CuSCN/n-

GaN heterojunction UVPD, as shown in Fig. 4.1. 
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Figure 4.2. Electrical and optoelectronic characterization of as-fabricated p-CuSCN/n-GaN 

UVPD. (a) Current-voltage characteristics of as-fabricated p-CuSCN/n-GaN UVPD at 

applied voltages from -1 to 1 V. The inset plot shows the I-V curve measurement with the 

y-axis in log scale. (b) Photocurrent measurement over the wavelength range from 230 

nm to 380 nm. (c) Power-dependent photocurrent measurements at an incident 

wavelength of 300 nm. (d) Responsivity spectrum of the p-CuSCN/n-GaN UVPD at a 

reverse bias of 1 V. (d) External quantum efficiency (EQE) for p-CuSCN/n-GaN UVPD at a 

reverse bias of 1 V.  

 

Fig. 4.2 shows the device characterization of the p-CuSCN/n-GaN heterojunction UVPD. 

In terms of the current-voltage characteristics, the turn-on voltage of the p-CuSCN/n-GaN 

heterojunction UVPD was determined to be 2.3 V. The corresponding inset plot in Fig. 4.2 

(a) shows that the current flowing in forward bias is four orders of magnitude higher than 

b.a. c.

d. e.

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

C
u

rr
e

n
t 

(A
m

p
)

Bias (Volt)

 dark current

 230nm

 240nm

 250nm

 260nm

 270nm

 280nm

 290nm

 300nm

 310nm

 320nm

 330nm

 340nm

 350nm

 360nm

 370nm 

 380nm

Pincident : 1.62 mWcm-2

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

C
u

rr
e

n
t 

(a
m

p
)

Bias (Volt)

 dark current

 6.97 μWcm-2

 15.85 μWcm-2

 19.78 μWcm-2

 24.48 μWcm-2

 30.60 μWcm-2

 37.88 μWcm-2

 47.43 μWcm-2

 59.68 μWcm-2

Wavelength: 310nm

-3 -2 -1 0 1 2 3

0.00

0.01

0.02

0.03

0.04

0.05

-3 -2 -1 0 1 2 3
1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

0.001

0.01

0.1

C
u

rr
e

n
t 

(A
m

p
)

Bias (Volt)

2.3 V

C
u

rr
e

n
t 

(A
m

p
)

Bias (Volt)

220 240 260 280 300 320 340 360 380 400
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R
e
s
p

o
n

s
iv

it
y
 t

re
n

d
 (

A
/W

)

Wavelength (nm)

Pincident : 1.62 mWcm-2

Bias : -1 V

220 240 260 280 300 320 340 360 380 400

0

100

200

300

400

500

600

E
Q

E
 T

re
n

d
 (

%
)

Wavelength (nm)

Pincident : 1.62 mWcm-2

Bias: -1 V



69 
 

in reverse bias, which indicates that the as-fabricated device forms a p-n junction, as 

shown in Fig. 4.2 (a). Fig. 4.2 (b) shows the current-voltage characteristics of the as-

fabricated p-CuSCN/n-GaN UVPD under dark conditions and illumination with different 

wavelengths over the range from 230 nm to 400 nm at a reverse bias of 1 V. The incident 

light power was calibrated to 1.62 µWcm-2 using ND filters. The photocurrent generated 

by incident light increases as the wavelength increases over the range from 230 nm to 

380 nm, while excitation at the range from 300 nm to 350 nm generates a strong 

photocurrent. The photocurrent slumps at wavelengths higher than 350 nm, and 

excitation below 360 nm barely generates a photocurrent, which indicates the GaN layer 

contributes to the absorption. Fig. 4.2 (c) shows the power-dependent photocurrent 

measurements under excitation at 330 nm. The input power was scaled to 6.97, 15.85, 

19.78, 24.48, 30.60, 37.88, 47.43 and 59.68 µWcm-2 using ND filters. The photocurrent 

scaling is consistent with the power scaling, which indicates the device responds 

sensitively to the photons. Responsivity (𝑅 ) is a critical feature for evaluation of the 

performance of PDs, and can be determined by the formula expressed as: 

 
𝑅 =

𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝐼𝑑𝑎𝑟𝑘𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
 

(3) 

After substitution into Eq. 3, the responsivity generated at different wavelengths of 

incident light is shown in Fig. 4.2 (d). Excitation at 300 nm to 350 nm results in relatively 

high responsivity, while wavelengths higher than 370 nm or shorter than 250 nm lead to 

responsivity lower than 0.5, which indicates the as-fabricated p-CuSCN/n-GaN UVPD is 

sensitive to wavelengths in the range from 300 nm to 350 nm. Since CuSCN thin film was 
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deposited by solution-processing method which produces amorphous thin film, we 

speculated that there are many trap levels in amorphous p-CuSCN layer. Once the 

photocurrent flow through CuSCN layer, these trap carriers in trap levels will increase the 

photocurrent and then increase the corresponding responsivity. 

The responsivity values under different excitation wavelengths were then used to 

calculate the photon conversion efficiency, EQE, of the UVPD with the following formula:  

 
𝐸QE =

𝑅𝜆

𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
×

ℎ𝑐

𝑒
 

(4) 

where 𝑅𝜆 is the responsivity under illumination at a specific wavelength (λ) in units of 

A/W, 𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the incident wavelength in nanometers, h is Planck’s constant, c is the 

speed of light in meters per second, and e is the elementary charge. After substitution 

into eq. 4, the EQE of the as-fabricated p-CuSCN/n-GaN UVPD at a reverse bias of 1 is 

shown in Fig. 4.2 (e). Excitation wavelengths from 300 nm to 360 nm lead to relatively 

high EQE, while a slump in EQE was observed at incident wavelengths outside of this range, 

in agreement with the responsivity plot (Fig. 4.2 (d)). 
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Figure 4.3. Time-response tests of the as-fabricated p-CuSCN/n-GaN UVPDs under 

illumination with a 266 nm laser with a frequency-controlling chopper at 0 bias. (a) 

Chopper frequency set to 100 Hz. The rise time and fall time of the UVPD are 625 µs and 

1.38 ms, respectively. (b) Chopper frequency set to 200 Hz. The rise time and fall time of 

the UVPD are 630 µs and 1.29 ms, respectively. (c) Chopper frequency set to 300 Hz. The 

rise time and fall time of the UVPD are 570 µs and 710 µs, respectively. (d) Chopper 

frequency set to 400 Hz. The rise time and fall time of the UVPD are 510 µs and 640 µs, 

respectively. 
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CuSCN/n-GaN to respond, a frequency-controlling chopper was added to manipulate the 

frequency of the light source. Fig. 4.3 presents the time-response tests of the device at 

different chopper frequencies. At 100 Hz and 200 Hz, the rise time and fall time are 

basically beyond 600 µs and 1.2 ms, respectively, which indicates the UVPD is able to 

perform normally at a frequency below 200 Hz. Once the chopper frequency was 

increased over 200 Hz, the corresponding rise time and fall time decrease to 570 µs and 

710 µs at 300 Hz and 510 µs and 640 µs at 400 Hz, respectively. The reduction in the 

response time indicates that the frequency of the signal is approaching the time-response 

limit of the device. Since the bandwidth of the PD depends on the quality of the materials, 

the solution-processed method produces an amorphous CuSCN thin film which reduces 

the time-response limit. Moreover, the device size of the as-fabricated p-CuSCN/n-GaN 

UV-based PD is around 600 µm × 450 µm, and we believe this large size also reduces the 

time-response limit of the as-fabricated p-CuSCN/n-GaN UV-based PD. 
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4.3 Development of CuSCN-based and p-CuSCN-based organic solar cells 

 

Figure 4.4. Fundamental structure of organic solar cells. HTL: hole transport layer. ETL: 

electron transport layer. Active layer: light-absorbing layer. 

Fig. 4.4 shows the basic structure of organic solar cells. First of all, ITO-coated quartz 

substrates were purchased from company. HTL in this structure is hole transport layer 

which is usually a p-type material. On the other hands, ETL in this structure is electron 

transport layer which is usually a n-type material. HTL was then coated onto the ITO layer, 

followed by active layer and ETL. Once ETL deposition is finished, metal will be deposited 

on the ETL and ITO for the device contact. When it comes to device characterization, the 

incident light will enter from the quartz side. The incident light will go through the active 

layer and then be reflected by the metal on the ETL. This mechanism will improve the 

device performance. In this thesis, we used three different active layers, PBDBT-2F:BTP-

4F, PBDB-T:F-M, and MAPbI3, to fabricated three different organic solar cells. Each type 

of organic solar cells is fabricated with pristine CuSCN, Cl2-CuSCN, or PEDOT:PSS as HTLs 

to examine how different HTLs influence the device performance. 
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4.3.1 Materials used for organic solar cells 

 

Figure 4.5. Selected polymers and organic molecules for fabricating organic solar cells. 

 

Figure 4.6. Selected molecules for fabricating perovskite solar cells. 
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Figure 4.7. Selected solvents for fabrication of solar cells. 

 

4.3.2 Thin film deposition 

Templates (glass, indium tin oxide (ITO)-coated glass substrates; Kintec Company, 10 

Ω/sq.) were cleaned by sequential ultra-sonication in dilute Extran 300 detergent solution, 

deionized water, acetone, and isopropanol for 20 min each. Then, the templates were 

dried using a nitrogen gun and underwent UV-ozone treatment for 20 min. CuSCN powder 

(Merck, 99%) was dissolved in diethyl sulfide/DES (Merck, 98%) at concentrations of 5–

40 mg mL-1 by stirring for 1 h at 40-50 °C. The CuSCN solutions were spin-coated onto the 

mentioned templates at a spin rate of 800–3000 rpm for 30 s inside a glovebox, then the 

templates were annealed at 100 °C for 10 min. 

 

4.3.3 Organic solar cell fabrication 

To fabricate OPV devices with a HTL of PEDOT:PSS, a thin layer (≈40 nm) of PEDOT:PSS 

was deposited onto the UV-treated substrates and then the PEDOT:PSS-coated substrates 

were dried on a hotplate at 150 °C for 10 min. To fabricate OPV devices with CuSCN as 

HTLs, a solution of 25 mg CuSCN dissolved in 1 mL diethyl sulfide was spin-coated onto 

N,N-dimethylformamide (DMF) Dimethyl sulfoxide (DMSO) Isopropanol
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the templates at a spin rate of 2500 rpm and the templates were annealed at 100 °C in a 

glove box. The CuSCN thin films were then exposed to Cl2 gas for different exposure times 

using ICP-RIE. Next, PBDB-T-2F:BTP-4F solution (ratio 1:1.2, 15.4 mg/mL in chloroform (CF) 

+ 0.5% 1-Chloronaphthalene (CN)) was spin-coated onto the templates at spin rate of 

3000 rpm, followed by thermal annealing at 100 °C for 10 minutes. Finally, 100 nm silver 

was thermally evaporated onto the as-prepared samples at a chamber pressure of 5×10-

6 mbar.   

 

4.3.4 Perovskite solar cells fabrication 

The templates with a HTL were prepared using the same procedures as for the OPV 

described in section 4.3.3. As-prepared HTL/ITO/glass templates were transferred to a 

nitrogen glovebox for perovskite deposition. A sequential deposition method was used to 

prepare perovskite layer, using the modifications mentioned in the literature [89, 90]. A 

solution of 1.3 mM PbI2 and DMF/DMSO (9:1 ratio) solvent was stirred and heated at 70 °C 

for 4 h. PbI2 solution was spin-coated onto the templates with HTL at a spin rate of 2500 

rpm for 40 s. After drying the PbI2 thin films at room temperature in glovebox for an hour, 

the organic cation solution (MAI:MACl 500 mg:50 mg in 10 mL of 2-propanol; mixed 

overnight) was spin-coated by two-spinning steps (500 rpm for 10 sec and 2500 rpm for 

25 sec). To remove excess organic cations, 2-propanol was dynamically dropped onto the 

template at a spin rate of 2500 rpm for 20 sec, and then the template was annealed at 

100 °C for 10 min. C60 (25 nm), BCP (6 nm), and Ag (100 nm) were thermally deposited 

onto the devices in a high-vacuum chamber (<3 × 10–6 torr). 
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Figure 4.8. Device structure and device characterization of PBDB-T-2F:BTP-4F organic 

photovoltaics (OPVs) with pristine CuSCN, Cl2-CuSCN, or PEDOT:PSS as HTLs. (a) Structure 

of the as-fabricated OPVs. (b) Champion J-V curve of as-fabricated OPVs with pristine 

CuSCN, Cl2-CuSCN, or PEDOT: PSS as HTLs. (c) Plot of EQE with respect to wavelength for 

as-fabricated OPVs with pristine CuSCN, Cl2-CuSCN, or PEDOT:PSS as HTLs. 

The impressive p-type properties of Cl2-exposed CuSCN thin films combined with the 

active PBDB-T-2F: BTP-4F layer enhance the overall device performance. Fig. 4.8 

illustrates the device characteristics of pristine CuSCN-based, PEDOT:PSS-based, and Cl2-

CuSCN-based organic photovoltaics (OPVs). Fig. 4.8 (a) and (d) present the device 

structures of the as-fabricated OPVs. The electron-transporting layer (ETL) for these OPVs 

is PFN-Br. The average power conversion efficiencies (PCE) of pristine CuSCN-based OPVs 

is merely 12.3%, with an average Voc of 0.83, Jsc of 23.7 mAcm-2, and FF of 0.62. Once 

the CuSCN is exposed to chlorine, the corresponding OPVs performance increases to an 

average PCE of 15.0%, Voc of 0.84 V, Jsc of 25.0 mAcm-2, and FF of 0.72, which is 

comparable to PEDOT:PSS-based OPVs, as shown in Fig 4.8 (b). Fig 4.8 (c) shows the EQE 

of the OPVs with three different HTLs under illumination over the wavelength range from 

300 nm to 900 nm. The OPVs with Cl2-exposed CuSCN as an HTL exhibit impressively 
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higher overall EQE than those with pristine CuSCN as an HTL due to the higher 

conductivity and hole concentration of Cl2-exposed CuSCN. It is worth noting that the Cl2-

CuSCN-based OPVs have higher EQE values than PEDOT:PSS-based OPVs at the 

illumination range below 400 nm, due to the absorption of light by the PEDOT:PSS thin 

film at wavelengths below 400 nm, which blocks the light from being absorbed by the 

active layer [91, 92]. Additionally, PBDB-T:F-M was used to fabricate corresponding OPVs. 

The results presented in Table 1 reveal that the chlorine-infused CuSCN thin film also 

benefits the PBDB-T:F-M OPVs in terms of device performance, which indicates that use 

of Cl2-CuSCN thin film as the HTL universally improves OPVs, as shown in Table 1. 

 

Table 1. Device performance of PBDB-T:F-M organic photovoltaics with different HTLs. 

 

 

Active layer : PBDB-T:F-M

HTL Condition
VOC

(V)
JSC

(mA cm-2)
FF
(%)

PCE
(%)

PEDOT:PSS
Average 0.96±0.007 14.4±0.10 68.9±0.10 9.5±0.10

Maximum 0.96 14.4 69.6 9.6

CuSCN
Average 0.95±0.008 14.4±0.09 62.2±2.41 8.5±0.44

Maximum 0.95 14.6 64.4 9.0

Cl2-CuSCN
Average 0.96±0.005 14.3±0.10 68.6±0.62 9.4±0.12

Maximum 0.96 14.4 69.7 9.6
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Figure 4.9. Device structure and device characterization of champion MAPbI3 perovskite 

solar cells (PSCs) with pristine CuSCN, Cl2-CuSCN, or PEDOT:PSS as HTLs (a) Structure of 

the as-fabricated PSCs. (b) Champion J-V curve of as-fabricated PSCs with pristine CuSCN, 

Cl2-CuSCN, or PEDOT:PSS as HTLs. (c) Plot of EQE with respect to wavelength of as-

fabricated PSCs with pristine CuSCN, Cl2-CuSCN, or PEDOT:PSS as HTLs. 

The remarkable p-type property of Cl2-CuSCN HTL also improves the performance of 

MAPbI3 perovskite solar cells (PSCs). Fig. 4.9 summarizes the device characteristics of 

pristine CuSCN-based, PEDOT:PSS-based, and Cl2-CuSCN-based PSCs. In the case of PSCs, 

C60/BCP was selected to form the ETL, as shown in Fig. 4.9 (a). The PCE of pristine CuSCN-

based PCs is 14.9%, with a Voc of 1.01 V, Jsc of 21.3 mAcm-2, and FF of 0.69. Notably, 

exposure of CuSCN to chlorine for 10 minutes improves the PCE, Voc, Jsc, and FF of the 

corresponding PSC to 20%, 1.11 V, 23.4 mAcm-2, and 0.77, respectively, while the PCE, Voc, 

Jsc, and FF of PEDOT:PSS-based PSC are 18.5%, 1.08 V, 22.2 mAcm-2, and 0.77, respectively. 

Due to the fact that the work function of MAPbI3 (5.4 eV) is higher than that of PEDOT:PSS 

(5.1 eV), but is the same as Cl2-CuSCN (5.4 eV), there is a barrier between the PEDOT:PSS 

layer and perovskite layer, but not between the Cl2-CuSCN-based layer and perovskite 

layer, which results in better device performance for the Cl2-CuSCN-based PSC than the 
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PEDOT:PSS-based PSC. Fig. 4.9 (c) shows the EQE with respect to wavelength for the PSCs 

with different HTLs. Over the wavelength range from 400 nm to 900 nm, PEDOT:PSS-

based PSC and Cl2-CuSCN-based PSC exhibit higher EQE than pristine CuSCN-based PSC 

due to the low conductivity of pristine CuSCN thin film. Since PEDOT:PSS absorbs light in 

the wavelength range below 400 nm, the Cl2-CuSCN-based PSC has a higher EQE than 

PEDOT:PSS-based PSC when excited by wavelengths below 400 nm. 

 

 

Figure 4.10. Stability tests and plot of carrier mobility with respect to light intensity. (a) 

Stability tests of as-fabricated OPVs with pristine CuSCN, PEDOT:PSS, or Cl2-CuSCN as HTLs. 

(b) Stability tests of as-fabricated PSCs with pristine CuSCN, PEDOT:PSS, or Cl2-CuSCN as 

HTLs. (c) Plot of mobility with respect to light intensity of as-fabricated OPVs with pristine 

CuSCN, PEDOT:PSS, or Cl2-CuSCN as HTLs. 

Owing to the fact that Cl2-CuSCN improves the overall performance of OPV and PSC, it 

was necessary to determine whether the HTL of Cl2-CuSCN enhances the stability of the 

corresponding devices. Fig. 4.10 (a) shows the stability tests of pristine CuSCN-based, 

PEDOT:PSS-based, and Cl2-CuSCN-based OPVs. After 80 hours, the normalized PCE of Cl2-
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CuSCN-based OPV remains above 0.6, while that of PEDOT:PSS-based OPV and pristine 

CuSCN OPV both slump to 0.3, which further indicates Cl2-CuSCN improves the stability of 

the corresponding OPVs. Since the operation of measuring the performance of solar cells 

will generate heat in the device and the efficiency of heat dissipation in organic materials 

is not good, the heat may serve as an annealing effect to the device and then the PCE may 

increase after operating the solar cell for the first few hours, which led to a PCE higher 

than 100% in the first several hours in stability tests, as shown in Fig 4.10 (a). Similar 

results were obtained in the stability tests for PSCs. After 20 days, the normalized PCE of 

Cl2-CuSCN-based PSC remains above 0.9, while the PCE of PEDOT:PSS-based PSC reduces 

to 0.8 and that of pristine CuSCN-based PSC degrades to 0.5 within 200 hours, as shown 

in Fig. 4.10 (b). In an attempt to understand why Cl2-CuSCN-based OPVs and PSCs exhibit 

such impressive stability, we measured the carrier mobility of pristine CuSCN-based, 

PEDOT:PSS-based, and Cl2-CuSCN-based OPVs under scaling light intensity. The Cl2-

CuSCN-based OPV possesses the highest carrier mobility and the pristine CuSCN-based 

OPV has the lowest, as shown in Fig. 4.10 (c), which is consistent with the stability tests. 

Due to its higher carrier mobility, the HTL of Cl2-CuSCN thin film is able to prevent the 

carrier accumulating in the active layer or in itself, and further improves the lifetime of 

the corresponding devices. 
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Figure 4.11. Stability tests of pristine CuSCN-based PSCs and Cl2-CuSCN-based PSC under 

different conditions. (a) Thermal stability tests of pristine CuSCN-based PSCs and Cl2-

CuSCN-based PSC at 85 ˚C in ambient N2. (b) Stability test of pristine CuSCN-based PSCs 

and Cl2-CuSCN-based PSC at 40 ˚C in a glove box under continuous solar illumination. 

The stability of pristine CuSCN-based PSC and Cl2-CuSCN-based PSC was analyzed under 

various conditions, as shown in Fig. 4.11. At a temperature of 85 ˚C in a glove box, the 

normalized PCE of Cl2-CuSCN-based PSC remains at 0.9 after 300 hours, while that of 

pristine CuSCN-based PSCs plummets to 0.6, which indicates that the chlorine-infused 

CuSCN thin film enhances the thermal stability of the corresponding devices. The Cl2-

CuSCN-based PSC also shows better performance than pristine CuSCN-based PSC in the 

tests at 85 ˚C in nitrogen under continuous solar illumination. Cl2-CuSCN-based PSC 

presents a normalized PCE of 0.8 after 100 hours solar illumination, while that of pristine 

CuSCN-based PSC slumps to 0.4. Based on the stability tests of these organic devices 

under different conditions, we conclude that exposure of CuSCN thin film to chlorine 

0 50 100 150 200 250 300 350
0.5

0.6

0.7

0.8

0.9

1.0 Thermal stability; 85 oC @N2

N
o

rm
a
li
z
e
d

 P
C

E

Time (hrs)

 CuSCN

 Cl2-CuSCN

0 20 40 60 80 100 120
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 Under continous light soaking 

                               40 oC @N2

N
o

rm
a
li
z
e
d

 P
C

E

Time (hrs)

 CuSCN

 Cl2-CuSCN

a.

MAPbI3 MAPbI3

b.



83 
 

improves the lifetime of the corresponding devices, no matter what conditions they are 

exposed to. 

 

Figure 4.12. Statistical analysis of device performance parameters for intrinsic CuSCN-

based PSCs, PEDOT:PSS-based PSCs, and Cl2-CuSCN-PSCs. (a) Voc. (b) Jsc. (c) FF. (d) PCE. 

Fig. 4.12 summarizes the statistics of the as-fabricated PSCs. The average PCE of the 

intrinsic CuSCN-based PSCs is 12.8 ± 1.50%, with an average Voc equal to 0.93 ± 0.016 V, 

an average Jsc equal to 21.7 ± 0.26 mAcm-2, and an average FF equal to 63.2 ± 6.70%, while 

the PEDOT:PSS-based PSCs have an average PCE of 17.9 ± 0.52%, an average Voc of 1.04 ± 

0.012 V, an average Jsc of 22.75 ± 0.37 mAcm-2, and an average FF of 75.59 ± 1.50%. 

Moreover, the average performance of Cl2-CuSCN PSCs is PCE = 18.9 ± 0.70%, Voc = 1.1 ± 
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0.010 V, Jsc = 22.9 ± 0.40 mAcm-2, and FF = 75.0 ± 1.30%. These results confirm that 

chlorine treatment of the CuSCN thin film benefits the overall performance of the 

corresponding PSCs compared to the pristine CuSCN-based PSCs. Furthermore, the Cl2-

CuSCN-based PSCs exhibit higher PCE %, Voc, and Jsc with lower standard deviations than 

the PEDOT:PSS-based PSCs, which indicates that Cl2-CuSCN is a more advantageous HTL 

than PEDOT:PSS.  
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Chapter 5  

Material characterizations of NiO thin film grown on TiN/MgO and TiN/Si 

templates 

5.1 Introduction 

NiO is a rock-salt cubic Halite material with a lattice constant (a) of 4.19 Å and a wide-

energy bandgap of 3.6 eV. Due to the fact that NiO is a non-stoichiometric compound, its 

optical and electrical properties are easily influenced by both cation vacancies and anion 

vacancies. If the growth conditions are oxygen-rich, NiO thin film will be populated by 

nickel vacancies. As the nickel vacancies trigger oxidization of the nearby Ni2+ to Ni3+, 

these vacancies act as an acceptor and convert the NiO thin film into a p-type material. 

On the other hand, if NiO thin film is populated by oxygen vacancies, the anion vacancies 

will induce reduction of Ni2+ and make NiO a n-type material. Apart from the natural p-

type dopants, p-NiO thin films can also be achieved using extrinsic dopants (e.g., Li, Cu, 

and Co) [93-98]. Owing to the fact that p-NiO has a low hole effective mass and is easy to 

grow, application of this material may benefit many semiconductor devices. In organic 

solar cells, p-NiO with good p-type conductivity is employed to form a hole-transporting 

layer between a metal contact and a light-absorbing layer to reduce the device resistance 

and thus improve the power conversion efficiency [99-110]. In III-nitride LEDs, NiO thin 

film is deposited onto a p-GaN layer to form an ohmic contact with a transparent 

conductive layer made of indium tin oxide, which further enhances the overall device 
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performance [32]. For p-n junction diodes, NiO thin film with a proper p-type dopant has 

been reported as a good p-type layer to form a p-n junction with ZnO, a n-type wide-

bandgap oxide material, to produce UVPDs [31, 111]. Moreover, the applications of the 

NiO/ZnO heterojunction are widespread, e.g., gas sensors for H2S [112], ethanol [113], or 

volatile organic compounds, [114], as a photocatalytic material [115], and in 

electrochromic devices [116, 117], and UV photovoltaics [118]. The processing 

versatilities of NiO are outstanding and multiple methods have been reported to develop 

NiO thin films, e.g., magnetron sputtering [119], pulsed laser deposition [120-123], 

plasma-assisted molecular beam epitaxy [124], electron beam evaporation [125, 126], 

sol-gel methods [127, 128], spray pyrolysis [129, 130], and atomic layer deposition [131, 

132]. However, since the Ni vacancies that contribute to the carrier concentration cause 

absorption of visible light, a higher conductivity NiO thin film results in poorer visible-light 

transparency. Thus, lattice-matched epitaxial growth of NiO thin film is necessary to 

maintain the desired optical properties. To achieve lattice-matched epitaxial growth, it is 

necessary to find a substrate with a rock-salt cubic structure and similar lattice constant 

to NiO. Fortunately, two materials fulfill these requirements: titanium nitride (TiN) and 

magnesium oxide (MgO).  

MgO is a rock-salt cubic insulator with an energy bandgap above 7.0 eV and a lattice 

constant (a) of 4.22 Å. MgO has been used as a commercial substrate for many materials, 

e.g., NiO [124], TiN [133], BaSnO3 [134], Ga2O3 [135], Mn3O4 [136], and YBCO [137]. 

However, even though MgO fulfills the requirements as a substrate for epitaxial growth 

of NiO, its insulating property hampers its potential applications in semiconductors. Thus, 
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a material with a favorable structure, lattice constant, and conductivity is required to 

overcome this difficulty. TiN is also a rock-salt cubic material, and possesses an energy 

bandgap of 3.4 eV and a lattice constant of 4.25 Å. TiN is employed as a coating material 

to improve corrosion resistance and hardness [138-140]. Furthermore, its electrical 

properties make TiN unique. TiN is a degenerated semiconductor with an electron 

concentration of ~1022 cm-2, indicating that its Fermi level is higher than its conduction 

band, which makes TiN as conductive as a metal. However, the high conductivity of TiN 

limits its applications as a material-coating and corrosion-resistant as it increases the risk 

of electrical shock. Thus, aluminum titanium nitride (AlTiN) is more favorable as a coating 

material than TiN due to the fact that incorporation of AlN significantly decreases the 

conductivity [141, 142]. In this thesis, TiN with good conductivity, a desirable cubic 

structure, and similar lattice constants to NiO solves the problem with insulating 

properties of MgO substrates. Here, a brand-new template is fabricated by depositing a 

single-crystal TiN layer on a MgO substrate. The presence of a TiN layer on the MgO 

substrate eliminates the insulating property of MgO substrates and provides a suitable 

template for epitaxial growth of NiO, where the middle TiN layer can act as a good back-

side metal contact. In this chapter, material characterization of NiO/TiN/MgO are 

completed to ensure the single crystal quality of NiO and TiN. Moreover, since TiN can 

represent a good buffer layer, the material quality of NiO/TiN/Si is also analyzed to assess 

the potential scalability. I believe this study paves the way towards cutting-edge NiO-

based UV optoelectronic devices and sheds light on the potential applications of TiN/MgO 

templates. 
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5.2 X-ray diffractometry characterization of the NiO/TiN/MgO bilayer structure 

 

Figure 5.1. X-ray diffractometry (XRD) 2θ scan of as-deposited NiO thin films on TiN/MgO. 

(a) Schematic diagram of as-deposited NiO thin films on TiN/MgO. (b) 2θ scan of as-

deposited NiO thin films on TiN/MgO over the 2θ range from 41˚ to 45˚. (c) 2θ scan of as-

deposited NiO thin films on TiN/MgO over the 2θ range from 91˚ to 97˚.  

The (200) and (400) orientations of NiO thin films on TiN/MgO and on TiN/Si were 

measured using XRD-2θ scans. Fig. 5.1 (b) shows the 2θ scan of the NiO/TiN/MgO bilayer 

structure; the (200) peaks of MgO, TiN, and NiO locate at 43.12˚, 42.57˚, and 43.60˚, 

respectively. The group of (400) peaks for MgO, TiN, and NiO locate at 94.10˚, 92.66˚, and 

95.56˚, respectively. According to Bragg’s Law (2dsinθ = nλ, where d is the atomic 

distancing in a certain orientation, θ is the angle of incidence of the x-rays relative to the 

surface plane of the crystal, n represents the order of diffraction, and λ is the wavelength 

of the X-ray), the group of (400) peaks of MgO, TiN, and NiO are separated much more 

than the group of (200) peaks, as shown in Fig. 5.1 (c). The XRD-2θ scans reveal that TiN 

thin film experiences compressed strain, while tensile strain exists in the NiO layer. 

Moreover, in agreement with the acquired 2θ scan spectra, the relationship of NiO, TiN, 
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and MgO in the out-of-plane orientation is determined as NiO (200) || TiN (200) || MgO 

(200). 

 

 

Figure 5.2. Out-of-plane rocking curve (RC) scan of as-deposited NiO thin films on 

TiN/MgO templates (a) Rocking curve scan of the (200) peak of NiO thin film grown on 

the TiN/MgO templates. (b) Rocking curve scan of the (200) peak of the TiN thin film in 

the NiO/TiN/MgO sample. 

Thin-film XRD was employed to measure the rocking curve of the as-deposited NiO layer 

and TiN layer to assess the crystal quality, as shown in Fig. 5.2. The rocking curves of NiO 

(200) and TiN (200) on MgO substrate show the full-width at half-maximum (FWHM) of 

0.30˚ and 0.21˚, respectively, as shown in Fig. 5.2 (a) and (b), which indicates good crystal 

quality due to the small difference in the lattice constants and lattice-matched structure. 
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Figure 5.3. In-plane rocking curve scan of NiO/TiN/MgO samples. (a) Rocking curve scan 

of NiO thin film on NiO/TiN/MgO samples in the (220) orientation. (b) Rocking curve scan 

of the TiN thin film in the NiO/TiN/MgO sample in the (220) orientation.  

The crystal quality of the NiO and TiN layers were further analyzed by examining the in-

plane RC of NiO/TiN/MgO samples and NiO/TiN/Si samples in the (220) orientation. The 

FWHM of (220) RC of NiO and TiN are 0.4˚ and 0.3˚, respectively, which confirms the high 

crystal quality of the NiO and TiN in the NiO/TiN/MgO sample. Notably, due to the small 

difference in the lattice constants, the in-plane RC of MgO (220) occurs in the in-plane RC 

of NiO (220) and TiN (220), as shown in Fig. 5.3 (a) and (b).  
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Figure 5.4. In-plane azimuthal rotation scans (φ scans) of NiO (220), TiN (220), and MgO 

(220) in NiO/TiN/MgO samples.  

 

The azimuthal rotation scan in the in-plane orientation of (220) was performed to analyze 

how the crystals from different materials stack on each other. The φ scans of the NiO, TiN, 

and MgO in the NiO/TiN/MgO sample in the in-plane orientation of (220) show four peaks 

for each layer, which indicates four-fold symmetry of the cubic structure. Furthermore, 

these four peaks are aligned, which indicates cube-on-cube stacking without crystal 

rotation, as shown in Fig. 5.4 (a). Considering that the out-of-plane (200) orientation and 

in-plane (220) orientation are aligned in the bilayer structure of NiO/TiN/MgO, the 
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relationship of NiO (020), TiN (020), and MgO (020) in the in-plane orientation is 

confirmed as NiO (020) || TiN (020) || MgO (020).  

 

5.3 TEM imaging of the NiO/TiN/MgO bilayer structure 

 

Figure 5.5. Cross-sectional TEM image of the as-grown NiO/TiN/MgO bilayer structure. 

Cross-sectional TEM images including the NiO layer, TiN layer, and MgO substrate were 

acquired to obtain further information on the crystal quality of the as-grown 

NiO/TiN/MgO sample and NiO/TiN/Si sample. Fig. 5.5 shows a bright-field image of the 

NiO/TiN/MgO bilayer structure. The thickness of the as-grow NiO layer and TiN layer are 

50 nm and 200 nm, respectively. The NiO/TiN and TiN/MgO interfaces shown in the red 

and green boxes in Fig. 5.5 were further examined. 
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Figure 5.6. HRTEM images of the NiO/TiN/MgO structure. (a) Interface of NiO/TiN and the 

corresponding FFT images. (b) Interface of TiN/MgO and the corresponding FFT images. 

(c) Schematic diagrams of the crystal structure of NiO, TiN, and MgO in the (020) 

orientation. 

Owing to the fact that the crystal structures of NiO, TiN, and MgO are the same and their 

lattice constants are close to each other, the HRTEM images reveal the atom stacking is 

in an aligned arrangement, which indicates consistently strained growth. The 

corresponding FFT images reveal obvious, clear patterns of spots in different orientations, 

which indicates the materials are single crystals, as shown in Fig. 5.6 (a) and (b). VESTA 
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was exploited to clarify the atomic arrangements of NiO, TiN, and MgO in the (020) 

orientation, as shown in Fig. 5.6 (c). The schematic diagrams of NiO, TiN, and MgO 

illustrate that the nitrogen atoms and oxygen atoms overlap with the metal atoms, so 

that only the metal atoms are detectable. This diagram also confirms that the NiO, TiN, 

and MgO stack with each other in a cube-on-cube orientation, which is consistent with 

the results of the φ scans. 

 

Figure 5.7. FFT images of NiO, TiN, and MgO focused on the (200) orientation and the 

corresponding line profiles. (a) (200)-focused FFT image of NiO. (b) (200)-focused inverse 

FFT of NiO. (c) Line profile of inverse FFT of NiO. (d) (200)-focused FFT image of TiN. (e) 

(200)-focused inverse FFT of TiN. (f) Line profile of inverse FFT of TiN. (g) (200)-focused 
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FFT image of MgO. (h) (200)-focused inverse FFT of MgO. (i) Line profile of inverse FFT of 

MgO.  

The (200) orientation was selected to calculate the lattice constant of the layers. After 

inversing the FFT and acquiring the line profile, the corresponding lattice constant of a 

cubic structure is given by:  

 1

𝑑2
=

ℎ2 + 𝑘2 + 𝑙2

𝑎2
 

(5) 

Where d refers to interplanar spacing, a represents the lattice constant, and (h,k,l) are 

the Miller Index indicating the orientation of the crystal. After substitution into Eq. 5, the 

lattice constants of NiO, TiN, and MgO were determined to be 4.192 Å, 4.228 Å, and 4.214 

Å, respectively. Furthermore, the in-plane lattice mismatch was calculated by the 

following formula: 

 𝐿𝑎𝑡𝑡𝑖𝑐𝑒 𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ =
𝑎𝑙𝑜𝑤𝑒𝑟 𝑙𝑎𝑦𝑒𝑟− 𝑎𝑢𝑝𝑝𝑒𝑟 𝑙𝑎𝑦𝑒𝑟

𝑎𝑙𝑜𝑤𝑒𝑟 𝑙𝑎𝑦𝑒𝑟
 (6) 

After substitution into Eq. 6, a lattice mismatch of 0.85% was found to exist at the 

interface of NiO and TiN, and a lattice mismatch of -0.33% at the interface of TiN and MgO. 
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Figure 5.8. STEM images of NiO/TiN/MgO samples. (a) High angle angular dark field 

(HAADF) image. (b) STEM-EDX image. (c) STEM-EDX spectrum. 

Furthermore, STEM was employed to ascertain the elements of the as-grown materials, 

as shown in Fig. 5.8. In STEM-EDX mapping, the blue, green, and red areas correspond to 

the elements Mg, Ti, and Ni, respectively, which represent the layers of MgO, TiN, and 

NiO, respectively. Mg Kα, Ti Kα1 and Kβ1, and Ni Kα1 and Kβ1 were detected in the STEM-EDX 

spectrum, which indicates Mg, Ti, and Ni exist in the sample. 
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5.4 X-ray diffractometry characterization of the NiO/TiN/Si bilayer structure 

 

Figure 5.9. (a) Schematic diagram of as-deposited NiO thin films on TiN/Si. (b) 2θ scan of 

as-deposited NiO thin films on TiN/Si over the 2θ range from 41˚ to 45˚. (c) 2θ scan of as-

deposited NiO thin films on TiN/Si over the 2θ range from 91˚ to 97˚. 

In an attempt to demonstrate a wafer-scale template for NiO thin film, we utilized a silicon 

substrate in the (100) orientation to study the potential scaling-up of production of the 

NiO/TiN/substrate structure to the industrial level. Owing to the fact that a large lattice 

mismatch exists between the as-deposited NiO and TiN layers, a shift of the (200) peaks 

of NiO and TiN was expected. Fig. 5.9 (b) shows the 2θ scan of the NiO/TiN/Si bilayer 

structure, which indicates that the group of (200) peaks of NiO and TiN are located at 

43.55˚ and 42.66˚, respectively. The group of (400) peaks for NiO and TiN are shifted to 

95.6˚ and 93.2˚, respectively, as shown in Fig. 5.9 (c). 
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Figure 5.10. (a) Rocking curve scan of the (200) peak of the NiO thin film in the NiO/TiN/Si 

sample. (b) Rocking curve scan of the (200) peak of the TiN thin film in the NiO/TiN/Si 

sample. 

Due to the fact the Si (100) substrate is lattice-mismatched to the overgrown NiO and TiN 

layers, the FWHM values of rocking curves for NiO (200) and TiN (200) are higher on Si 

substrates than on MgO substrates, with FWHM values of 1.02 for NiO (200) and 1.01 for 

TiN (200), as shown in Fig. 5.10 (a) and (b). 
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Figure 5.11. (a) Rocking curve scan of the NiO thin film in the NiO/TiN/Si sample in the 

(220) orientation. (b) Rocking curve scan of the TiN thin film in the NiO/TiN/Si sample in 

the (220) orientation. 

 

The (220) in-plane RC of the NiO and TiN layers in NiO/TiN/Si were measured. The FWHM 

for the (220) in-plane RC of NiO and TiN is 1.42 and 1.35, respectively, which indicates the 

low quality of the as-deposited NiO thin film and TiN thin film due to the lattice-

mismatched Si substrate, as shown in Fig. 5.11 (a) and (b). 
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Figure 5.12. In-plane azimuthal rotation scans (φ scans) of NiO (220), TiN (220), and Si 

(220) in NiO/TiN/Si samples. 

Four peaks were detected in each layer of the NiO/TiN/Si sample in φ scans in the (220) 

in-plane orientation , as shown in Fig. 5.12, which indicates that cube-on-cube stacking 

also occurs in the bilayer structure of NiO/TiN/Si with zero crystal rotation. 
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5.5 TEM imaging of the NiO/TiN/Si bilayer structure 

 

 

Figure 5.13. Cross-sectional TEM images of the as-grown NiO/TiN/Si bilayer structure. 

We also used TEM to obtain further information on the crystal quality of the as-grown 

NiO/TiN/Si sample; cross-sectional TEM images including the NiO layer, TiN layer, and Si 

substrates were acquired. Fig. 5.13 shows a bright-field image of the NiO/TiN/Si bilayer 

structure. The thickness of the as-grown NiO layer and TiN layer is 50 nm and 100 nm, 

respectively.  
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Figure 5.14. HRTEM images of the NiO/TiN/Si structure. (a) Interface of NiO/TiN and the 

corresponding FFT images. (b) Interface of TiN/Si and the corresponding FFT images. (c) 

Schematic diagrams of the crystal structure of NiO, TiN, and Si in the (022) orientation, 

which were obtained using VESTA. 
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Fig. 5.14 exhibits the atomic stacking of TiN and NiO on Si are remarkably different to 

that of TiN and NiO on MgO. The corresponding FFT images indicates that NiO and TiN 

layers have poor crystal quality, as well, in agreement with their FWHM from the RC 

measurements. Even though the FFT images reveal a dotted pattern, which indicates 

single crystals, the spots are dimmer in brightness and bigger in size than these in the 

NiO/TiN/MgO sample. These results indicate the low quality of the NiO and TiN layers 

grown on Si substrate. Schematic diagrams of NiO, TiN, and Si in the corresponding 

orientation are shown in Fig. 5.14 (c). These diagram show a Ti atom interleaves with a 

nitrogen atom, while a Ni atom interleaves with an oxygen atom, and the silicon atoms 

are paired in a hexagonal interval arrangement. 
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Figure 5.15. FFT images of NiO, TiN, and Si focused on the (022) orientation and the 

corresponding line profiles. (a) (022)-focused FFT images of NiO. (b) (022)-focused inverse 

FFT of NiO. (c) Line profile of the inverse FFT of NiO. (d) (022)-focused FFT images of TiN. 

(e) (022)-focused inverse FFT of TiN. (f) Line profile of the inverse FFT of TiN. (g) (022)-

focused FFT images of Si. (h) (022)-focused inverse FFT of Si. (i) Line profile of the inverse 

FFT of Si.  

 



105 
 

Based on the line profiles from the inverse FFT, the lattice constants of NiO, TiN, and Si 

were calculated in the (022) orientation using Eq. 5. After substitution, the lattice 

constants of NiO, TiN, and Si in NiO/TiN/Si were found to be 4.208 Å, 4.237 Å, and 5.456 

Å, respectively. According to Eq. 6, the lattice mismatch value at the interface of NiO 

and TiN is 0.66% compared to 22.34% at the interface of TiN and Si, respectively. 
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Figure 5.16. STEM and EDX measurements of NiO/TiN/Si. (a) STEM image of the 

NiO/TiN/Si sample. (b) STEM-EDX mapping of the NiO/TiN/Si sample. (c) STEM-EDX 

spectrum of the Ni/TiN/MgO sample 

STEM was also employed to ascertain the bilayer structure of the NiO/TiN/MgO sample, 

as shown in Fig. 5.16. In STEM-EDX mapping, the red, blue, and green areas correspond 

to the elements Si, Ti, and Ni, respectively, which indicate the layers of Si, TiN, and NiO, 

respectively. Si Kα, Ti Kα1 and Kβ1, and Ni Kα1 and Kβ1 were detected in the STEM-EDX 

spectrum, which indicates Si, Ti, and Ni exist in the sample. 
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Chapter 6  

Concluding remarks 

6.1 Conclusion 

This thesis investigated issues related to wide-bandgap materials and introduced two new 

ideas to potentially resolve these problems. Chapters 3 and 4 show that for nitride wide-

bandgap materials, chlorine-infused CuSCN possesses a higher hole concentration and 

wider energy bandgap than p-type GaN, and the applications of the chlorine-infused 

CuSCN in the III-nitride system are evaluated. At the interface of p-CuSCN and n-GaN, 

copper diffuses into GaN layer at room temperature. Band alignment studies revealed ΔEc 

and ΔEv of 3.07 and 2.67, respectively. The responsivity of UVPD devices with a p-CuSCN 

and n-GaN heterojunction depends on the incident wavelength, with maximum 

responsivity and external quantum efficiency observed at 330 nm. The turn-on voltage of 

the corresponding device is 2.3 V and its rise time and fall time are in the microsecond 

range. To sum up, due to the low quality of p-CuSCN thin films, p-CuSCN/n-GaN UVPD 

possesses high responsivity, and long rise and fall times. Moreover, diffusion of Cu from 

the p-CuSCN layer into GaN layer reduces the turn-on voltage of p-CuSCN/n-GaN UVPD.  

Moreover, Chapter 4 demonstrates that the enhanced conductivity of p-CuSCN also 

improves the corresponding organic photovoltaic devices and perovskite solar cells 

compared to pristine CuSCN-based organic photovoltaic devices and perovskite solar cells. 

The PCE of PBDB-T-2F:BTP-4F organic photovoltaics (OPVs) with pristine CuSCN-based or 
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Cl2-CuSCN-based HTLs are 12.3% and 15%, respectively, while the corresponding values 

for MAPbI3 perovskite solar cells with pristine CuSCN-based or Cl2-CuSCN-based HTLs are 

merely 14.9% and 20%, respectively. Overall, these results demonstrate that application 

of p-CuSCN as a HTL universally benefits the PCE of organic solar cells.  

The crystal quality of wide-bandgap oxide materials influences their light absorption 

properties. NiO requires single crystal quality to maintain its visible-light transparency 

property. Therefore, in Chapter 5, a TiN deposition layer is used to provide a back-side 

metal contact and template for lattice-matched epitaxial growth. Moreover, NiO thin film 

was grown on a TiN/MgO template and, to assess the scalability of this technique, on a 

TiN/Si template. The XRD, HRXRD, and TEM measurements indicated NiO thin films grown 

on TiN/MgO or TiN/Si possess single crystal quality, which may facilitate potential 

applications of NiO in corresponding semiconductor devices. 
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6.2 Future works 

 

Figure 6.1. Schematic diagram of fabrication of a heterojunction device based on p-CuSCN 

and any n-type wide-bandgap material. 

 

Considering the p-CuSCN/n-GaN heterostructure was fabricated into a UVPD with 

responsivity of 1.35 A/W at 330 nm, a p-CuSCN-based heterostructure with any n-type 

UVC wide-bandgap material may represent a desired structure to analyze whether p-

CuSCN-based UVPDs can perform in the UVC region. 
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Figure 6.2. Schematic diagram of the fabrication process for NiO/TiN/MgO and NiO/TiN/Si 

UVPDs. 

Since the device size negatively correlates with the bandwidth, decreasing the size of the 

NiO thin film will benefit device performance. Fig. 6.2 illustrates the fabrication process 

for a NiO UVPD, which may help to improve the performance of NiO UVPDs.  
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