
 

ABSTRACT 

AHMED, IBRAHIM  HANY. Development of Low Power, Efficient, and Radiation-Resistant 

Radiation Detector Based on Iron-doped Gallium Oxide. (Under the direction of Dr. Ge Yang).  

 

Radiation detectors based on semiconductors exhibit the highest energy resolution and 

offer many solutions for energy, industrial, medical, security, and research needs. Conventional 

silicon (Si) and germanium (Ge)-based detectors are limited in their applicability due to material-

imposed deficiencies. Si has a low density and limited electrical characteristics at room 

temperature, while Ge has a relatively high density but suffers from very high leakage currents at 

room temperature. Detectors based on both materials need cooling and are prone to radiation-

induced defects that deteriorate their performance in high radiation environments. On the other 

hand, Cadmium Zinc Telluride (CZT) is a high-density room temperature radiation detector 

material that has very good charge carrier properties that lead to high energy resolution. However, 

its applicability is very limited in high radiation environments and its high-yield production is 

challenging due to limitations imposed by problems in CZT large single crystal growth, namely 

the high concentration of sub-grain boundaries, Tellurium inclusions, and compositional 

inhomogeneity.  

Wide bandgap semiconductors (SiC, GaN, and diamond) are much less susceptible to 

atomic displacement damage by particle irradiation than elemental and narrow bandgap compound 

semiconductors, suiting the functionality of the radiation detectors based on them in strong 

radiation environments.  

The monoclinic ɓ-phase of gallium oxide (ɓ-Ga2O3) has recently been attracting significant 

research interest due to its thermal stability, ultra-wide bandgap (4.5 ï 5.1 eV), very high 

breakdown electric field (8 MV/cm), and most importantly, the proved capability of growing high-

quality bulk single crystals (SCs) from the molten state, which holds great potential for cost-



 

effective large-scale manufacturability. The applicability of ɓ-Ga2O3 is promising in a wide range 

of areas including power electronic devices, solar-blind UV photodetectors, gas detectors, 

transparent electrodes, and radiation detectors. 

The room-temperature and the harsh-environment applicability combined with the 

versatile crystal growth and fabrication technology motivate research efforts towards the 

development of ɓ-Ga2O3-based radiation detectors. In this study, ɓ-Ga2O3 was tested as a low-

noise X-ray detector with Ti/Au electrodes vertical structure. Iron-doped ɓ-Ga2O3 was particularly 

selected for its expected low leakage current as iron compensates the negative electrical 

conductivity of undoped Ga2O3.  The detectorôs performance at low, high, and no applied voltages 

was examined. High X-ray detection performance was evident by the signalôs short fall and rise 

time (< 0.3 sec) in all operation modes, showing 2 orders of magnitude decrease in the response 

time relative to previous reports of ɓ-Ga2O3 based X-ray detectors. The same temporal response 

was exhibited by a tested Au/Ni/ɓ-Ga2O3/Ti/Au device. The detectorôs signal is also characterized 

by an excellent linear relationship with the X-ray tube current, as well as a high signal-to-noise 

ratio (SNR) optimized at -5 V (> 103). Moreover, the X-ray induced current signal exhibits high 

stability under 15 minutes of continuous operation. Sub-band UV photocurrent signals showed a 

significantly slower response compared to the X-ray induced conductivity signals. 

To further understand the role of material imperfections in the current performance of ɓ-

Ga2O3 detectors, different characterization techniques were implemented. Positron Annihilation 

Spectroscopy (PAS) and Doppler Broadening Spectroscopy (DBS) were used to study positively 

charged and neutral vacancy defects. Temperature-Dependent Cathodoluminescence (CL) was 

used to study and identify luminescent defects. Time-of-Flight Secondary Ion Mass Spectrometry 

(TOF-SIMS) was used to study the spatial distribution of dopant and impurity atoms.   



 

In this study, Fe-doping is shown to significantly improve the X-ray detection performance 

of Ga2O3, consolidating the applicability of Ga2O3 next-generation X-ray detector functioning with 

low power, high SNR, and linearity, and significantly improved transient characteristics.  
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1. INTRODUCTION  

1.1. Semiconductor Radiation Detectors 

Radiation detectors are key components for many products and applications. These 

applications can be as fundamental as verifying theories and exploring the realms of theoretical 

physics[1], and as practical as routine medical diagnostics [2]. In general, there are three types of 

radiation detectors based on the detector material phase and the underlying physical processes that 

initiate the signal. (1) Gaseous detectors signal formation is based on the drift of electrons and ions 

produced from the passage of radiation in the detecting gas. (2) Semiconductor detectors signal 

formation is originated from the drift of electrons (e-) and holes (h+) inside the solid-state 

semiconductor, while (3) scintillator detectors convert the deposited energy to light in the 

photodetectors (ex. PMTs, and SiPM) detecting range.  

Semiconductor radiation detectors are crucial for a wide spectrum of applications including 

science and engineering research and development, medical diagnostics and treatment, nuclear 

power plants, radiation protection, nonproliferation, homeland security, and space technology [3]ï

[5]. For these applications, information about the type and intensity of the radiation field, as well 

as the energy spectrum and spatial distribution is commonly needed [6]. 

The semiconductor detector's active material volume is where the physical processes that 

initiate the signal take place.  The ionization of the active detector materialôs (ADM) atoms and 

the liberations of electrons leaving behind oppositely charged holes, is a consequence of the 

interaction between X-rays, -rays, or charged particles (lights and heavy) and ADMôs electrons. 

Under the influence of electric field inside the ADM, e- and h+ movement in opposite directions 

induce an electric current that can be read experimentally through either reading the electric current 

directly or reading the voltage generated between the ADM electrodes (the detector in this case 
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functions as a capacitor) [6], [7]. Reading either quantity indicates that radiation passed through 

the ADM. The efficiency of this process, as well as its temporal characteristics, are mainly dictated 

by the ADM. How ordered atoms in the ADM are arranged (crystallinity), how packed these atoms 

are (density), how much electrons each atom has (electron density and rate of interaction), and 

how well e- and h+ transport in the ADM are from the main factors that affect such performance 

[4], [6], [8]. 

Although knowing that radiation passed through or got stopped by the ADM is useful, 

information comprising the intensity, the energy, the direction, the type, or the time of arrival of 

radiation is what is needed for practical applications. Fast shaping and amplification of the voltage 

response yield a signalôs waveform which has an amplitude proportional to the energy that the 

radiation deposited in the ADM. It should be noted that this operation mode (pulse mode) is based 

on detecting one particle at a time. In other words, the drift of the e- and h+ cascades forms the 

voltage pulse, thus if the radiation intensity is high, pulse pile-up may result when the rate of 

interaction is higher than the rate of pulse processing [6]. The intensity of the radiation can also be 

inferred by counting these pulses. Semiconductor detectors operating in the pulse mode are capable 

of producing the energy spectrum of the radiation of interest and this finds tremendous applications 

in medical, security, fundamental and applied physics research, and industry. Localizing radiation 

paths can also be achieved utilizing pixelated electrodes among other methods. In some cases, such 

localization can also lead to the identification of the radiation type since each radiation type (i.e 

X-rays, -rays, electrons, protons, alpha particles, and heavy charged particles) has a unique path 

length and shape [9], [10]. 
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Even though radiation detectors use started more than a century ago with the discovery of 

X-rays in the late 1890s and early 1900s, many contemporary applications have needs that are not 

met yet by current state-of-the-art semiconductor radiation detectors. 
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1.2. Semiconductor Radiation Detectors Materials 

Although the first semiconductor radiation detector demonstration was based on a compound 

semiconductor (AgCl) ADM [6], [11], the majority of currently used semiconductor radiation 

detectors are based on Germanium (Ge) and Silicon (Si) elementary semiconductors (materialôs 

hosting matrix consists of one element). One should note that the reason why Si and Ge are widely 

spread is not just their performance, but rather that their crystal growth and fabrication technology 

was in advanced development stages by the 1960s [12]ï[16] when radiation detectors using 

semiconductor ADM were first available [6]. The advancement in Si and Ge technology allowed 

for the practical realization of material with very low defect states allowing for high charge carriers 

transport properties however, both Si and Ge elementary detectors have many limitations related 

to their intrinsic material properties. In other words, these limitations cannot be overcome by 

further research and development (R&D) in Si and Ge.   

So far, the cryogenically cooled Germanium detector has the highest spectral resolution and 

can be considered as the most successful spectroscopic semiconductor detector [6], [17]. However, 

the need to cool it is a major disadvantage of its applicability [3], [4], [8], [18], and less strict 

cooling procedure is needed to operate Si(Li), thus the quest for room temperature radiation 

detectors has been on for more than five decades [19], [20] and even with the current development 

of Cadmium Zinc Telluride (CZT) room temperature operated detector, the end of the quest is not 

reached yet [21]ï[23]. On the other hand, compound semiconductors (binary, ternary & 

quaternary) offer the possibility of obtaining an engineering solution through combining chosen 

elements to obtain a high average atomic number with a reasonable bandgap and further optimize 

it to reach the sought characteristics for a room temperature semiconductor, hopefully with near-

Ge performance [4], [24].  
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1.3. Important Characteristics of Semiconductor Material for Radiation Detection 

Important factors that should be taken into consideration in assessing semiconductor 

radiation detector material include stopping power for charged particles, attenuation coefficient 

for X- and -rays, energy resolution, mobility-life time product (ɛŰ-factor), Charge Collection (or 

Induction) Efficiency (CCE or CIE) [3], leakage current and polarization effect [4], [5]. Stopping 

power is defined as the energy lost by the particle per unit length traveled inside the material, as 

indicated by Bethe Equation (Equation 1) for charged particles, where NA is Avogadroôs number 

(φȢπςςρπ), A is the atomic number of the material, Z is the charge number of the incident 

particle, v is its velocity, x is path length, and B is defined by Equation 2 where I is a usually 

experimentally measured value of the ionization potential of the material [4].  

 
ὨὉ

Ὠὼ

ςὩὤὔᾀ

άὺὃ
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Bethe equation is valid for heavy charged particles but fails at low energies, another 

modified version of this equation was developed by Bethe for fast electron as well [6]. For X- and 

-rays, the linear attenuation coefficient is used to calculate the attenuation of the ray when it 

passes through the material, according to Equation 3, where I and Io are the surviving intensity 

(from passing thickness t of the material) and the initial intensity respectively, µ is the total 

attenuation coefficient that is dependent on the material and the energy of the photons [6].  
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Figure 1-1: Spectroscopic gamma response from 22Na for a Frisch grid detector fabricated from 

an as-grown Cd0.9Zn0.1Te0.98Se0.02 ingot at room temperature. Adapted from [25].  

The energy resolution is commonly defined as the Full Width at Half Maximum (FWHM) 

of the spectroscopic signal at a specific energy (or pulse height) divided by that energy, 

accordingly, it is usually reported as a percentage, as shown in Figure 1-1, for the spectroscopic 

response of Cd0.9Zn0.1Te0.98Se0.02 to 22Na -radiation [4], [6], [25]. The mobility-lifetime product 

is a very important factor that can be evaluated as a figure of merit [26] that gives a direct indication 

about the drift velocity and lifetime of charge carriers in the semiconductor material, it is defined 

by Equation 4, where ‗ is the mean drift length that the charge carrier (electron or hole) travels 

inside the semiconducting material under an applied electric field Ὁ, ‘ is the mobility (velocity 

indicator) of that charge carrier, † is the average lifetime of that charge carrier before it gets trapped 

by a material defect [4].  

 ‗ ‘†Ὁ (4) 
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 CCE for a planar detector is simply the amount of charge recorded by the external 

detection system (Q) divided by the original amount of charge that was generated by the incident 

radiation (Qo), and it is most commonly calculated by Hechtôs equation (Equation 5), where ɚh 

and ɚe are mean drift length of holes and electrons that are generated at distance x from the 

cathode of a detector with thickness L [4]. 

 

Figure 1-2: Temperature-dependent Current-Voltage of Ag/TlPbI3/Ag detector. The resistivity 

increased from ͯς ρπ Ȣὧά at RT to ͯ υȢυ ρπ Ȣὧά at -7 oC [27]. 

Leakage current is a direct indication of the noise signal that would be present under the 

applied voltage in the absence of any radiation, thus it is essential to review the resistivity of any 

proposed semiconductor detector material, as can be seen by Figure 1-2 [28] where authors 

reported the resistivity of Tl4CdI6 [4]. Leakage current depends mainly on the bandgap of the 
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semiconductor (higher bandgap results in lower leakage current) and the device structure [4]. 

Finally, the polarization effect is a long-term effect where the detecting material changes the 

applied electric field inside the material, this can happen due to charge trapping in defect centers 

[4], and of course, this adversely affects the performance of the detector and decrease CCE [4], 

[29]. 

For a competitive semiconductor radiation detector, researchers, therefore, seek high 

atomic number (above 40) and a closed-pack crystal structure (for the highest possible density) to 

increase intrinsic efficiency [6] of the detector, reasonable bandgap (1.3-2 eV) [30] to obtain high 

resistivity and small electron-hole generation energy, highest purity, highest homogeneity, highest 

ɛŰ-factor (for most detector configurations) and lowest defects possible to maximize and 

homogenize CCE, and finally, its price should be reasonable [4]. 
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1.4. Radiation-Induced Conduction 

Two types of induced currents can be generated in semiconductor radiation detectors 

working in the current mode: (1) the photovoltaic current in the absence of external voltage, and 

(2) the photoconductive current under an applied external voltage.  

The photovoltaic current is possible if there is an internal electric field, such as in p-n and 

Schottky metal-semiconductor junctions. The current generated in this case is very low because 

the internal voltage is low, thus operation in this mode is not widely used in radiation detectors. 

High incident radiation detection applications may be adequate to detectors operating in this mode 

due to the increase in the signal-to-noise ratio (SNR) [6]. 

The detector is said to be working in the photoconductive mode if two conditions are 

satisfied: (1) voltage is externally applied, and (2) the contacts on both detectorôs faces are injecting 

contacts, or in other words, Ohmic contacts, to allow the passing of charge carrier throughout the 

detector circuit [6]. Upon the passage of a pulse or continuous flow of radiation through the ADM, 

cascades of e-h pairs will be formed along such path. This will lead to a spike increase in charge 

carrier concentration, and consequently the conductivity (resistivities of photoconductive ADM 

are high, ranging between 1010 to 1013 ɋ.cm). This leads to an increase in the current (photocurrent) 

that is proportional to the deposited energy by the radiation, however, this mode of operation does 

not yield information about individual events (no energy spectrum). Under continuous irradiation, 

and when the condition of the injecting contacts is satisfied, the generated current that exits one 

contact is compensated by current injected from the other contact maintaining the increase in 

conductivity [6]. The time the current takes to reach this steady-state photocurrent (stable 

photocurrent) and the time it takes to reach the equilibrium current once the radiation exposure 

ends are the rise and fall time of the signal, respectively. Many factors determine the rise and fall 
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time including (1) the drift length of the charge carriers, (2) trapping and detrapping, (3) the 

injection of current from the contacts, and (4) charge accumulation near/on the surface of the 

contacts. 
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1.5. The focus of this Study 

The two main investigation points of this study are (1) evaluating highly compensated ɓ-Ga2O3 as 

X-ray detector material through analyzing its XRIC and (2) identifying possible material defects, 

their origin, and their roles in the performance of the fabricated device.  

X-ray detectors based on highly compensated ɓ-Ga2O3 (Fe-doped) were fabricated, 

processed, and their X-ray Induced Current (XRIC) was studied after assessing their conductivity 

and verifying that it is of the very low range (pA). Such high resistivity leads to a very low leakage 

current which contributes to the signalôs noise. By increasing the resistivity of ɓ-Ga2O3, the signal-

to-noise ratio (SNR) of the XRIC was significantly increased resulting in better device 

performance. Further, intrinsic and extrinsic electronic defects were investigated by (1) their 

optical signature (luminescence), (2) their effect on positron annihilation lifetime and annihilation 

gamma energy, and (3) the spatial distribution of impurities. 

The results of this study consolidate the applicability of ɓ-Ga2O3 as a radiation detector 

material capable of operating in harsh environments (ex. high radiation levels or high 

temperatures) and easily implemented in different device configurations (ex. planar detector, 

pixelated detector,éetc.) owing to its high radiation tolerance and fabrication versatility. 
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2. EMERGI NG RADIATION DETECTORS  BASED ON THE MONOCLINIC PHASE 

OF GALLIUM OXIDE  

2.1. (Ultra)wide Bandgap Semiconductors 

Wide and Ultrawide-Bandgap (WBG and UWBD) semiconductors' realization and 

development were challenging till the late 1980s. Even though it was expected that their material 

properties would facilitate and improve the development of many applications, such as visible light 

emission (400 nm, and 700 nm are equivalent to 3.1 eV, and 1.7 eV, respectively) and high break 

down voltage, Si, Ge, and III-V semiconductors (e.g. GaAs) were the dominant materials in 

semiconductor technology, all with narrow bandgaps (< 2.3 eV) [31]. By the late 1980s and early 

1990s, developments and research in WBG material resulted in many technological advancements, 

most prominently the development of Blue Light Emitting Diodes (LEDs) based on the WBG alloy 

Indium Gallium Nitride (InGaN), which was awarded the 2014 Nobel Prize [32]ï[34]. While 

InGaN meets many optoelectronic needs, interest in WBG has been increasing for the electronics 

industry, with relaxed light emission efficiency constraints (present in optoelectronics) making 

Silicon Carbide (SiC), Gallium Nitride (GaN), and Aluminum Gallium Nitride (AlGaN) viable 

options [31]. Even with the development of WBG materials, the need for Ultrawide bandgap 

(UWBG) material was persistent as many electronics material figure of merits scale up with the 

bandgap in a non-linear behavior [31].  

UWBG are semiconductors having bandgaps significantly larger than GaNôs 3.4 eV, for 

example, Aluminium Nitride (AlN) has a bandgap that reaches 6 eV. Although some UWBG 

semiconductors have been under study for two decades now, the realization of widespread devices 

based on UWBD material is recent and the current development stage for UWBG is similar to that 
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of WBG in the 1980s. As can be concluded from Table 2-1, every UWBG promising material has 

a deficiency in at least one of the state-of-the-art performance metrics.  

Table 2-1: Comparison of major performance physical properties metrics for the leading WBG 

and UWBG states-of-the-art material. Adapted from [31]. 

 

Materia l WBG UWBG 

GaN 4H-SiC AlGaN/AlN ɓ-Ga2O3 Diamond 

Bandgap (eV) 3.4 3.3 Up to 6 4.9 5.5 

Thermal Conductivity  

(W m-1 K -1) 

253 370 253-319 11-27 2290-

3450 

State of the art substrate 

quality (dislocation per cm2) 

~104 ~102 ~104 ~104 ~105 

State-of-the-art substrate 

diameter (inches) 

8 (on Si) 8 2 4 1 

Demonstrated p-type 

dopability  

Good Good Poor No Good 

Demonstrated n-type 

dopability  

Good Good Moderate Good Moderate 
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2.2. ɓ-Ga2O3 Physical Properties 

ɓ-Ga2O3 is the least mature and most recent UWBG material of high potential for numerous 

electronic and optoelectronic applications. The monoclinic ɓ-phase of gallium oxide (ɓ-Ga2O3) 

has recently been attracting significant research interest due to its thermal stability, ultra-wide 

bandgap (4.5 ï 5.1 eV), very high breakdown electric field (8 MV/cm), and the proved capability 

of growing high-quality bulk single crystals (SCs) from melt which offers great potential for cost-

effective large-scale manufacturing. The applicability of ɓ-Ga2O3 is promising in a wide range of 

areas including power electronic devices, solar-blind UV photodetectors, gas detectors, transparent 

electrodes, and radiation detectors. 

 

Figure 2-1: The unit cell and the lattice parameters of the monoclinic ɓ-Ga2O3. Adapted with 

permission from [35]. 

Gallium oxide has five known polymorphs: corundum rhombohedral (Ŭ), defective spinel 

(ɔ), cubic (ŭ), and orthorhombic (Ů) phases, and finally the monoclinic phase (a=12.214 A, 

b=3.0371 A, c=5.7981 A, ɓ=103.83o, as shown in Figure 2-1) which is the most stable under 
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normal conditions [35], [36]. Not all these polymorphs are semiconductor, they can be either 

insulators or conductors depending on the growth conditions, but they can potentially change to 

the monoclinic phase by proper heat treatment [36]. Depending on the doping elements and the 

doping level, as well as post-growth procedures, ɓ-Ga2O3 n-conductivity can be controlled (p-

conductivity has not been achieved) however, its bandgap is usually around 4.5 eV. 

   

Figure 2-2: Number of Ga2O3 publications per year from 1940 to 2019. Adapted from [37]. 

Original data were obtained from the Chemical Abstracts Service, American Chemical Society). 

Such a structure leads to the anisotropy of electrical, optical, mechanical, and 

thermodynamic properties as well, thus indicating the direction/plane of any measurement is a 

must. The number of publications on Ga2O3 has accelerated recently due to interest in electronic 

and photonic device capabilities beyond existing technology/material as illustrated in Figure 2-2 

[38]. Such applications include power electronic devices, photodetectors, photocatalysts, 

transparent conductive oxides, gas sensors, and radiation sensors [36], [39]. 
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The top of the valance band and the bottom of the conduction band are made up of the 

anionic (O 2p states with contributions from Ga 3d and 4s orbitals) and cationic states (Ga 4s 

states), respectively. 

Figure 2-3: Linear attenuation coefficient as a function of X-ray photon energy for WBG and 

UWBG semiconductors used/understudy for X-ray detection. Adapted from [40]. 

The large bandgap of Ga2O3 (4.5 to 5.1 eV) allows high-temperature operation, and the 

large critical field allows high voltage operation (relative to maximum breakdown). On the other 

hand, the relatively low thermal conductivity, k, of Ga2O3 creates self-heating effects that must be 

mitigated to utilize Ga2O3 in high-frequency devices. 

Gallium oxide also has a relatively high density (6.44 g cmī3) facilitating its operation as 

an X-ray detector material compared to ZnO (5.676 g cmī3), GaN (6.15 g cmī3), SiC (3.16 g cmī3), 

Diamond (3.52 g cmī3) as can see in Figure 2-3 [40]. 
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Figure 2-4: Schematic of (a) EFG, (b) CZ, (c) FZ, and (d) VB melt growth techniques suitable 

for the growth of bulk ɓ-Ga2O3. Adapted with permission from [41]. 

Melt-growth methods developed for Ga2O3 are likely to be produce crystals at a lower cost 

than the sublimation techniques commonly used for the growth of SiC substrates. Successful bulk 

growth methods, including the Czochralski method (CZ), Floating-Zone (FZ), Edge-Defined Film 

fed Growth (EFG), and Vertical Bridgman (VB) as shown in Figure 2-4 [41]. EFG has successfully 

yielded 4-inch wafers with low defect density in the order of 103 cm-3, while dislocation density is 

in the order of 106 ï 107 cm-2. On the other hand, FZ yields higher purity single crystals but is 

limited in diameter. In all melting growth methods, the crucible material is a challenge and usually, 

Ir or Pt/Rh are used for the very high temperature needed (>1900 oC).  
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Figure 2-5: Schematic of (a) HVPE and (b) mist-CVD systems used for the epitaxial growth of 

Ŭ- and ɓ-Ga2O3. Adapted with permission from [41]. 

ɓ-Ga2O3 has successfully been grown with epitaxy methods as Molecular Beam Epitaxy 

(MBE), Metal-Organic Chemical Vapor Deposition (MOCVD), Halide Vapor Phase Epitaxy 

(HVPE), and mist-CVD illustrated in Figure 2-5 [41]. The growth rate from MOCVD reached 10 

ɛm/h at 900 oC and 170 rpm substrate rotation. While the use of GaCl and O2 precursors in HVPE 

of Ga2O3 produces successful growth on (001) ɓ-Ga2O3 substrates. 

The successful control of conductivity through doping and mitigation of trap states is a key 

to realizing device applications with ɓ-Ga2O3. Mg, N, and Fe compensate n-type conductivity 

leading to a high resistivity semi-insulator. While Si, Sn, Ge, F, and Cl are n-type dopants that 

enhance the n-conductivity. Atmosphere-dependent post-growth annealing can be used to control 

conductivity as well [36]. 
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2.3. Radiation Damage and Harsh Environment Operation 

Figure 2-6: Recovery of charge carrier concentration (n) with time in the bulk sample irradiated 

with φ ρπ ὧά  H+ ions. Adapted from [42]. 

WBG (SiC, GaN, and diamond) are much less susceptible to displacement damage by 

particle irradiation than elemental and narrow bandgap compound semiconductors. Therefore ɓ-

Ga2O3 is expected to have high radiation tolerance. Studies [42] using 0.6 and 1.9 MeV protons to 

doses ranging from υ ρπ ὧά  to φ ρπ ὧά  have shown that doses below  

φ ρπ ὧά  have little or no influence on the material electrical properties. While at doses 

above ς ρπ ὧά , a complete removal of free charge carriers in their as-irradiated state was 

shown. However, this effect was reversable by heating the sample as shown in Figure 2-6 [42]. 

Gamma-ray tolerance as high as 1.6 MGy (SiO2) was demonstrated for the bulk Ga2O3 

channel by virtue of weak radiation effects on the MOSFETsô output current and threshold 

voltage(1 Gy corresponds to absorbed radiation energy of 1 J/kg of mass, with SiO2 being a 

common reference material of choice) [43]. MOSFETs (shown in Figure 2-7) remained functional 

with insignificant hysteresis in their transfer characteristics. As shown in Figure 2-8, Ga2O3 
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MOSFETs remained functional at cumulative doses of 1 MGy (SiO2) and beyond, which were 

more than 10 times the target -ray dose tolerance for space and radiation detector applications. 

Radiation-induced gate leakage and drain current dispersion ascribed respectively to dielectric 

damage and interface charge trapping were found to limit the overall radiation hardness of these 

devices [43]. 

 

Figure 2-7: Cross-sectional schematic of the field-plated Ga2O3 MOSFETs used in gamma 

irradiation study. Adapted with permission from [43]. 

 

Figure 2-8: MOSFETs characteristics before and after irradiation. Adapted with permission from 

[43]. 
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2.4. X-ray Detectors Based on ɓ-Ga2O3 

Figure 2-9: Schematic cross-section of the vertical Au/Pt/ɓ-Ga2O3/Ti/Au SBDs fabricated on 

a bulk EFG substrate. Adapted from [40]. 

Two recent attempts were made in the direction of X-ray detectors based on Ga2O3, 

Schottky barrier diodes (SBD) based on unintentionally doped EFG grown SC, and flexible metal-

semiconductor-metal based on RF sputtered amorphous Ga2O3 (a-Ga2O3) detector [40], [44], [45]. 

Figure 2-10: I-V characteristic of the fabricated ɓ-Ga2O3 SBD in dark condition. The inset shows 

the reverse leakage current on a semi-log scale. Adapted from [40]. 
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Figure 2-11: Comparison of the XRIC (Ix-ray) and the dark current (Idark) of a Schottky diode ɓ-

Ga2O3 X-ray detector as a function of reverse bias voltage. The inset shows the plot on a semi-

log scale. Adapted from [40]. 

For SBD shown in Figure 2-9, the SC was first annealed in air at 1500oC for 2 days and 

was chemically and mechanically polished (2 sides) before electrode deposition. The device 

showed Schottky diode behavior, as shown in Figure 2-10, with an early breakdown at -20 V. SBD 

exhibited X-Ray Induced Conductivity (XRIC) as can be seen in Figure 2-11. The X-ray detection 

performance at no bias voltage and -10 V is shown in Figure 2-12 which shows the transient 

response of the SBD XRIC. The SBD device exhibited photovoltaic conductivity as evidenced by 

the 0 V signal, with fast rise and fall times compared to its operation at -10 V. On the other hand, 

the detector exhibited poor transient characteristics when operated at -10 V, which was attributed 

to the photoconductive mode of the charge transport. In the photoconductive mode of operation, 

charges get trapped by material defects and then de-trapped contributing to the signalôs long fall 

and rise time. (Űr1 = 13.8 s, Űr2 = 1.4 s, Űf1 = 17.1 s, and Űf2 = 4.0 s). These devices exhibited high 

SNR over 800 and good linearity with the X-ray dose [40], [45]. On the other hand, a-Ga2O3 X-
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ray detectors had very high SNR and linearity but suffered from a significantly slower response 

(50 sec) and persistent photocurrent (PPC) [44]. 

 

Figure 2-12: The transient response of the ɓ-Ga2O3 SBD X-ray detectors to the switching of X-

ray illumination at bias 0 V and -10 V. Adapted from [40]. 

X-ray detection with high spatial and energy resolution is crucial for many fields including 

medical imaging, security, basic science experiments, nuclear technology, non-destructive testing, 

space technology, and military applications [2], [6], [46]. Many applications often need high X-

ray detection performance in a harsh environment, such as high temperature or high radiation field 

environment. Moreover, self-powered X-ray detectors can offer passive detection methods 

facilitating many applications including wearable devices and scenarios involving power absence, 

such as passive safety systems response during electric power failures [47], [48].  

The large bandgap of gallium oxide allows it to meet all the aforementioned needs of high 

radiation resistance, and high-temperature operation, while its high fabrication versatility that has 

been shown in the past two decades allows its thin film and bulk crystal growth.  
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2.5. Contribution of this work  

 In this study, vertically structured X-ray detectors based on Fe-doped ɓ-Ga2O3 grown by 

the Edge-Defined Film-Fed technique were fabricated, and their performance was studied. Their 

XRIC under low, high, and no applied voltages was examined. The fabricated detector showed 

high X-ray detection performance, in particular, the Au/Ti/ɓ-Ga2O3/Ti/Au device XRIC was 

characterized by its signalôs short fall and rise time under all applied voltage conditions, showing 

two orders of magnitude improvement over the response time of recently reported undoped EFG 

ɓ-Ga2O3 based X-ray detectors [40], [45]. The same temporal response was exhibited by fabricated 

Au/Ni/ɓ-Ga2O3/Ti/Au device. The high performance of ɓ-Ga2O3 (Fe) was also shown in its other 

characteristics, namely (1) the linear relationship between XRIC and X-ray tube current, (2) the 

high XRIC SNR which was optimized (> 103) under -5 V, and (3) the XRIC stability under 15 

minutes continuous operation. Examination of the possible charge transport mechanisms based on 

the XRIC behavior indicated the presence of low ion migration.  

 Possible point defects and impurities in EFG (010) ɓ-Ga2O3 (Fe) were studied by low-

temperature Cathodoluminescence Spectroscopy, Positron Annihilation Lifetime Spectroscopy 

(PALS), Doppler Broadening Spectroscopy (DBS), and Time of Flight Secondary Ion Mass 

Spectrometry (TOF-SIMS). Possible material defects that can affect the detector performance are 

suggested and discussed. This exploratory study encourages further research on highly 

compensated Fe-doped ɓ-Ga2O3 as a promising next-generation detector material extending the 

applicability of current X-ray detection technology, particularly in harsh environments (in terms 

of radiation and temperature), under passive operation (no applied voltage), and at low applied 

voltage operation (portable batteries range, ~5 V).  
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3. EXPERIME NTAL SET -UPS 

3.1. Experimental Plan 

Radiation detector material development is a cyclic process. It starts with material synthesis 

and device fabrication, and it is hard to draw a line where it ends. Each cycle passes through basic 

characterization steps, followed by various detailed experiments to probe the physical properties 

of the material to develop a more accurate understanding of its properties and their relation to the 

detector functionality. This developed understanding allows for modifications in the material 

synthesis and device fabrication phases to achieve better material and device characteristics. It can 

also open paths for innovative and novel device designs that are tailored to the specific properties 

of the material under study. 

 

Figure 3-1: Simplified diagram of the experimental plan illustrating the cyclic nature of radiation 

detector material development. 
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A summary diagram of the whole scientific process incorporated in this work is shown in 

Figure 3-1. In this study, (010) ɓ-Ga2O3 (Fe) grown by the Edge-Defined Film-fed crystal Growth 

(EFG) technique was used as a base material for radiation detectors. Two devices were constructed 

with an initial intention to form an Ohmic and a Schottky device for a semiconductor detector 

device exploratory study. Electrical contacts for both devices were deposited using PVD. 

Absorption Spectroscopy, I-V, and XRIC studies were performed as basic characterization 

techniques to evaluate the material and device basic properties. Further understanding of the 

material electronic, optical, and optoelectronic properties was based on CL, TOF-SIMS, PAS, 

DBS, and UVIC. In this chapter, a detailed description of the used experimental methods is 

presented along with the reason(s) why each method was used.  
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3.2. Edge-Defined Film-Fed Crystal Growth  

Growing SC from the melt is the most practical method to produce high-quality crystals in 

a high growth rate and scalable fashion. Edge-defined Film-fed Growth (EFG) is a shape-

determined, melt-originated crystal growth method first investigated between 1938 and 1952 by 

A. V. Stepanov, and independently a similar method was later introduced in a series of publications 

by H. E. Labelle Jr in 1971 which is often considered as the first introduction of this technique 

[49]ï[52]. EFG is currently the most successful method for growing ɓ-Ga2O3 in terms of crystal 

quality evaluated by X-ray Diffraction (XRD) rocking curve (19 arcsec for [ 2̄ 0 1]  wafer) [41], 

[53]ï[55]. 

 

Figure 3-2: Schematic of the EFG melt growth technique for single crystal growth of bulk ɓ-

Ga2O3. Adapted with permission from [41].  

As illustrated by Figure 3-2, the main characteristic of EFG is the capillary motion 

(wicking) of the melt inside the die (shaper) through a slit. A seed crystal touches the top of the 

melt and is pulled slowly upwards as a single crystalline interface forms between the solid seed 
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crystal and the liquid melt. The feed melt is heated by heating elements (usually inductive RF 

coils) in a nonreactive crucible and the capillary path is wetted with the melt. 

ɓ-Ga2O3 is grown in an iridium crucible and die that can withstand its very high melting 

point (> 1800 oC). To minimize Ir oxidation at such elevated temperature, the crystal growth 

atmosphere is set to be N2 rich (98% N2 : 2% O2). Sn is commonly used for n-doping while Fe is 

used to compensate the unintentional n-conductivity to produce semi-insulating (highly resistive 

semiconductor) SC which is primarily used as a substrate for device fabrication (homoepitaxial 

growth).  
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3.3. Physical Vapor Deposition 

Physical Vapor Deposition (PVD) is a deposition technique based on evaporating solid 

material to be deposited, thus changing its form from condensed phase (solid) to gaseous phase 

and depositing it on the substrate thus returning it to its solid-state again. Such a process is done 

under a high vacuum and can vary in simplicity and the incorporated evaporation technique. 

Different PVD techniques can be used and the main difference between them is usually the way 

the material is first evaporated from its solid to gas state. The most two common configurations 

for PVD are thermal evaporation and electron beam (e-beam) evaporation. Other techniques 

include Cathodic Arc, Pulsed laser, and sputter deposition.  

Thermal evaporation is by far the most common PVD method due to its simplicity, which 

makes its home fabrication possible without major sophisticated experimental problems. In this 

configuration, the deposition chamber pressure should be lower than 10-5 Torr, and three main 

components are present inside, the sample holder where the sample is mounted and its surface-to-

be-deposited faces the second component which is the resistive crucible boat where the depositing 

metal is placed, and the final component is a probe to measure the deposition thickness. The low 

pressure is essential for two reasons, first, it increases the mean free path of the evaporated gas 

molecules which decrease their absorption and scattering achieving more efficient deposition, 

second, the presence of air or any other gas will affect the deposition process itself by either 

interacting with the substrate or by interaction with the metal gas molecules leading to defects in 

the deposited coat/thin film. The major drawback of thermal evaporation PVD is the contamination 

of the film from the crucible boat material since it is resistively heated to melt the metal, this 

specific drawback is solved by using electron beam evaporation. 
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On the contrary, in e-beam evaporation, the metal to be deposited is evaporated by an 

electron beam coming from a tungsten filament and confined magnetically to be localized in very 

small parts of the metal. Such modification over the previous technique avoids contamination from 

any part that is close to the metal-to-be-deposited and this is always enhanced by water cooling of 

the crucible as well, moreover, heating by electron beam achieves higher temperatures allowing 

deposition of metals that thermal evaporation canôt sublime/evaporate.  

For fabrication of ɓ-Ga2O3 (Fe) X-ray detector, electric contacts were formed on both sides 

of two samples using a 4x4 mm2 mask. Two 0.5 mm thick samples with lateral areas of 5x5 mm2 

were first cleaned with acetone, followed by e-beam electrode deposition (except Ti, RF 

magnetron sputtering was used). For one sample Ti/Au (50/50 nm) were deposited on both sides. 

For the other sample, Ti/Au (50/50 nm) was deposited on one side and Ni/Au (50/50 nm) was 

deposited on the other side. Electrical contact deposition was done using an Angstrom PVD 

platform. 
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3.4. Absorption Spectroscopy 

IR-UV-Vis absorption spectroscopy is an efficient technique in determining the bandgap 

of crystalline semiconductors. As a result of energy and momentum conservation, the minimum 

energy that a photon needs to produce e-h pair is the energy needed for electrons in the valence 

band to be excited to the conduction band, in other words, the bandgap. This leads to a sharp 

increase in the absorption spectrum at that fundamental absorption photon energy. For accurate 

determination of the bandgap, the so-called Tauc plot is constructed to correct for bandgap 

reduction effects resulting from band-tailing due to material defects. Equation 6 is used to construct 

the Tauc plot, where ‌ is the absorption coefficient calculated from Equation 7, Ὤ’ is the energy 

of the incident photon, Ὁ is the bandgap of the semiconductor, ὶ is a factor equal to  for direct 

bandgap material and 2 for indirect bandgap material, ὼ is the sampleôs thickness, Ὅ is the intensity 

of the transmitted photons and Ὅ is the incident photons intensity [56], [57]. The absorption 

spectroscopy for bandgap determination of ɓ-Ga2O3 (Fe) was done using an Agilant Cary 60 UV-

Vis system. 

 ‌Ὤ’ ὃὬ’ Ὁ  (6) 

 
Ὅ

Ὅ
Ὡ  (7) 
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3.5. Resistivity 

The resistivity was measured from the current-voltage (I-V) characteristic curve using a 

Keithley 6487 Pico-ammeter and voltage source. The I-V measurement was conducted at room 

temperature in an in-house made dark testing box shown in Figure 3-3. 

Figure 3-3: An in-house built versatile testing box used for IV, XRIC, and UVIC measurements. 
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3.6. Annealing for CL and PAS  

 Annealing was done twice to two EFG (010) ɓ-Ga2O3 (Fe) samples (dims: 

υ υ πȢυ άά ). The first annealing process was done in air at 1100 oC for 5 hours with a 

heating/cooling rate of 10 oC/min. After this, the samples were taken for CL and PALS 

measurements. The second annealing process was done in 1% H2 : 99% Ar atmosphere at 900 oC 

for 2 hours and PO2 was kept at 10-16 atm level. Only PALS/DBS measurements were taken after 

the second anneal. The sample was placed in a quartz and alumina boat during the first and second 

annealing processes, respectively.  

  



 

34 

 

3.7. Cathodoluminescence Spectroscopy (CL) 

 The temperature-dependent cathodoluminescence (CL) measurements were conducted 

using a Horiba H-Clue detector system coupled to a JEOL JSM-7600F Field Emission Scanning 

Electron Microscopy. An accelerating voltage of 15 kV was used and the electrons current was 84 

pA. Emission scanning was done from 200 nm to 700 nm for the as-grown sample, and from 200 

nm to 1200 nm for the air-annealed sample.  
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3.8. Time of Flight ï Secondary Ion Mass Spectroscopy  

Time of Flight ï Secondary Ion Mass Spectroscopy (TOF-SIMS) [58] is a highly sensitive 

surface analytical technique for the acquisition of elemental and molecular information from the 

surface of a material with high spatial and mass resolution. A finely focused, pulsed primary ion 

beam is rastered across the surface of the sample, and the secondary ions emitted at each pixel are 

extracted into a time of flight mass spectrometer, mass filtered, and counted. With the dual-beam 

operation, the depth profile of ions can be obtained, and quantification of elements can be achieved 

in the presence of a standard sample (reference). 

TOF-SIMS analyses were conducted using a TOF SIMS V (ION TOF, Inc. Chestnut Ridge, 

NY) instrument equipped with a Bin 
m+ (n = 1 - 5, m = 1, 2) liquid metal ion gun, Cs+ sputtering 

gun, and electron flood gun for charge compensation. Both the Bi and Cs ion columns are oriented 

at 45° with respect to the sample surface normal. The instrument vacuum system consists of a load 

lock for rapid sample loading and an analysis chamber, separated by the gate valve. The analysis 

chamber pressure is maintained below 5.0 x 10-9 mbar to avoid contamination of the surfaces to 

be analyzed. 

The thickness surface was sputtered with 10 keV Cs+ beam at 30 nA for 20 scans over 

υυπυππ ‘ά  area, which only sputtered away a few nanometers of ɓ-Ga2O3 (Fe), mainly 

surface contaminations. The analysis beam was 25 keV Bi3
+ ion at 0.15 pA current. TOF-SIMS 

was primarily utilized to gain information on Iron and impurities spatial distribution through the 

sampleôs thickness. 

  



 

36 

 

3.9. Positron Annihilation Lifetime Spectroscopy (PALS) and Doppler Broadening of 

Annihilation Radiation Spectroscopy (DBS) 

 Positrons (electronsô anti-particles) annihilation inside a medium, contains information 

about the electrons in that medium as the properties of the two annihilation gamma photons are 

highly sensitive to the electronsô densities, energies, and momenta. As shown in Figure 3-4, in the 

annihilation process, a positron and an electron annihilate, and two gamma quanta are produced 

conserving the energy, momenta, and charge of both systems.  

 

Figure 3-4: Electron-Positron Annihilation. At low energies (positron annihilation spectroscopy 

experiments lie in this range) a positron and an electron annihilate and two anticollinear 511-

keV-gammas are produced conserving the energy, momentum, and charge of both systems.  

Adapted with permission from [17]. 

 From the conservation of energy and given that both the electron and the positron are 

stationary, it can be shown that each of the two quanta will have 511 keV (equivalent to the rest 

mass energy of an electron/positron).  The time between positron implantation inside a material 

and its annihilation with an electron is dependent on the electron density distribution inside that 

material. A direct result of the momentum conservation between the positron + electron system 

and the two gamma photons system, is the deviation from anticollinearity and broadening of the 

511 keV peak of the two gamma photons, as shown in Figure 3-5. Accordingly, three main 

techniques were developed based on positron annihilation inside solid materials: (1) Positron 
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Annihilation Lifetime Spectroscopy, (2) Doppler Broadening Spectroscopy (DBS), and (3) 

Angular Correlation of Annihilation Radiation (ACAR) [59]. 

 

Figure 3-5: Conservation of momentum for the positron annihilation process. Adapted with 

permission from [59]. 

 A schematic representation of the three techniques is shown in Figure 3-6. Discussions in 

this section will focus only on the first two techniques since they are the more commonly used for 

vacancy defects studies compared to ACAR, and because these are the two techniques used in this 

study. 

 Although the theoretical (predicted by Paul Dirac in 1931) and experimental (by Carl 

Anderson in 1932) discovery of positrons motivated studies of positron annihilation in solids, it 

was not until the late 1960s when the sensitivity of the positron annihilation process to vacancy 

type defects in solids was established [60]ï[65]. Positron annihilation experiments are well suited 

for the study of vacancy defects due to the high sensitivity of these techniques. Studies of vacancy 

defects ranging in size from 1 to 15 and concentrations as low as 0.1 ppm are achievable with 

positron annihilation techniques. 
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Figure 3-6: Techniques, time scales, and length ranges of positron annihilation [59], [66]. The 

schematic represents the observables in positron annihilation spectroscopy experiments 

employing the commonly used 22Na ɓ+-emitter. Adapted with permission from [59].  

Before annihilation, energetic positrons implanted in solid material first slow down and 

lose their energy till they are thermalized, then diffuse inside the material. The thermalization 

process takes place via different positron-energy dependent processes. Within few picoseconds, 

high energy positrons (few MeV) ionize and excite atoms (inelastic scattering) while slower (<10 

eV) positrons lose energy via electron-hole pair formation and phonons [67]ï[69]. Thermal 

positrons diffuse in the solids probing diffusion length, L+, about 100 nm before annihilation. The 
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relatively large volume probed by thermalized positrons is one of the main reasons why positron 

annihilation techniques are highly sensitive to material vacancy defects. The thermalization and 

the diffusion processesô time and length ranges are shown in Figure 3-6. The thermalization time 

is negligible compared to the positron lifetime in solids [67], [69], [70].  

 

Figure 3-7: Ab-initio calculation of positron density in the (001) plane of Cu. Blue circles 

indicate Cu ions. (a) presents the case for a perfect crystal, while (b), (c), and (d) show the case 

for mono, di, and tri-vacancy defects, respectively. Cu lattice parameters are used for the X and 

Y scales of the graphs. Adapted with permission from [71].  

The implantation depth is dependent on the energy of the positrons. Two types of positron 

sources are commonly used for positron annihilation experiments: (1) positron-emitting 
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radioactive sources (ɓ+-emitters) and (2) accelerated positron beams, originally produced by ɓ+-

emitters, pair-production of gammas having energies higher than double the rest mass of an 

electron (>1.22 MeV) or other nuclear processes. The implantation profile for positrons, of 

maximum energy Emax, from a ɓ
+-emitter, is empirically given by Equation Error! Reference 

source not found., where ɟ is the material density, Ŭ is the energy-dependent positron stopping 

coefficient [72]. A few hundred µms are enough to stop virtually all positrons in solids. For 

example, 99.8% of 22Na positrons are stopped in 190 Õm of Fe (ɟ=7.8 gm/cm3). Thus, positron 

annihilation experiments based on ɓ+-emitter sources give information representable of the bulk 

material.  

ὖὼ ‌ Ὡ ȟ ‌ ὧά ρφ
”Ὣὧά

 ὉȢ ὓὩὠ
 (3-1) 

 Vacancies (vacant lattice sites that would otherwise be occupied in a perfect lattice) cause 

a significant decrease in the local electron density and energy distribution. This can be probed due 

to trapping of positrons in vacancies where Coulombic repulsion is reduced due to the absence of 

the ion core (positive nucleus). Positrons get localized (trapped) in these potential wells as 

illustrated in Figure 3-7, and the energy difference (binding energy > 1 eV) between the free state 

and the localized one is dissipated in the lattice. Detrapping is negligible due to the high binding 

energy of the positron in the vacancy site, so a simple two-step trapping model can be used which 

is shown in Figure 3-8. Each defect type has a specific trapping coefficient (µd) that characterizes 

the probability of positron trapping in this defect. For example, extensive experimental [73]ï[75] 

and theoretical [68], [76] research in semiconductors (GaAs, GaN and ZnO) pointed out that the 

µv coefficient of negatively charged cation vacancies and neutral vacancies are in the range of 

ς σ ρπ ί , and ρ ρπ ί , respectively. The µd is simply the proportionality 

constant between the trapping rate of positrons in a defect, əd, and the defectôs atomic 
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concentration (Cd = Nd/Nat, Nd and Nat are the defect and host lattice atomic density respectively). 

For a more rigorous analysis of positron trapping models in solids, the reader is referred to 

literature reviews covering positron annihilation studies in semiconductors [59], [76]. 

 

Figure 3-8: Schematic of the two-state trapping model that accounts for the trapping (with 

defect-specific coefficient µ) of the free positrons (with material-specific lifetime Űb ) in a 

vacancy defect site (with a defect-specific lifetime Űd). Adapted with permission from [59]. 

 In vacancies potential wells, positrons annihilate with a lower rate (longer lifetime Űd), 

compared to the annihilation rate of the bulk defect-free material (Űb), due to the reduction of the 

local electron density. PALS is based on measuring the time difference (ȹt) distribution between 

the start of the positronôs interaction with the sample and production of annihilation photons as 

shown in Figure 3-6. Positron lifetimes in the sample are obtained from analyzing PALS 

distribution based on the trapping model.  
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Figure 3-9: Schematic representation of the change in the vacancy defect type on the PALS and 

DBS signals, due to the change in electron density and energy distribution. The third row of the 

figure illustrates the DBS parameters (S and W) calculation. Often in DBS data analysis, only the 

high energy end W is accounted for to avoid high noise levels in the low energy end. Adapted 

with permission from [77]. 

 Changes in the core and the valence electrons density around the vacancy defect lead to the 

doppler broadening of the annihilation gammas. DBS is based on acquiring a high-energy-

resolution spectrum around the 511 keV peak. As shown in Figure 3-9, two regions in the spectrum 

are defined such that one represents the rate of annihilation involving interactions with low 

momenta electrons (S for Shape) and the other represents the rate of annihilation involving 

interactions with high momenta electrons (W for Wing). Low-momenta counts (low ȹE) come 

from positrons annihilation with valence electrons, while core electrons annihilations contribute 
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to the high-momenta counts (high ȹE). For example, the significant reduction in core electron 

densities leads to narrowing (decrease in W and increase in S) the doppler-broadened peak, as 

illustrated in Figure 3-9. Thus, electronic structure correlations and information can be revealed 

from the analysis of (S,W), (S, independent variable), and (W, independent variable) graphs, where 

the independent variable can be temperature, thickness, doping species, dopant concentration, 

irradiationéetc.  

 Fast  coincidence detection systems are employed for PALS due to the short lifetime of 

positrons in solids (hundreds of ps to few nm). Thus, fast plastic scintillators coupled with fast 

PMTs are usually used to detect the start and stop -photons. Analysis of the PMT signal is 

performed by either analog instruments or digitally [59]. In an analog system, time-pulse shaping 

and energy discrimination from the PMT pulse are done using constant fraction differential 

discriminators (CFDD). A time-to-amplitude converter (TAC) is used to calculate the time 

difference, which is passed to an analog-to-digital converter (ADC) and finally, a multichannel 

analyzer (MCA) passes the signal to a computer. For accurate calculation of ȹt, a delay is used 

after the 511 KeV- -CFDD (stop signal) to operate the TAC in its linear region.   
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Figure 3-10: A schematic of the analog and digital bulk-PALS system of the NCSU positron user 

facility. Adapted from [78]. 

 PALS measurements were conducted at the Positron user facility at NCSUôs PULSTAR 

reactor [78]. The sample set-up and the fast radiation detection system are shown in  Figure 3-10. 

The experimental set-up is equipped with both digital (prioritizing count rates) and analog 

(prioritizing timing resolution) systems. PALS measurements were done with the analog 

instrumentation system. 22Na radioactive source was used with ~15 µCi activity. As shown in 

Figure 3-11, 22Na has a high e+ yield of ~90% (Emax=0.544 MeV) and emits quasi-simultaneous 

1.27 MeV ◓-photon, which are used as start signals for the coincidence measurement. The source 

(wrapped in 2 µm aluminum foil) was placed between two identical υ υ πȢυ άά  EFG (010) 

ɓ-Ga2O3 (Fe) such that both samples cover the whole solid angle of the source. For the DBS 

measurements, the same sample set-up was used, and the annihilations ◓-photons were detected 

by a High-Purity Germanium detector (HPGe). The S and W parametersô windows are defined as 
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+/-0.873 keV and +/-(2.87 keV to 4.61 keV) from the 511 keV peak centroid, respectively. S and 

W parameters were obtained by fitting the energy peak with two Gaussian functions and a step 

function convoluted with the HPGe energy resolution (å1.5 keV at 514 keV).  

 

Figure 3-11: 22Na decay scheme .Adapted from [59]. 

DBS and PALS spectra were taken simultaneously, as shown in Figure 3-12. The source-

sample package was placed on a heating-cooling stage (Linkam) inside a vacuum chamber 

( ρͯ ρπ Ὕέὶὶ, kept by a mechanical rotary pump) for temperature-dependent measurements, 

and each temperature was kept for 60-90 minutes. 

After the initial RT runs, the samples were first cooled down to -20 oC, and subsequently 

lower temperatures at 40 oC steps to -180 oC. The samples were held at each temperature for 

approximately 60-90 mins for the PALS and DBS runs to accumulate enough counts. For each 

PALS spectrum, at least ρȢρ ρπ events were recorded, and for each DBS spectrum, several 

million events were recorded under the 511 keV annihilation gamma-peak. After the annealing, 

the samples were placed back into the sample stage and heated to 480 oC at 40 oC steps in a rough 

vacuum environment. A final run was taken at RT after cooling down from 480 oC. 
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Figure 3-12: A schematic illustrating the sample stage (with the source-sample configuration) 

and detectors for both PALS and DBS measurement. The schematic illustrates the directionality 

of the measurements. In DBS measurements, the surface normal to the (010) sample is 

perpendicular to the axis of the HPGe detector end cap, as shown in the figure. Note:  The angles 

between the HPGe axis and the sampleôs (100) and (001) directions were not the same for the 

pristine and the annealed sample. Courtesy of Dr. Ming Liu. 
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3.10. X-Ray and UV Induced Conductivity (XRIC  and UVIC) 

The XRIC experimental set-up is shown in Figure 3-13. The X-ray tube (Cu, 45 kV, 40 

mA) was equipped with an X-ray diffractometer (Empyrean, PANalytical)  and no optics were 

used in front of the beam other than a mask and a Soller slit which were used to define the beam 

geometry. A Keithley 6487 Source Measure Unit (SMU) was used to apply the external electric 

field and measure the induced current. The temporal X-ray induced conductivity was measured in 

0.3-sec steps.  

The UVIC set-up is shown in Figure 3-3. The used excitation source was UV LED 

(σφυ ὲά) which was placed inside the testing box and controlled externally via an Arduino 

controller for photoconductivity transient measurements. The same versatile testing box was used 

for all electrical and optoelectrical measurements, however, the lid had to stay open through XRIC 

measurements which slightly compromised the measurement sensitivity. 

Figure 3-13:  XRIC measurement schematic set-up 
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4. OPTICAL AND E LECTRONIC PROPERTIES OF ɓ-Ga2O3 (Fe) 

4.1. Abstract 

In this chapter, optical and electrical properties along the b-axis of ɓ-Ga2O3 (Fe) will be 

discussed in light of the results obtained from low-temperature CL spectroscopy, optical 

absorption spectroscopy, and current-voltage measurements. As summarized in Figure 4-1, the 

temperature-dependent CL measurements exhibited a strong blue to ultraviolet (UV) band 

composed of multiple low-intensity peaks (B1=2.51 eV, B2=2.57 eV, B3=2.64 eV, and B4=2.73 

eV) in the blue range, a main blue peak (B5= 3.02 eV), a strong UV peak (UV1=3.12 eV), and a 

weak UV band from the as-grown Fe-doped ɓ-Ga2O3. After controlled annealing in air, the 

emissions changed to a red to near-infrared (R-NIR) band with two sharp peaks (R1=1.78 eV and 

R2=1.8 eV) and a UV band that is resolved at room temperature to three UV broad peaks (UV2=2.9 

eV, UV3=3.3 eV and UV4= 3.8 eV). The low energy blue peaks were assigned to oxygen and 

gallium vacancies complexes and the high energy blue peak and UV peak were assigned to donor-

acceptor pair (DAP) involving Fe atoms in gallium sites and gallium vacancies, respectively. The 

higher energy UV region was related to the UV peak obtained after air annealing, which was 

ascribed to electrons recombination with self-trapped holes (STH). The R-NIR sharp peaks from 

the air-annealed sample were ascribed to the incorporation of nitrogen during air annealing. The 

Ohmic behaviors with Ti/Au electrodes were revealed on the as-grown ɓ-Ga2O3 doped with Fe 

and the calculated room temperature resistivity was in the order of 1014 Ý.cm. The optical 

absorption spectroscopy showed an absorption edge without near edge shoulder and the 

corresponding optical bandgap was calculated to be 4.45 eV using direct band gap treatment. 
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Figure 4-1: Summary of the low-temperature CL results for ɓ-Ga2O3 (Fe). 
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4.2. Absorption Spectroscopy 

As shown in Figure 4-2, the absorption spectroscopy measurement did not show a near 

band edge shoulder as expected when the excitation photons are perpendicular to the (010) oriented 

plane, which is consistent with previous studies.[79], [80] The optical bandgap deducted from the 

Tauc plot was 4.45 eV and it is expected to be a direct one between ɜ  and ɜ  [80].   

 

Figure 4-2: Fe-doped ɓ-Ga2O3 Tauc Plot along b-axis showing optical bandgap of 4.45 eV. Inset 

shows optical absorption curve raw data which was used for Tauc plot construction [81]. 
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4.3. Electric Contacts to ɓ-Ga2O3 

Depending on the metal-semiconductor junction, the device would either perform as an 

Ohmic device or Schottky device. For its performance as an Ohmic device (i.e. linear I-V 

behavior), there should be no barrier to interfere with the transport of charge carriers at the 

interface between the semiconductor and the metal contact, on the other hand for the achievement 

of Schottky contact, the barrier between the semiconductor and the metal should be relatively high 

to prevent charge transport from the semiconductor to the metal unless they have sufficient energy, 

thus Schottky contact exhibit very low leakage current till a certain threshold where the current 

significantly increases. The aforementioned behavior is illustrated in Figure 4-3. 

 

Figure 4-3: Representation diagram for Ohmic (a) and Schottky (b) contact, where energy level 

of the conduction band (EC), valence band (EV), Fermi level of the metal (EF,m) and 

semiconductor (EF,S) are illustrated as well. Adapted from [82]. 

Consequently, for WBG semiconductors (e.g. ɓ-Ga2O3) the metal-semiconductor barrier is 

always of the Schottky type, where for Ohmic contact formation, such Schottky Barrier Height 

(SBH) should be minimized. SBH denoted hereafter as ɮ  can be represented by 

ήɮ ήɮ ɯ , where ή is the electron charge, ɮ  is the metalôs work function, and ɯ is 

the electron affinity for the semiconductor material. Thus, for Ohmic contact, the electrode metal 

should have a high work function as close as possible to the electron affinity of the wide bandgap 

semiconductor. In addition to that, it has been noticed that increased concentration of electron from 
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increased doping (ὔ ρπ ὧά ) help form Ohmic contact which is explained by the ability of 

electrons to tunnel directly from the semiconductor to the metal due to bending of the conduction 

band leading to narrowing the barrier as illustrated in Figure 4-4 (I). 

(I) 

 

(II)  

 

Figure 4-4: (I) Effect of increasing doping level on barrier height for n-type semiconductors. 

Adapted from [82]. (II)  Reactive-Ion Etching effect on I-V behavior of ɓ-Ga2O3 with Ti/Au 

electrodes. Adapted with permission from [83]. 

Other than the mentioned two variables, the surface defects can also enhance Ohmic 

contact formation by introducing energy levels in the middle of the bandgap, which can be realized 

by introducing material defects on the surface. For example, Figure 4-4 (II) shows the effect of 

pre-treatment by reactive-ion etching on the formed electrode behavior, where pretreatment leads 

to Ohmic contact formation while without the pretreatment step the I-V showed Schottky behavior. 

Post-treatment by annealing can enhance Ohmic contact behavior and change the resistivity 

as well as can be seen from Figure 4-5 (I), where optimization of annealing temperature resulted 

in the optimum temperature of 400 oC as can also be shown by the Transmission Electron 

Microscope (TEM) and Energy Dispersive X-ray Spectroscopy (EDS) analysis in Figure 4-5 (II) , 

where partial homogenization between the electrode metal and the top semiconductor interface 

enhanced the electric Ohmic behavior. 
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(I) 

 

(II)  

 

Figure 4-5: (I) Annealing effect on the I-V characteristic curve of Sn-doped ɓ-Ga2O3 as a 

function of annealing temperature. Annealing was done in Argon inert atmosphere. (II) TEM 

micrograph cross-section of as-deposited (a) and post-annealed (c) electrode. EDS analysis of as-

deposited (b) and post-annealed (d) electrode and semiconductor interface. Adapted with 

permission from [84]. 
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4.4. I -V Characteristics 

4x4 άά2 Au/Ti (50/50 nm) electrodes were deposited on υ υ άά  EFG ɓ-Ga2O3 on 

both sides (RF magnetron sputtering for Ti, e-beam for Au), and the sample is shown placed on 

the right side in  

Figure 4-6. The very high resistivity of ωȢρ ρπ  Ȣὧά was revealed from I-V 

measurement as shown in Figure 4-7.  

 

Figure 4-6: Fabricated ɓ-Ga2O3 (Fe) based X-ray detectors. Au/Ni/ɓ-Ga2O3/Ti/Au (Left). 

Au/Ti/ɓ-Ga2O3/Ti/Au (Right). 

4x4 άά2 Au/Ti (50/50 nm) and Au/Ni (50/50 nm) electrodes were deposited, as shown in 

Figure 4-6: Fabricated ɓ-Ga2O3 (Fe) based X-ray detectors. Au/Ni/ɓ-Ga2O3/Ti/Au (Left). Au/Ti/ɓ-

Ga2O3/Ti/Au (Right)., for testing Schottky behavior, however, the I-V behavior was not different 

from the Au/Ti Ohmic sample (RF magnetron sputtering for Ti, e-beam for Au and Ni). Controlled 

10-minute air annealing at 400oC did not change I-V behavior for both samples. 
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Figure 4-7: Current-Voltage curve of Fe doped ɓ-Ga2O3 along b-axis showing near Ohmic 

behavior that reveals 1014 ɋ.cm resistivity [81]. 
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4.5. Bandgap defect energy levels revealed by CL 

An effective approach to precisely control the conductivity and charge transport properties 

of ɓ-Ga2O3 is to introduce dopants and to use post-growth annealing procedures, which extend the 

path of its applicability [36]. In this regard, a deep understanding of the relationship between 

optical properties and electrical properties is ultimately needed to guide the development of ɓ-

Ga2O3 materials and devices.  

 

Figure 4-8: Temperature-dependent CL for the as-grown (010) Fe doped ɓ-Ga2O3 [81]. 
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Here we used low-temperature CL spectroscopy to probe the luminescent defects in the 

4.45 eV UWBG ɓ-Ga2O3 (Fe). The temperature-dependent CL measurements were done before 

and after air-annealing. For the as-grown sample, CL between 89K and 325K showed blue-UV 

broadband with two well-resolved wide peaks (B5 and UV1) as well as multiple lower energy blue 

peaks (B1-4) and multiple higher energy UV peaks as shown in Figure 4-8. The luminescence 

showed thermal quenching for all peaks (not shown in the normalized CL) with no significant shift 

in the energy. 

 

Figure 4-9: Temperature-dependent CL for (010) Fe doped ɓ-Ga2O3 after controlled air 

annealing [81]. 
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As shown in Figure 4-9, the temperature-dependent CL, for the sample after annealing, 

showed broadband around 3.3 eV that is formed from three peaks UV2-4 (as shown in room 

temperature measurement) and an unexpected band in the R-NIR between 1.5 eV and 1.9 eV 

composed of multiple sharp peaks with the highest two of them denoted as R1 and R2. The intensity 

of the R-NIR band became higher than that of the UV one as the temperature increased. 

Generally speaking, the luminescence of ɓ-Ga2O3 can be divided into three main bands, 

UV, Blue, and Green [85]ï[89]. The near band-edge (NBE) is not commonly observed for ɓ-

Ga2O3, regardless of the growth/preparation method [36]. Theoretical [90] and experimental [85], 

[91], [92] results showed that the UV band is related to the recombination of free electrons from 

the conduction band with self-trapped holes (STH) in the vicinity of slightly displaced oxygen 

atoms, and such band is commonly referred to as an intrinsic band, yet some studies show that it 

could also be dopant dependent [93], [94]. All other bands are often attributed to DAP (Donor-

Acceptor pair) recombination. 

As shown in Figure 3, the position and relative intensity of B1-4 peaks are temperature 

insensitive, suggesting that they are originating from defect to defect transition. Moreover, the 

energy difference between each peak and the consecutive one is slightly increasing (B1-2 = 60 meV, 

B2-3 = 70 meV, B3-4 = 90 meV). Such behavior was seen before in the absorption spectra of ɓ-

Ga2O3 and a theoretical 1D quantum well model for their origin was developed attributing them to 

donor electron recombination with VGa+VO pairs (using KrögerïVink notation) [95] and later such 

peaks were seen in photoluminescence (PL) spectra of nanostrips of ɓ-Ga2O3, between 2.5 and 2.7 

eV, where the same quantum well model was used to explain them [96]. It should be noted that 

although only 3 peaks were seen in the nanostrips PL, more peaks could be potentially present as 

predicted by the quantum well model and as was seen in the absorption spectra of ɓ-Ga2O3 [95]. 



 

59 

 

The CL peaks B1-4 shown from the ɓ-Ga2O3 (Fe) single crystal are thus ascribed to DAP 

recombination of an electron from a donor defect site (VO, Gai, or FeO) to a VGa+VO pair acceptor. 

The CL peaks of B5 and UV1 are both ascribed to DAP, with VO being the donor and 

VGa/FeGa being the acceptor for B5/UV1. Such an assumption is supported by the significant 

decrease /disappearance of these peaks upon air annealing that is expected to significantly decrease 

VO. The insignificant peak shift with the changing temperature indicates that this is indeed due to 

a ódefect to defectô type transition. Also, the blue-UV band is in an energy range very close to that 

of the blue band, which was related to high resistivity as was concluded in previous work [79]. 

The higher energy UV peaks are assumed to form the UV band that is originated from electrons 

falling from a donor band to STH.  

As shown in Figure 4-9, the UV band from the air-annealed sample is attributed to the 

recombination between donor electron (VO) and STH, which was also present with a lower 

intensity before annealing. 

We note an R-NIR emission peak was observed from the as-grown ɓ-Ga2O3 single crystal 

after the annealing in air. In our opinion, the R-NIR with its R1 and R2 peaks is ascribed to DAP 

with NO/VO as acceptor/donor, and this proposition is supported by the corresponding annealing 

experiment. During the air-annealing, the as-grown sample that has a high density of oxygen 

vacancies (as evident for the high Blue and UV peaks) with VO either individually present or paired 

with VGa (as evident from B1-4), together with the increased unit cell size due to Fe doping and the 

low formation energy of nitrogen in an oxygen site [97], assist nitrogen from the air to be diffused 

inside the ɓ-Ga2O3 crystal into VO sites.  Such a mechanism can be a reasonable explanation for 

the so-called semi-insulating layer (SIL) that is usually witnessed after air-annealing on ɓ-Ga2O3 

single crystals surface [98]. It should be noted that a similar R-NIR band emission was also 
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observed in nanowires of ɓ-Ga2O3 upon nitrogen annealing and was attributed to DAP where VO 

was assumed to be the donor and NO was assumed to be the acceptor [99]. This verifies that this 

band is indeed related to the incorporation of N atoms. Furthermore, we observed that at high 

temperatures (above RT) the sharp peaks are going to merge due to an increase in phonon 

interaction, which is consistent with theory predication [99]. It should also be noted that R and/or 

NIR bands with sharp peaks were observed by Chromium (Cr) [100]ï[103], Europium (Eu) [104], 

[105], and Lithium (Li) [106] doping for nanostructures of ɓ-Ga2O3, however, the similarity 

between these emissions and the emission due to N lies only in the same energy range, where the 

characteristics of the emissions and the exact values for the peaksô centroid energies are different.  

Undoped ɓ-Ga2O3 (grown by various techniques including EFG) CL reveals four broad 

bands centered at 2.5 (related to VGa), 3.0 (related to VGa), 3.5 (related to VO), and 3.8 eV, as well 

as a shoulder between 4.5 eV and 4.7 eV due to transitions from conduction to valence bands.[107] 

Based on our aforementioned analysis, we propose that Fe doping of ɓ-Ga2O3 leads to VGa+VO 

formation resulting in B1 (2.51 eV), B2 (2.57 eV), B3 (2.64 eV), and B4 (2.73 eV) CL peaks which 

didnôt appear in undoped ɓ-Ga2O3.[107] We also propose that the donor VO defect leads to B5 

(3.02 eV) CL peak related to VGa acceptor and UV1 (3.12 eV) CL peak related to FeGa acceptor 

compared to a single peak for VO related luminescence (3.5 eV) and two peaks for VGa related 

luminescence (2.5 and 3.0 eV) for undoped ɓ-Ga2O3.[107] Moreover, the absence of 4.5-4.7 eV 

shoulder, contrary to its presence in undoped ɓ-Ga2O3[107], may indicate the absence of valence 

to conduction band transitions. 

4.6. Summary 

In summary, we studied the electrical and optical properties of ɓ-Ga2O3 along the b-axis 

using low-temperature CL spectroscopy, optical absorption spectroscopy, and current-voltage 
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measurements. The as-grown ɓ-Ga2O3 doped with Fe has a high resistivity of 1014 Ý.cm. The 

corresponding optical direct bandgap is 4.45 eV. The temperature-dependent CL measurements 

exhibited a strong blue to UV band composed of multiple low-intensity peaks in the blue range, a 

main blue peak, a strong UV peak, and a weak UV band from the as-grown Fe-doped ɓ-Ga2O3. 

The annealing in air results in the appearance of a new R-NIR emission peak in the CL spectrum, 

which is related to the incorporation of N atoms. 
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5. PROBING GALLIUM VACANCIES  

Temperature-dependent PALS and DBS were conducted for the pristine samples. Then the 

samples have undergone high-temperature air annealing (9 hrs - 1100 oC), followed by a low 

vacuum (1% H2 : 99% Ar - 10-16 PO2 pressure - 2 hrs - 900 oC) annealing processes. Temperature-

dependent DBS for the sample after both annealing processes were conducted. PALS for the 

sample after air annealing (before H2/Ar vacuum annealing) were conducted at RT, however, DBS 

for these samples were not conducted. 

Positrons emitted from the 22Na sealed source can travel up to a few hundreds of µm in 

each of the 500-µm samples, then they diffuse with a diffusion length L+ in the range if 100-200 

nm, thus data of the performed PALS and DBS experiments represent properties of the bulk (010) 

EFG ɓ-Ga2O3 (Fe) sample. The high sensitivity of the measurements is another consequence of 

the large volume covered by the thermalized positrons. 
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5.1. PALS results and discussion 

 

Figure 5-1: PALS results for the pristine samples. 

No obvious change has been observed during the temperature-dependent PALS 

measurements of the pristine and the annealed samples as shown in Figure 5-1 and Figure 5-2. The 

lifetime showed very good consistency throughout the cooling/heating process. Fitting of the 

PALS distributions results in a calculated lifetime (Ű) of 173 ps, and an example of the fitted PALS 

distribution is shown in Figure 5-3. The lack of change of the PALS signals and comparisons with 

recent literature values will be discussed next. 

Early studies on single and polycrystalline samples of Tb3+ and Dy3+ doped ɓ-Ga2O3 

reported bulk lifetime (Űb) of 170 - 180 ps [108]. Later PALS studies on crystalline and 

polycrystalline thin films of undoped and Si-doped MOVPE resulted in a single lifetime of 176 ps 

[109]. Identifying Űb is an important step for the progress and effectiveness of PALS studies for ɓ-
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Ga2O3 vacancy defects identification. Although the current interpretation of the 175-180 ps 

lifetime is that it reflects positron annihilation in the defect-free lattice, one should note that it is 

an assumption subject to change when more systematic studies are conducted [110]. In general 

PALS and DBS are comparative techniques and their defect identification capability and drawing 

quantitative analysis based on them, highly depend on the availability of a suitable reference 

materialôs sample.  

 

Figure 5-2: PALS results for the annealed samples. All data after air annealing except ñGa2O3 

RT after HT annealò, which is for the H2-Ar annealed sample. 



 

65 

 

 

Figure 5-3: Room-temperature PALS data fitting for pristine EFG ɓ-Ga2O3 (Fe). Fitting yielded a 

single lifetime of 173 ps. 

Few requirements need to be met by that standard reference material sample, namely (1) 

PALS data should be fit by only a single lifetime, (2) the calculated Űb should be in a reasonable 

range and in agreement with the estimation that is based on the atomic and mass density of the 

material, (3) Űb should be independent of the measurement temperature or show changes reflecting 

lattice parametersô changes due to thermal expansion (slight changes), (4) L+ should be long 

enough indicating an almost defect-free lattice, and lastly (5) no other observables (sample 

characteristics and characterization results) indicate neutral and negative vacancies higher than 
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1ͯ016 cm-3
 [76], [110]. So far, these results have not been met completely. The lack of change in 

the single Ű by annealing and heating/cooling may indicate that our EFG (010) ɓ-Ga2O3 (Fe) PALS 

results satisfy the first three requirements. Considering PALS results solely, it can be concluded 

that Fe doping does not lead to significant changes in the Űb. In other words, it does not introduce 

new types of vacancy defects. 

Possible vacancy defects probed by PALS and DBS are VGa and VGa+VO. VO is positively 

charged, so it does not affect positron annihilation [76], [111]. Recent experimental and theoretical 

studies considered nine VGa
 systems including mono-vacancies, split vacancies, and hydrogenated 

split vacancies. The two crystallographic inequivalent gallium sites lead to two different gallium 

vacancies (VGa1 and VGa2). Gallium vacancy can also relax to three other systems, where a four-

fold coordinated Ga atom, in the vicinity of the VGa, relaxes into an interstitial position. Split 

gallium vacancies are half vacancies formed around this interstitial Ga [42], [112], [113]. 

Hydrogenated split vacancies have been identified recently based on DBS analysis however, the 

PALS results in the same study didnôt show significant change as well from the 175-180 ps single 

lifetime [110]. 

It is becoming clearer recently that defect identification based on PAS techniques is a 

challenging task, as very careful execution of PALS and DBS should be done with high 

consideration of the anisotropy of the defects and the observables that dependent on that 

anisotropy. Thus, for defect identification, DBS along different directions are required, as well as 

comparisons between experimental and theoretical results (S/W, anisotropy in S, anisotropy in W) 

[110]. Although the straightforward interpretation of our single lifetime (173 ps) is that it 

represents Űb, it has been shown by theoretical and computational Density Functional Theory 

(DFT) calculations that the lattice Űb for ɓ-Ga2O3 is significantly lower, close to 135 ps, and in that 
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work, experimental PALS and DBS results indicated that signals of both techniques can be 

ascribed to hydrogenated vacancy defects [110]. Thus, we ascribe this consistent lifetime 

(independent of the annealing/heating/cooling) to a single type of gallium vacancy defects. 
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5.2. DBS results and discussions 

Unlike the consistent single PALS lifetime parameter, the S-parameter (and the W-

parameter) showed some changes as a function of the temperature. The S and W parameters before 

and after annealing as well as their variation with measurement temperature are shown in Figure 

5-4 and Figure 5-5, respectively. Simultaneous variations of S and W are shown in the (S,W) plot 

in Figure 5-6. The data points in grey (pristine) were first conducted before any annealing. The red 

data points (after high T anneal) are taken after the two annealing processes, and in the same run 

the red-framed transparent data points were taken, after the sample was cooled back to RT (after 

vacuum anneal).  

 

Figure 5-4: S-parameter behavior for EFG ɓ-Ga2O3 (Fe) samples before and after annealing. 



 

69 

 

For the pristine samples, there is a peak in the S parameter at around -100 oC corresponding 

to a drop at the same temperature for W-parameter. For the annealed samples, it appears that the 

S-parameter started to rise above 200-300 oC and this rise is partially irreversible as after cooling 

down to RT again, the S-parameter is higher (and the W is lower). 

 

Figure 5-5: P-parameter for EFG ɓ-Ga2O3 (Fe) samples before and after annealing. 

From the (S,W) plot, it can be recognized that the cooling run for the pristine samples and 

the heating run for the annealed samples appear to reside on two straight lines with slightly 

different slopes, and it appears to be a slight shift between these two lines. 

Two notes are of importance here. First, the arbitrary change of the detector-sample 

directionality means that the two runs (pristine and annealed samples) are for different points in 

the geodesic between the [100] and the [001] directions. Consequently, S and W are expected to 

change even if no new vacancy types were introduced. Second, DBS measurements at different 
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temperatures during the same run are unaffected by the anisotropy since the detector-sample 

configuration was unchanged. Accordingly, the changes of S and W in the temperature-dependent 

readings are only affected by thermal expansion and properties of the present vacancy defects 

(their type and density) in the samples [114]. Hence, all (S,W) data points are ascribed to the same 

vacancy type, a hydrogenated gallium vacancy based on the analysis presented in the next 

paragraph. 

Annealing in 1% H2 : 99% Ar atmosphere is expected to facilitate the formation of VGa-1H 

and VGa-2H, which are negatively charged (-2 and -3, respectively) [42], [112]. Thus, we assume 

that the prevailing vacancy defect detected by PALS and DBS is hydrogenated gallium vacancy. 

Both types of VGa would have led to a significantly higher value of PALS lifetimes [110], thus we 

exclude their presence. The similarity in the slope and the small shift of (S, W) linear behavior of 

the sample before and after annealing point out to the presence of a single vacancy type as 

discussed in the previous paragraph. This may be further supported by noticing that the (S, W) 

data points seem closely packed data points corresponding to measurements at temperatures below 

300 oC. Which is in good agreement with previous studies that concluded from studying 11 

elemental and compound semiconductors that S parameter change with temperature is dictated by 

thermal expansion beyond 300 oC and before that it is defect dependent [114].  

Since the S parameter is mainly influenced by valence electrons, the partially irreversible 

S and W parameters after the high-temperature measurement for the annealed sample may indicate 

a permanent change in the free electron concentration of the highly compensated n-type sample. 

As would be the result of VGa-2H due to hydrogen interstitials moving to gallium split vacancies 

for example [115]ï[118]. More research concerning VGa-1H and VGa-2H low-temperature 
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concentration and stability would be needed to explain the peak of S parameter at -100 C for the 

pristine samples. 

 

Figure 5-6: (S,W) graph based on S and W parameters at different temperatures of the sample 

before and after annealing. Dotted lines are added only to guide the eye. 
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6. IMPURITY DISTRIBUTION REVEALED BY TOF -SIMS MAPPING  

 

    

Figure 6-1: Fe and Cr spatial distribution in the first arbitrary area as revealed by TOF-

SIMS. 

Spatially resolved TOF-SIMS for an EFG ɓ-Ga2O3 (Fe) sample was conducted on the 

lateral surface (side dims = πȢυ άά υ άά) for gaining information on the spatial distribution 

of the compensating Fe, as well as other impurities (Si, S, Cl, Cr, Br, P, Au, Ni, Ti, Na, Mg, Al, 

K, Ca, Ge, In, Sn, and Cs). Mapping was done for two arbitrary (sputtered clean) 

πȢυ άά πȢυ άά areas on that surface. It should be noted that results based on TOF-SIMS with 
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the absence of a reference sample can only yield qualitative conclusions, and this was sufficient 

for the purpose of that study (uniformity and behavior of Fe and impurities spatial distribution). 

 

  

Figure 6-2: Fe and Cr spatial distribution in the second arbitrary area as revealed by TOF-SIMS. 

 As revealed by the mapping of Fe oxide ions shown in Figure 6-1 and Figure 6-2, the 

distribution of Fe in the sample was not uniform and can be described as scattered line- and 

circular-shaped agglomerations (only cross-sections of extended 3D distributions) as well as a 

significantly lower semi-uniform background. Fe compensates the n-conductivity of ɓ-Ga2O3 and 

this was shown in the very high resistivity measured for the samples (1014 ɋ.cm) and its non-

uniform distribution can explain the passive operation of the fabricated Ohmic X-ray detectors. 
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Volumes with Fe agglomerations have lower free electron concentrations compared to the 

surrounding ɓ-Ga2O3 matrix leading to an internal electric field that drifts the formed X-ray 

induced electrons and holes. It is also noticeable that there are line-shaped agglomerations below 

each of the two (010) surface areas of the sample in both the selected mapping area, which can 

explain the drift of some electrons and holes towards the electrodes, that possibly led to the passive 

operation of the tested X-ray detectors. 

 Out of all scanned impurity ions, chromium had the closest similarity to iron distribution 

in both scanned areas. In Figure 6-1 and Figure 6-2, Cr oxide ions appear to have an identical 

distribution of the line- and circular-shaped agglomerations to those of Fe oxide ions. Cr presence 

in the sample can be understood by considering (1) its high segregation [119] and (2) that it can 

be incorporated by the growth feed or from the Ir crucible. Fe doping has sufficiently compensated 

any contributions of Cr impurities to the n-conductivity as can be concluded from the high 

resistivity of the sample. A similar gettering effect was previously observed in Te in CZT single 

crystals growth and volumes with such agglomerations had lower CCE [120]. Recent studies point 

out that Cr is the origin of the R-NIR CL however, our results of the pristine sample did not show 

R-NIR CL [81], [121], [122]. Other mapped impurities did not show similar behavior and their 

distribution was -more or less- uniform, as shown for Si, S, and Cl in Figure 6-3 for the first 

mapped spot. 

 Based on the aforementioned analysis, the non-uniformity of Fe ions and the incorporation 

of Cr in Fe agglomerations are two phenomena that should be closely examined in further research 

on ɓ-Ga2O3 (Fe) detector development.   
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Figure 6-3: Si, S, and Cl spatial distribution in the first arbitrary area as revealed by TOF-SIMS. 
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7. FABRICATION AND CHARACTERIZATION OF ɓ-Ga2O3 (Fe) X-RAY SENSOR 

7.1. Introduction  

 

Figure 7-1: Linear attenuation coefficient from 1 KeV to 1 MeV for Ga2O3 compared to 

several current and candidate X-ray sensing materials [123]. The highlighted region denotes 

the energy range used for the study presented in this chapter. 

A small detector thickness is preferred from the standpoint of CCE and detector fabrication. 

Thus, an ideal candidate X-ray sensing material should have a high attenuation coefficient to 

facilitate achieving both high CCE and high X-ray interaction probability inside the detector 

volume. Figure 7-1 shows the linear attenuation coefficient (for incoherent scattering [124]) of 

Ga2O3, compared with other developed and emerging semiconductor X-ray sensing materials. 

Other than lead compounds, the linear attenuation coefficient of Ga2O3 is amongst the highest 

exhibited by the semiconductor X-ray detector materials. Particularly, gallium compounds have 
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early L and K edges improving their attenuation relative to those compared materials around these 

energies. 

The current-voltage (I-V) behavior of the Au/Ti/ɓ-Ga2O3/Ti/Au, presented earlier in 

Chapter 4, showed a near Ohmic behavior [81] and demonstrated  a high resistivity close to 

ρπ  ὧά, which would lead to an enhanced X-ray detector SNR and thus motivated our efforts 

to develop Fe-doped ɓ-Ga2O3 based X-ray detectors. 

For the study presented in this chapter, (010) EFG grown Fe-doped ɓ-Ga2O3 was tested as 

a low-noise X-ray detector with Ti/Au electrodes vertical structure as depicted in the graphical 

summary of this study in Figure 7-2. Its performance at low, high, and no applied voltages was 

examined. The fabricated detector showed high X-ray detection performance manifested in its 

signalôs short fall and rise time (< 0.3 sec) in all operation modes, and the same temporal response 

was exhibited by a tested Au/Ni/ɓ-Ga2O3/Ti/Au device. The detectorôs signal is also characterized 

by a linear relationship with X-ray tube current and high SNR optimized at -5 V (> 103). Moreover, 

the X-ray induced current signal exhibits high stability. Sub-band UV photocurrent signal showed 

a significantly slower response compared to the X-ray induced conductivity signal. Possible charge 

transport mechanisms involving ion migration are suggested and discussed at the end of the 

chapter. The study conducted in this chapter concludes that Fe-doping significantly improves X-

ray detection performance of Ga2O3, consolidating the applicability of Ga2O3 as a next-generation 

X-ray detector functioning with low power, high SNR and linearity, and significantly improved 

transient characteristics. 
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Figure 7-2: X-ray induced current measurement schematic set-up depicting the performance of ɓ-

Ga2O3 (Fe) based X-ray detector at low and high applied voltages [123]. 
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7.2. Self-Powered Operation 

Upon X-ray illumination (45 kV, 40 mA), the device exhibited X-ray induced conductivity 

at no external applied voltage with the current reaching -21 pA as shown in Figure 7-3. For such 

no bias operation, the dark transient current was -0.15 (+/-0.05) pA, which is close to the SMU 

resolution (the testing box cover was open compromising the noise level). Assuming that a built-

in voltage is responsible for the no-bias device operation leaking 0.15 pA, the calculated SNR 

(
 ȠὍ

Ȣ

Ȣ
ȠσȢς Ὥί ὸὬὩ ὨὩὸὩὧὸέὶ ὥὶὩὥ ὸέ ὰὩὲὫὸὬ ὶὥὸὭέ Ὥὲ ὧά is 

139. More importantly, the rise and fall time of the signal is less than 0.3 sec. This operation is 

expected to be in the photovoltaic mode, where no electrons originating from traps contribute to 

the signal (no de-trapping).  

 

Figure 7-3: Self-powered transient (period = 10 seconds) response of a Au/Ti/ɓ-Ga2O3/Ti/Au X-

Ray detector [123]. 
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To gain insight into the underlying reason for the built-in voltage, we consider three 

different scenarios. First, it could indicate that the near-Ohmic (no turn-on voltage between -10 

and 10 V) behavior exhibited by the device is pointing to a Schottky contact formation. However, 

the current does not exceed -10 pA under an applied voltage of -100 V. Thus, a Schottky contact 

formation is highly unlikely to be responsible for the built-in voltage. The second possibility is 

that the built-in voltage was triggered by electron-hole formation from X-ray interaction 

(photoelectric and Compton scattering) near the irradiated surface. Charge carriers get trapped near 

the surface by deep level defects that are potentially abundant near the surface, leading to a built-

in electric field. The third possibility is that Fe dopants might have a nonuniform distribution 

throughout the thickness of the ɓ-Ga2O3 crystal, leading to built-in voltage. In that case, the built-

in voltage arises from the difference in electrons/holes concentrations through the thickness due to 

the non-uniformity of Fe distribution. TOF-SIMS was used to obtain the information of Fe 

distribution through the thickness of ɓ-Ga2O3 (Fe), as shown in Figure 7-4, which revealed a 

nonuniform distribution of Fe doping. This is consistent with the assumption that the nonuniform 

distribution of Fe in EFG grown ɓ-Ga2O3 (Fe) is the underlying reason for the built-in voltage that 

allowed the X-ray detector operation under the absence of externally applied voltage. From a 

sensor device viewpoint, the significantly high SNR and fast timing response show the potential 

of Fe-doped Ga2O3 as a promising X-ray detector for low power operation.  
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Figure 7-4: Fe+ secondary ion intensity through the ɓ-Ga2O3 (Fe) thickness obtained by TOF-

SIMS [123]. 

  

0 100 200 300 400 500
0

5

10

15

20

25

S
e

c
o

n
d

a
ry

 I
o

n
 I
n

te
n

s
it

y

Thickness (mm)

 Fe+



 

82 

 

7.3. Temporal Response at No, Low, and High Applied Voltage 

The device was tested under the low applied voltage of 5 V and -5 V. The transient response 

for 10 seconds X-ray (45 kV and 40 mA) period is shown in Figure 7-5. The device showed no 

experimental lag in its response (†ȟ† πȢσ ίὩὧ) in the presence of low electric field similar to 

the case when it is absent. Compared to the same positive applied field, the signal was higher under 

the negative applied field, which is seen as a consequence of the non-uniform distribution of the 

Fe ions.  

 

Figure 7-5: Low voltage transient (period = 10 seconds) response of the device. The negative 

current was flipped for illustration [123]. 

To further examine the fast response time stability, the transient operations under -10 V, -

20 V, -50 V, and -100 V were examined. The results, shown in Figure 7-6, illustrate that the 

response time does not deteriorate under high electric fields as well, and it remains below 0.3 sec. 
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Figure 7-6: Transient (period = 10 seconds) response of the Au/Ti/ɓ-Ga2O3/Ti/Au device under 

low and high applied voltages [123]. 

To study whether the contact has a role in the device fast signal temporal behavior or not, 

Au/Ni/ɓ-Ga2O3/Ti/Au device was fabricated and the signal had the same fast response as shown 

in Figure 7-7. It is noteworthy mentioning that the I-V behavior of this device was near-Ohmic as 

well, which is the same behavior exhibited by the Au/Ti/ɓ-Ga2O3/Ti/Au device.  

 

Figure 7-7: X-ray (45 KV and 40 mA) induced conductivity transient (period = 1 minute) 

response for Au/Ni/ɓ-Ga2O3/Ti/Au device under 10 V [123]. 
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To further analyze the rise and fall temporal behavior, XRIC measurements were 

conducted employing finer timing steps. Figure 7-8: XRIC rise time of the Au/Ti/ɓ-Ga2O3/Ti/Au 

device under 3 V applied voltage. A single exponential decay equation was used to fit the rising 

current.shows the rise time for the Au/Ti/ɓ-Ga2O3/Ti/Au device with an applied voltage of 3 V 

which has a characteristic time constant (Űr) of 0.08 sec.  Figure 7-9: XRIC rise and fall time of the 

Au/Ti/ɓ-Ga2O3/Ti/Au device under -5 V applied voltage. The current was flipped for illustrating 

the rise and fall behavior. The complete XRIC signal was fit using two double exponential decay 

equations, one for the rising behavior and the other for the falling behavior of the current. shows 

the XRIC rise and fall behavior for the same sample at -5 V applied voltage. This XRIC behavior 

is characterized by two rise time constants, Űr. 0.02 sec and 0.3 sec, and two fall time constant, Űr, 

0.2 sec, and 2.9 sec (weakly contributing).  These low-timing-steps measurements were conducted 

one year after performing all other measurements included in this chapter. Also, lower XRIC was 

circumstantial as the top-electrode wire was connected using silver paste which contributed to 

attenuating the X-ray flux. The calculated rise and fall times illustrate a projected capability of 10s 

frames per second X-ray imaging using ɓ-Ga2O3 based X-ray detectors.   
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Figure 7-8: XRIC rise time of the Au/Ti/ɓ-Ga2O3/Ti/Au device under 3 V applied voltage. A 

single exponential decay equation was used to fit the rising current. 

 

 

Figure 7-9: XRIC rise and fall time of the Au/Ti/ɓ-Ga2O3/Ti/Au device under -5 V applied 

voltage. The current was flipped for illustrating the rise and fall behavior. The complete XRIC 

signal was fit using two double exponential decay equations, one for the rising behavior and the 

other for the falling behavior of the current. 
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7.4. SNR at No, Low, and High Applied Voltage 

Considering that the device can be operated under zero, low and high applied voltages, the 

preferable operating regime should be the one that produces the highest SNR. Furthermore, a high 

SNR is critical if the operation of the device would be extended to pulse reading mode for energy-

resolved X-ray detection. As shown in Figure 7-10, the SNR for operating voltages between -5 V 

and -50 V stays above 800 and decreases for the higher applied voltages. This indicates that the 

increase in intrinsic dark current is higher than the increase in the induced current. More 

importantly, the SNR stays above 1000 for applied voltages between -5 V and -20 V, and it is 

further optimized at -5 V exceeding 1200. These results clearly show that the device possesses 

better characteristics at low voltage operation compared to the high voltage region. 

 

Figure 7-10: SNR at tested applied voltages (45 kV, 40 mA) [123]. 
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7.5. X-Ray Sensor L inearity  

The X-ray tube power was varied by changing the tube current at constant tube voltage 

under -5 V applied voltage to test the device response linearity. As shown in Figure 4(c), the X-

ray induced current response is linear with the current of the X-ray tube. Such linear response 

encourages further investigation on operating the device in pulse mode (potentially low power X-

ray spectrometer) as well as in current mode (X-ray counter as in regular imagers with very high 

dynamic range when operated at high voltage). 

 

Figure 7-11: Linearity between the X-ray tube current and the XRIC [123]. 
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7.6. X-Ray Sensor Stability 

Continuous X-ray (40 kV, 40 mA) induced conductivity measurements were conducted for 

more than 15 minutes at 5 V, -5 V, and no voltage to assess the stability of the deviceôs response. 

As seen in Figure 7-12, the device shows a very high stability at tested operating voltages, all with 

the same fast rise time. However, a closer look at the evolvement of signal time reveals some small 

exponential decay within the first minute that stabilizes after that. The inset of Figure 7-12 shows 

a double exponential decay fitting for the continuous X-ray time-dependent response (-5V, 45KV, 

40 mA), resulting in † υχȢχ ίὩὧ and † ρπ ίὩὧ (stability). Two possible scenarios can be 

responsible for this behavior.  

First, the poor heat conduction of ɓ-Ga2O3 may have caused a slight increase in the sample 

temperature due to device operation such as X-ray material interaction and charge flow in the 

device when the bias voltage is applied. This temperature increase deteriorates the transport 

properties of charge carriers, as illustrated by previous EBIC studies, which would lead to a 

decrease in the induced current. [125]ï[129] In this scenario the total drop in the current should 

significantly differ at different operating voltages, with a higher drop at higher voltages, and/or 

higher X-ray power. Moreover, the detector under continuous operation should suffer from a 

continuous induced current drop, which is not the case in our study. Thus, we exclude that the poor 

thermal conductivity was the reason behind this effect. 

The second scenario can be triggered by space-charge accumulation on the surface near the 

electrodes, causing an internal electric field opposite to the external applied electric field and 

leading to a slight polarization effect. In further analysis of this behavior, the ionic conductivity of 

defects (e.g. oxygen vacancies) should be considered. 
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Figure 7-12: Stability test for 15 minutes. The inset shows double exponential decay fitting for 

15 minutes stability test under -5 V applied voltage with X-ray tube operating at 45 kV and 40 

mA, compared to ON/OFF testing under the same applied voltage and tube parameters. The 

negative current was flipped for illustration [123]. 

Comparing the time-dependent evolution of the current under continuous and on/off X-ray 

illumination under the same measurement conditions, we observed the memory effect of the signal, 

as shown in Figure 7-12 inset. In other words, this decay effect is independent of the X-ray 

illumination state after the initial X-ray pulse, which consolidates the second scenario involving 

the polarization effect. After the space charge is formed on the semiconductor surface near the 

electrodes, they stay there as long as the electric field is applied, thus the electric field is 

deteriorated and remains this way even in the absence of charge carrier generation. This behavior 
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could be related to ionic migration of oxygen vacancies (ionic conductivity). In fact, one possible 

interpretation of the near-Ohmic behavior itself is that the device is actually functioning as a 

bipolar switch [130] due to high Fe compensation leading to only negative ion conductivity. 
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7.7. Applied-Voltage-Dependent Sub-Bandgap UVIC 

To investigate the UV photocurrent transient response, the sub-bandgap excitement with 

365 nm LED (3.4 eV) was used since the bandgap of ɓ-Ga2O3 (Fe) is 4.45 eV [81]. UVIC results 

are shown in Figure 7-13. 10%-90% rise/fall time improved from 2 sec/16 sec at 5 V to 1 sec/10 

sec at 200 V, and the photocurrent had a linear dependency with applied voltage, which is unlike 

the X-ray induced current-voltage dependence that follows the Hecht model). The deteriorated 

transient and charge carrier transport properties are probably caused by the enhanced charge carrier 

transport properties for charge carriers excited above the deep acceptor level of FeGa, often referred 

as E2 ( πͯȢψ eV below CBM)[131], [132], compared to X-ray induced response.  

 

Figure 7-13: UV transient (period = 2 minutes) photoconductivity at different applied voltages 

[123].  

0 20 40 60 80 100

0

40

80

120

160

P
h

o
to

c
u

rr
e
n

t 
(p

A
)

Time (s)

 10 V

 20 V

 30 V

 40 V

 50 V

 100 V

 200 V



 

92 

 

7.8. Charge Carrier Transport Properties 

Iron is expected to form FeGa deep level around 0.8 eV below the conduction band 

minimum (CBM) [132], [133]. The fact that the signal rise and fall time is so fast, compared to 

undoped Ga2O3 based X-ray and photo-detectors, may either indicate that this deep level band 

contributes to conduction or that it traps charge carriers without an effective detrapping process. 

 

Figure 7-14: Single charge carrier Hecht fitting [123].  

To gain more insight about the charge carriers transport properties, the single carrier Hecht 

equation fitting was used to estimate the drift length of the effective charge carriers [134]ï[137] 

as shown in Figure 7-14. It should be noted that although a single charge carrier is assumed here, 

this assumption is only made in order to gain a quantitative estimate for the transport properties of 

charge carriers, and the contribution from both electrons and holes should not be overlooked in 

highly accurate treatments as both types of charge carriers could contribute to the signal. In fact, 

the mobility-lifetime product (ɛŰ) factor calculated from this rough treatment was ςȢςψ 
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ρπ ὧά Ⱦὠ, which yields 456 ɛm/45.6 ɛm carrier drift length for 100V/10V, respectively. These 

values are higher than that obtained from Electron Beam Induced Current (EBIC) for electrons 

and holes[125]ï[129], suggesting that they both contribute to the signal. 
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7.9. Comparison with Emerging X-Ray Detector Material 

Table 7-1: Comparison of temporal response and SNR ratio of X-ray detectors based on wide 

bandgap semiconductors, showing the significant improvement of timing characteristics of 

Fe-doped ɓ-Ga2O3 based X-ray detector compared to unintentionally doped ɓ-Ga2O3 and 

amorphous Ga2O3, without compromising SNR [123]. 

 

Material Preparation 

method 

Rise time 

(s) 

Decay 

time (s) 

SNR Ref. 

a-Ga2O3 RF sputtering  

(PO2 ρȢτ ρπ  

Pa) 

15.5 1.1 - [44] 

RF Sputtering  

(PO2 ρȢπ ρπ  

Pa) 

50.1 3.3 >104 

Unintentionally 

doped ɓ-Ga2O3 

EFG 18.3  

(-15 V) 

20.9  

(-15 V) 

>800  

(-15 V) 

[45] 

<0.02  

(0 V) 

<0.02  

(0 V) 

- 

ɓ-Ga2O3 (Fe) EFG <0.3 <0.3 >103
 (low voltages) This work. 

[123] >102 (0 V and high 

voltage) 

GaN MOCVD 15 - <30 [138] 

<0.02  

(0 V) 

<0.02  

(0 V) 

<20 [47] 

GaN (Fe) HVPE 28 2 180 [139] 

Zn2SiO4 RF sputtering 

and annealing 

<1 <1 >103 [140] 

~30 ~8 480 [141] 

ZnO RF Sputtering - ~0.1 <5 [142] 

RF Sputtering 0.2 0.2 300 [143] 

 

Table 7-1 shows characteristic temporal response and SNR of ɓ-Ga2O3 (Fe) X-ray detector 

compared to previously reported Ga2O3 based X-ray detectors as well as other X-ray detectors 

based on wide bandgap semiconductors. It can be seen that ɓ-Ga2O3 (Fe) X-ray response showed 

approximately two orders of magnitude transient response improvement compared to previously 

reported Ga2O3 X-ray detectors, without compromising SNR. Compared to other wide bandgap 
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X-ray detectors, ɓ-Ga2O3 (Fe) shows an outstanding compromise between the transient response 

and SNR, especially under low applied voltages, which can be achieved using 5 V batteries. 
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8. CONCLUSION AND FUTURE WORK  

8.1. Conclusion 

ɓ-Ga2O3 (Fe) was investigated as a direct X-ray detection material motivated by its high 

resistivity and ultra-low leakage current. ɓ-Ga2O3 (Fe) with Ti/Au electrodes demonstrated high 

SNR under three operation modes including low applied voltage (>1200 at -5 V), high applied 

voltage (>650 at -100V), and self-powered operation mode (>100). Linearity between X-ray 

induced photocurrent and X-ray tube current is also evident from the results. More importantly, 

the signalôs rise and fall time were below 0.3 sec for the 500-µm-thick detector, which offers 

excellent measurement time resolution. This fast response was independent of the applied voltage 

and was not electrode dependent, as indicated by the fact that the response did not deteriorate upon 

testing the Au/Ni/ɓ-Ga2O3 (Fe)/Ti/Au device.  

Ti/Au/ɓ-Ga2O3 (Fe)/Ti/Au based X-ray detector showed high stability upon continuous 

illumination for 15 minutes with an exponential decay behavior († υχȢχ ίὩὧ) which stabilizes 

shortly after that. The sub-band photocurrent measurements showed a significantly lower transient 

response. Further investigations of the device response to UV light, especially in the energy range 

between E2 and CBM band (3.65 to 4.45 eV), are necessary to evaluate the device performance as 

a solar-blind deep UV sensor. Analysis of ɓ-Ga2O3 (Fe) X-ray detector characteristics including 

charge carrier transport suggests that both holes and electrons contribute to the signal formation 

and that a slight polarization effect takes place. The results demonstrate the great potential of ɓ-

Ga2O3 (Fe) as a radiation-resistant X-ray detector with an excellent temporal response for a wide 

range of applications. 

Different defect types were suggested based on low-temperature CL studies for the EFG 

(010) ɓ-Ga2O3 (Fe). We propose that Fe doping of ɓ-Ga2O3 leads to VGa+VO formation resulting 
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in B1 (2.51 eV), B2 (2.57 eV), B3 (2.64 eV), and B4 (2.73 eV) CL peaks which didnôt appear in 

undoped ɓ-Ga2O3.[107] We also propose that the deep donor VO defect leads to B5 (3.02 eV) CL 

peak related to VGa deep acceptor and UV1 (3.12 eV) CL peak related to FeGa deep acceptor 

compared to a single peak for VO related luminescence (3.5 eV) and two peaks for VGa related 

luminescence (2.5 and 3.0 eV) for undoped ɓ-Ga2O3.[107]. PALS and DBS analysis pointed out 

the possible presence of hydrogenated gallium vacancies (VGa-1H or VGa-2H). TOF-SIMS showed 

a non-uniform distribution of Fe in the sample which can explain the passive operation of the tested 

X-ray detector. From ͯ20 mapped impurity species, Cr had the closest (almost identical) spatial 

distribution throughout the thickness of the ɓ-Ga2O3 (Fe) to that of Fe.  

Deep acceptors and donor detected by CL may be responsible for high trapping rates of 

charge carriers generated from radiation passage in the detector material, leading to incomplete 

CCE of the fabricated ɓ-Ga2O3 (Fe) detector. This can be seen in the behavior of the CCE that was 

tested up to 100 V (2 kV/cm for the 500-µm-thick detector). VGa+VO was not pointed out in any 

area of this study except in the CL analysis, and further study in ɓ-Ga2O3 (Fe) optical signatures 

may lead to the identification of other defects responsible for the B1-4 peaks. VO and STH are 

possible traps and annealing may affect their density as concluded from CL analysis. Further 

studies and correlation with electrical properties will be needed to confirm this suggestion. 

Hydrogenated gallium vacancies as suggested by PALS and DBS analysis may have a contribution 

in trapping charge carriers. Further understanding of their trapping effects, as well as their role in 

radiation-induced effects (especially from protons), can shed more light on ɓ-Ga2O3 (Fe) 

applicability as a radiation-hard detector. Although a more complete understanding of the 

experimental DBS anisotropy and further identification studies are needed, utilizing PALS and 
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DBS and exploiting the anisotropy in DBS signals from ɓ-Ga2O3 appear to be a very efficient 

method to study hydrogenated gallium vacancies in ɓ-Ga2O3.  
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8.2. Recommended Further Research 

 Based on the presented results, several research directions are recommended for further 

investigation of the ɓ-Ga2O3 (Fe) applicability limit in X-ray detection. 

 The wide bandgap and thermal stability of ɓ-Ga2O3 motivate further investigations on ɓ-

Ga2O3 (Fe) high-temperature X-ray detector operation. At temperatures higher than RT, the 

leakage current from ɓ-Ga2O3 (Fe) is expected to increase which would affect the detection 

performance however, the initial very low leakage current (pA) might give room for high-

temperature operation. Another research direction that is needed to support the harsh environment 

applicability of this class of detectors is radiation hardness studies, with a focus on detector 

performance and the defects involved. The material characterization conducted in the presented 

study suggested various defects (e.g. VGa-H, and VO) which may help pin down the involved 

defects in irradiation studies and their role in the detector performance. 

 Accurate determination of the sensitivity of ɓ-Ga2O3 (Fe), as well as constructing and 

testing X-ray imagers based on it, are recommended as the next steps. Such research direction will 

pave the way to radiation-hard, efficient, low-power, and RT X-ray detectors with applications in 

medical imaging and industry. 

Passive (No applied voltage) X-ray detection has been illustrated previously for (1) 

Schottky unintentionally doped n-type [40], [45], and (2) Ohmic Fe-doped n-type compensated 

semi-insulating ɓ-Ga2O3 [123]. These features motivate further investigations for ɓ-Ga2O3 

applicability in rad-voltaic (ex. beta-voltaic) which, if proven, would make it a very competitive 

candidate for these applications. The applications for this device include space exploration power 

sources and safety power source for nuclear reactors [144]. The latter is particularly important for 

accident scenarios through harvesting the remnant gamma-radiation.  
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In the next subsection, a radiation detector concept based on the results obtained throughout 

this work will be proposed. 

8.2.1. Emerging Device Structure : Integrated Semiconductor Scintillator Detector 

The major problem facing many emerging semiconductor detector materials under 

development is their low energy resolution or lack of energy spectrum. This can be traced back to 

one or more of the following reasons: 

1. Low charge carrier(s) transport properties 

2. A small volume of the material (for gamma spectroscopy), relative to the particle range. 

3. High leakage current 

4. Wide bandgap (the larger the bandgap, the higher the energy needed to generate one e-h 

pair) 

High leakage current might be overcome by using Schottky contacts, or compensation 

doping. The small volume is dependent on the growth and preparation methods, and even if the 

thickness of the ADM is not enough for stopping gamma rays, it might be enough for stopping 

charged particles and/or X-rays. The most pivotal and crucial problem is the low charge carrier 

transport properties because in many cases it is inevitable to have material defects either because 

of the crystal growth method or as inherent defects (e.g. self-trapped holes). 

The low charge carrier properties are expressed in the low values of ÕŰ-factors, meaning 

that the average distance that the electron/hole can cross to reach the anode/cathode is small 

compared with the ADM thickness. This thickness must be large enough for complete energy 

deposition from the radiation of interest, so it is a mandatory condition. The result of the small 

drift length is significant deterioration to the energy resolution because the signal becomes 

dependent on the location where the e-h pair originated from.  
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A closer examination of this phenomenon reveals that the average short drift length is 

resulting from the high recombination interaction rate of charge carriers at material defects, mainly 

at point and line defects. This recombination is either radiative or non-radiative (trap mediated or 

Auger type). Scintillator detector materials are chosen such that the recombination rate is high, 

and the radiative recombination is dominant. While semiconductor detector materials are chosen 

such that the recombination rate is low.  

If we assumed that, (1) all recombination is radiative, and (2) the luminescence decay time constant 

is comparable to the time needed for charge carriers to travel the thickness of the detector, it is 

possible to overcome the limitation of the low charge carrier transport properties since the loss in 

the pulse voltage will be proportional to the luminescence intensity. 

Constructing the detector such that both the voltage (potentially the electric current may be 

used instead) and the optical signal are extracted with the same frequency, and simply adding them 

(or using a more accurate method for correction) pulse by pulse should result in an improvement 

to the energy resolution. Figure 8-1 schematically illustrates such operation without detailing 

signal processing modules. 

Itôs important to note that the generation of e-h pairs from the interaction of radiation with 

the ADM is a pico-second process, while both the drift of charge carriers and the scintillation 

process are nano-to-micro-second processes. The frequency of signal extraction should take into 

consideration the average lifetime of charge carriers and the luminescence decay time, such that 

the signal extraction time is higher than their addition. 
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Figure 8-1: Schematic diagram illustrating the operation of the integrated semiconductor 

scintillator detector based on coupling the electrical and optical signals. 
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Figure 8-2: Simplified band diagram of ɓ-Ga2O3 assuming only STH defects. 

Although energy resolution is the most important metric for assessing ADM for 

applications needing spectroscopic performance, this metric had to be relaxed significantly for 

many applications for lack of other options, such as harsh environment applications that are found 

in HEP, space technology, and near-reactor monitoring [145]ï[149]. Low energy resolution WBG 

and UWBG are the choices for these applications.  Investigations in the integrated semiconductor 

scintillator detector can lead to an improvement in the energy resolution of WBG and UWBG 

pushing their applications to limits not achievable currently. Gallium oxide has shown promise 

both as a scintillator detector and as a semiconductor detector and is a very good candidate for this 

device structure. Figure 8-2 shows the expected band diagram in the case where only one sub-band 

level originated from self-trapped holes is present. This approximates the real band diagram of ɓ-

Ga2O3, as its luminescence is governed by the self-trapped hole defect level transitions [150].    

Finally, if this design was feasible, many possibilities can emerge from it. For example, the 

difference between the electrical signal and the scintillation signal (single pulses) may show 



 

104 

 

significant variation depending on the incident particle, which may be useful for pulse 

discrimination applications. 
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APPENDIX A: SPATIAL DISTRIBUTION OF IMPURITIES IN EFG ɓ-Ga2O3 (Fe) 

The table below shows the Fe and impurities spatial distribution in two different spots of 

the ɓ-Ga2O3 (Fe) sample. The scanned areas were arbitrarily chosen, and they had dimensions of 

πȢυ άά πȢυ άά. Scans were taken after cleaning the surface by sputtering. It can be concluded 

that Cr and Fe have the same spatial distribution. 

Table A-1: Spatial distribution of Fe and impurities in EFG ɓ-Ga2O3 (Fe) as revealed by TOF-

SIMS. 

Element Position A Position B 

Si 

 
 

S 
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Continued Table A-1 

 

 

Cl 

  

Br 
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Continued Table A-1 
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Continued Table A-1 
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