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ABSTRACT

Deep-Ultraviolet Optoelectronic Devices Enabled by the Hybrid

Integration of Next-Generation Semiconductors and Emerging Device

Platforms

Nasir Alfaraj

In this dissertation, the design and fabrication of deep-ultraviolet photodetectors

were investigated based on gallium oxide and its alloys, through the heterogeneous in-

tegration with metallic and other inorganic materials. The crystallographic properties

of oxide films grown directly and indirectly on silicon, magnesium oxide, and sapphire

are examined, and the challenges that hinder the realization of efficient and reliable

deep-ultraviolet photodetectors are described. In recent years, single-crystalline het-

erojunction photodiodes employing beta-polymorph gallium oxide thin films as the

main absorption layers have been studied. However, reports in the literature gener-

ally lack a thorough examination of epitaxial growth processes of high-quality single-

crystalline beta-polymorph gallium oxide thin films on metals, such as transition

metal nitrides. My research was initiated by demonstrating an ultraviolet-C pho-

todetector based on an amorphous aluminum gallium oxide photoconductive layer

grown directly on (100)-oriented silicon. The solar-blind photodetector exhibited a

peak spectral responsivity of 1.17 A/W. This is the first reported gallium oxide-based

photodetector to have been grown and fabricated directly on silicon. The growth of

high-quality monoclinic crystals on cubic silicon is a challenging process, which is

largely due to the large lattice mismatch that compromises the crystal quality of the

oxide layer, and leads to the degradation of device performance. This issue was ad-

dressed by growing the material on substrates with metal nitride templates, which
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resulted in improvements to the oxide crystal quality. Consequently, high optical gain

ultraviolet-C photodetectors were fabricated based on a beta-polymorph gallium ox-

ide photoconductive layer grown on magnesium oxide and silicon substrates with

titanium nitride templates. The enhanced solar-blind photodetectors exhibited peak

spectral responsivity levels as high as 276 A/W. Moreover, thin polymorphic gallium

oxide films were grown on c-plane sapphire using pulsed laser deposition for the first

time. The stacked thin films, namely epsilon- and beta-polymorph gallium oxide, were

sequentially grown under the same conditions. X-ray diffraction measurements and

transmission electron microscopy micrographs confirmed a heteroepitaxially grown

beta-polymorph gallium oxide on a heterogeneously nucleated epsilon-polymorph gal-

lium oxide polymorphic heterostructure on c-plane sapphire, which had rocking-curve

widths of 1.4◦ (β-Ga2O3 (−603)) and 0.6◦ (ε-Ga2O3 (006)).
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Chapter 1

Introduction

Ultraviolet (UV)-emitting group III–nitride materials hold a promising potential for a

variety of multifunctional applications, including solid-state lighting technology [1, 2,

3, 4] and water purification and disinfection [5, 6]. Aluminum nitride (AlN) thin films

are the best choice among the group III–nitride family as growth templates to avoid

the cracks and optical absorption losses, but the realization of efficient solar-blind

deep-ultraviolet (DUV) photodetection using aluminum (Al)-rich aluminum gallium

nitride and its alloys (AlxGa1−xN, where 0 < x < 1) is hindered by the temperature

limitations in the conventional metalorganic vapor-phase epitaxy (MOVPE) [7].

With the wide range of wavelength tunability available to UV-emitting group III–

nitride materials, the most promising germicidal UV devices are found in AlxGa1−xN,

and one of the most crucial applications of AlxGa1−xN-based devices is water steriliza-

tion [8, 9, 10, 11], particularly for highly water-stressed countries. Group III–nitride

materials are chemically and thermally robust [12, 13, 14], exhibit long carrier life-

times [15], are operationally stable [16], and are the only known materials that have

wide and direct bandgaps and are wavelength-tunable within the UV regime of op-

eration (from around 200 nm to 400 nm). Other material systems do not exhibit

these two properties simultaneously, but achieving p-type conduction is challenging

for high Al-content group III–nitride compounds [17]. On the other hand, gallium ox-

ide and its ternary alloys ((InxAlyGaz)2O3, x+y+ z = 1) are wide-bandgap oxides of

post-transitional metals with ionic bonds. With superior breakdown fields of around 8

MV·cm−1 compared with silicon carbide (SiC, 3 MV·cm−1) and gallium nitride (GaN,
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3.8 MV·cm−1), their intrinsic bandgap spans from 4.9 to 5.3 eV (with corresponding

wavelengths of 234–253 nm); there are five known polymorphs of Ga2O3, alpha (α)-,

beta (β)-, gamma (γ)-, delta (δ)-, and epsilon (ε)-polymorphs [18]. Among these, β-

Ga2O3 is the most stable structure with a superior melting point of up to 1820 ◦C; it

became available as a wafer substrate by using conventional melt growth techniques.

Despite its large bandgap ranging from 4.7 to 5.0 eV, its electrical properties can

be tuned from an insulator to an n-type semiconductor with carrier concentration

of up to 1019 cm−3 for DUV device applications [19, 20]. β-Ga2O3-based photodetec-

tors can exhibit high gain and spectral responsivity values because of the minority

carrier trapping caused by the existence of oxygen (O) vacancy deep-level defects in

the grown β-Ga2O3 films [21]. The application of high electric fields can results in

the release of these carriers from defect centers, causing high photoconductive gains

at high operational reverse-bias voltages, at the expense of slow response times, a

common phenomenon observed in AlxGa1−xN- and Ga2O3-based photodetectors and

is referred to as persistent photoconductivity [22, 23, 24]. Given the knowledge of fun-

damental properties and synthesis methods of Ga2O3-based materials, it is realized

that Ga2O3 has unique advantages over other common wide-bandgap semiconductors

[25]:

• A suitable intrinsic bandgap for DUV photodetection

• Availability of high-quality single-crystalline substrates [26]

• Cost-saving growth of heterostructures [27]

1.1 The Hybrid Integration of Group III–Nitrides and III–

Oxides on Emerging Material Platforms

The heterogeneous integration of various forms of inorganic materials (which encom-

passes growing numbers of material types) into one electronic system is based on
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group III–nitride compound semiconductors [28, 29, 30, 31, 32]. Examples include

the following: on-chip frequency upconversion [33], nanomechanical optical detection

[34, 35], solid-state neutron detection [36, 37, 38], piezoelectric resonators and elec-

trical and harmonic generators [39, 40, 41, 42, 43], strain-gated transistors (SGTs)

[44], multiple-valued logic (MVL) circuits [45], single-photon emission [46, 47, 48],

water splitting [49, 50, 51, 52, 53, 54], solar-blind photodetection [55], pressure [56],

gas [57], pH [58] sensors, white light generation from light-emitting diodes (LEDs)

[59, 60, 61] and from laser diodes (LDs) [62], metal–oxide–semiconductor field-effect

transistors (MOSFETs)[63, 64, 65] and high-electron-mobility transistors (HEMTs)

[66, 67], mechanically demanding applications [68], and thermoelectrics and thermal

management [69, 70]. All of these show promise in advancing the development of

the new “new electronics” industry [71]. While resonant tunneling transport is essen-

tial for the operation of ultrafast electronic oscillators and quantum cascade lasers

[72, 73, 74], this quantum mechanical effect remained elusive in the family of group

III–nitride semiconductors until very recently [75, 76]. Encomendero et al. have en-

gineered high-current resonant tunneling transport in group III–nitride heterostruc-

tures, which is employed to generate microwave power [75]. Their GaN/AlN resonant

tunneling diodes exhibited microwave oscillations with peak current densities up to

220 kA/cm2. A close look at common compound semiconductor materials reveals

that zinc oxide (ZnO), a group II–VI semiconductor, has a wide direct bandgap [77],

but it suffers from low p-type conductivity. Nevertheless, zinc oxide is one of the

most promising materials for the development of sensor [78] and translucent opto-

electronic devices [79]. These predictions are based on the fact that zinc (Zn) is an

earth-abundant material; the exciton binding energy of zinc oxide are unusually high

(about 60 meV), and the bandgap energy is around 3.4 eV [80]. From another point of

view, it is well known that an internal electrical field can reduce the effective bandgap

energy, a phenomenon referred to as the Franz–Keldysh effect [81, 82]. Bridoux et al.
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have demonstrated that this effect can be intensified when a tensile strain is generated

in zinc oxide thin films [83]. Since the piezoelectric coefficient of zinc oxide is very

high, very small strains can produce electric fields that reduce the effective energy

gap on these films, providing a building block to the new field of piezo-phototronics

[84, 85, 86].

1.2 Doping and Bandgap Engineering

Successful doping of a semiconductor material is a crucial factor in achieving an

efficient carrier injection process to realize excellent device performance characteristics

[87, 88, 89, 90, 91, 92, 93, 94]. AlxGa1−xN-based UV light-emitting devices can be

employed in a variety of applications, including water purification (because of the

high absorbance by pathogenic DNA at UV wavelengths) [95], medical diagnostics

[96], high-efficiency lighting [97], and chemical biological detection processes [98].

Remarkable progress has been made to improve the quality and performance of devices

based on AlxGa1−xN, and their attractive properties. Such properties include the

tunability of their bandgap energies within a significant portion of the UV spectral

range (namely, UV-C below 280 nm, UV-B between 280 nm and 315 nm, and UV-A

between 315 nm and 400 nm), high chemical and device operational stability [99]

and reliability [100], internal quantum efficiency (IQE), external quantum efficiency

(EQE), and wall plug efficiency (WPE) of III–nitride-based devices, especially DUV

devices [101]. These properties remain relatively low, and the presence of spontaneous

and piezoelectric fields limits their potential [102, 103]. The main causes of such low

efficiency parameters are the high density of threading dislocations (TDs) extending

from the surface of a strained layer system, which causes internal structural cracking

and the subsequent increase in nonradiative recombination channels within the device

active regions [88, 104, 105, 106, 107, 108]. These issues arise mainly from the lattice

and thermal mismatches between the grown material and the substrate [109, 110,
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111]. For devices emitting at short wavelengths below 280 nm, the external quantum

efficiencies do not exceed 20% [102], and hardly reach 20.3%, by designing a DUV LED

utilizing a UV transparent magnesium (Mg)-doped Al0.65Ga0.35N top contact layer, a

rhodium (Rh) mirror electrode, an AlN template on a patterned sapphire substrate,

and encapsulation resin [112]. In addition, AlxGa1−xN-based heterostructures exhibit

poor p-type doping behavior [113, 114], and generally suffer from significant light

extraction losses, particularly toward the DUV spectral regime [115], while conductive

n-type AlxGa1−xN layers can be realized with relative ease [116, 117]. A recent report

by Nippert et al. attributed the efficiency droop in Al0.45Ga0.55N quantum wells (QWs)

to internal loss mechanism within the quantum wells, strikingly similar to the well-

known case of InxGa1−xN/GaN quantum wells [118]. They attributed the reduction

in IQE at high excitation power densities to the losses associated with direct and

indirect[119] Auger processes, and have extracted an Auger recombination coefficient

of C = 2.3 × 10−30 cm6/s using time-resolved photoluminescence (TRPL), which

is of the same order as determined by some studies investigating InxGa1−xN/GaN

quantum wells for experimental report of C coefficient[120, 121] and in epitaxially-

grown 280 nm multiple quantum well (MQW) Al0.57Ga0.43N LEDs (by solving the

carrier rate equation in the semiconductor) [122]. In general, Shockley–Read–Hall

(SRH) recombination has been viewed by a broad swath of researchers as the dominant

recombination mechanism at threading dislocations, rendering it scalable only with

the threading dislocation density (TDD) [123, 124]. Nagasawa and Hirano argued

that the low threading dislocation densities of roughly 5 × 108cm−2 demonstrated

by AlxGa1−xN and AlN templates on sapphire decreases the number of nonradiative

recombination channels [125].

While it has been well established that electron-beam irradiation [89] and ther-

mal processing [126] can activate dopant impurities in InxGa1−xN and remove Mg-

hydrogen complexes in GaN films [127], this raises the following questions: (1) if an
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electron-beam can ionize impurities in InxGa1−xN, can one develop an in-situ ion

activation system for the growth of AlxGa1−xN? [128, 129, 130] (2) during the epitax-

ial growth process, can one irradiate the sample with UV, X-ray, or, perhaps, γ-ray

radiation? (3) how can one design a safe-to-use system with an in-situ ion activation

source? At the moment, these techniques do not seem feasible in the growth process

of AlxGa1−xN, although Fujiwara and Sasaki fabricated random lasing structures di-

rectly on Mg-doped GaN thin films solely using a UV irradiation of pulsed intense

laser on the material surface [131].

1.2.1 Doping of Ga2O3

The most common n-type dopants for Ga2O3 are the tetravalent elements of silicon

(Si), germanium (Ge), and tin (Sn), with a resultant free-electron concentrations

between 1016 and 1020 cm−3 [25, 132, 19, 133, 134, 135]. Similar to AlxGa1−xN, no

successful p-type doping of β-Ga2O3 resulting in p-type conductivity has been re-

ported. While group II elements and transition metals can, in theory, constitute

p-type dopant impurities for group III–oxide compound semiconductors, the conduc-

tivity of Mg-doped Ga2O3 is expected to be relatively low at room temperature due

to the high acceptor activation energy values (> 500 meV [136, 137]) and it is fur-

ther impeded given the relatively small formation energy of self-trapped holes (STHs)

[25, 138, 139, 140] and the virtual lack of energy level dispersion near the valence band

maximum [141, 142]. Doping with iron (Fe), Mg, and nitrogen (N) does not effectively

transform β-Ga2O3 into a p-type semiconductor; rather, it results in a semi-insulating

material [143, 142], which can be used as substrates for the fabrication of MOSFET

devices with low leakage currents [144, 145, 146].
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1.3 Hybrid Integration of Ga2O3

In my recent review article [147], I reviewed the recent progress in the growth and

fabrication of UV and DUV group III–nitride optoelectronic devices and materials

based on AlxGa1−xN [148, 149] and boron aluminum nitride and its alloys (BxAl1−xN,

0 < x < 1) [150, 151]. I provided an overview of UV and DUV light-emitting and de-

tection devices from the prospect of the heterogeneous integration of group III–nitride

compound semiconductors and two-dimensional (2-D) materials with select mate-

rial properties, particularly graphene [152] and 2-D transition metal dichalcogenides

(TMDs) [153], as illustrated through the graphical abstract of the article shown in

Figure 1.1. This graphical abstract represents a general schematic definition of the

hybridization of group III–nitrides, III–oxides, and 2-D materials: a combination of

2-D and bulk integration processes for different purposes such as the realization of

highly absorptive DUV device active regions with transparent conductive electrodes

integrated on UV transparent optoelectronic device platforms. Because of the two-

dimensional confinement of electrons in a monolayer of 2-D materials, the properties

of such monolayers can be controlled by the electrical field formed on the monolayer

surface [154]. I examined the basic physics and crystallography of these materials and

discuss the challenges that hamper the realization of efficient and reliable DUV de-

vices. Comparisons between sapphire and AlN as templates for optoelectronic devices

was provided within the discussion, in which I criticized the status of sapphire as a

platform for efficient DUV devices and detailed the advancements in device growth

and fabrication on AlN templates. I briefly discussed the most common growth and

fabrication methods used to synthesize various types of group III–nitride nanostruc-

tures. I also provided a critical review of the status quo with regard to light emission

and detection devices based on group III–nitride semiconductors. The integration of

new materials for the realization of DUV devices, the process of carrier injection,

and the relative alignment of the energy bands at group III–nitride semiconductor
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heterojunctions and their effects on device operation are highlighted. Given its use-

fulness and the ability to implant more nitrogen atoms to make it more insulating,

thus capable of sustaining higher electric fields for power device applications [155],

Ga2O3 and its alloys have emerged as the materials of choice for the realization of

DUV optoelectronic devices [156]. For more details about its physiochemical proper-

ties and heterogeneous integration with other group III–oxide materials, I refer the

reader to the editorial and articles written by Higashiwaki and Jessen [157], Peelaers

et al. [158], and Pearton et al. [159] Table 1.1 provides a comparison between ther-

mal and mechanical properties of AlN, sapphire, and Ga2O3 substrates. I noted that

sapphire suffers from considerably lower thermal conductivity and relatively higher

thermal expansion coefficients when compared to AlN. On the other hand, Ga2O3

exhibits the lowest thermal conductivity values among the three substrates. Never-

theless, Ga2O3 substrates are significantly more expensive than sapphire, while it can

be extrinsically conductive with carrier concentrations of up to 1019 cm−3 and conduc-

tivities of up to 100 S/cm for Sn-doped substrates. Therefore, unlike sapphire and AlN

substrates, Ga2O3 substrates can be used to realize vertically-oriented optoelectronic

devices [160, 161].

Group III–nitrides
Bulk, QWs, Qdisks, nanostructures, 

heterojunctions

Bulk Ga2O3
Large bandgap and UV transparent

2-D BN
Large bandgap and absorption 

coefficient in the DUV region

Graphene and TMDs
Transparent conductive electrodes

Figure 1.1: Material hybridization for DUV integrated optoelectronics
Graphical abstract reflecting areas explored in my recent review article (Ref. [147]). Repro-
duced with permission from Ref. [147]. ©2019, Chinese Institute of Electronics.
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Property AlN1 Sapphire2 Ga2O3
3

Thermal conductivity (W/[m·K]) 180–230 42
[100]: 13.6
[010]: 22.8

Thermal expansion coefficient (10−6K−1)
4.64

5.25

7.06

7.77

αa = 0.1–2.78
αb = 1.68–5.84
αc = 1.74–6.27

Specific heat capacity (J/[kg·K]) 720 750 490
Melting point (◦C) 2200 2053 1725
Young’s modulus (GPa) 320 470 230

Vickers hardness (GPa) 11 22.5
(101): 9.7 GPa
(2̄01): 12.5 GPa

Table 1.1: Thermo-mechanical properties of select substrates
Physical comparison between AlN, sapphire, and Ga2O3 substrates in terms of thermal
and mechanical properties. Reproduced with permission from Ref. [147]. ©2019, Chinese
Institute of Electronics.

In contrast, α-Ga2O3 has not yet been studied as a metastable phase of Ga2O3.

With a highest energy bandgap of around 5.3 eV, its rhombohedral corundum struc-

ture allows for its utilization on conventional sapphire substrates as opposed to using

it as a wafer. In addition, alloys of α-Al2O3, α-Ga2O3, and α-In2O3 can make multi-

nary oxide compounds from each other. Eventually, they can make unique physical

properties with other corundum systems of transition metal oxides (α-M2O2; M =

Fe, Cr, V, Ti, Rh, and Ir) [163].

High n-type conductivity and transparency characteristics reveal that Ga2O3 is

an ideal candidate for the realization of DUV devices as a transparent conducting

oxide (TCO) substrate. Even though Ga2O3 does not have a hexagonal structure, it

is relatively easy to induce a hexagonal atomic arrangement for optoelectronic device

applications. In 2005, epitaxial growth of planar GaN layer on (100) a-plane β-Ga2O3

1As reported by MARUWA CO., LTD, Japan.
2As reported by Kyocera Corporation, Japan.
3As reported by TAMURA Corporation, Japan. Thermal expansion coefficient values are from

Ref. [162] and reported in the temperature range of 24.85–926.85 ◦C.
4In the range of 40–400 ◦C.
5In the range of 40–800 ◦C.
6In the range of 40–400 ◦C, perpendicular to c-axis.
7In the range of 40–400 ◦C, parallel to c-axis.
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was first demonstrated [164]. Low-temperature GaN buffer layer was first introduced,

and a 1 µm thick GaN layer was subsequently grown at 1070 ◦C by MOVPE. From

the X-ray diffraction (XRD) measurement, θ-2θ scan confirmed a wurtzite GaN layer

with c-plane orientation, and it showed 1200 arcsec full width at half maximum

(FWHM) rocking curve (RC). Room temperature photoluminescence measurements

showed an emission peak wavelength at around 362.6 nm, and eventually, a blue

LED device was successfully fabricated. In 2006 and 2007, GaN layers grown on

β-Ga2O3 were also demonstrated by ammonia- and radiofrequency molecular-beam

epitaxy (RF-MBE), respectively [165, 166]. In MBE epitaxial growth, nitridation was

a crucial factor for planar GaN layer growth at the interface with β-Ga2O3 substrate.

In ammonia-MBE, nitridation was processed under NH3 condition inside the growth

chamber to reconstruct the surface from a twofold symmetry a-plane β-Ga2O3 to

a sixfold symmetry of c-plane GaN. Effective nitridation step helped to obtain a

transparent and mirror-like GaN surface layer on Ga2O3; however, GaN has a rough

surface and tends to peel off from the substrate when the nitridation step is skipped

[165]. The surface of β-Ga2O3 was also successfully controlled by nitridation in RF-

MBE [166]. At the interface, GaN phase was transformed from cubic to wurtzite by

increasing the nitridation time. This thin GaN layer served as the basis for growth of

subsequent epitaxial GaN layers on the β-Ga2O3 substrate. In 2012, another research

group further investigated c-plane GaN layers on (100) a-plane β-Ga2O3 that could

easily be peeled off from the substrate [167]. Initially NH3-treated 150 µm thick GaN

layers showed limited adhesion at their interfaces. As a result, the self-separation of

GaN layer was achieved at room temperature, directly after the hydride vapor phase

epitaxy (HVPE) growth process.

As part of a GaN epitaxial layer growth study on β-Ga2O3 substrates, an AlxGa1−xN

layer was demonstrated by MOVPE, and its crystalline quality was compared with

that of grown on sapphire. The Al0.08Ga0.92N and GaN growth processes were car-
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ried out on low-temperature buffer layers [168]. An optimized facet-controlled method

and thermal annealing process resulted in high-quality GaN and Al0.08Ga0.92N lay-

ers on β-Ga2O3 substrates with enhanced morphology, photoluminescence intensity,

and reduced FWHM of the XRD RC. Other than the (100) plane, the growth of

GaN/Al0.20Ga0.80N multiple quantum wells on (2̄01)-oriented β-Ga2O3 was also in-

vestigated by Ajia et al. [26]. While GaN layer growth on (100) β-Ga2O3 resulted in

an uncontrollably peeled off film from the substrate, Ajia et al. demonstrated that

GaN/Al0.20Ga0.80N growth on (2̄01)-oriented β-Ga2O3 can provide a stable layer for

the more operationally stable vertical device applications. With a 2 nm thick low-

temperature AlN buffer layer, a 100 nm thick n-Al0.75Ga0.25N layer was grown at

1020 ◦C, followed by a 900 nm thick n-Al0.30Ga0.70N layer at 1120 ◦C. Subsequently,

3× GaN/Al0.20Ga0.80N multiple quantum wells were grown for their study. As com-

pared to films grown on sapphire substrates, the GaN/Al0.20Ga0.80N multiple quantum

wells on the (2̄01)-oriented β-Ga2O3 showed higher structural and optical crystalline

quality as well as lower density of nonradiative recombination centers. These results

hold promise of unleashing the potential of UV transparent and conductive Ga2O3

substrates as a suitable alternative to group III–nitride-based substrates for the real-

ization of DUV device applications.

1.4 Motivation, Focus, and Key Findings of this Dissertation

Work

A heteroepitaxial growth method comprising growth of common compound semi-

conductor monocrystalline films on magnesium oxide (MgO) and Si substrates with

monocrystalline epitaxial titanium nitride (TiN) films as growth templates is pro-

posed. As metallic ceramic templates, the monocrystalline TiN films act as conduc-

tive interlayers that facilitate the heteroepitaxial growth and integration of compound

semiconductor materials, such as group III–nitride and III–oxide alloys, on monocrys-
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talline MgO and Si substrates. My proof-of-concept study focuses on demonstrating

the growth of monocrystalline β-Ga2O3 on monocrystalline conductive TiN for poten-

tial use in vertically configured DUV optoelectronic applications on complementary

metal–oxide–semiconductor (CMOS)-compatible platforms. More importantly, albeit

the relatively large lattice mismatch between Si and the heteroepitaxially grown

TiN, the proposed TiN/Si templates are shown to serve as a robust platform for

the heteroepitaxial growth of β-Ga2O3 thin films without exhibiting amorphous and

metastable phases, and the resulting lattice fit and dislocation types are revealed and

examined.

The subject of growing Ga2O3 on monocrystalline TiN templates on (100)-cut

MgO is of profound significance to the compound semiconductor growth community,

as discussed herein. Given the relative lattice match between MgO and TiN—and

between TiN and Ga2O3—thin monocrystalline TiN interlayers (100–300 nm thick)

facilitate the growth of Ga2O3 alloys on MgO platforms without thick buffer layers

(up to 2 µm thick). Given the high thermal conductivities of TiN (around 30 W/[m·K]

at 323 K [169]) and MgO (45–60 W/[m·K]), electronic devices fabricated based on my

proposed platform would demonstrate remarkable heat dissipation characteristics that

would aid in the realization of reliable power electronic devices based on Ga2O3. As a

wide bandgap semiconductor, Ga2O3 exhibits large breakdown fields (approximately 8

MV/cm), but the issue of poor heat dissipation in power electronic devices employing

Ga2O3 has not been critically addressed in the literature, and hence my proposed

invention will provide an excellent platform for high-performance power electronic

devices.

The heteroepitaxial growth of monocrystalline group III–oxide materials on (100)-

oriented Si wafers, without resorting to growing significantly thick buffer layers as

the traditional methods do, has not been previously reported. In other words, this

approach of growing β-Ga2O3 thin films on Si substrates makes possible the inte-
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gration of optoelectronic devices with conventional CMOS electronics because of the

abundance and availability of such substrates. Moreover, of all refractory transition

metal ceramics, polycrystalline TiN has widely been used as a diffusion barrier in

microelectronic devices [170, 171]. Monocrystalline TiN exhibits a free carrier con-

centrations (N) level in the order of 1022 cm−3 compared to 1020 cm−3 of ScN [172].

As monocrystalline TiN growth requires high temperatures that may not be compat-

ible with some CMOS back-end-of-line (BEOL) technology processes [173], here we

demonstrate that it is possible to first grow TiN thin films on Si and MgO substrates,

and then to grow other layers, to not expose the stack to the high temperatures

required by TiN growth. This integration step is therefore compatible with CMOS

front-end-of-line (FEOL) process requirements. Previously, a gallium nitride (GaN)

layers have been grown on silicon carbide (SiC) substrates using epitaxial scandium

nitride (ScN) buffer layers [172], and on (111)-oriented Si substrates using AlN nu-

cleation layers [174]. The structure discussed here is different from the existing ones

in the fact that it utilizes high-quality monocrystalline thin films of refractory tran-

sitional metal conductive ceramics, grown on (100)-oriented Si, as templates for the

growth of monocrystalline β-Ga2O3 thin films, and hence opening a new paradigm in

integrated circuit (IC) systems to transform them into more powerful resources for

state-of-the-art Si-integrated electronics.

The following list summarizes the applications I foresee for the TiN/MgO and

TiN/Si platforms developed here for the growth of high-quality Ga2O3 thin films:

• Highly efficient and low-cost hybridized optoelectronics

• Reliable and high-performance power electronics with integral heat sinks

• TiN would constitute an excellent current spreading layer because it is an ex-

cellent electrical conductor [175]

• TiN can form an antidiffusion and refractory layer, enabling higher numbers of
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operating cycles of a device as well as increased operating temperatures

The following list provides a summary of what is achieved in this dissertation:

• Design and fabrication of high-spectral-responsivity DUV photodetectors through

the hybrid integration of Ga2O3, transition metal nitride (i.e., TiN) templates,

and common inorganic substrates (i.e., MgO and Si)

• Proposal of a new platform for DUV optoelectronic devices: heteroepitaxially

grown polymorphic β-Ga2O3/ε-Ga2O3 on sapphire

1.5 Dissertation Outline

In chapter 2, I provide a survey of the state of the art in DUV photodetection and

highlight the areas of improvement. Chapter 3 provides a summary of group III–

oxide material growth and the characterization techniques used in this research, while

chapters 4 and 5 constitute the bulk of this dissertation. In chapter 4, I present

novel solar-blind DUV photodetectors enabled by the hybrid integration of Ga2O3,

transition metal nitride (i.e., TiN) templates, and inorganic substrates (i.e., MgO

and Si). In chapter 5, I discuss the heteroepitaxial growth of Ga2O3 polymorphic

heterostructures for the development of novel DUV optoelectronic devices. Finally,

chapter 6 provides a summary of the contributions of this dissertation. In Appendix

B, I discuss the physics behind the manipulation of light properties through dielectric

confinement effects, while in Appendix C, I summarize the processes of interaction

between the valence electrons of an atom and a photon given their fundamental

relevance to photonics.
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Chapter 2

Survey of Ga2O3-based Optoelectronic Devices

DUV photodetectors incorporating β-polymorph Ga2O3 thin films have been the sub-

ject of extensive studies since the introduction of epitaxial deposition techniques for

group III–oxide materials because of the enhancements in photosensitivity and solar-

blind photodetection characteristics [147, 159, 176]. Although β-Ga2O3/nickel oxide

(NiO) heterostructures have been investigated by various research groups, none of

these studies provided details about the epitaxial growth process supported by elec-

tron microscopy imaging or applied and comprehensive optoelectrical device fabrica-

tion and characterization [177, 178] until my recent study on photodetection using

single-crystalline β-Ga2O3/NiO heterojunctions [179]. With regards to optoelectronic

applications, the majority of research groups have so far focused on the relatively

narrow-bandgap GaN-based devices [34, 180, 181] that exhibit varying degrees of

operational stability [12, 182, 183] and ultrawide-bandgap group III-oxides-based de-

vices grown and fabricated directly on bulk sapphire (α-Al2O3) [27]. Han et al. have

demonstrated solar-blind DUV Mg0.58Zn0.42O Schottky-type metal–semiconductor–

metal (MSM) photodetectors grown on (100)-cut MgO substrates with a MgO buffer

layer [184]. Their photodetectors exhibited peak spectral responsivities between 2.8

and 15.8 mA/W with reverse-bias voltages (Vbias) between 5 and 15 V for an incident-

light wavelength (λin) of around 240 nm. Xu et al. have demonstrated solar-blind DUV

β-Ga2O3 metal–semiconductor–metal photodetectors grown on c-plane sapphire by

mist chemical-vapor deposition [27]. Their photodetectors exhibited remarkable peak

spectral responsivities of above 150 A/W for an incident-light wavelength of 254 nm
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under a relatively high reverse-bias of 20 V. In the former report by Han et al., the

authors reported a low dark current (Idark) value of 0.16 pA by virtue of the high crys-

tal quality and excellent Schottky contact characteristics [185]. The magnesium zinc

oxide (MgZnO) films were grown on a MgO template using metalorganic vapor-phase

epitaxy, enabling the realization of thin films with high crystalline quality and low

surface roughnesses. However, the reported peak responsivity values were relatively

low, which are typical for Schottky-type metal–semiconductor–metal photodetectors

without internal gain mechanisms, such as defect-assisted tunneling, the avalanche

process, and minority carrier trapping [186, 187, 188, 189]. Moreover, illuminating

power densities (Pin) were not reported, rendering the analysis of the photodetector

sensitivity and the efficiency of exciton transport as a function of incident illumi-

nating power infeasible. In the latter report by Xu et al., while remarkably high

photoconductive gains and peak spectral responsivities were achieved at relatively

low illuminating power density of 2 pW/µm2, their photodetectors exhibited slow

photoresponse times. The photodetectors exhibited such high gains and spectral re-

sponsivities values because the minority carrier trapping caused by the existence of

oxygen vacancy deep-level defects in the grown β-Ga2O3 film [21, 190]. The applica-

tion of high electric fields resulted in the release of these carriers from defect centers,

causing high photoconductive gains at high operational reverse-bias voltages, at the

expense of slow response times, a common phenomena observed in Ga2O3-based pho-

todetectors and is referred to as persistent photoconductivity (PPC) [23, 24].

Figure 2.1 shows the bandgap energies of common semiconductor materials (group

III–V and diamond) as functions of their lattice constants.
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Figure 2.1: Bandgap energy vs. lattice constant for various semiconductors
Plot of bandgap energy vs. lattice constant a value of the (Al, In, Ga)N material sys-
tem [191], α-Ga2O3 [163, 192, 193, 194], h-BN [195], and diamond, at room temperature.
Reproduced with permission from Ref. [147]. ©2019, Chinese Institute of Electronics.

2.1 Photodetectors and Device Processes

In this section, several factors that can affect photodetector device performance are

considered. These factors include the illuminating power density, reverse-bias voltage,

and metal finger design.

2.1.1 DUV Photodetection Using Single-Crystalline β-Ga2O3/NiO

Heterojunctions

Li et al. investigated the thin-film growth of a heterostructure stack comprised of n-

type β-Ga2O3 and p-type cubic NiO layers grown consecutively on c-plane sapphire

using pulsed laser deposition (PLD), as well as the fabrication of solar-blind UV-C

photodetectors based on the resulting p–n junction heterodiodes [179]. Several char-

acterization techniques were employed to investigate the heterostructure, including

X-ray crystallography, ion beam analysis, and high-resolution electron microscopy

imaging. XRD analysis confirmed the single-crystalline nature of the grown mono-
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clinic and cubic (2̄01) β-Ga2O3 and (111) NiO films, respectively, whereas electron

microscopy analysis confirmed the sharp layer transitions and high interface qualities

in the NiO/β-Ga2O3/sapphire double-heterostructure stack. The photodetectors ex-

hibited a peak spectral responsivity of 415 mA/W at 7 V reverse-bias voltage for a

260 nm incident-light wavelength and 46.5-pW/µm2 illuminating power density. Fur-

thermore, the band offset parameters at the thermodynamically stable heterointerface

between NiO and β-Ga2O3 were determined using high-resolution X-ray photoelec-

tron spectroscopy. The valence and conduction band offset values were found to be

1.15± 0.10 and 0.19± 0.10 eV, respectively, with a type-I energy band alignment.

Figure 2.2 depicts the growth and fabrication process of the single-crystalline β-

Ga2O3/NiO photodiode. After cleaning a c-plane sapphire substrate using acetone

and isopropyl alcohol (IPA), an n-type β-Ga2O3 (Si-doped 1% wt) film was grown at

a substrate temperature of 640 ◦C and an O2 working pressure of 5 mTorr (Figure

2.2B. A p-type NiO (lithium (Li)-doped 1% wt) film was then grown atop the n-type

β-Ga2O3 film at a substrate temperature of 240 ◦C and an O2 working pressure of 200

mTorr (Figure 2.2C. In both cases, the laser pulse frequency was set to 5 Hz with an

energy per pulse of 450 mJ and a laser fluence of 1 J/cm2. The films were deposited

with a target-to-substrate distance of 80 mm and deposition rates of 86 (n-Ga2O3) and

85 (p-NiO) mÅ/pulse; their thicknesses were estimated to be 260 nm (n-Ga2O3) and

170 nm (p-NiO) by combining cross-sectional scanning electron microscopy (SEM)

imaging and energy-dispersive X-ray (EDX) spectroscopy analyses, which provided

precise elemental mapping [65] of the composition of the cross section of a p-NiO/n-

Ga2O3/sapphire sample. After the growth of the β-Ga2O3 and NiO thin films, NiO

mesa was formed using inductively-coupled plasma dry etch (Figure 2.2D, 20 sccm

Ar, 5 sccm Cl2, 700 W RF power, 300 DC voltage, and 5 mTorr chamber pressure, for

3 minutes) after a lithography step. Then, metal contacts were deposited on the NiO

(Au) and β-Ga2O3 (Au/Ti) films after two lithography steps using magnetron sputter
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deposition, which were subsequently thermally annealed at 600 ◦C for 1 minute in an

argon (Ar) ambience to form Ohmic contacts (Figure 2.2E). The photodetectors were

fabricated with six, seven, and nine interconnected Au and Au/Ti parallel fingers

with 50 µm, 40 µm, and 30 µm spacings, respectively, constituting the 50 µm, 40 µm,

and 30 µm photodetectors.

A B C

Ga2O3 (260 nm)/sapphireBulk c-plane sapphire NiO (170 nm)/Ga2O3 (260 nm)/sapphire

NiO mesa formation Au (190 nm)/NiO and Au (190 nm)/Ti (20 nm)/Ga2O3

D E

Sapphire Ga2O3 NiO Au Ti

Figure 2.2: Fabrication of single-crystalline β-Ga2O3/NiO photodiodes
Fabrication process: (A) Sapphire substrate preparation; (B) PLD deposition of β-Ga2O3;
(C) PLD deposition of NiO on β-Ga2O3; (D) NiO mesa formation using inductively-coupled
plasma dry etch. (E) Deposition of Au/Ti thin films after two lithography steps using mag-
netron sputter deposition. The Au fingers act as an Ohmic contact electrode to the p-type
NiO film, while the Au/Ti fingers were deposited directly on the n-type β-Ga2O3 film
through a mesa, and act as an Ohmic contact electrode to the n-type β-Ga2O3 film. Re-
produced from Ref. [179]. Reproduced with permission from Ref. [179]. ©2019, American
Chemical Society.

Figure 2.3 plots the evolution of spectral responsivity (R), noise-equivalent power

(NEP), and external quantum efficiency values with increasing illuminating power

density levels up to 100 pW/µm2 at an incident-light wavelength of 260 nm. It was

observed that the 40 µm photodetector exhibited the best photoresponsivity perfor-

mance, with a spectral responsivity value of 415 mA/W at an illuminating power

density of 46.5 pW/µm2. For the 50 µm photodetector, the distance between the

metal fingers was seemingly far, leading to photocurrents conducted through a rela-

tively wide separation between the metal fingers and thereby some of the electrons fell
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back to the valence band before reaching the other electrode. For the 30 µm photode-

tector, the distance between the metal fingers was shorter; however, the photodetector

exhibited low photosensitivity and signal-to-noise ratio (SNR) performances, with a

specific detectivity value of 6.75×1010 Jones (NEP = 7.78×10−13 W/Hz1/2) at a Vbias

= 7 V for Pin = 46.5 pW/µm2, manifesting low photocurrent generation efficiency

caused presumably because lower illumination area and higher metal contact cover-

age caused less efficient light absorption characteristics when compared to the other

photodetectors. For all photodetectors, spectral responsivity values saturated after

46.5 pW/µm2, indicating a limit for UV-C photons to excite photoelectrons from the

valence band to conduction band in the NiO film. In this case, it was argue that the

photodetectors require UV-C light with only about 46.5 pW/µm2 illuminating power

density level to operate. The 40 µm photodetector exhibited a specific detectivity

value of 2.27 × 1011 Jones and an external quantum efficiency value of 197.81% for

an incident-light wavelength of 260 nm and an illuminating power density of 46.5

pW/µm2. Without high-mobility current spreading layers, it can be expected that

generated carriers would be trapped in the lower-mobility NiO and β-Ga2O3 layers,

limiting the achievable photocurrents and gains in the photodetector devices [196].

Table 2.1 summarizes the experimental results obtained by Li et al. and provides

performance comparison with select p–n junctions characterized at room tempera-

ture reported in the literature. Given that the main absorption layer was β-Ga2O3,

it is believed that the response times of the photodetectors to high-frequency signals

is not better than what already reported in the literature for β-Ga2O3-based DUV

photodetectors [27, 197].
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Figure 2.3: β-Ga2O3/NiO DUV photodetector performance
Evolution of the calculated (A) R, (B) NEP, and (C) EQE values with an Pin level for
an λin = 260 nm at a Vbias = 7 V. Reproduced with permission from Ref. [179]. ©2019,
American Chemical Society.

Ref. Heterojunction Distance between
electrode fingers (µm)

Total device
area (cm2)1

Electrode areal
coverage

Exposed
β-Ga2O3 area

Peak responsivity
(A/W)

Corresponding specific
detectivity (Jones)

[179] β-Ga2O3/NiO 50 2.75× 10−3 58.18% 41.82% 0.362 (7 V, 260 nm)2 6.28× 1010

[179] β-Ga2O3/NiO 40 2.60× 10−3 58.77% 41.23% 0.415 (7 V, 260 nm)3 2.27× 1011

[179] β-Ga2O3/NiO 30 2.55× 10−3 59.18% 40.82% 0.323 (7 V, 260 nm)2 6.75× 1010

[198] NiO/ZnO – – – – 0.3 (6 V, 360 nm) –
[199] (Al0.28Ga0.72)2O3/Si – 0.125× 10−3 – – 1.17 (2.5 V, 230 nm)4 9.6× 1011

[200] β-Ga2O3/graphene – 240× 10−3 – – 12.8 (6 V, 254 nm)5 1.3× 1013

[201] β-Ga2O3/ZnO – – 7 mm2 – 0.35 (5 V, 254 nm)6 –
[202] PEDOT:PSS/β-Ga2O3/Si – – – – 0.029 (0 V, 255 nm)7 –
[203] MgZnO/graphene – – – – 0.00264 (0 V, 255 nm) –
[204] MgZnO/GaN – – – – 0.002 (0 V, 185 nm) –
[205] Graphene/MgGaO/SiC – – – – 0.0103 (0 V, 185 nm) –
[206] 2-D MgO – – – – 1.86 (4 V, 150 nm) 1.8× 1010

Table 2.1: Performance parameters of select oxide-based photodetectors
Single-crystalline β-Ga2O3/NiO photodetector performance parameters, with performance
comparison with select oxide-based photodetectors. Reproduced with permission from Ref.
[179]. ©2019, American Chemical Society.

1The parameter S reported earlier.
2Observed at Pin = 75 pW/µm2.
3Observed at Pin = 46.5 pW/µm2.
4Observed at Pin = 74 µW/µm2.
5Observed at Pin = 21.2 µW/cm2.
6Observed at Pin = 50 µW/cm2.
7Observed at Pin = 15.06 µW/cm2.
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2.2 Proposed Areas of Improvement

In recent years, the heterogeneous integration of a variety of inorganic materials for

fabricating electronic and optoelectronic devices on inorganic substrates has shown

clear promise in reshaping the future of the electronics industry [34]. Such an in-

tegration approach is widely expected to pave the way for the implementation of

Schottky photodiode device architectures, thereby allowing for the implementation of

vertical device structures and lower response times. Researchers have thus far focused

on relatively narrow-bandgap GaN-based devices fabricated on silicon and sapphire

[182, 181] as well as ultrawide-bandgap group III–oxides-based devices fabricated on

sapphire. The following are the proposed areas of DUV photodetection that lack

progress:

• Fabrication of DUV photodetectors on thermally conductive platforms to en-

hance their quantum efficiencies

• Hybrid integration of semiconductors on emerging material platforms to realize

new device architectures that enable higher photoconductive gains and faster

response times

In this dissertation, I focus on the development of β-Ga2O3-based DUV pho-

todetectors grown and fabricated on MgO and Si substrates with TiN templates.

The TiN/MgO and TiN/Si platforms act as lattice templates and thermally conduc-

tive platforms for high-gain and quantum-efficient DUV photodetectors. Although

β-Ga2O3-based photodetectors have been demonstrated with high responsivity val-

ues, the spectral response is relatively broad and not easily tunable, compared to

that of AlxGa1−xN-based materials. Apart from that, slow response speeds of up to

a few seconds were also observed in Ga2O3-based photodetectors due to surface trap

states and slow hole transport [187, 207]. These issues would eventually hinder their
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applicability in systems requiring high selectivity or fast response speed, particularly

for wavelength-selective communication channels [208, 209].

2.3 Chapter Summary

In this chapter, I provided a survey of the state of the art in DUV photodetection and

highlighted areas of research that lack improvement. In the next chapter, I provide a

summary of the material growth and characterization techniques I used to carry out

this dissertation research.
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Chapter 3

Material Growth and Characterization

The thin film growth technology used to synthesize oxide semiconductor layers plays

an important role in the successful fabrication of β-Ga2O3-based devices. This is

evidenced by the fact that the functionality of microelectronic devices is influenced by

the resulting material structures and their properties. Several physical and chemical

deposition techniques have been employed to deposit β-Ga2O3 films, including radio-

frequency magnetron sputtering [210], chemical vapor deposition [211], spray pyrolysis

[212], sol-gel method [213], thermal evaporation [214], MBE [215], and PLD [179]. In

this chapter, I provide an overview of the PLD basic processes and thin film synthesis

and characterization procedures employed in this dissertation.

3.1 Pulsed Laser Deposition Basic Processes

As a physical vapor deposition technique, PLD employs a high-power pulsed laser

beam that is focused inside a vacuum chamber to strike a material (i.e., target) that

is to be plasma-ablated and formed with a desired crystal structure on a substrate

(e.g., silicon and sapphire) under elevated temperatures. This process may occur in

ultrahigh vacuum or in the presence of a background gas, such as O2 and Ar. O2 is

typically used when depositing oxides to fully oxygenate the deposited films, but in

this dissertation, I also demonstrate Ar-assisted Ga2O3 deposition that enabled me

to synthesize ε-polymorph Ga2O3 (ε-Ga2O3) thin films. In this section, I provide an

overview of the basic principles and operation of a PLD system.
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3.1.1 Pulsed Laser Deposition Setup

The basic PLD setup is relatively simple compared to several other deposition tech-

niques, but the chemicophysical phenomena governing the creation of a plasma plume,

and at the plume–film interface that governs the laser–target interaction and film

growth, are rather complex and not well understood [216]. Moreover, PLD is a

nonequilibrium process with a large amount of metastability induced in the system.

When a laser pulse reaches a material target, it gets absorbed and its energy elec-

tronically excites the material, causing it to transfer into a mechano–thermochemical

form of energy. The resulting molecular vibrations and chemical interactions would

then lead to material evaporation, ablation, plasma formation, and even exfoliation

[217]. Then, the released species expand into the vacuum chamber in the form of

a plasma plume with many energetic species, including atoms, molecules, electrons,

ions, and particulate matter, before depositing on the substrate. Figure 3.1 depicts a

schematic illustration of a conventional PLD setup.

3.2 Thin Film Growth and Characterization

In this section, I summarize the PLD thin film growth processes and the electronic

band offset characterization of oxide-based films grown using PLD.

3.2.1 Thin Film Growth Process

The PLD thin film deposition process can be divided into three phases:

1. Laser beam–target interaction.

2. Plasma plume generation and expansion.

3. Thin film growth.



39

Figure 3.1: Basic setup of a PLD system
Schematic diagram of a PLD apparatus. Reproduced with permission from Ref. [216].
©2007, John Wiley and Sons.

Phase 1: Laser Beam–Target Interaction

Material ablation occurs when a pulsed laser beam with sufficient fluence is coupled

with a target material, at which point a dense vapor is formed at the surface of

the target. The higher the laser fluence, the closer it is to the material ablation

threshold, which is dependent on the absorption coefficient of the material (and thus

the laser beam wavelength). The temperature and pressure of the formed vapor will

increase and it becomes ionized when the ablated species absorb the rest of the laser

beam energy. Given its higher pressure, the vapor will naturally expand from the

surface of the target and form a plasma ablation plume. While the ablation plume is

expanding, the thermal and ionization energies will be partially transferred to kinetic

energy. Kinetic energies in the order of several hundred electron volts can be observed,

as determined using time-resolved spectroscopy studies [216, 218]. Other parameters

that affect the ablation process include the reflectivity of the target material and laser
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pulse duty cycle.

Phase 2: Plasma Plume Generation and Expansion

At low chamber pressures, the shape of the plasma plume in a dilute background

gas can be modeled as a cloud of uniformly distributed and isotropically scattered

species, with an expansion direction normal to the surface of the target [219, 220, 221].

When the laser-ablated plasma expands in the background gas, it assumes a piston-

like shape while it compresses the background gas. As the plume expands along the

direction normal to the target surface, the expansion process saturates to a certain

extent, and its shape tends to be hemispherical.

Phase 3: Thin Film Growth

Normally for thin films, there are two growth steps: nucleation and growth of is-

lands. Both of these steps are far from thermodynamic equilibrium conditions and

are determined by various kinetic processes. Because of the formation of clusters of

supersaturating atoms in the plume vapor, the nucleation rate becomes large. Once

the critical atom density is reached, many nuclei will be formed. These nuclei will

grow, during which the crystallization process begins. The collapse of unstable clus-

ters starting from the ion energy of 0.1 eV and the displacement of surface atoms by

ballistic collisions at 10 eV enhance the mobility of adatoms and can turn the films

from the island growth (Figure 3.2B,C,D) to the layer-by-layer growth mode (Figure

3.2A). The disruption of the column growth makes layers more homogeneous and, in

addition, prevents the adsorption of gases and water in voids between columns [216].
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Figure 3.2: Growth modes at thermodynamic equilibrium
PLD thin film growth modes—layer-by-layer: (A) Frank–van der Merwe; island; (B)
Volmer–Weber (C), Stranski–Krastanov, (D) and step flow. Reproduced with permission
from Ref. [216]. ©2007, John Wiley and Sons.

Growth Modes at Thermodynamic Equilibrium

A thermodynamic approach to a crystal growth procedure can be applied to describe

the processes of crystallization close to thermodynamic equilibrium, that is, for a sys-

tem in its lowest energy state or in chemical equilibrium with its surroundings. Local

fluctuations from equilibrium would result in nucleation and film growth, which pro-

duces phase transitions (e.g., from gas to solid phase). A supersaturated gas phase is

essential for the formation of these nuclei, while the formation probability is deter-

mined by the energy of reaction activation [222]. Nuclei will be formed until a critical

density for stability is reached. From this point outward, the nuclei will grow, and

crystallization will be in progress. This thermodynamic approach has previously been

used to demonstrate growth modes of thin films close to equilibrium points (i.e., at

small or moderate supersaturation [223]). In this approach the balance between the

free energies of film surface (γF), substrate surface (γS), and the interface between

the substrate and film (γI) is used to determine the film morphology. Three differ-

ent growth modes, graphically illustrated in Figure 3.2, can be distinguished. In the
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case of layer-by-layer growth (Figure 3.2A; Frank–van der Merwe growth mode), the

surface energy of the substrate γS is greater than the total surface energy, that is,

γF +γI, of the wetted substrate. Strong bonding between the substrate and deposited

film would reduce γI such that γF + γI < γS [216].

On the other hand, when no bonding occurs between the substrate and film, three-

dimensional (3-D) islands are created. The film does not wet the substrate because this

tends to cause an increase in the total surface energy. This growth mode is denoted

as the Volume–Weber growth mode; see Figure 3.2(b). In heteroepitaxial growth, the

so-called Stranski–Krastanov growth mode may take place; see Figure 3.2(c). In such

cases, the growth mode changes from layer-by-layer to island growth. During het-

eroepitaxial growth, the lattice mismatch between the film and substrate produces

biaxial strain, resulting in an elastic energy that becomes greater with increasing

layer thickness. Once a layer critical thickness (hc) is exceeded, misfit dislocations at

or near the interface between the film and substrate will be formed. At this thickness,

dislocations are introduced spontaneously because the elastic energy that is relieved

by dislocations becomes comparable to the increase in the interfacial energy. In other

words, misfit dislocations are necessarily introduced, occurring in a thermodynami-

cally favorable sense, to relieve the mismatch strain and, hence, equilibrium lattice

defects [216].1

Homoepitaxial Growth Modes

Generally, in PLD as well as in many vapor-phase deposition techniques, the film

under growth is not in thermodynamic equilibrium with its environment, and hence

reaction kinetics and their effects on film growth must be considered. The deposited

material adatoms cannot rearrange themselves to minimize the surface energy, given

1To relieve a misfit strain, the Burgers vector of the dislocation should have a component parallel
to the substrate surface. Two extreme cases of misfit dislocations are edge dislocations (Burgers
vector is directed perpendicular to the dislocation) and screw dislocations (Burgers vector is directed
parallel to the dislocation). Typically, dislocations have mixed edge and screw character [216, 224].
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the limited nature of the adatom surface diffusion process. Moreover, the high super-

saturation of the vapor results in large nucleation rates, and reaction kinetic effects

will introduce different growth modes and trends. A homoepitaxially deposited mate-

rial is crystallographically identical to that of the substrate as the crystalline structure

of the substrate is extended into the grown film, and therefore complicating effects

such as lattice parameter and thermal expansion coefficient mismatches do not play

an integral part in the growth process. Therefore, depending on the physicochemical

properties of the deposited species, only 2-D growth modes are considered probable

to occur [216, 225]. The behavior of the deposited species is influenced by several ki-

netic parameters, including the surface diffusion coefficient of the adatoms (DS) and

the additional energy barrier for adatoms to descend an edge of a terrace to a lower

terrace (ES). The latter is ultimately dependent on the sticking probability of the

adatoms arriving at the edge of a terrace, whereas the former determines the average

distance an atom can travel on a flat surface before being trapped. This distance is

referred to as the average surface diffusion length lD and defined as [226, 216]

lD =
√
DStv, (3.1)

where tv is the average residence time of atoms prior to reevaporation. The surface

diffusion coefficient DS can be expressed as [216, 227]

DS = νia
2
0 exp (−EAD

kBT
), (3.2)

where νi is the frequency factor (or attempt jump frequency), a0 the characteristic

jump distance, and EAD the diffusion process activation energy. As can be observed

in equation (3.2), the deposition temperature is a crucial factor because it directly

influences the adatoms’ diffusivity. To examine the possible 2-D growth modes on

both stepped and singular substrates, two diffusion processes must be taken into
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consideration: (1) intralayer mass transport, whereby atoms diffuse on a terrace,

which, because of the higher coordination number for atoms at a step and hence

diffusion of atoms to a higher terrace, is usually neglected and (2) interlayer mass

transport, whereby atoms diffuse to a lower terrace. Both of these processes are

influenced by the kinetic parameters [216].

A quick intralayer mass transfer results in step flow growth on a vicinal surface,

as illustrated in Figure 3.2(d). In such cases, the average surface diffusion length

is sufficiently larger than the average terrace width lT; the mobility of adatoms is

effectively relatively high, enabling atoms to reach the edges of the substrate steps.

Atomic nucleation on the terraces is avoided as steps act as a sink for the deposited

atoms diffusing toward it, causing step propagation that distinctly characterizes the

step flow growth process. The stability of a growing vicinal surface is reliant on both

the step ledges remaining straight and the terraces keeping the same width. Otherwise,

step meandering and step bunching can occur, and hence the distribution in average

terrace width widens [216, 228].

On the other hand, atomic nucleation on the terraces will occur if the intralayer

mass transfer is not sufficiently quick. Nuclei will be formed ab initio until a satura-

tion density is achieved. After the saturation is reached, the probability for atoms to

bind with an existing nucleus surpasses the probability to form a new nucleus, and

islands begin to form. In this case, the interlayer mass transport will have a prominent

effect on the growth mode. Two extreme modes can be discerned: the ideal (1) layer-

by-layer and (2) multilayer growth modes. In this circumstance, “ideal” denotes mul-

tilayer growth without interlayer mass transport. To acquire a layer-by-layer growth

mode, a steady interlayer mass transport is necessary, whereby atoms deposited on

top of a growing island arrive at the island edge and diffuse into the lower layer. In the

ideal case, layer-by-layer growth is acquired if nucleation starts after completing the

layer growth. In the absence of discernable interlayer mass transport, nucleation will
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take place on top of islands before they have coalesced. This supposed second-layer

nucleation will result in multilayer growth. Being far from thermodynamic equilib-

rium, the growth mode in real systems lies between these two extreme growth modes.

It is important to note that the probability of second-layer nucleation is linked to a

critical island size rC, which is characterized as the mean island radius at a critical

time during submonolayer growth during the stable clusters’ nucleation on top of

the islands. Islands nucleate on a second layer, and multilayer growth will take place

if the critical island size is relatively small when compared to the mean separation

distance between islands in the first layer. An important parameter that directly de-

termines the critical island size is the energy barrier for atoms to descend across the

step edge to a lower terrace. Atoms have to overcome an additional energy step edge

barrier ES if this energy barrier is relatively large when compared to the activation

energy for diffusion EAD. Large values of step edge barrier result in the accumulation

of adatoms on top of islands, causing an increased second-layer nucleation rate and

hence a smaller critical island size [216, 229].

3.2.2 Optical Characterization of Oxide Thin Films Grown

on Sapphire

Structural and optical properties of advanced materials based on Ga2O3 have re-

cently received considerable attention because of their potential in developing reliable

power electronic devices [230, 231], by virtue of their large bandgaps, high bulk elec-

tron mobility, and high chemical stability [232, 233, 234]. In particular, the energy

band alignment at the interfaces of ([Al][In]Ga)2O3 and native and foreign materials

has become the central theme of numerous studies [235, 236, 237]. The employment

of aluminum oxide (Al2O3) as a gate dielectric in thin-film transistors [238], wide-

bandgap-semiconductor metal–oxide–semiconductor field-effect transistors [239], and

metal–oxide–semiconductor high-electron-mobility transistors (MOS-HEMTs) [240]
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can potentially exhibit low leakage-current densities, high breakdown voltages and

gate capacitances while demonstrating Fowler–Nordheim quantum mechanical tun-

neling; reduce stress-induced gate-leakage currents and negative fixed charge density

in wide-bandgap-semiconductor; and improve threshold voltage hysteresis and gate

leakage characteristics, respectively. As reported by Carey IV et al., the band align-

ment of aluminum oxide with (2̄01) β-Ga2O3 revealed a straddling heterojunction

(type I) with a valence band offset of 0.07 eV for an aluminum oxide film deposited

using atomic layer deposition (ALD), whereas a staggered heterojunction of type

II with a valence band offset of −0.86 eV was discovered for aluminum oxide pre-

pared using RF magnetron sputtering [241]. This highlights the empirically proven

fact that similar films prepared using different film preparation techniques would give

different band offset characteristics. Despite the fact that the physical process of thin

film growth and laser–target interaction are rather complex, PLD has emerged as a

primary physical vapor deposition tool by virtue of its relatively simple setup and

the high-quality films it is capable of producing. However, band offset characteris-

tics at heterostructure interfaces involving PLD-grown group III–oxide materials on

foreign substrates have not been adequately addressed in literature. Sun et al. in-

vestigated the energy band offset properties at ALD-deposited amorphous and poly-

crystalline In2O3/β-Ga2O3 (2̄01) interfaces [236], while Wakabayashi et al. studied

the band alignment at β-(AlxGa1−x)2O3/β-Ga2O3 (100) interfaces grown by PLD

[242]. Furthermore, Zhang et al. fabricated photodetectors on sapphire that employ

(InxGa1−x)2O3 grown by PLD [243]. Table 3.1 summarizes a thorough literature sur-

vey of band offset parameters for group III–nitride, III–oxide, and hybrid material

heterointerface properties.
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Heterojunction structure VBO (eV) CBO (eV) Heterojunction type Measurement method Ref.

ITO/(2̄01) β-Ga2O3 −0.78± 0.3 −0.32± 0.13 I HRXPS [237]
InN/(2̄01) β-Ga2O3 −0.55± 0.11 −3.35± 0.11 I HRXPS [244]
ITO/(010) β-(Al0.14Ga0.86)2O3 −1.18± 0.2 0.32± 0.05 I HRXPS [245]
Al2O3/(010) β-(Al0.14Ga0.86)2O3 0.23± 0.04 1.67± 0.3 I HRXPS [246]
Wurtzite InN/h-BN −0.3± 0.09 4.99± 0.09 II XPS [247]
GaN/single-layer MoS2 1.86± 0.08 0.56± 0.1 II HRXPS [248]
In0.15Al0.85N/MoS2 2.08± 0.15 0.6± 0.15 I HRXPS [249]
Wurtzite GaN/AlN 0.7± 0.24 – I XPS [250]
Cubic GaN/AlN 0.5± 0.1 1.4± 0.1 I Theory (ab initio) [251]
Cubic AlN/GaN (zincblende (001) SLs) 1.02 0.68 I Theory (Quasiparticle) [252]

Wurtzite InN/AlN
1.52± 0.17 4.0± 0.2 I XPS [253]
1.81± 0.2 – I XPS [250]

a-plane GaN/AlN 1.33± 0.16 – I XPS [254]
a-plane AlN/GaN 0.73± 0.16 – I XPS [254]
Semi-polar AlN/GaN 0.7± 0.2 2.1± 0.2 I XPS [255]

InN/GaN

0.58± 0.08 2.22± 0.1 I HRXPS [256]
0.85 1.82 I Photoemission [257]

1.04, 0.54 – I XPS [258]
1.05± 0.25 – I XPS [250]
0.5± 0.1 2.2± 0.1 I XPS and PL [259]

1.07 1.68± 0.1 I Photocurrent spectroscopy [260]
0.72± 0.28 – – XPS [261]

In0.17Al0.83N/GaN 0.2± 0.2 1 I XPS [262]
In0.17Al0.83N/GaN 0.15 – I XPS [263]
In0.25Al0.75N/GaN 0.1± 0.2 0.4 I XPS [264]
In0.3Al0.7N/GaN 0.0± 0.2 0.2 I XPS [264]
AlxGa1−xN/GaN 0.3x – I Theory (tight binding) [265]
B0.14Al0.86N/GaN 0 2.1± 0.2 I HRXPS [266]
B0.14Al0.86N/Al0.70Ga0.30N 0.4± 0.05 0.1± 0.05 II HRXPS [267]

Table 3.1: Hybrid heterointerface properties
Summary of the heterointerface properties exhibited by hybridized semiconductor interfaces.
Reproduced with permission from Ref. [147]. ©2019, Chinese Institute of Electronics.

3.3 Oxide Deposition Equipment Used in This Research

In this research, I used a Neocera Pioneer 180 PLD system with a COMPex 205

excimer laser (KrF, 248 nm) and a maximum pulse energy of 750 mJ as measured

at low repetition rate. The system has a maximum repetition rate of 50 Hz with

an average power of 33 W. Furthermore, the system exhibits an energy stability (1

sigma) of ≤ 0.75% at 248 nm, with a pulse duration of 25 ns. The beam dimensions

(V × H, FWHM) were 24 × 10 mm2, with a beam divergence of (V × H, FWHM)

≤ 3 × 1 mrad2 at 248 nm. The beam pointing stability (1 sigma) at shutter plane

over 2000 pulses was ≤ 50 µrad.
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3.4 Characterization Tools and Techniques

This section describes the characterization tools and techniques used in this research

for analyzing the properties of the synthesized materials.

3.4.1 Atomic Force Microscopy

The surface morphology of deposited crystals was assessed using an Innova atomic

force microscope (AFM) operating in tapping mode. The images were recorded from

2 µm × 2 µm and 5 µm × 5 µm areas with a resolution of 1024 × 1024 pixels

at a scan rate of 0.7 Hz, using commercial pyramidal p-doped silicon probes. Back-

ground interpolation and surface roughness parameter calculations were performed

with Gwyddion 2.49.

3.4.2 Transmission Electron Microscopy

Scanning and high-resolution transmission electron microscopy (STEM and HRTEM)

micrographs and FFT patterns were acquired using a FEI Titan ST transmission elec-

tron microscope operating at 300 keV. A FFT pattern simulation of each material was

created with computer software (CrystalMaker), and the corresponding FFT pattern

was simulated based on the created crystal model and matched to the FFT pattern

extracted from HRTEM micrographs. The energy-dispersive X-ray (EDX) detector

configuration requires the TEM specimen to be rotated 15◦ to receive signals dur-

ing EDX mapping. Moreover, analysis of HRTEM and STEM micrographs, including

FFT masking/filtering, inverse FFT, and line profile analyses, were carried out using

Gatan DigitalMicrograph. The TEM specimens were prepared using a FEI Helios

G4 dual-beam focused ion beam-scanning electron microscope (DBFIB-SEM) system

equipped with an OmniProbe micromanipulator and a Ga ion source.
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3.4.3 Ion Beam Analysis

For Rutherford backscattering spectrometry (RBS) measurements and analysis, thin

samples with total thicknesses of below 70 nm were prepared on c-plane sapphire

and silicon substrates. The RBS experiments were carried out using a high-resolution

RBS system (Kobe Steel, Ltd. HRBS-V500). A detection angle of 107.5◦ and a 400

keV beam of He+ ions were used for the analysis. Where appropriate, the samples

were coated with iridium (Ir) or silver (Ag) to attain electrical conductivity.

3.4.4 XRD Crystallography

Crystal structure properties of the optical heterostructure were examined by Bruker

D8 Advance (out-of-plane incidence diffraction, without a monochromator given the

high sensitivity of the set up) and Bruker D8 Discover (asymmetric XRD diffraction,

equipped with a monochromator) X-ray diffractometers using Cu Kα (λ = 1.5405 Å)

radiation.

3.4.5 Electronic Properties

The electrical properties of TiN, namely the charge carrier density (N) and mobility

(µ), as well as the electrical resistivity (ρ) and Hall coefficient (RH), were determined

at room temperature in a van der Pauw configuration of electrodes using an Ecopia

HMS-3000 Hall Measurement System with a constant magnetic flux density of 0.55

T. Hall measurement results are presented in the Appendix A.

3.4.6 Device Measurements

The photoelectrical performance of the photodetectors was tested under DUV illumi-

nation using a 500 W broadband mercury–xenon arc lamp (Newport’s 66142 Hg(Xe)

Arc Lamp). Before illuminating the photodetector, the broadband light passed through

an Oriel Cornerstone 260 monochromator fitted with a Newport 74060 diffraction
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grating. The light intensity was precalibrated using a Si-based photodetector and

controlled using a set of neutral-density filters. The I –V characteristics were ex-

tracted using Kelvin (four-wire) resistance measurement setup and an Agilent 4156C

semiconductor parameter analyzer.

3.5 Chapter Summary

In this chapter, I provided a summary of PLD processes and the characterization

techniques I used to evaluate the quality of grown films. Because the thin film growth

technology used to synthesize semiconductor layers plays an important role in the

successful fabrication of β-Ga2O3-based devices, I summarized the band offset param-

eters for group III–nitride, III–oxide, and hybrid material heterointerface properties

grown using different techniques in Table 3.1. The next chapter constitutes the bulk

of this dissertation, in which I present novel solar-blind DUV photodetectors enabled

by the hybrid integration of Ga2O3, transition metal nitride templates, and inorganic

substrates.



51

Chapter 4

Solar-Blind DUV Photodetectors Grown on Bulk MgO and

Si with TiN Templates

In this chapter, the issue of growing high-quality monoclinic oxide crystal layers

directly on a cubic crystal (i.e., silicon) using PLD is highlighted in Section 4.2.

I conclude that the PLD of high-quality monoclinic crystals on cubic silicon is a

challenging process, resulting in an amorphous oxide layer, which may have potentially

led to degradations in device performance. In Sections 4.3 and 4.4, I address these

issues by making improvements to the oxide crystal quality by growing the material

on cubic MgO and Si substrates with TiN templates.

4.1 Basic Photodetector Device Parameters and Character-

ization

Given a reverse-biased heterojunction under a uniform incident-light illumination of

a particular wavelength λin and optical power density Pin, the spectral responsivity

RVbias
λin,Pin

of the resultant photodetector is a parameter that quantizes the internal

quantum efficiency (ηVbias
λin,Pin

) and the photoelectric gain (g) of a photodetector, which

are determined by the generated number of carriers per incident photon as a result

of the absorption of incident light and the number of carriers that conduct current

through the electrical contact per generated electron–hole pair [268, 269] and can be

estimated using

RVbias
λin,Pin

= q
gηVbias

λin,Pin
λin

hc
=
IVbias
λin,Pin

− Idark

P λin
IL

, (4.1)
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where q is the elementary charge, gηVbias
λin,Pin

is the external quantum efficiency, h is

Planck’s constant, c is the speed of light, and P λin
IL is the effective illuminating power

in W (P λin
IL = P · (S/A), where P is the total power of the irradiating beam, S is the

effective irradiation area of the photodetector (taken as the total device area), and

A is the area of the incident-light beam). From equation (4.1), the external quantum

efficiency, EQE, can be expressed as

EQE = gηVbias
λin,Pin

= RVbias
λin,Pin

× hc

qλin

. (4.2)

The SNR yielded by a photodetector with an effective irradiation area S of 1 cm2

at an incident-light power of 1 W with an electrical bandwidth of 1 Hz is quantified

through the specific detectivity D as follows

DVbias
λin,Pin

= RVbias
λin,Pin

×

√
S

2qIdark

, (4.3)

where herein S is expressed in cm2, yielding the customary specific detectivity unit

of cm·
√

Hz/W, or Jones. Another measure of the sensitivity of a photodetector is

the noise-equivalent power, NEP, which is defined as the signal power that produces

a SNR of unity in a 1 Hz output bandwidth. The noise-equivalent power can be

expressed as

NEP =

√
2qIdark

RVbias
λin,Pin

=

√
S

DVbias
λin,Pin

, (4.4)

I should note that in equations (4.1) and (4.3) I am underestimating the spectral

responsivity and specific detectivity values because S was taken as the total device

area without subtracting the area of nontransparent metal contacts. 74 nm-thick

Au thin films are known to be mostly opaque for light wavelengths below 425 nm

[270]. Therefore, the 150 nm-thick Au and 50 nm-thick Ti layers in my case would

intuitively impede light transmission in the UV and visible spectra. Considering this,
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the effective device area was taken as 2.75× 10−1 mm2.

4.2 Amorphous Oxide DUV Photodetectors on Si

In this section, I report on amorphous (Al0.28Ga0.72)2O3-based UV-C Schottky laterally-

and vertically-oriented metal–semiconductor–metal photodetectors with peak respon-

sivities of 0.40 and 1.17 A/W, respectively, at an incident-light wavelength of 230 nm

at 2.50 V reverse-bias. The main challenge that hindered the realization of efficient

photodetectors using such structure is that the (Al0.28Ga0.72)2O3 thin films were grown

directly on silicon. The large lattice mismatch between the grown oxide film and sil-

icon resulted in an amorphous photoconductive layer with numerous defect states,

thus compromising the photocarrier recombination, photocurrent generation, and,

consequently, photodetection processes.

4.2.1 Growth and Fabrication

The photodetectors were grown and fabricated on p-type (100) silicon by PLD and

conventional nanofabrication processes. The (Al0.28Ga0.72)2O3 film was grown at a

substrate temperature of 640 ◦C and an oxygen working pressure of 4.5 mTorr; the

film’s thickness was estimated to be 150 nm by using Rutherford backscattering spec-

trometry to approximate the deposition rate per pulse. Our photodetectors exhibited

peak spectral responsivities of above 1.10 A/W for a vertical photodiode configu-

ration and 0.40 A/W for the lateral photodiode configuration, for an incident-light

wavelength of 230 nm at 2.50 V reverse-bias. The devices exhibited low dark current

densities (Jd) of around 4.64 × 10−10 A/cm2 and 4.10 × 10−10 A/cm2 (for vertically

and laterally configured photodetectors, respectively) at 2.50 V reverse-bias, while

they showed photo-to-dark-current ratios of above 103. Figure 4.1 shows a schematic

illustration of the photodetector fabrication process.
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Figure 4.1: Fabrication of (Al0.28Ga0.72)2O3 DUV photodetectors on Si
Fabrication process: (A) silicon wafer preparation; (B) PLD of (Al0.28Ga0.72)2O3; (C) and
(D) depiction of the electron beam/lift-off and magnetron sputtering deposition of Ti (10
nm)/Au (10 nm) top and bottom metal contacts, respectively.

4.2.2 Experimental Results and Discussion

Thin Film and Heterojunction Characterization

Figure 4.2A shows Rutherford backscattering spectrometry measurements of a 35 nm

thick (AlGa)2O3 grown on (100)-cut silicon using PLD under the conditions described

earlier, thus confirming the atomic composition of the (AlGa)2O3 film, while Figure

4.2B depicts typical current density vs. voltage (J–V ) curves for both heterojunction

diode device configurations.
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Figure 4.2: (Al0.28Ga0.72)2O3/Si stoichiometry and J–V curves
(A) RBS measurements and (B) measured J–V curves of the for the heterojunction diodes.

The bias-dependent rectification ratio (σ), a commonly used efficiency metric to

quantitatively characterize the rectification performance of a diode, was calculated as

σ =
∣∣∣ IVf

I(Vr)

∣∣∣, (4.5)

where IVf
is the measured p–n junction current at a fixed forward-bias voltage (Vf =

8.5 V in my case) and I(Vr) is the reverse-bias-dependent measured p–n junction

current. Figure 4.3 plots the evolution of σ values with increasing |Vr| levels up to 7

V reverse-bias. The calculated σ values shown in Figure 4.3 demonstrate an unstable

trend in rectification characteristics between 0 and 5 V reverse-bias voltages for both

photodetector configurations, manifesting severe fluctuations in measured reverse-bias

currents. I hypothesize that trapped charges in the amorphous oxide layer caused noise

in measured reverse-bias current between 0 and 5 V. As the diodes are further reverse

biased beyond 5 V, the reverse-bias current becomes larger, resulting in higher SNRs

and lower degrees of fluctuations.
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Figure 4.3: (Al0.28Ga0.72)2O3/Si heterojunction diode rectification
Plot of σ values for the vertical and lateral (Al0.28Ga0.72)2O3/Si heterojunction diode con-
figurations.

(Al0.28Ga0.72)2O3/Si Photodetector Device Characterization

Figure 4.4 plots the calculated external quantum efficiency values, whereas Figure

4.5 shows photocurrent density vs. reverse-bias voltage (Jph–Vbias) curves. The pho-

todetectors exhibited such high gains values (EQE > 100%) because the minority

carrier trapping caused by the existence of oxygen vacancy deep-level defects in the

grown β-Ga2O3-based film [21, 190], as discussed earlier in chapter 1: the applica-

tion of high electric fields resulted in the release of these carriers from defect centers,

causing high photoconductive gains at high operational reverse-bias voltages, at the

expense of slow response times, a common phenomena observed in β-Ga2O3-based

photodetectors and is referred to as persistent photoconductivity [23, 24]. From Figure

4.5, one can observe that the vertically configured photodetector exhibited photo-to-

dark-current ratios of around 103, while the laterally configured photodetector showed

photo-to-dark-current ratios of above 101.

Figure 4.6A and Figure 4.6B depict spectral responsivity vs. reverse-bias volt-

age (R vs. Vbias) plots for the vertically and laterally configured photodetectors,
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Figure 4.4: (Al0.28Ga0.72)2O3/Si DUV photodetector EQE
Calculated EQE values for the vertical and lateral (Al0.28Ga0.72)2O3-based DUV photode-
tector configurations.

respectively, for the incident-light wavelength range of 230–280 nm. The vertically

configured photodetector exhibited a peak spectral responsivity of around 1.17 A/W

for an incident-light wavelength of 230 nm at 2.50 V reverse-bias, while the laterally

configured photodetector displayed a peak spectral responsivity of approximately 0.40

A/W at the same incident-light wavelength and bias. The former design allows for the

photogenerated electron-hole pairs created by UV light to be efficiently transported

to the metal contacts through the 150 nm thick (Al0.28Ga0.72)2O3 layer in contrast to

the less efficient transport that occurs in the latter configuration with electrodes that

are greater than 50 µm apart. This explains the higher spectral responsivity values

observed in the vertically configured photodetector.
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Figure 4.5: (Al0.28Ga0.72)2O3/Si DUV photodetector photocurrent curves
Measured Jph–Vbias curves for the lateral (top) and vertical (bottom) (Al0.28Ga0.72)2O3-
based DUV photodetector configurations.
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Figure 4.6: (Al0.28Ga0.72)2O3/Si photodetector responsivity
R vs. Vbias plots for the (A) vertical and (B) lateral (Al0.28Ga0.72)2O3-based DUV pho-
todetector configurations.

The effective device areas were determined to be 112×112 µm2, and they exhibited

low dark currents of around 26 pA at 0 V and 3.70 µA at 2.50 V reverse-bias (verti-

cally configured photodetector) and 9 pA at 0 V and 3.26 µA at 2.50 V reverse-bias

(laterally configured photodetector). The peak spectral responsivities demonstrated

by the vertically configured photodetector decreased from 1.17 A/W at an incident-
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light wavelength of 230 nm to 0.46 for an incident-light wavelength of 280 nm as

absorption decreased. The material bandgap energy was estimated from a linear in-

terpolation and was found to be approximately 5.35 eV. The vertically and laterally

configured photodetectors demonstrated specific detectivity values of 9.60×1011 Jones

and 3.53× 1011 Jones, respectively. As depicted in Figure 4.4, the vertically and lat-

erally configured photodetectors showed peak external quantum efficiency values of

631% and 218%, respectively, at an incident-light wavelength of 230 nm. Therefore,

the DUV photodetectors, grown on silicon, showed remarkable performance under

the relatively low bias of −2.5 V for a 230 nm incident wavelength when compared to

the 254 nm β-Ga2O3-based photodetection devices reported by Xu et al., which were

grown on sapphire and operated at a comparatively high bias of −20 V [27].

4.2.3 Concluding Remarks

This section has demonstrated (Al0.28Ga0.72)2O3-based UV-C Schottky photodetec-

tors grown on silicon. The solar-blind photodetectors exhibited peak spectral respon-

sivity values of 1.17 A/W for the vertical configuration and 0.40 A/W for the lateral

configuration for an incident-light wavelength of 230 nm at a reverse-bias voltage of

2.50 V. Photo-to-dark-current ratios of above 103 were achieved for the vertically-

configured photodetectors. This is the first reported β-Ga2O3-based photodetectors

to have been grown on silicon, which will pave the way for the fabrication of cheap

and vertically structured solar-blind DUV photodetection devices. Because the PLD

growth of high-quality monoclinic crystals on cubic silicon is a challenging process,

this issue may have compromised the (Al0.28Ga0.72)2O3 crystal quality, potentially

leading to degradations in device performance. In the following section, I address

these issues by making improvements to the oxide crystal quality by growing the

material on MgO substrates with metal nitride templates.
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4.3 β-Ga2O3/TiN DUV Photodetectors on MgO

This section investigates β-Ga2O3 photodetectors grown and fabricated on MgO sub-

strates with TiN templates, showing peak responsivities of 40.30 and 276.72 A/W at 5

and 15 V reverse-bias, respectively, for 250 nm incident-light wavelength. The devices

exhibited dark-current densities (Jd) of 9.32× 10−10 A/cm2 at zero bias, 5.02× 10−6

A/cm2 at 5 V reverse bias, and 8.29× 10−5 A/cm2 at 15 V reverse bias.

TiN crystallizes as a diamond cubic crystal structure (Pearson symbol: cF8; cubic

crystal family, all face-centered with 8 atoms in its unit cell) as sodium chloride

(NaCl) does. It has a cubic unit cell lattice constant a, a face diagonal length df, and

a body diagonal length db of about 4.236–4.241 Å[271, 272], 5.998 Å, and 7.346 Å,

respectively [273, 274]. It follows naturally that the lattice mismatch between TiN

(a = 4.236–4.241 Å) and magnesium oxide (MgO) (a = 4.210–4.212 Å)[275, 276] is less

than 0.97%, given that they are both cubic phase crystals. Thus, MgO substrates are

an excellent choice for cubic phase material epitaxy, whereas sapphire substrates are

more suitable for hexagonal phase material epitaxy [179]. Furthermore, MgO exhibits

higher thermal conductivity than that of sapphire. Thus, I anticipate that the hybrid

integration of β-Ga2O3 on TiN lattice templates grown heteroepitaxially on MgO can

assist in achieving low-cost and efficient vertically structured DUV photodetectors if

the cubic phase TiN thin film interlayer proves an excellent electrically conductive

lattice growth template for monoclinic phase β-Ga2O3 heteroepitaxial growth, thus

causing enhanced photocurrent generation and improved device performance upon

light illumination.

4.3.1 Growth and Fabrication

Commercially procured (100) MgO single crystalline substrates from CrysTec GmbH

(Germany), 10 mm × 10 mm × 0.5 mm in size, and having a lattice constant of

a = 0.4212 nm, were used as growth platforms for the β-Ga2O3/TiN thin film het-
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erostructures. The TiN and β-Ga2O3 thin films were deposited in different chambers.

The MgO substrates were ultrasonically cleaned in a bath of acetone and IPA, then

introduced into a magnetron sputtering processing chamber for the deposition of 180

nm thick TiN templates. The substrates were first degassed for 60 minutes at 300

◦C, etched for 30 minutes at 800 ◦C in a 50 W RF plasma generated in a 5 mTorr

Ar ambience, and further annealed in vacuum at 800 ◦C for 30 minutes. The TiN

films were deposited at a substrate temperature and bias of 800 ◦C and −120 V,

respectively, using RF magnetron co-sputtering of two Ti targets operated at a power

of 180 W each, in an Ar-nitrogen (N2) reactive atmosphere of 5 mTorr total pressure

fed by 18.5 sccm of Ar and 1.5 sccm of N2. The TiN deposition rate was about 1.5

nm/minute. Two Ti targets were used to increase the deposition rate and enhance

the film uniformity. A TiN thickness of 180 nm corresponds to a deposition duration

of about 120 minutes and is high enough to ensure adequate electrical conductivity

because the resistivity of metallic thin films with thicknesses lower than 100 nm is

dominated by interface scattering effects [277, 278]. TiN thicknesses above 250 nm

were observed to exhibit stacking faults that lead to the loss of in-plane orienta-

tion. Therefore, I limited the thickness to 180 nm to suppress the formation of such

dislocations. Next, unintentionally-doped β-Ga2O3 films were grown at a substrate

temperature of 640 ◦C, an O2 working pressure of 5 mTorr, a laser pulse frequency of

5 Hz, an energy per pulse of 200 mJ, and a laser fluence of 2 J/cm2. The films were

deposited with a target-to-substrate distance of 80 mm and 30k pulses; its thickness

was estimated at 400 nm from a previously calibrated deposition rate. Two electrode

designs were patterned on the β-Ga2O3 film: (1) five interdigitated metal (Ti/Au)

fingers with 50 µm spacing atop the film forming a lateral metal/β-Ga2O3 photodetec-

tor that I employed as a reference photodetector, and (2) five interconnected Ti/Au

parallel fingers with 50 µm spacing acting as a contact electrode to the β-Ga2O3 film

while Ti/Au thin films were deposited directly on the TiN film through the mesa,
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constituting a vertical β-Ga2O3/TiN photodetector. The latter design allows for the

photogenerated electron-hole pairs created by UV light to be efficiently transported

to the metal contacts through the 400 nm thick β-Ga2O3 layer in contrast to the

less efficient transport that occurs in the former configuration with electrodes that

are 50 µm apart. A mesa region exposing a conductive TiN film was defined using

a shadow mask during each β-Ga2O3 film deposition by PLD. In each device, a top

electrode design was patterned on the β-Ga2O3 film with five interconnected Au/Ti

(150 nm/50 nm in thickness) parallel fingers with 50 µm spacing acted as a contact

electrode to the β-Ga2O3 film [279] while Au/Ti thin films were deposited directly

on the TiN film through the mesa, constituting the vertically oriented β-Ga2O3/TiN

photodetector. The Au/Ti metal layers were deposited using an Equipment Support

Company (ESC) sputtering system (Ti: 25 sccm Ar flow at 5 mTorr and 400 W for

286 seconds at room temperature; and Au: 25 sccm Ar flow at 5 mTorr and 400 W

for 310 seconds at room temperature). These metal pads were patterned through a

lift-off process using a 1.6 µm thick AZ 5214 photoresist exposed using Heidelberg

Instruments µPG501 optical direct-write lithography system. This design allows for

the photogenerated electron-hole pairs created by ultraviolet light to be efficiently

separated and transported to the metal contacts through the 400 nm-thick β-Ga2O3

layer in contrast to the less efficient transport that occurs in a laterally oriented con-

figuration with electrodes that are at least several tens of microns apart, a key feature

that distinguishes my approach. Finally, the device was annealed in an Ar ambience

at 600 ◦C [179]. Figure 4.7A shows a schematic illustration of the photodetector fab-

rication process. Figure 4.7B depicts a cross-sectional view of the device’s structural

configuration; the inset in Figure 4.7B shows a top view of the top electrode design.

Given the formation of self-trapped holes (i.e., polarons), p-type doping in Ga2O3

has not been demonstrated. Therefore, optoelectronic devices based on Ga2O3 p–n

homojunctions are not feasible.
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Figure 4.7: Fabrication of DUV β-Ga2O3 photodetectors on TiN/MgO
Fabrication process: A) MgO wafer preparation (I); high-temperature magnetron sputter
deposition of TiN (II); area-selective PLD of β-Ga2O3 (III); and electron beam deposition
and lift-off of Ti (50 nm)/Au (150 nm) metal contacts (IV). The devices were annealed in
an Ar ambience at 600 ◦C for 1 minute.

4.3.2 Experimental Results and Discussion

Electron Microscopy Analysis of Grown β-Ga2O3 on TiN/MgO

Figure 4.8AI shows a cross-sectional TEM micrograph of an epitaxially grown β-

Ga2O3/TiN/MgO hybrid stack for the a-plane zone axis, confirming the high inter-

face qualities exhibited at the β-Ga2O3/TiN and TiN/MgO interfaces through the

sharp layer transitions, whereas the HRTEM micrographs and FFT patterns in Fig-

ure 4.8AII and Figure 4.8AIII confirm the structural integrity and symmetry of the

lattice fringes on the cross sectional TiN/MgO [(200), (220), and (020) FFT plane
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spots] and β-Ga2O3 [(400), (512̄), and (112̄) FFT plane spots] HRTEM micrographs,

respectively. The purpose of the marked glue protection layer, composed mainly of

platinum (Pt), was to protect the TEM sample during focused ion beam (FIB) milling.

Figure 4.8BI displays a cross-sectional STEM micrograph of the sample; Figure 4.8BII

shows an HAADF micrograph with EDX spectra that confirm each layer’s composi-

tion and thickness and the low thermally induced interdiffusion characteristics during

layer growth. In the EDX mapping shown in Figure 4.8BII, Mg X-ray artificial emis-

sion peaks were detected at the β-Ga2O3 layer because Mg exhibits peaks at 1.254

keV (Kα) and 0.048 keV (Lα), whereas Ga peaks at 9.250 keV (Kα) and 1.098 keV

(Lα). Mg Kα and Ga Lα EDX spectra peak in close proximity to each other; and,

as such, the EDX detector cannot intrinsically distinguish between Mg Kα and Ga

Lα emission peaks [280, 281]. If Mg diffused from the substrate into the β-Ga2O3

layer, the same Mg Kα signal would have been detected in the TiN layer. Figure

4.8C displays each created crystal model of β-Ga2O3 (Figure 4.8CI), TiN (Figure

4.8CII), and MgO (Figure 4.8CIII), along with their simulated FFT patterns. When

one carefully examines the simulated FFT pattern of a β-Ga2O3 rotated exactly 45◦

in Figure 4.8CI, one can observe that it does not closely match the acquired FFT pat-

tern shown in Figure 4.8AII because these FFT pattern simulations were based on the

expected crystal orientations I initially depicted when a monoclinic phase β-Ga2O3 is

grown heteroepitaxially on cubic phase TiN. This issue warranted this study’s care-

ful consideration, as I elaborate here and in upcoming sections. In short, the grown

β-Ga2O3 layer exhibited two unit cell configurations that were not exactly 45◦ to the

left/right; rather, it exhibited rotational twin domains (i.e., 45◦ ± 0.85◦ rotation to

the left/right). The lattice parameters b and c for β-Ga2O3 are around 3.03–3.04 Å

and 5.80–5.87 Å. The distance of the nearest-neighbor N atoms on (100) TiN is 2.995

Å, whereas the distances on (100) β-Ga2O3 along the [010] and [001] directions are

b = 3.03–3.04 Å and c = 5.80–5.87 Å, respectively. Therefore, considering the singlet
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particular situation, the mismatches along the β-Ga2O3 [010] and [001] directions

are (−) 2.465–2.803% and (+) 0.748–1.932%, respectively [159]. The distances of the

diagonal N atoms (the second nearest-neighbor pairs) are a = 4.236–4.241 Å on (100)

TiN and 4.263 Å on (100) β-Ga2O3, resulting in a mismatch of about 1.01%, signif-

icantly lower than that of the nearest-neighbor N atoms. I conjecture that the twin

domains were formed because of the reflection symmetry of the N sublattice. More

details about the crystal alignment are provided in Appendix A.

spectrum line scan

spatial drift 

region

STEM HAADF

Ga

Ti

[Mg]*

[Mg]* Ga

MgO

TiN

β-Ga2O3

protection layer 

(Pt glue)

g
ro

w
th

 d
ir
e

c
ti
o

n

TiN

MgO

β-Ga2O3

TiN

A

B

(200)

(020)

(220)

(200)

(020)

(220)

(200)

(020)
(002)

(200)

(020)
(002)

(400)

(112)

(512)

(200)

(020)

(220)

(400)

(112)

(200)

(020)
(002)

FFT

FFT

FFT

FFT

C

FFT

Mg

FFT

FFT

β-Ga2O3

TiNMgO β-Ga2O3

(200)

(400) (420)

(220)

(020) (040)

(240)

(440)

Ti

N

O

(200)

(400) (420)

(220)

(020) (040)

(240)

(440)

GaO

TiN

MgO

Ti

I II

III

I II

I II

III

Figure 4.8: Electron microscopy imaging of a β-Ga2O3/TiN/MgO stack
TEM, HRTEM, and FFT: (A) Cross-sectional TEM micrograph of the β-Ga2O3/TiN/MgO
hybrid structure (I), and HRTEM micrographs captured at the β-Ga2O3/TiN (II) and
TiN/MgO (III) interfaces with FFT patterns. STEM-HAADF: (B) STEM cross-sectional
micrograph of the β-Ga2O3/TiN/MgO hybrid stack with EDX spectra. (C) Crystal models
and FFT pattern simulation results for β-Ga2O3 (I), TiN (II), and MgO (III) unit cells.
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Because the β-Ga2O3/TiN heterojunction was grown on (100)-oriented bulk MgO,

analysis of HRTEM micrographs for the zone axis with FFT patterns in Figure 4.8AII

and Figure 4.8AIII reveal the zone axes of MgO, β-Ga2O3, and TiN to be a-plane

(020), (112̄), and (020), respectively. In each FFT pattern, the upward and rightward

directions correspond to the directions of the c- and a-axis, respectively, given the

mathematical descriptions that govern FFT spectra because physical and inverse

coordinates are correlated. Therefore, the orientation relationships between β-Ga2O3

and TiN were determined to be

(400) β-Ga2O3 ‖ (200) TiN ‖ (200) MgO (4.6)

and

(112̄) β-Ga2O3 ‖ (020) TiN ‖ (020) MgO. (4.7)

The determined orientation relationship in equation (4.11) is in agreement with the

out-of-plane XRD results presented in Figure 4.12A, which provides the orientation

relationship along the c-axis, as the plane relationships in equations (4.11) and (4.12)

were resolved by FFT analysis, through which one could examine the crystal a-axis

configuration. The first observed spots located right above the center of each indexed

FFT pattern were used to attribute the Miller indices to the observed spots because

the homogeneous crystalline thin films were aligned in the epitaxy orientation.

In Figure 4.9, I display original (left) and plane-filtered (right) HRTEM micro-

graphs taken from regions of the β-Ga2O3 layer (Figure 4.9A), β-Ga2O3/TiN interface

(Figure 4.9B), and TiN/MgO interface (Figure 4.9C). The plane-selective HRTEM

micrographs were acquired from FFT patterns by first masking the unrelated FFT

spots originating from all planes, except for the ones corresponding to the planes I

was interested in examining. Then I calculated the inverse FFT of the masked FFT

pattern, producing the plane-selective HRTEM micrographs. In Figure 4.9A, I show
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an HRTEM micrograph that corresponds to the region of β-Ga2O3 inside the orange

square in Figure 4.8AI. One can observe abrupt transition in the unit cell config-

uration within the grown β-Ga2O3 film on TiN/MgO (marked with a red dashed

line). These column-shaped structures become more manifest as the observed tran-

sits farther away from the β-Ga2O3/TiN interface in the direction of layer growth.

Therefore, I hypothesize that as the monoclinic phase β-Ga2O3 layer grows thicker

on cubic phase TiN, the dispersion in unit cell configuration becomes more distinct.

For β-Ga2O3 in Figure 4.8A, I applied a mask to observe all the plane reflections I

was interested in (see Appendix A); therefore, I generated the filtered version of the

HRTEM micrograph in the right-hand side. When the filtered HRTEM micrograph

is compared to its original counterpart, one can observe that the latter is sharper,

and one can distinguish observe the boundary between the two hypothesized unit

cell configurations. As illustrated on the figure, the two superimposed unit cell con-

figurations are separated by stacking faults, as opposed to defect-free disordering of

crystallographic planes, giving rise to double twofold crystallographic symmetry. I

believe that the slow response times exhibited by the fabricated photodetectors are

caused by such high-density defects. In Figure 4.9B, I consider the inverse FFT pat-

tern generated at the β-Ga2O3/TiN interface and formed by masking the FFT spots

corresponding to all planes except that of the (020) TiN and (112̄) βGa2O3 planes.

One can observe interplexing and convoluting lines that resemble edge dislocations

that I attribute to the lattice mismatch between β-Ga2O3 and TiN. The (020) TiN

and (112̄) β-Ga2O3 planes are pure a-axis; therefore, the application of inverse FFT

reveals edge dislocations. Similarly, in Figure 4.9C, I examine the inverse FFT pat-

tern generated at the TiN/MgO interface and formed by masking the FFT spots

corresponding to all planes except that of the (020) planes of TiN and MgO. I also

observe interplexing and convoluting lines that resemble edge dislocations that can

be attributed to the small lattice mismatch between TiN and MgO. Detailed FFT
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and line profile analysis, including a discussion on the universality of observed edge

and stacking fault dislocations, are provided in the Appendix A.

The (200) plane spacings (d(200)) of MgO, β-Ga2O3, and TiN were estimated using

the HRTEM micrographs and found to be 2.056 Å, 5.793 Å, and 2.091 Å, respectively,

which closely matches the reported values in the literature [282, 283].
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Figure 4.9: MgO-integrated β-Ga2O3/TiN electron microscopy micrograph
analysis
Cross-sectional HRTEM micrographs of the (A) grown β-Ga2O3 layer, (B) β-Ga2O3/TiN,
and (C) TiN/MgO interfaces, along with inverse FFT patterns acquired after applying FFT
masks to select FFT spots, then generating filtered micrographs by applying the inverse
FFT technique.

Figure 4.10 shows FFT pattern simulation of a β-Ga2O3 lattice exhibiting a twin

domain structure with a further unit cell rotation of ±0.85◦. When the crystal struc-
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ture is further rotated by ±0.85◦, the resulting simulated FFT pattern for β-Ga2O3

matches that of the acquired FFT pattern in Figure 4.8AII.

(400)

(112)

(512)

A

B

Figure 4.10: FFT analysis of grown β-Ga2O3 on TiN/MgO
(A) FFT pattern acquired from the grown β-Ga2O3 film. (B) FFT pattern simulation of
β-Ga2O3 crystal structure exhibiting a twin domain structure.

Finally, in Figure 4.11, I schematically illustrate the hypothesized unit cell con-

figuration of β-Ga2O3 on TiN with a top-view depiction of the atomic positioning of

the heteroepitaxially grown β-Ga2O3 film on TiN interlayer on MgO. Because Ga is a

metal, it will bond with N; likewise, O will bond with Ti to form covalent bonds. The

brighter green atoms in Figure 4.11AII [cross-sectional image of the (400) β-Ga2O3
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plane] resemble the Ga atoms that are located above the cross-section, whereas dim-

mer atoms are located below the cross-section. The two coexisting β-Ga2O3 unit

configurations caused double twofold crystallographic symmetry that is further man-

ifested and proven by the XRD analysis based on φ scans for asymmetric reflections

in the next section.
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Figure 4.11: Atomic configuration of grown β-Ga2O3 on TiN/MgO
(A) Crystal model of β-Ga2O3 (I) with a (400) plane cross-sectional view. (B) Top-view
schematic illustration of the atomic positioning of the heteroepitaxially grown β-Ga2O3 film
on the heteroepitaxially grown TiN interlayer. Twisting angle of twin domains is ±0.85◦.

XRD Characterization of Grown β-Ga2O3 on TiN/MgO

Figure 4.12A shows the out-of-plane XRD traces of the hybrid material stack com-

prising a 400-nm-thick, heteroepitaxially grown β-Ga2O3 thin film on a TiN inter-
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layer grown heteroepitaxially on a (100)-cut MgO substrate under the conditions

described earlier. As the out-of-plane XRD experimental set up was not equipped

with a monochromator, peaks diffracted from the (200) and (400) MgO planes by a

spectrum of X-ray wavelengths emitted by the tube, including fluorescence lines, can

be observed in the substrate’s XRD pattern. The pattern contains (400) β-Ga2O3 and

(200) TiN plane reflections at 2θ ≈ 29.99◦ and 42.53◦, respectively, after the β-Ga2O3

thin film growth, indicating that the TiN film is textured with [100] of TiN aligned

with [100] of MgO. The diffraction resolution-limited lattice constant a of TiN from

this trace was determined to be 4.248 Å. Because an out-of-plane XRD measurement,

whereby parallel diffracting planes are detected irrespective of their rotations, indi-

cates how the crystal axes are aligned with respect to each other in terms of normal

vectors and a family of lattice planes, one can confirm the following c-axis crystallo-

graphic plane relationship between the grown films and MgO substrate from Figure

4.12A:

(400) β-Ga2O3 ‖ (200) TiN ‖ (200) MgO. (4.8)

XRD doublets at 2θ ≈ 45.55◦, 62.04◦, and 101.12◦ correspond to (600), (800),

and (1200) β-Ga2O3 plane Bragg reflections, respectively, whereas XRD doublets

at 2θ ≈ 42.53◦ and 92.75◦ correspond to (200) and (400) TiN plane Bragg reflections.

The (1000) β-Ga2O3 plane Bragg reflection is in destructive interference with the X-

ray source and therefore is not detected. Figure 4.12BI and Figure 4.12BII show the

XRD RC measurements of the (400) β-Ga2O3 and (200) TiN plane Bragg reflection,

respectively. I used a Gaussian distribution to fit the XRD RC reflection profiles.

The (400) β-Ga2O3 and (200) TiN plane Bragg reflection exhibited an FWHM value

of around 1.144◦ and 0.255◦, respectively, demonstrating very high-quality epitaxial

TiN thin film by virtue of the low lattice mismatch with MgO. On the other hand,

the (400) β-Ga2O3 plane Bragg reflection exhibited a relatively broad reflection pro-

file given the heteroepitaxial growth nature of the β-Ga2O3 thin film. This relatively
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broad reflection profile can reasonably be associated to the double twofold crystallo-

graphic symmetry, which may lead to columnar growth and the introduction of more

grain boundaries. However, I do not believe that the grown β-Ga2O3 thin films ex-

hibited columnar growth given that they did not display abnormally rough surface

morphology (see Appendix A) and because of the absence of nanowire-like structures.
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Figure 4.12: Out-of-plane XRD traces of grown β-Ga2O3 on TiN/MgO
(A) Out-of-plane XRD measurements of the heteroepitaxially grown layers (β-
Ga2O3/TiN/MgO and TiN/MgO) and bulk MgO in semilogarithmic scale. (B) XRD RC
measurements of the (400) β-Ga2O3 (I) and (200) TiN (II) plane Bragg reflection.

Loosely referred to as “in-plane” XRD measurements in literature, φ-scan asym-

metric XRD measurements, whereby parallel diffracting planes are detected with

respect to their rotations, reveal how the crystal axes are aligned azimuthally with

respect to each other. Figure 4.13AI shows the asymmetric XRD measurements of the
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grown β-Ga2O3 film and the TiN on MgO substrate. Four (420) β-Ga2O3 asymmetric

Bragg reflections that are separated by 45◦ were observed, indicating that the planes

are orthogonal to each other; however, when I combine these XRD results with my

earlier observations from TEM analysis and crystal model simulations, I conjecture

that there are two β-Ga2O3 unit cell configurations that provide double twofold sym-

metry: Two (420) β-Ga2O3 Bragg reflections that originate from the configuration

rotated about 45◦ to the right, and the other two (420) β-Ga2O3 Bragg reflections

originating from the configuration rotated about 45◦ to the left. Otherwise, if there

were no multiple-unit cell configurations were present in the grown lattice, one would

observe only two XRD Bragg reflections in Figure 4.13AI. Also, once we zoom in on

any of the plane Bragg reflection pairs (as shown in Figure 4.13AII, the first Bragg

reflection pair consists of the first and third Bragg reflection peaks), we discover that

the (420) β-Ga2O3 plane Bragg reflection split because the β-Ga2O3 lattice’s two con-

figurations exhibit further rotation of 0.85◦ to the left/right (twin-domain structure).

From the electron microscopy date analysis and structure simulations presented in

the previous section, I observed a further rotation by ±0.85◦ in addition to the ±45◦

rotation in both β-Ga2O3 unit cell configurations. As can be seen in Figure 4.13AII,

the (420) β-Ga2O3 plane Bragg reflection is not well aligned with that of (222) TiN;

it rotates about 0.85◦ to the left/right presumably because of the strain caused by the

small lattice mismatch. Therefore, my XRD analysis confirms my earlier hypothesis

that when β-Ga2O3 is grown epitaxially on TiN, the grown layers exhibit unit cell

rotation of 45◦± 0.85◦ to the left/right. More details are provided in Section 3 of the

Supporting Information. By aligning the observed Bragg reflections, I can deduce the

following crystallographic plane relationship between the grown β-Ga2O3 grain at the

interface and TiN grain on MgO:

(020) β-Ga2O3 ‖ (022) TiN ‖ (022) MgO. (4.9)
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Figure 4.13BI and Figure 4.13BII depict the XRD RC measurements of the (420)

β-Ga2O3 and (222) TiN/MgO Bragg reflections, where a split in the (420) β-Ga2O3

plane reflection can be observed. I conjecture that because the monoclinic β-Ga2O3

layer grown on cubic TiN has two unit cell configurations, it has become intrinsically

highly defective. Growth-induced oxygen vacancies and carbon impurities from the

PLD target also contributed to such higher levels of defect densities. The (222) TiN

plane Bragg reflection exhibited an FWHM of around 0.240◦, further confirming a

high-quality epitaxial TiN thin film. RC measurements of (222) TiN and MgO Bragg

reflections nearly overlap because their lattice constants are remarkably close in value.
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Figure 4.13: Asymmetric XRD traces of grown β-Ga2O3 on TiN/MgO
(A) Asymmetric (a-plane) XRD measurements of grown β-Ga2O3 and TiN layers on bulk
MgO (I), and a zoomed-in version of the blue-shaded portion (II). (B) XRD RC measure-
ments of the (420) β-Ga2O3 (I) and (222) TiN/MgO (II) Bragg reflections.

MgO-integrated Photodetector Device Characterization

The DUV photodetection characteristics of fabricated photodetectors based on the

heteroepitaxially grown β-Ga2O3 on a TiN ceramic template were investigated. The
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solar-blind photodetectors exhibit an average peak Rλ of 276.72 A/W at 15 V reverse

bias, for λin = 250 nm and Pin = 70 µW/cm2. Average ultraviolet-to-visible rejection

ratios (R15 V
250 nm/R15 V

400 nm) of 9.53× 102 and 2.03× 103 were attained for Pin = 423± 60

µW/cm2 (high Pin level) and Pin = 13± 2 µW/cm2 (low Pin level), respectively. The

photodetector characteristics were measured at low and high Pin levels to broadly

analyze its sensitivity and the transport efficiency of photogenerated charge carriers

as a function of incident illuminating power. When measured at λin = 250 nm, the

sensitivity of the photodetector decreased exponentially as the optical power was

increased beyond 70 µW/cm2, allowing for DUV photodetection with a self-limiting

gain mechanism to avoid electronic saturation at high impinging power levels.

The effective device area was taken as 550 × 500 µm2. Figure 4.14 depicts mea-

sured photocurrent density vs. Vbias (Jph–Vbias) for a representative photodetector at

an Pin = 13± 2 µW/cm2 (Figure 4.14A, low Pin levels) and Pin = 423± 60 µW/cm2

(Figure 4.14B, high Pin levels); measured Pin-dependent Jph–Vbias curves for the pho-

todetector at an λin = 250 nm are shown in Figure 4.14C. The representative device

exhibited dark-current densities (Jd) of 9.32× 10−10 A/cm2 at zero bias, 5.02× 10−6

A/cm2 at 5 V reverse bias, and 8.29× 10−5 A/cm2 at 15 V reverse bias. From Figure

4.14C, one can observe that the photodetector exhibited photo-to-dark-current ratios

of above 104.
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Figure 4.14: Jph–Vbias curves for a β-Ga2O3/TiN photodetector on MgO
Measured Jph–Vbias curves for a representative photodetector at various wavelengths at an
(A) Pin = 13±2 µW/cm2 (low Pin levels) and (B) Pin = 423±60 µW/cm2 (high Pin levels).
(C) Measured Pin-dependent Jph–Vbias curves for the photodetector at an λin = 250 nm.
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Figure 4.15 plots the evolution of the representative photodetector performance at

low (Figure 4.15A) and high (Figure 4.15B) Pin levels. In both cases, the photodetector

performance peaked at λin = 250 nm. I conjecture that the photodetector exhibited

such high gain values (EQE > 104%) because of the existence of trap-related deep-

acceptor levels within the grown β-Ga2O3 film as additional photoexcited electrons

can be created from these defect states [207]. Another hypothesis for such high gain

values is the presence of a trap-related deep-acceptor level at the metal–semiconductor

interface. This may have caused a reduction in the barrier height owing to charge

neutrality and thus increased extracted photocurrent levels [284].
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Figure 4.15: Performance of a β-Ga2O3/TiN photodetector on MgO
Photodetector performance metrics—(A) Pin-dependent evolution of calculated Rλ (I), D∗
(II), and EQE (III) values for a representative photodetector at low Pin levels (Pin = 13± 2
µW/cm2) at various wavelengths. (B) Corresponding plots for the calculated Rλ (I), D∗
(II), and EQE (III) values at high Pin levels (Pin = 423± 60 µW/cm2).

Figure 4.16A plots the evolution of average Rλ values with increasing Pin levels

up to 7,363 µW/cm2 at an λin = 250 nm and a Vbias = 5 and 15 V. Beyond 70

µW/cm2, average Rλ values converge to 23.18 and 125.45 A/W after peaking at

40.30 and 276.72 A/W at 5 and 15 V, respectively, indicating a limit for ultraviolet-

C photons to excite the photoelectrons from the valence band to the conduction
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band in the β-Ga2O3 film. The photodetector Rλ values decreased in a nonlinear

manner, demonstrating nonlinear absorption characteristics. This is attributed to

the dampening of the net built-in electric field by opposite electric fields as a result

of the increasing number of accumulated photogenerated charges, which caused less

efficient photogenerated carrier separation because the Pin increased and manifested

a self-limiting gain mechanism to prevent electronic saturation at higher impinging

power levels. As such, I argue that my photodetectors require ultraviolet-C light with

only about 70 µW/cm2 Pin level to operate with optimal gain. Figure 4.16B and

Figure 4.16C plot the calculated D∗ and EQE average values, respectively, for λin =

250 nm and Vbias = 5 and 15 V. The photodetectors exhibited average peak D∗ and

EQE values of 5.31 × 1013 Jones and 1.37 × 105% for λin = 250 nm and Pin = 70

µW/cm2 at 15 V reverse bias.
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Figure 4.16: Peak metrics of a β-Ga2O3/TiN photodetector on MgO
Peak performance metrics—Pin-dependent evolution of calculated (A) Rλ, (B) D∗, and (C)
EQE averaged values for an ensemble of fabricated photodetectors at an λin of 250 nm at
various Pin levels.

Figure 4.17 plots the intensity-modulated transient photoresponse current mea-

surements of the representative β-Ga2O3/TiN photodetector. I note that current rise

and decay processes in Ga2O3-based photodetectors are biexponential; that is, they

comprise two components, a fast- and a slow-response component for any given

Vbias 6= 0 (i.e., nonzero bias), whereas for Vbias = 0, the rise and decay processes

are monoexponential in nature and characterized by only one fast-response compo-

nent. Broadly speaking, when light illumination is the only external disturbance field
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on the photodetector system, rapid changes in photogenerated carrier concentration

occur, with which the fast-response component can be associated. It follows that car-

rier trapping/releasing processes caused by the existence of defect states in β-Ga2O3

photoabsorptive thin films dominate the slow response [285]. To extract the decay

constant, I fitted the decay portion of the first cycle in the time-dependent photore-

sponse curve using the biexponential relaxation equation

IIMPh(t) = I0 + A1e
−t/τ*

↓ + A2e
−t/τ**

↓ , (4.10)

where IIMPh is the intensity-modulated photocurrent, I0 is the stable state current and

A1 and A2 are fit model slow- and fast-component amplitude constants, respectively,

that establish component dominance; and t is time and τ *
↓ and τ **

↓ are the slow- and

fast-response components, respectively, of the decay constants. The photodetector

demonstrated τ **
↓ of 581 ms, with A2 � A1. It is conjectured that strong persistent

photoconductivity (PPC) results in large internal gains in Ga2O3-based photodetec-

tors because of the slow process of carrier detrapping [24]. Besides the presence of

two superimposed unit cell configurations separated by stacking faults (resulting in a

more defective ordering of crystallographic planes), the time constant of the transient

decay is influenced by the depth of electronic trap states, and traps in wide-bandgap

semiconductors, such as Ga2O3, are deep; therefore, the time constant is relatively

long. Hence, the slow time response is attributed to the high density of trap states

that impeded carrier recombination and caused slow recovery time.
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Figure 4.17: Transient photoresponse of a β-Ga2O3/TiN photodetector on
MgO
Transient photoresponse of the β-Ga2O3/TiN photodetector at λin = 250 nm and Pin = 70
µW/cm2. Electrons trapped in defect states were gradually detrapped upon bias application,
causing current levels to increase over time.

4.3.3 Concluding Remarks

In this section, I demonstrated β-Ga2O3-based UV-C photodetectors grown on MgO

substrates with TiN templates. The solar-blind photodetectors exhibited peak respon-

sivity values of 40.30 and 276.72 A/W at 5 and 15 V reverse-bias, respectively, for

an incident-light wavelength of 250 nm at Pin of around 70 µW/cm2. The achieved

responsivities and quantum efficiencies were fairly high because of device sensitivity

to low effective illuminating power levels. The photodetectors exhibited average peak

D∗ and EQE values of 5.31 × 1013 Jones and 1.37 × 105% for λin = 250 nm and Pin

= 70 µW/cm2 at 15 V reverse bias. I believe that these results will pave the way for

the fabrication of cheap and highly responsive DUV photodetection devices.

4.4 β-Ga2O3/TiN DUV Photodetectors on Si

Si is the least expensive and most commonly used element and substrate material

in the semiconductor device industry. Herein, a hybrid oxide–nitride–Si stack is pro-
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posed and thoroughly investigated for its potential use in DUV optoelectronic de-

vice applications. The stack comprises β-Ga2O3 thin films grown heteroepitaxially

on TiN/Si platforms, wherein the TiN interlayers were heteroepitaxially grown on

bulk (100)-oriented Si and act as lattice-mismatched templates and bottom device

electrodes. Albeit the relatively large lattice mismatch between Si and TiN, a low in-

plane rotation of 3◦ revealed that the TiN layers continued to grow as a bulk crystal,

paving the way for heteroepitaxial β-Ga2O3 thin films being grown without exhibiting

amorphous and metastable phases. DUV photodetectors based on this optoelectronic

heterostructure exhibited average peak spectral responsivity and external quantum

efficiency levels as high as 249 A/W and 1.23 × 105%, respectively, in the UV-C

regime at an illuminating power density of around 12 µW/cm2. As monocrystalline

TiN growth requires high temperatures that may not be compatible with some CMOS

BEOL technology processes [173], here I demonstrate that it is possible to first grow

TiN thin films on Si substrates, and then to grow other layers, to not expose the stack

to the high temperatures required by TiN growth. This integration step is therefore

compatible with CMOS front-end-of-line (FEOL) process requirements.

4.4.1 Growth and Fabrication

Similar to the growth process of TiN on MgO (see Section 4.3.1), Figure 4.18 shows

a schematic illustration of the hybrid oxide–nitride–Si optoelectronic heterostructure

synthesis flow. A 1 cm × 1 cm, (100)-oriented Si substrate was ultrasonically cleaned

in a bath of acetone and IPA, then introduced into a magnetron sputtering processing

chamber for the subsequent deposition of a 180 nm-thick TiN thin film. The substrate

was first degassed for 60 minutes at 300 ◦C, etched for 30 minutes in an Ar RF plasma

of 50 W, and then annealed in vacuum at 800 ◦C for another 30 minutes. The TiN film

was deposited at a substrate temperature and bias of 800 ◦C and −120 V, respectively,

using RF magnetron co-sputtering of two Ti targets operated at a power of 180 W
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each, in an Ar-N2 reactive atmosphere of 5 mTorr working pressure fed by 18.5 sccm

of Ar and 1.5 sccm of N2.

TiN (180 nm)/Si(100)-oriented Si substrate

β-Ga2O3 (400 nm)/TiN/Si Au/Ti/β-Ga2O3/TiN/Si

A B

C D

Si

TiN

β-Ga2O3

Au/Ti

Figure 4.18: Fabrication of DUV β-Ga2O3 photodetectors on TiN/Si
Fabrication process: (A) Si wafer preparation, (B) high-temperature magnetron sputter
deposition of TiN, (C) area-selective PLD growth of β-Ga2O3, and (D) electron beam
deposition and lift-off of Au/Ti metal contacts.

Unintentionally-doped β-Ga2O3 thin films were deposited using PLD at a sub-

strate temperature of 640 ◦C, an oxygen working pressure of 5 mTorr, a laser pulse

frequency of 5 Hz, an energy per pulse of 200 mJ, and a laser fluence of 2 J/cm2. The

films were deposited with a target-to-substrate distance of 80 mm and 30k pulses;

their thicknesses were estimated at 400 nm from a previously calibrated deposition

rate and confirmed using TEM imaging. Mesa regions exposing the conductive TiN

films were defined using a shadow mask during the β-Ga2O3 film deposition by PLD.

Figure 4.19 shows AFM images of the grown TiN and β-Ga2O3 surfaces. The root

mean square (RMS) roughnesses of the TiN and β-Ga2O3 layers are 0.702 nm and

5.12 nm, respectively. No evidence of relaxation fault formation in the TiN layer is

observed. These results show that this β-Ga2O3 layer is relatively more rough com-

pared to what was grown on TiN/MgO (see Appendix A), which can be attributed to

the increased roughness of the TiN layer grown on Si given the relatively large lattice

mismatch between the two crystals. In the previous section, the TiN and β-Ga2O3
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layers had measured RMS roughness levels of 0.451 nm and 1.74 nm, respectively,

with an average β-Ga2O3 grain diameter of 66 nm. Here, an average grain diameter

of 40 nm in the β-Ga2O3 crystal grown on TiN/Si is observed. This indicates that the

deposited β-Ga2O3 layer has smaller grain sizes compared to what I have reported

using the TiN/MgO platform. I conjecture that this smaller grain size is caused by

the increased roughness of the TiN surface on Si, which led to the creation of more

β-Ga2O3 crystal nucleation centers. This is expected to have caused further increase

in carrier scattering events during electrical excitation, which may have affected the

carrier collection processes that are crucial to the photodetection process and thus

had a negative impact on my photodetector device performance.

TiN RMS roughness: 0.702 nm

β-Ga2O3 RMS roughness: 5.12 nm

A

B

Figure 4.19: AFM imaging of grown TiN and β-Ga2O3 layers on Si
2D and 3D AFM measurements of grown (A) TiN and (B) β-Ga2O3 layers on Si.

Finally, a top electrode design was patterned on the β-Ga2O3 thin film with five

interconnected Au/Ti (150 nm/50 nm in thickness) parallel fingers with 50 µm spacing

acted a contact electrode to the β-Ga2O3 film while Au/Ti thin films were deposited

directly on the TiN film through the mesa, constituting a vertically configured DUV

photodetector. This device architecture whereby on oxide layer is grown on Si-based

platform using an intermediary metallic interlayer is unique and has not been reported



83

in the literature as a patent is still pending [286]. The Au/Ti metal layers were

deposited using an ESC sputtering system (Ti: 25 sccm Ar flow at 5 mTorr and 400

W for 286 seconds at room temperature; and Au: 25 sccm Ar flow at 5 mTorr and 400

W for 310 seconds at room temperature). These metal pads were patterned through

a lift-off process using a 1.6 µm-thick AZ 5214 photoresist exposed using Heidelberg

Instruments µPG501 optical direct-write lithography system. This design allows for

the photogenerated electron-hole pairs created by ultraviolet light to be efficiently

separated and transported to the metal contacts through the 400 nm-thick β-Ga2O3

layer in contrast to the less efficient transport that occurs in a laterally configured

devices with electrodes that are several tens of microns apart.

4.4.2 Experimental Results and Discussion

Electron Microscopy Analysis of Grown β-Ga2O3 on TiN/Si

Figure 4.20A-I shows a cross-sectional TEM micrograph of an epitaxially grown β-

Ga2O3/TiN/Si hybrid stack for the {110} Si axis, confirming the high interface qual-

ities exhibited at the β-Ga2O3/TiN and TiN/Si interfaces through the sharp layer

transitions, whereas the HRTEM micrographs and FFT patterns in Figure 4.20A-II

and Figure 4.20A-III, which come from the orange- and red-colored areas, respec-

tively, highlighted in Figure 4.20A-I, confirm the structural integrity and symmetry

of the lattice on the cross sectional TiN/Si [(200), (220), and (020) FFT plane spots]

and β-Ga2O3 [(400), (020), and (210) FFT plane spots] HRTEM micrographs, respec-

tively. The purpose of the marked glue protection layer, composed mainly of platinum

(Pt), was to protect the TEM sample during focused ion beam (FIB) milling. Figure

4.20B displays a cross-sectional STEM micrograph of the sample; the inset shows an

HAADF micrograph with EDX mapping that confirm each layer’s composition and

thickness and the low thermally induced interdiffusion characteristics during layer

growth. In the EDX mapping shown in the inset of Figure 4.20B, the N emission peak
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Kα1 is centered at 0.392 keV, which is close to the detection limit of the TEM-EDX

detector. That is why the N signal is weak and blurred in the EDX map. Moreover,

the O mapping appears to show a sign of interdiffusion into TiN layer. This is an

artifact as the O emission peak Kα1 is centered around 0.523 keV, while the Ti emis-

sion peaks are situated around 4.931 (Kβ1), 4.510 (Kα1), 0.458 (Lβ1), and 0.452 (Lα1)

[287]. The EDX detector cannot distinguish well between Ti Lβ1/Lα1 and O Kα1 ,

causing the digital micrograph to take Ti Lβ1/Lα1 signals as O Kα1 signals.
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Figure 4.20: Electron microscopy imaging of a β-Ga2O3/TiN/Si stack
TEM, HRTEM, and FFT: (A) Cross-sectional TEM micrograph of the β-Ga2O3/TiN/Si hy-
brid structure (I), and HRTEM micrographs captured at the β-Ga2O3/TiN (II) and TiN/Si
(III) interfaces with FFT patterns. STEM-HAADF: (B) STEM cross-sectional micrograph
of the β-Ga2O3/TiN/Si hybrid stack with EDX spectra.

Because the β-Ga2O3/TiN heterostructure was grown on (100)-oriented bulk Si,

analysis of HRTEM micrographs for the zone axis with FFT patterns in Figure 4.20A-
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II and Figure 4.20A-III reveal the zone axis of Si and TiN to be (01̄1̄). In each FFT

pattern, the upward and rightward directions correspond to the directions of the c-

and a-axis, respectively, given the mathematical descriptions that govern FFT spectra

because physical and inverse coordinates are correlated. Therefore, the orientation

relationships between β-Ga2O3 and TiN were determined to be

(200) β-Ga2O3 ‖ (200) TiN, (4.11)

(020) β-Ga2O3 ‖ (022) TiN, (4.12)

while the orientation relationships between TiN and Si were determined to be

(200) TiN ‖ (200) Si, (4.13)

(022) TiN ‖ (022) Si. (4.14)

In Figure 4.21A, I display original HRETM micrographs (Figure 4.21A-I and A-II),

which come from the green- and blue-colored areas, respectively, highlighted in Figure

4.20A-I. Filtered HRTEM micrographs are shown in Figure 4.21B-I and Figure 4.21B-

II, which are identical but with different atom column marking orientations, and

resemble the micrograph shown in Figure 4.21A-II). The filtered micrographs were

acquired from the FFT pattern shown in Figure 4.21A-IV by first filtering out all the

background noise then implementing an inverse FFT algorithm. By filtering out the

background noise, the noise-free micrographs in Figure 4.21B-I and Figure 4.21B-II

show clear and sharp features compared to the original HRTEM micrograph shown

in Figure 4.21A-II. The plane-selective micrographs shown in Figure 4.21B-III and

Figure 4.21B-IV were acquired from the FFT patterns shown in Figure 4.21A-IV by

masking the FFT spots originating from all planes except for the ones corresponding

to the planes I was interested in examining [i.e., (010) and (200)] then calculating
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the inverse FFT of these masked patterns. In Figure 4.21B-III, a filtered micrograph

of the (010) β-Ga2O3 plane is shown, whereas Figure 4.21B-IV exhibits a filtered

micrograph of the (200) β-Ga2O3 plane. I identified dislocations (possibly of mixed

edge and screw character) along the (010) and (200) β-Ga2O3 planes and mark them

using yellow dashed lines. Then, I copied the yellow dashed lines to Figure 4.21B-I and

Figure 4.21B-II at the same positions. It is clear that the sharper white-line patterns

observed in Figure 4.21B-III and Figure 4.21B-IV correspond to the atom columns

shown in Figure 4.21B-I and Figure 4.21B-II, respectively. In Figure 4.21B-III and

Figure 4.21B-IV, the two merging white lines, single lines that splits into two, and

lines broken by discontinuous shifting correspond to sites of merging, splitting, and

shifting atom columns, respectively. Although the HRTEM micrograph taken at blue-

colored square region is located at least 200 nm away from the β-Ga2O3/TiN interface

and supposedly not affected by the lattice mismatch, I still observe these interplexing

and convoluting lines that resemble dislocations. Therefore, these dislocations were

caused not by lattice mismatch but rather by the twin structure.
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Figure 4.21: Si-integrated β-Ga2O3 electron microscopy micrograph anal-
ysis
Cross-sectional HRTEM micrographs of the (A) grown β-Ga2O3 layer taken at a low (I)
and elevated (II) thickness levels with corresponding FFT pattern (III and IV).
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XRD Characterization of Grown β-Ga2O3 on TiN/Si

A 2θ-scan out-of-plane XRD pattern was acquired from the β-Ga2O3/TiN/(100)-

oriented Si optoelectronic heterostructure, as shown in Figure 4.22A, whereby parallel

diffracting planes are detected irrespective of their rotations. The pattern in Figure

4.22A indicates how the crystal axes are aligned with respect to each other in terms of

normal vectors and a family of lattice planes, and one can deduce the following c-axis

crystallographic plane relationship between the grown films and the Si substrate,

(400) β-Ga2O3 ‖ (200) TiN ‖ (400) Si, (4.15)

Figure 4.22D-I and Figure 4.22D-II show the XRD RC measurements of the (400) and

(420) β-Ga2O3 plane Bragg reflections, respectively. I used a Gaussian distribution

to fit the XRD RC reflection profiles. The (400) and (420) β-Ga2O3 plane Bragg

reflections exhibited FWHM values of around 1.57◦ and 2.42◦. The (400) and (420)

β-Ga2O3 plane Bragg reflections exhibited relatively broad reflection profiles given

the heteroepitaxial growth nature of the β-Ga2O3 thin films on TiN/Si templates.

This relatively broad reflection profile can reasonably be associated to the double

twofold crystallographic symmetry. I conjecture that because the monoclinic β-Ga2O3

layer grown on cubic TiN has two unit cell configurations, it has become intrinsically

highly defective. Growth-induced oxygen vacancies and carbon impurities from the

PLD target also contributed to such higher levels of defect densities. Finally, Figure

4.22D-III and Figure 4.22D-IV depict the XRD RC measurements of the (200) and

(220) TiN/Si Bragg reflections The (200) TiN plane Bragg reflection exhibited an

FWHM of around 0.92◦, confirming a high-quality epitaxial TiN thin film.
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Figure 4.22: XRD traces of grown β-Ga2O3 on TiN/Si
(A) 2θ-scan out-of-plane XRD patterns of the grown optoelectronic heterostructure. (B) φ-
scan skewed asymmetric XRD measurements for the (100)-oriented Si substrate (top), thin
monocrystalline TiN film (middle), and the β-Ga2O3 film (bottom), of the heterostructure.
(C) Illustration of the atomic unit cell configurations in the stack, reflecting relative crys-
tallographic alignment. (D) XRD RC measurements of the (400) [I] and (420) [II] β-Ga2O3

and (200) [III] and (220) [IV] TiN Bragg reflections.

Next, the hybrid structure was investigated through φ-scan skewed asymmetric

XRD measurements. Figure 4.22B presents the φ-scan skewed asymmetric XRD mea-

surements for the (100)-oriented Si substrate, TiN thin film, and the β-Ga2O3 thin
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film, from top to bottom, respectively. Parallel diffracting planes were detected with

respect to their rotations in Figure 4.22B. These measurements reveal how the crystal

axes are aligned azimuthally with respect to each other. The results in Figure 4.22B

show that the (220) TiN and Si planes are aligned with each other and that the fol-

lowing crystallographic relationship can be confirmed by combining the results from

out-of-plane and in-plane XRD projections:

(020) β-Ga2O3 ‖ (022) TiN ‖ (022) Si. (4.16)

Four (420) β-Ga2O3 asymmetric Bragg reflections that are separated by 45◦ were

observed in Figure 4.22B, indicating the (420) β-Ga2O3 plane as projected to in-

plane XRD is 45◦ away from (020) TiN and Si which implies the above relationship

in equation (4.16). When these XRD results are examined, it is conjectured that there

are two β-Ga2O3 unit cell configurations that provide double twofold symmetry: two

(420) β-Ga2O3 Bragg reflections that originate from a configuration rotated about 45◦

to the right, and the other two (420) β-Ga2O3 Bragg reflections originating from a

configuration rotated about 45◦ to the left, as illustrated in Figure 4.22C. Otherwise,

if there were no multiple-unit cell configurations present in the grown lattice, only two

XRD Bragg reflections should have been observed. The (220) TiN is almost parallel

to the (220) Si, with only a 3◦ rotation, as illustrated in Figure 4.22C. Given the

lattice mismatch between the Si crystal and heteroepitaxial TiN, this low in-plane

rotation reveals that the TiN layer continued to grow as a bulk crystal. The formation

of this type of crystal might have been favored to mitigate the propagation of any

dislocations from the substrate to the thin film, and also the resulting stress might

have already been reduced at the interface leading to relaxed crystal layer from the

offset of growth [288, 289].
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Si-integrated Photodetector Device Characterization

The DUV photodetection characteristics of a photodetector based on the proposed

oxide–nitride optoelectronic heterostructure are investigated. The fabricated solar-

blind photodetector exhibited a peak Rλ of 249.84 A/W at 12 V reverse bias, for

λin = 250 nm and Pin = 12 µW/cm2 (0.12 pW/µm2). Ultraviolet-to-visible rejection

ratios (R15 V
250 nm/R15 V

400 nm) of 1.53×103 and 4.26×103 were attained for Pin = 4.04±0.42

pW/µm2 (high Pin level) and Pin = 12±1.26 µW/cm2 (low Pin level), respectively. The

DUV characteristics of the photodetector were measured at low and high Pin levels to

broadly analyze its sensitivity and the transport efficiency of photogenerated charge

carriers as a function of incident illuminating power. When measured at λin = 250

nm, the photodetector’s sensitivity decreased exponentially as the optical power was

increased beyond 12 µW/cm2, providing DUV photodetection with a self-limiting

gain mechanism to avoid electronic saturation at high impinging power levels. Figure

4.23 depicts measured Jph–Vbias curves for the Si-integrated photodetector at low Pin

levels (Figure 4.23A) and high Pin levels (Figure 4.23B); measured Pin-dependent

Jph–Vbias curves for the photodetector at an λin = 250 nm are shown in Figure 4.23C.

The Si-integrated device exhibited dark-current densities (Jd) of 1.30× 10−10 A/cm2

at zero bias, 1.74 × 10−5 A/cm2 at 6 V reverse bias, and 4.79 × 10−5 A/cm2 at 12

V reverse bias. From Figure 4.23C, one can observe that the photodetector exhibited

photo-to-dark-current ratios of above 5× 103.
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Figure 4.23: Jph–Vbias curves for a β-Ga2O3/TiN photodetector on Si
Measured Jph–Vbias curves for a representative β-Ga2O3/TiN/Si photodetector at various
wavelengths at an (A) Pin = 12.25±1.26 µW/cm2 (low Pin levels) and (B) Pin = 4.04±0.42
pW/µm2 (high Pin levels). (C) Measured Pin-dependent Jph–Vbias curves for the photode-
tector at an λin = 250 nm.

Figure 4.24 plots the evolution in performance of a representative photodetector

at low (Figure 4.24A) and high (Figure 4.24B) Pin levels. In both cases, the photode-

tector performance peaked at λin = 250 nm. The high responsivity observed in the

Si-integrated β-Ga2O3 photodetector can be primarily attributed to the minority car-

rier trapping caused by inherent deep-level vacancy states as additional photoexcited

electrons can be created from these defect states [290, 291]. Through an increased bias

voltage, these trapped carriers were subsequently released from the defect-related trap

centers resulting in higher photoconductive gain values (EQE > 105%) as compared

to lower bias voltages [292, 207]. The possible presence of a trap-related deep-acceptor

level at the metal–semiconductor interface provides another hypothesis for such high

gain values as this may have led to a reduction in the barrier height (owing to the

space charge neutrality principle) and thus increased extracted photocurrent levels

[284].
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Figure 4.24: Performance of a β-Ga2O3/TiN photodetector on Si
Photodetector performance metrics—(A) Pin-dependent evolution of calculated Rλ (I), D∗
(II), and EQE (III) values for a representative DUV, Si-integrated β-Ga2O3 photodetector at
low Pin levels (Pin = 12.25±1.26 µW/cm2) at various wavelengths. (B) Corresponding plots
for the calculated Rλ (I), D∗ (II), and EQE (III) values at high Pin levels (Pin = 4.04±0.42
pW/µm2).

Figure 4.25A plots the evolution of average Rλ values with increasing Pin levels up

to 73.6 pW/µm2 at an λin = 250 nm and a Vbias = 4 and 12 V. Beyond 12 µW/cm2,

Rλ values converge to 18.09 and 110.04 A/W after peaking at 33.55 and 249.84 A/W

at 4 and 12 V, respectively, indicating a limit for UVC photons to excite the pho-

toelectrons from the valence band to the conduction band in the β-Ga2O3 film. The

photodetectors’ average Rλ values decreased in a nonlinear manner, demonstrating

nonlinear absorption characteristics. I postulate that this is attributed to the damp-

ening of the net built-in electric field by opposite fields as a result of the increasing

number of accumulated photogenerated charges, which caused less efficient photo-

generated carrier separation because Pin increased and manifested a self-limiting gain

mechanism to prevent electronic saturation at higher impinging power levels. As such,

I argue that the photodetectors exhibit high sensitivity to ultralow-power DUV radi-

ation levels that are remarkably lower than what I have reported using the TiN/MgO
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platform. Figure 4.25B and Figure 4.25C plot the calculated average D∗ and EQE

values, respectively, for λin = 250 nm and Vbias = 4 and 12 V. The photodetectors

exhibited peak D∗ and EQE values of 6.38 × 1013 Jones and 1.23 × 105% for λin =

250 nm and Pin = 12 µW/cm2 at 12 V reverse-bias.
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Figure 4.25: Peak metrics of a β-Ga2O3/TiN photodetector on Si
Peak performance metrics—Pin-dependent evolution of calculated (A) Rλ, (B) D∗, and (C)
EQE values for fabricated Si-integrated β-Ga2O3 photodetectors at an λin of 250 nm at
various Pin levels.

4.4.3 Concluding Remarks

In this section, monocrystalline oxide–nitride β-Ga2O3/TiN/Si heterostructures were

presented and investigated as potential vertically structured optoelectronic device

platforms that are compatible with CMOS FEOL processes. The orientation rela-

tionships between the grown thin films and the monocrystalline Si substrate as deter-

mined from XRD and TEM analysis, were found to be (400) β-Ga2O3 ‖ (200) TiN ‖

(400) Si and (020) β-Ga2O3 ‖ (022) TiN ‖ (022) Si. Including a wafer-scalable conduc-

tive ceramic interlayer of monocrystalline TiN is hypothesized to have ensured high

carrier transport and antioxidation properties for next generation oxide-based opto-

electronic device platforms. The vertically structured photodetector realized based on

the hybrid oxide–nitride heterostructure exhibited high responsivity and EQE levels

of up to 249 A/W and 1.23× 105%, respectively, which are ideal performance levels

for highly sensitive DUV photodetection applications such as early missile threat de-

tection and interception, indoor and outdoor fire alarm and surveillance systems, and
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UVC solar radiation observation in ozone-monitoring stations.

4.5 Chapter Summary

In this chapter, I presented highly efficient DUV photodetectors realized through the

hybrid integration of β-Ga2O3 with a transition metal nitride template on bulk MgO

and Si. Unlike silicon (a = 5.431 Å), the lattice mismatch between TiN (a = 4.236–

4.241 Å) and MgO (a = 4.210–4.212 Å) is less than 0.97%, while the lattice mismatch

between β-Ga2O3 (b = 3.03–3.04 Å) and TiN (b = 2.995 Å) can be as low as 1.17%.

TiN, MgO, and Si have significantly higher thermal conductivities than β-Ga2O3.

In the Si-integrated platform, albeit the relatively large lattice mismatch between

Si and TiN, a low in-plane rotation of 3◦ revealed that the TiN layers continued to

grow as a bulk crystal. Including a wafer-scalable conductive ceramic interlayer of

monocrystalline TiN is hypothesized to have ensured high carrier transport and an-

tioxidation properties for next generation oxide-based optoelectronic device platforms.

The vertically structured photodetectors realized based on the hybrid oxide–nitride

heterostructures exhibited high responsivity and EQE levels of up to 276 A/W and

above 105%, respectively. The responsivity of the DUV photodetectors decreased as

the optical power was increased, providing DUV photodetectors with a self-limiting

gain mechanism to avoid electronic saturation at high impinging power levels. In the

next chapter, I introduce a novel polymorphic heterostructure for DUV optoelectron-

ics.
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Chapter 5

Single-Crystalline β-Ga2O3/ε-Ga2O3 Polymorphic

Heterostructures

I herein discuss the heteroepitaxial growth of Ga2O3 polymorphic heterostructures.

My study of the polymorphic growth of thin films can be used to facilitate the devel-

opment of novel DUV optoelectronic devices, such as solar-blind and metal–insulator–

semiconductor (MIS) DUV photodiodes.

5.1 Epitaxial Growth of Single-Crystalline Polymorphic Het-

erostructures

In this section, I present the growth of thin Ga2O3 polymorphic heterostructure on

c-plane sapphire using PLD. The heteroepitaxially stacked oxide films (ε-Ga2O3 and

β-Ga2O3) were sequentially grown under the same conditions. My XRD measurements

and TEM micrographs confirmed a β-Ga2O3/ε-Ga2O3 polymorphic heterostructure

with RC widths of 1.4◦ (β-Ga2O3 (6̄03)) and 0.6◦ (ε-Ga2O3 (006)). The crystallo-

graphic orientation relationships between c-plane sapphire and the heterogeneously

nucleated ε-Ga2O3 buffer layer, as well as between the ε-Ga2O3 and β-Ga2O3 het-

erogeneous layers, were determined. To my knowledge, this is the first report of a

single-crystalline β-Ga2O3/ε-Ga2O3 polymorphic heterostructure stack. Reports in

the literature only demonstrated pure-phase Ga2O3 crystals [293, 294]. ε-polymorph

Ga2O3 remains a mysterious material, with various possible emerging applications:

1. ε-Ga2O3 might be a direct bandgap material, making it possibly suitable for
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realizing UV-C light-emitting optoelectronic devices.

2. ε-Ga2O3 can possibly be utilized to realize efficient high-electron-mobility tran-

sistors because the magnitude of its polarization constant is 10 times larger than

that of GaN.

5.1.1 Growth of Ga2O3 Polymorphic Heterostructures

In this section, I explore the novel growth process involving heteroepitaxially stacked

Ga2O3 polymorphs: unintentionally doped β-Ga2O3 thin films (approximately 130

nm thick) on 1 mol% Sn-doped ε-Ga2O3 buffer layers (approximately 400 nm thick).

These were grown using PLD at an 800 ◦C chamber temperature (640 ◦C substrate

temperature), a 5 mTorr Ar working pressure, a 350 mJ pulse energy, and a 5-Hz pulse

rate (30k pulses for each film) at a substrate-to-target distance of 80 mm. Figure 5.1

depicts a schematic of the grown single-crystalline β-Ga2O3/ε-Ga2O3 polymorphic

heterostructure.

e-

b-

Figure 5.1: Single-crystalline β-Ga2O3/ε-Ga2O3 heterostructures
Schematic illustration of the grown β-Ga2O3/ε-Ga2O3 polymorphic heterostructure.
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5.1.2 Experimental Results and Discussion

Crystallographic orientation relationships and crystal quality

As depicted in Figure 5.2A, out-of-plane XRD results show that the ε-Ga2O3 film,

when exhibiting both Cu(Kα1) and Cu(Kα2) ε-Ga2O3 (006) doublet peaks (Figure

5.2B), features better crystal quality than does β-Ga2O3 when grown under the same

conditions. The orientation relationships from the XRD measurements and electron

microscopy imaging are as follows:

β-Ga2O3 (2̄01) ‖ ε-Ga2O3 (002) ‖ α-Al2O3 (0006), (5.1)

β-Ga2O3 (102) ‖ ε-Ga2O3 (220) ‖ α-Al2O3 (033̄0), (5.2)

β-Ga2O3 (010) ‖ ε-Ga2O3 (100) ‖ α-Al2O3 (112̄0). (5.3)
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Figure 5.2: XRD traces of a grown β-Ga2O3/ε-Ga2O3 heterostructure
(A) XRD measurements of a grown single-crystalline β-Ga2O3/ε-Ga2O3 polymorphic het-
erostructure stack. (B) Zoomed-in version of (A) showing the Cu(Kα1) and Cu(Kα2) ε-
Ga2O3 (006) doublet peaks.

The RC measurements (Figure 5.3) revealed that a β-Ga2O3 film grown on an

ε-Ga2O3 film achieves a RC width of about 1.4◦ (based on β-Ga2O3 (6̄03) peaks),

demonstrating superior crystalline quality to a β-Ga2O3 film grown directly on c-

plane sapphire with RC widths of approximately 2.2◦ using PLD and other techniques,
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per the literature. Therefore, ε-Ga2O3 films with RC widths of about 0.6◦ (based on

ε-Ga2O3 (006) peaks) act as excellent buffer layers for β-Ga2O3 film growth.
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Figure 5.3: RCs of a grown β-Ga2O3/ε-Ga2O3 heterostructure
RC measurements showing the crystal reflections of grown (A) β-Ga2O3 and (B) ε-Ga2O3

heteroepitaxial stacked crystalline lattices.

The AFM results depicted in Figure 5.4 demonstrate that the β-Ga2O3 film has a

2.2 nm root mean square roughness value, whereas transmission electron microscopy

imaging shown in Figure 5.5 confirmed the crystallographic integrity of β- and ε-

polymorph Ga2O3 films stacked on sapphire, with excellent crystallographic qualities

and a sharp interface.

β

Figure 5.4: AFM of a grown β-Ga2O3 on ε-Ga2O3.
2D and 3D AFM measurements of a heteroepitaxially grown β-Ga2O3 thin film on an
ε-Ga2O3 buffer layer



99

A B

C

Figure 5.5: Electron microscopy of a grown Ga2O3 polymorphic het-
erostructure
TEM micrographs of the grown β-Ga2O3/ε-Ga2O3 polymorphic heterostructure—(A)
Cross-sectional TEM micrographs of the entire β-Ga2O3/ε-Ga2O3/sapphire heterostruc-
ture stack, and close-up cross-sectional TEM images of the (B) β-Ga2O3/ε-Ga2O3 and (C)
ε-Ga2O3/sapphire interfaces. The insets to the right of subfigures (B) and (C) show the
acquired FFT patterns of the crystalline lattices.

Under the typical growth conditions described earlier, a crystallization of β-Ga2O3

film is normally observed in either an O2 or Ar ambience when the material target

is undoped. However, I observe here that Sn-doped Ga2O3 crystallizes as an ε-phase

film when grown under the same conditions but in an Ar ambience. I conjecture that

tin oxidizes by oxygen during PLD, rendering it incapable to act as a catalyst for the

growth of ε-polymorph Ga2O3 crystal. But when grown in an Ar ambience, tin atoms

in the Sn-doped Ga2O3 materials target eventually act as ε-phase catalysts. This

is the most plausible hypothesis given the large dispersion in the elemental atomic

numbers (ZSn = 50, ZGa = 31, ZSi = 14, ZAr = 18, and ZO = 8).

5.2 Chapter Summary

In summary, thin Ga2O3 polymorphic heterostructures were grown on c-plane sap-

phire using PLD. I showed that Sn-doped Ga2O3 crystallizes as an ε-phase film when

grown in an Ar ambience, allowing the synthesis of phase-pure ε-Ga2O3 using PLD.
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Furthermore, the crystallographic orientation relationships between the c-plane sap-

phire and the heterogeneously nucleated ε-polymorph Ga2O3 buffer layer, as well as

between the ε-polymorph and β-polymorph Ga2O3 heterogeneous layers, were deter-

mined. Because of the high-quality β-Ga2O3 thin films realized heteroepitaxially on

an ε-Ga2O3 buffer layer in a single growth step using PLD, I expect that this process

will aid in the development of novel DUV optoelectronic devices. In the next chapter,

I provide a summary of the contributions of my dissertation work and an outlook on

further research work.
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Chapter 6

Outlook and Future Challenges

In this dissertation, I focused on the development of DUV photodetectors using an

emerging ultrawide-bandgap semiconductor: Ga2O3. Ga2O3 has the widest known

bandgap that can attain controllable n-type doping. Based on its high breakdown field

strength and availability of high-quality native substrates, there has been tremendous

interest in Ga2O3 for power electronics applications. Besides power electronics, an-

other potential application for Ga2O3 is in DUV photodetectors. Given the formation

of self-trapped holes (i.e., polarons), p-type doping in Ga2O3 has not been demon-

strated, and it is very likely that p-type conductivity in Ga2O3 cannot be achieved.

Therefore, optoelectronic devices based on Ga2O3 p–n homojunctions are not fea-

sible. Thus, the metal–semiconductor–metal photodetector is the main structure on

which this dissertation focused.

The main novelty of this dissertation lies in the development of β-polymorph

Ga2O3 growth on (100)-cut MgO and Si substrates using high-quality monocrystalline

TiN as an interlayer. The advantage of the MgO-integrated structure is rooted in the

usage of the close lattice matching between TiN and Ga2O3, along with the lattice

matching between TiN and MgO. The approach of growing β-Ga2O3 thin films on Si

substrates makes possible the integration of optoelectronic devices with conventional

CMOS electronics because of the abundance and availability of such substrates. In ad-

dition, TiN, MgO, and Si have significantly higher thermal conductivities compared to

Ga2O3. The semiconductor oxide materials were synthesized using the PLD method.

XRD, AFM, HRTEM, and RBS were used to characterize the materials grown. The
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devices show high spectral responsivities. This dissertation has also proposed a new

platform for DUV optoelectronic devices based on β-Ga2O3/ε-Ga2O3 heterostruc-

tures on sapphire. This will likely lead to a new horizon for DUV photodetection

by exploiting the properties of novel heterojunction stacks involving nanostructured

semiconductor oxides in the development of next-generation electronics and functional

devices.

Table 6.1 provides a summary of the key performance characteristics of ultramod-

ern group III–oxides-based and hybrid UV and DUV photodetectors, along with the

results achieved in this dissertation. Compared to recently emerging wide bandgap

energy materials, most notably Ga2O3 and its alloys, photodetectors based on group–

III nitrides remain the mature technology for eventual integration into various ap-

plications. Ga2O3 has just recently emerged as a promising candidate for solar-blind

DUV photodetection. Monoclinic β-Ga2O3 has a bandgap of 4.4–4.8 eV, with corre-

sponding wavelengths of 259–280 nm. Based on the availability of large-size β-Ga2O3

bulk single crystals, homoepitaxial growth of epitaxial layers with defined doping and

bandgap engineering with high crystalline quality can be employed to achieve the

optoelectronic potential of β-Ga2O3 in UV photodetection. Although β-Ga2O3-based

photodetectors have been demonstrated with high responsivity (up to 276 A/W at

250 nm) in this dissertation, the spectral response is relatively broad and not easily

tunable compared to that of AlxGa1−xN-based materials. Despite that, slow response

speeds of up to a few seconds can also be observed in Ga2O3-based photodetectors due

to surface trap states and slow hole transport. These issues would eventually hinder

applicability in systems requiring high selectivity or fast response speed, particularly

for wavelength-selective communication channels.



103

Device
structure

Material
system

Bias (V)
Peak

responsivity
(A/W)

EQE
Rise/Fall
time (s)

Year Ref.

Metal–semiconductor β-Ga2O3 15 276.72 (250 nm) 1.37× 105% – 2019 This work
MSM (Al0.28Ga0.72)2O3 2.5 1.17 (230 nm) 631% – 2019 This work
MSM β-Ga2O3 10 8.41 (254 nm) 4.11× 103%∗ 18 s/1.6 s 2019 [295]
MSM β-Ga2O3 20 150 (254 nm) 7.40× 104% 1.8 s/0.3 s 2018 [27]
MSM Al0.50Ga0.50N 20 0.094 (270 nm) 43.2%∗ < 20 ms/< 20 ms 2018 [296]
MSM (flexible) h-BN 10 0.00005 (185 nm) 0.03%∗ 0.267 s/0.393 s 2018 [55]
MSM h-BN 20 0.0001 (212 nm) 0.06%∗ 0.32 s/0.63 s 2018 [297]
MSM Al0.50Ga0.50N 10 5 (264 nm) 2.35× 103%∗ 0.52 s/44 s 2017 [298]
MSM Al0.50Ga0.50N 5 106 (250 nm) 4.96× 108%∗ 0.2 s/1000 s 2017 [22]
MSM (SiO2-passivated) Al0.25Ga0.75N/GaN 10 0.27 (365 nm) 91.78%∗ – 2015 [299]
MSM Al0.25Ga0.75N 5 < 0.01 (310 nm) < 4%∗ – 2013 [300]

MSM Al0.40Ga0.60N 20
0.045 (270 nm) 21.5% –

2013 [301]
0.085 (270 nm) 39% –

MSM TiN/AlN 100 0.002 (200 nm) 1.24%∗ – 2010 [302]
MSM AlN 10 0.08 (202 nm) 49.14%∗ – 2009 [303]
MSM c-BN 35 0.032 (180 nm) 22.06%∗ – 2008 [304]
MSM Al0.75Ga0.25N 50 0.53 (222 nm) > 250% – 2007 [305]
p–i–n Al0.46Ga0.54N 0 0.15 (271 nm) 68.8% 6.5 ns/0.95 µs 2018 [306]
p–i–n Al0.34Ga0.66N 0.5 0.1 (250 nm) 50% 0.4 µs/0.4 µs 2017 [307]
p–i–n AlxGa1−xN 0 0.21 (360 nm) 70% 1.7 ns/4.5 ns 2014 [308]
p–i–n Al0.40Ga0.60N 5 0.192 (275 nm) 89% – 2013 [309]
p–i–n Al0.40Ga0.60N 5 0.129 (279 nm) 57% – 2013 [310]
p–i–i Al0.55Ga0.45N 5 0.075 (254 nm) 37% – 2012 [311]
p–i–n Al0.70Ga0.30N 5 0.11 (232 nm) 58.83%∗ – 2000 [312]
p–i–n–i–n Al0.40Ga0.60N 15 0.15 (280 nm) 50% – 2014 [313]
p–i–n APD Al0.40Ga0.60N 0 0.114 (278 nm) 52.7% – 2016 [314]
p–i–n APD Al0.05Ga0.95N 0 0.043 (354 nm) 16% – 2015 [315]
MIS Al0.45Ga0.55N 3 0.154 (270 nm) 70.6% 1.4 ns/55 µs 2018 [316]
p–n PtSe2/GaN 0 0.193 (265 nm) 90.36%∗ 0.172 µs/284 µs 2019 [317]
p–n MoS2/GaN 0 0.187 (265 nm) 87.55%∗ 46 µs/114 µs 2018 [318]

Heterojunction
graphene/Ga2O3

nanowires
5 0.185 (258 nm) 88.96%∗ 9 ms/8 ms 2018 [319]

Heterojunction graphene/β-Ga2O3 6 12.8 (254 nm) 6.68× 103% 1.5 ms/2 ms 2018 [200]
Heterojunction graphene/h-BN/GaN 1 1,915 (245 nm) 9.69× 105%∗ 8 s/6 s 2016 [320]

Schottky
graphene/β-Ga2O3/

graphene
10 9.66 (254 nm) 4.72× 103%∗ 0.96 s/0.81 s 2017 [321]

Schottky
graphene/Al0.25Ga0.75N/

GaN
2 0.56 (300 nm) 231.60%∗ – 2016 [322]

Phototransistor graphene/GaN 10 0.361 (325 nm) 138% 3.2 ms/1.2 ms 2018 [323]
Phototransistor graphene/GaN 10 5.83 (325 nm) > 2.20× 103% 2.7 ms/4.6 ms 2018 [196]
Nanorods Al0.45Ga0.55N 3 0.115 (250–276 nm) 53.84%∗ – 2017 [324]
Nanowires (Schottky) GaN 1 25 (357 nm) 8.69× 103%∗ – 2013 [325]
Nanoflowers (MSM) Al0.45Ga0.55N 2 0.72 (265 nm) 340% – 2018 [326]

Table 6.1: Performance comparison between select UV photodetectors
Performance comparison of select group III–oxides-based and hybrid UV and DUV pho-
todetectors at room temperature (∗Indicates an EQE value calculated using equation (4.2)).
Reproduced with permission from Ref. [147]. ©2019, Chinese Institute of Electronics.

6.1 Future Work

Finally, the future direction for further understanding the nature of the developed β-

Ga2O3/TiN photodetector operational mechanism and enhancing its performance lies

in experimentally investigating the energy band alignment using X-ray photoelectron

spectroscopy and ultraviolet photoelectron spectroscopy [327] measurements, which
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are essential to determine the electronic characteristics at the β-Ga2O3/TiN inter-

face and the work function of TiN, thus confirming the nature of the heterojunction

contact.
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Appendix A

Supporting Information: Heteroepitaxial β-Ga2O3 on

TiN/MgO

A.1 Extraction of Plane Spacing

The plane spacing values for cubic TiN and MgO and monoclinic β-Ga2O3, respec-

tively, were calculated using the following relations:

dTiN, MgO
(hkl) =

√
a2

h2 + k2 + l2
(A.1)

and

dβ-Ga2O3

(hkl) =

[
1

sin2 β

(
h2

a2
+
k2 sin2 β

b2
+
l2

c2
− 2hl cos β

ac

)]−1/2

, (A.2)

where h, k, and l are Miller indices, a, b, and c are axis-specific lattice parameters,

and β is the angle between the a- and c-axes.

A.2 FFT and Line Profile Analysis

Figure A.1 shows FFT analysis of bulk MgO. A mask was applied to filter out all

plane spots except that of (200) MgO. All bright lines in the inverse FFT pattern

correspond to (200) MgO plane. Line profile analysis reveals the (200) MgO plane

spacing. An average spacing of around 2.056 Å was acquired after averaging out 33

cycles.
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FFT 

mask

inverse

FFT

line profile

line profile

extraction

Average (200) MgO d(200) spacing:

d(200) ~ 2.056 Å (using 33 cycles)

MgO reference parameters (theoretical):

a = 4.210–4.212 Å

d(200) = 2.106 Å

MgO

Figure A.1: FFT and line profile analysis of bulk MgO

Figure A.2 shows FFT analysis of a TiN interlayer grown on MgO (out-of-plane

direction). A mask was applied to filter out all plane spots except that of (200) TiN.

All bright lines in the inverse FFT pattern correspond to (200) TiN plane. Line profile

analysis reveals the (200) TiN plane spacing. An average spacing of around 2.091 Å

was acquired after averaging out 29 cycles.

TiN

FFT 

mask

Inverse 

FFT

line profile

line profile

extraction

Average (200) TiN d(200) spacing:

d(200) ~ 2.091 Å (using 29 cycles)

TiN reference parameters (theoretical):

a = 4.236–4.241 Å

d(200) = 2.115 Å

Figure A.2: FFT and line profile analysis of a TiN interlayer

Figure A.3 shows FFT analysis of a grown β-Ga2O3 thin film on TiN/MgO (out-

of-plane direction). After applying a mask to filter out all plane spots except that of

(200) β-Ga2O3, an inverse FFT algorithm was applied. The acquired average spacing
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between the (200) planes after averaging out 21 cycles is around 5.793 Å.

FFT 

mask

inverse

FFT

line profile

Average (200) β-Ga2O3 d(200) spacing:

d(200) ~ 5.793 Å (using 21 cycles)

β-Ga2O3 reference parameters (theoretical):

a = 12.12–12.34 Å

b = 3.03–3.04 Å

c = 5.80–5.87 Å

d(200) ~ 5.93 Å

line profile

b-Ga2O3

Figure A.3: FFT and line profile analysis of a β-Ga2O3 thin film

Figure A.4 shows FFT analysis of a TiN/MgO interface. After applying a mask

to filter out all plane spots except that of (020) TiN/MgO, an inverse FFT algorithm

was applied. When we consider the (020) plane spots only, we can observe edge

dislocations because of lattice mismatch. The (020) TiN/MgO inverse FFT pattern

shows the (020) plane spacing. Because their (020) plane spacings are different, the

inverse FFT pattern reveals edge dislocations at the boundary.

MgO

TiN
FFT

FFT 

mask

inverse

FFT

Figure A.4: FFT and line profile analysis of a TiN/MgO heterointerface

Figure A.5 shows FFT analysis of a TiN/β-Ga2O3 interface. After applying a

mask to filter out all plane spots except that of (112̄) β-Ga2O3 and (020) TiN, an

inverse FFT algorithm was applied. The TiN/MgO (020) inverse FFT pattern shows

the (020) plane spacing. Because their plane spacings are different, the inverse FFT

pattern reveals edge dislocations at the boundary. These edge dislocations at the β-



147

Ga2O3/TiN interface are attributed to the lattice mismatch between the two layers.

FFT
FFT

mask

TiN

b-Ga2O3 inverse

FFT

Figure A.5: FFT and line profile analysis of the β-Ga2O3/TiN heteroint-
erface

In Figure A.6, we show the approximated in-plane lattice plane spacings of TiN,

MgO, and β-Ga2O3 as determined from the HRTEM micrographs. For TiN, the (200)

and (020) plane spacings (dTiN
(200) and dTiN

(020), respectively), are about 2.129 and 2.109

Å, respectively. For β-Ga2O3, dβ-Ga2O3

(200) and dβ-Ga2O3

(112̄)
are estimated to be 5.936 and

2.054 Å, respectively.

MgO

TiN

d(200) ≈ 2.129 Å

TiN

b-Ga2O3

d(200) ≈ 5.936 Å

d(112) ≈ 2.054 Å

A BTiN

d(020) ≈ 2.109 Å
TiN

d(020) ≈ 2.109 Å
MgO MgO

d(200) ≈ 2.109 Å

b-Ga2O3

b-Ga2O3

Figure A.6: β-Ga2O3, TiN, and MgO in-plane lattice plane spacings
In-plane lattice plane spacings of (A) TiN and MgO, and (B) β-Ga2O3, as determined from
the HRTEM micrographs.

A.3 Universality of Observed Edge and Stacking Fault Dis-

locations

The lattice mismatch between the grown TiN thin film and MgO substrate is around

0.95%, which is relatively small. Therefore, the epitaxial growth of TiN thin films

on MgO substrates should lead to less packing of edge dislocations at the interface.
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During TEM imaging, it is possible that the focus was not precisely at the lamella

and, as a result, astigmatism was not entirely corrected, which might have resulted in

indiscernibly blurred TEM micrographs. Blurred micrographs may introduce artifacts

in FFT patterns, causing apparent increases in edge dislocation densities. In addition,

during the lamella milling process using FIB, a Ga+ primary ion beam impinged on

the sample surface, which might have damaged the lamella and resulted in extra

defects at the examined TiN/MgO interfaces. For these reasons, the combined effect

of strain relaxation and blurred micrographs may have played a role in introducing

higher-than-anticipated edge dislocation densities. Therefore, the edge dislocations at

TiN/MgO interface may not be universal.

On the other hand, we believe that the edge dislocations at the β-Ga2O3/TiN

interface are universal and not simply caused by the lattice mismatch. This is because

the grown β-Ga2O3 crystal has two orientation fits on TiN and that naturally leads

to a considerable amount of dislocations at the interface. This is especially true at

the boundary of two different crystallographic orientations. Therefore, the stacking

faults dislocations are believed to be everywhere in the film. In fact, we suppose that

these dislocations form the boundary of two different β-Ga2O3 crystals with different

orientations, i.e., the grain boundaries.

A.4 Further Discussion of Asymmetric and RC XRD Mea-

surements

Because the (420) β-Ga2O3 RC reflection profile exhibits two peaks, the crystal struc-

tural status is far more complicated than being simply in tensile or compressive strain.

From the asymmetric XRD results, we believe that the TiN and β-Ga2O3 crystals are

not exactly aligned at the edges (i.e., along the [001] or [010]), but rather aligned along

the diagonal as shown in Figure A.7. When tensile and compressive strains coexist,

the β-Ga2O3 crystal would reasonably opt to align with TiN along the diagonal direc-
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tions of each crystal to reduce stress because of the minimal strain exerted on them.

This can be discerned from the following crystallographic mismatch calculations:

Alignment at the long edges: average
[bβ-Ga2O3 −

√
2dTiN

(200)√
2dTiN

(200)

]
= (−) 2.634%, (A.3)

Alignment at the short edges: average
[cβ-Ga2O3 − 2

√
2dTiN

(200)

2
√

2dTiN
(200)

]
= (+) 1.340%, (A.4)

Alignment along the diagonal: average
[diagonalβ-Ga2O3

− diagonalTiN

diagonalTiN

]
= (−) 0.529%.

(A.5)

<1°

A B

Figure A.7: Visualization of TiN and β-Ga2O3 crystal alignment
(A) Visualization of the TiN and β-Ga2O3 crystal alignment. (B) Demonstration of crystal
alignment along the diagonal and its relation to the asymmetric XRD results.

Also, we believe that when the β-Ga2O3 crystal is rotated by less than 1◦ along

its in-plane axes (b and c), out-of-plane axis (a) will also be affected, which results

in crystal tilt. Asymmetric RC measurements are sensitive to both crystal tilting and

rotating; that is why the (420) β-Ga2O3 RC reflection profile exhibited two peaks.

Based on the asymmetric XRD measurement results, the signal from the (420)

β-Ga2O3 plane splits into two peaks that shift symmetrically relative to the (222)

TiN peak by around 0.85◦. After calculating the critical angles at the contacting β-

Ga2O3 and TiN crystal cross sections, we further confirm that the two crystals are

not aligned at the edges. Instead, they are aligned along the diagonal. This is because
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the difference between the critical angles of these two cross sections is around 0.88◦,

which is very close to what we observed in the asymmetric XRD scan, as can be seen

in Figure A.8A. In Figure A.8B, there are eight (420) β-Ga2O3 plane reflections (i.e.,

four pairs). If the β-Ga2O3 and TiN crystals are aligned at the edges, there would only

be four peaks separated by 90◦ because of the double twofold symmetry (two orienta-

tions). However, because the β-Ga2O3 and TiN crystals are aligned diagonally, each

(420) β-Ga2O3 plane reflection splits into two peaks causing four pairs of reflections.

27.44°−26.56° = 0.88°

TiN

β-Ga2O3

D

D

8

7

A B C D

1 2 3 4 5 6 7 8

direction of

ϕ scan

A
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2

B

3

B

4

C
6

C
5

A B

Figure A.8: Visual interpretation of the asymmetric XRD results
(A) Critical angle calculations at the contacting β-Ga2O3 and TiN crystal cross sections.
(B) Visual interpretation of the eight (420) β-Ga2O3 plane reflections.

A.5 AFM Analysis

Figure A.9 shows AFM images of grown TiN and β-Ga2O3 layers on MgO. The RMS

roughnesses of the TiN and β-Ga2O3 layers are 0.451 nm and 1.74 nm, respectively.

The lines forming square domains in the TiN AFM image are most likely the result

of relaxation faults due to the small lattice mismatch with MgO. An average grain

diameter of 66 nm in β-Ga2O3 is observed. These results show that the β-Ga2O3 layer

is relatively smooth with a grain sizes that are relatively small. This is hypothesized

to cause increased carrier scattering events. These events may have affected carrier

collection crucial to the photodetection process and had a negative impact on the

photodetector device performance.
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A TiN B β-Ga2O3

Figure A.9: AFM imaging of grown TiN and β-Ga2O3 layers on MgO
AFM measurements of grown (A) TiN and (B) β-Ga2O3 layers on MgO.

A.6 Electrical Characterization of β-Ga2O3/TiN Heterojunc-

tion Diode

A.6.1 Ohmic Contacts

In Figures A.10A and B, we show current–voltage (I –V ) measurements that reveal

the electrical natures of the Au/Ti/β-Ga2O3/Ti/Au and Au/Ti/TiN/Ti/Au contacts.

As can be deduced from Figure A.10A, the Au/Ti/β-Ga2O3 junction does not exhibit

an Ohmic nature although annealing it must have significantly lowered the barrier

height and reduced the resistance. Figure A.10B shows the expected linear nature of

the Au/Ti/TiN/Ti/Au contacts.
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Figure A.10: Characteristics of fabricated MSM and metal–metal contacts
I –V measurements across the (A) Au/Ti/β-Ga2O3/Ti/Au and (B) Au/Ti/TiN/Ti/Au
junctions.
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A.6.2 Hall Measurements

Figure A.11 presents Ohmic contact quality check procedure results as obtained at

room temperature in a van der Pauw configuration of electrodes (A-B-C-D) with a

constant magnetic flux density of 0.55 T.

Figure A.11: I–V characteristics as measured between the Hall effect
device’s pairs of terminals.

A.6.3 Electronic Properties of Deposited TiN Thin Film

The deposited TiN thin film exhibited an n-type conductivity with a carrier density

(N) of approximately 6.29×1022 cm−3, an electron mobility (µ) of about 1.85 cm2/V·s,

and a sheet resistivity of around 5.65×10−5 Ω·cm. The measured Hall coefficient was

1.04× 10−4 cm2/C.

A.6.4 Current–Voltage Characteristics

Figure A.12A depicts linear- and semilogarithmic-scale J–V curves for a β-Ga2O3/TiN

metal–semiconductor junction diode, demonstrating that the diode sustained rela-

tively high-voltage operation (from −12 to 12 V) without a breakdown. The nonlinear

behavior of the J–V curve implies a Schottky junction formation. The Fermi level
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of TiN on oxides is around 4.3 eV [328], while the bandgap and electron affinity of

the PLD-deposited β-Ga2O3 are around 4.9 and 3.15 eV, respectively [329]. These

facts provide a reasonable conjecture that a Schottky contact is formed at the TiN–

β-Ga2O3 interface, given the difference between the metal work function φTiN
m = 4.3

eV and χβ-Ga2O3
s = 3.15 eV is Φ = φTiN

m − χβ-Ga2O3
s = 1.15 eV, where Φ is the surface

potential-energy barrier (before equilibrium). This is illustrated in Figure A.13A. The

diode exhibited clear rectifying J–V characteristics with a forward sub-turn-on volt-

age (Von) of 8.82 V. Figure A.12B plots the evolution of σr values with increasing |Vr|

levels up to 12 V reverse-bias. A rectification ratio of approximately 6.12 × 104 was

achieved at 12 V reverse bias.
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Figure A.12: J–V characteristics of a β-Ga2O3/TiN junction on MgO
(A) Measured linear-scale J–V curve for the β-Ga2O3/TiN metal–semiconductor diode in a
dark environment (inset: semilogarithmic-scale J–V curve). (B) Semilogarithmic-scale plot
of σr(|Vr|).

When the β-Ga2O3/TiN metal–semiconductor junction is forward biased, as il-

lustrated in Figure A.13BI, a negative voltage is applied at the metal contact (i.e.,

Au/Ti) on the β-Ga2O3 side, causing the Fermi level to tilt upward and electrons to

be injected from β-Ga2O3. In such a case, electrons slide down and across the lowered

barrier to TiN, causing the junction to exhibit high current levels. When the junction

is reverse biased, as illustrated in Figure A.13BII, a positive voltage is applied at the

β-Ga2O3 side and the Fermi level tilts downward, causing electrons to be injected

from the TiN side. In this case, electron flow is impeded at the interface with only
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few electrons tunneling through the barrier and sliding down to the β-Ga2O3 side as

the bias increases. The metal work function of Ti is 4.33 eV. As such, Ti electrodes

should most probably demonstrate a Schottky-type contact behavior with β-Ga2O3.

However, annealed Ti contacts with an Au capping layer deposited on β-Ga2O3 were

found to exhibit low sheet resistances and Ohmic contacts [279]. This is ascribed to

the interfacial reactions between Ti and β-Ga2O3 that take place at annealing tem-

peratures, whereby Ti+ and O− ions interdiffuse across the interface as demonstrated

by Bae et al. [330]. In other words, on the β-Ga2O3 side of the interface, vacancy

(and perhaps Ti+ ions) donor centers are formed, increasing the local charge carrier

population in the conduction band. On the Ti side, an oxidized region, rich in Ti2O3,

is formed near the interface. Therefore, the accelerated interdiffusion of O atoms in

β-Ga2O3 during the annealing process is hypothesized to cause reactions that form

Ti2O3 at the interface, which significantly decreases the Schottky barrier height [331].

This contrasts with the behavior of the TiN electrode, which retained its Schottky-

type characteristics after annealing because of the absence of interdiffusion at the

interface. For defected β-Ga2O3 with oxygen vacancies, the introduced defect levels

overlap with the conduction band and the Fermi level is effectively shifted up closer

to the conduction band [332].
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Figure A.13: Band diagram analysis of a β-Ga2O3/TiN junction on MgO
Energy band diagram—(A) Schematic band diagram of the ideal β-Ga2O3/TiN metal–
semiconductor Schottky junction before (I) and at (II) equilibrium. (B) Band diagram of
the Schottky junction under forward (I) and reverse (II) bias.

Using the thermionic emission (TE) model, the forward-bias J–V characteristics

a Schottky diode can be expressed as:

Js → m = A∗T 2
[
e
− qΦB

kBT

][
e

q(VF−RS)

nkBT − 1
]

(A.6)

= J0

(
e

q(VF−RS)

nkBT − 1
)

(A.7)

and

A∗ =
4πqm∗k2

B

h3
, (A.8)

where A∗ is the effective Richardson constant for TE (not taking into account the

effects of optical-phonon scattering and quantum mechanical reflection), T is the

ambient temperature, ΦB is the apparent barrier height, kB is the Boltzmann constant,

q is the elementary charge, RS is the series resistance, n is the ideality factor, J0 is

the saturation current density, m∗ = 0.342me is the effective electron mass in β-

Ga2O3 [333], me is the electron rest mass, and h is Planck’s constant. Schottky diode
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parameters such as ΦB, n and RS can be extracted using Cheung’s functions [334]:

dV

d(ln I)
= IRS + n

kBT

q
, (A.9)

H(I) = V − nkBT

q
ln
( I

AA∗T 2

)
(A.10)

= IRS + nΦB. (A.11)

Given m∗, we calculated A∗ to be around 41.10 A/(cm2·K2). The Schottky barrier

height ΦB, ideality factor n and series resistance RS were inferred from the above

equations and found to be around 0.44 eV, 1.94 and 138.27 Ω, respectively.

The fact that the band alignment at a semiconductor–metal heterojunction is

independent of the semiconductor’s doping level (i.e., φs) and only dependent on

the metal work function φm and semiconductor electron affinity (χs) is based on

the Schottky–Mott rule, which is considered an approximation. In practice, however,

most metal–semiconductor interfaces do not follow this rule to the predicted degree.

Instead, the chemical termination of the semiconductor crystal against a metal creates

“extrinsic” electron states called metal-induced gap states within its band gap, which

are caused by nonideal surfaces or thin oxides on the semiconductor surface [335, 336].

For instance, a thin interfacial oxide layer between the metal and semiconductor layers

introduces interface states in the band gap, which pins the Fermi level at a fixed

level. This results in ΦB being calculated from the pinning point rather than φs. This

explains the discrepancy between the calculated barrier height of 1.15 eV and the

determined one of 0.44 eV.
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Appendix B

Optical Confinement

B.1 Photon and electron confinement

Photons and electrons can be confined (or trapped). Electrons interact with each

other through the Coulomb force, which can be generated by periodic potentials (e.g.,

quantum wells) or metals (e.g., hybrid plasmonic waveguides) to achieve electron con-

finement. Photons, on the other hand, do not interact with each other; however, in-

ternal reflections induced by periodic dielectric structures or metallic surfaces used to

achieve photon confinement can be exploited to guide photons, forming guided waves.

In this appendix, I discuss the physics behind the manipulation of light properties

through the effects of dielectric confinement.

B.1.1 Dielectric confinement

Dielectric confinement is achieved through the refraction of light (or other waves)

passing through a boundary between two different isotropic media with high refractive

index contrast (∆n). Snell’s law of refraction governs the angles of incidence (θi) and

refraction (θr) of light as it propagates through the boundary between media with

different indices of refraction (ni and nr), as schematically illustrated in Figure B.1.

Snell’s law expresses the relationship between the ratio of the sines of the angles of

incidence and refraction as equivalent to the reciprocal of the ratio of the indices of
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refraction, or equivalent to the ratio of phase velocities in the two media (vi and vr):

sin θi

sin θr

=
nr

ni

=
vi

vr

. (B.1)

As a consequence, the angle of incidence θi is equal to the angle of reflection θ` (where

the reflected fraction of the light beam can be described by Fresnel coefficients). Also,

if nr > ni, then θr is smaller than θi:

θi = θ`, (B.2)

θr < θi ⇐⇒ nr > ni. (B.3)

θ

θ

θℓ

Figure B.1: Law of refraction
Schematic illustration of light passing through a boundary between two different isotropic
media.

In the case where ni > nr, then θr can exceed 90◦. The largest possible θi that

still results in a refracted beam of light is known as the critical angle (θc); in that

event, the refracted beam of light travels tangentially at the interface between the
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two isotropic media:

θc = arcsin
(nr

ni

)
. (B.4)

Now, as θi increases beyond θc, the conditions of refraction can no longer be satisfied;

hence, we have no refracted ray, and the partial reflection becomes total, causing total

internal reflection, whereby the incident light beam is confined to the high refractive

index region. Figure B.2 shows a 1D symmetric dielectric slab waveguide, which

consists of three layers of materials: a high refractive index layer inserted between

two lower refractive index layers (n2 > n1). It can be shown that

∆n >
m2

sλ
2
0

4w(n1 + n2)
, ms ∈ N, (B.5)

where ms is the optical mode number [337].

Figure B.2: Optical waveguiding
Schematic illustration of a 1D symmetric planar waveguide membrane.

B.2 Photocurrent generation

Photocurrent is an electrical current that flows through a photosensitive device, such

as a photodiode, a phototransistor, a phototube, a photomultiplier, or a charge-

coupled device, as a consequence of exposure to and absorption of emitted radiant

energy. It is generated as a result of the photoelectric, photoemissive, or photovoltaic
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effect. Once the radiation starts to produce a photocurrent, the current will be di-

rectionally proportional to the radiation intensity and increase with the accelerating

potential until it reaches a saturation value [338]. In general, photodetectors, such

as photodiodes, phototransistors, phototubes, and photomultipliers, are based on the

generation of a photocurrent, which can involve fairly different physical processes:

1. Semiconductor photodetectors exploit the internal photoelectric effect while em-

ploying p–n or p–i–n and Schottky MSM junctions. This involves band-to-band

(i.e., fundamental) absorption, that is, photoexcitation from the valence band

to the conduction band, which requires that the energy of the incident photon

}ω0 be greater than the optical bandgap of the photoconductive material Eg

[339].1 This effect does not yield photoelectrons that can be observed outside

the photoconductive material. This process is illustrated schematically in Figure

B.3(a).

2. Vacuum tube photodetectors, such as phototubes and photomultipliers, exploit

the external photoelectric effect, where electrons that are liberated from atomic

binding with a metal are emitted from the metal’s surface. This requires }ω0 to

be greater than the work function φ of the metal. Figure B.3(b) schematically

illustrates external photoelectron emission.

1Photoconduction is an optical-electrical phenomenon whereby a material’s electrical conductivity
changes (typically increases) as a consequence of absorbing electromagnetic radiation and liberating
electrons and/or holes.
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ℏω Φ

Figure B.3: Internal and external photocurrent generation
Schematic illustration of (a) the internal and (b) the external photocurrent generation
process.
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Appendix C

Photon–Electron Interaction at the Nanoscale

C.1 Nanophotonics

Photonics is the science of generation, transmission, modulation, switching, amplifi-

cation, signal processing, storage, and detection of light [340]. A photon is the fun-

damental unit, or quantum, of light and behaves either as a particle or as a wave.

According to the National Academy of Science, the field of nanophotonics is de-

fined as “the science and engineering of light–matter interactions that take place on

wavelength and subwavelength scales of light where the physical, chemical, or struc-

tural nature of natural or artificial nanostructured matter controls the interactions”

[337, 341]. In this appendix, I focus on the interaction between the valence electrons

of an atom and a photon because of its fundamental relevance to photonics.

C.1.1 Photon–electron interaction

Light is described as the physical phenomenon whereby two fields, namely an electric

field (E) and a magnetic field (H), propagate perpendicular to each other in space

as an electromagnetic wave. It is characterized by different quantities, including a

wavelength (λ), which is defined as:

λ =
c

ν
, (C.1)

where c is the speed of light in vacuum, and ν is the frequency of the propagating light

wave. A photon carries a specific amount of energy (Eph) that is directly proportional
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to its frequency and is thus inversely proportional to its wavelength. The energy of a

photon is quantized as

Eph = hν =
hc

λ
, (C.2)

where h is is the Planck constant. As a constant that relates a photon’s energy to

its frequency, h is the quantum of electromagnetic action and has the exact value of

6.626070150(69) × 10−34 J·s [342, 343]. Figure C.1 is a schematic illustration differ-

entiating the regime of applicability for classical optics from that of nanophotonics

considering an optical structure with a dimensional constant a [337].

(a/λ)
(a ≪ λ)

ε

(a ≈ λ) (a ≫ λ)

Figure C.1: Classical optics and nanophotonics
Wavelength-scale graphical representation distinguishing classical optics from the nanopho-
tonics regime. Reproduced from Ref. [337].

On the other hand, an electron is an elementary particle with an invariant mass of

approximately 9.109 × 10−31 kg. It carries a negative one elementary electric charge

(−1e, or about −1.602× 10−19 C) and has an intrinsic momentum of half integer of

} (spin = 1
2
, where } is the reduced Planck constant [} = h

2π
]), which means that it is

a fermion. Consequently, only one electron can occupy a given quantum state within

a quantum system at a given time, in conformity with the Pauli exclusion principle.

If the same space is occupied by more than one electron, the properties of each must

be different, as they obey the Fermi–Dirac statistics. The wave function (Ψ) of a

fermion is antisymmetric, implying that the sign changes when two fermion particles
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are swapped; in other words, ψ(r1, r2) = −ψ(r2, r1), where r1 and r2 correspond

to the first and second fermion particles, respectively [344]. A photon, on the other

hand, has an intrinsic angular momentum of the integer value of } (spin = 1), which

means that it is a boson. Thus, photons do not interact with each other, and therefore

more than one photon can occupy the same quantum state. Bosonic particles satisfy

the Bose–Einstein statistics [345]. The atom consists of the nucleus (i.e., protons and

neutrons) surrounded by an electron cloud, and electromagnetic radiation requires an

energy range from a few hundred kiloelectron volts to roughly 8 MeV (e.g., gamma

radiation) to interact with the nucleus. Hence, X-ray-to-infrared light interacts only

with the electron cloud in an atom. In transparent materials, light excites an electron

cloud of an atom, which emits a photon, which in turn interacts with another electron

cloud, and so forth. The photon moves at a velocity c, but the excitation/emission

process slows it down to a velocity v, which gives rise to the refractive index n, defined

as

n =
c

v
. (C.3)

Put differently, the refractive index n quantifies the strength of the interaction be-

tween a propagating beam of light and the atoms in a material. In a transparent

material, light does not necessarily disappear, but it does slow down, implying a vir-

tual interaction between an incident photon and the material’s atoms—in other words,

consecutive absorption and emission processes. Although these natural processes oc-

cur quickly, time delays exert a considerable impact on the dynamics of light propa-

gation in a medium, which manifest themselves through an increase in the refractive

index value. From equations C.1 and C.3, we deduce that

λmaterial =
λvacuum

n
, (C.4)

where λmaterial and λvacuum are the propagating light wavelengths in a material and in
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vacuum, respectively [337].

In 1913, Niels Bohr proposed that the electron in a neutral hydrogen atom is

confined to specific orbits. This gave rise to the idea of energy quantization, which

refers to the fact that electrons in an atom can only exist in specific discrete energy

states. These sharp energy levels are related to the shells of the electrons in an atom.

The significance of these discrete energy states is that only specific photon energies

are permitted when electrons relax from the optically excited high-energy states to

lower ones, producing each element’s distinct emission spectrum. Although Bohr’s

model successfully predicted the energies for the hydrogen atom,

En =
m0q

4

2(4πε0}n)2
, n ∈ N (C.5)

led to significant inaccuracies, which were corrected by solving the Schrödinger equa-

tion for the hydrogen atom. Figure C.2 illustrates light absorption and emission pro-

cesses in transparent materials, which are enabled by resonant interactions between

optically coupled photons and an atom’s valence electrons. It is noteworthy that

weak nonresonant interactions may occur, whereby incident photons are converted

into phonons. In a resonant interaction, incident photons are absorbed by valence

electrons, which take in the extra energy exactly matched within the Heisenberg un-

certainty relations, resulting in electrons in excited states [337]. Excited electrons, in

turn, decay into lower energy states (as illustrated in Figures C.2 and C.3), resulting

in spontaneous light emission.
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ℏω ℏω

Figure C.2: Light absorption and emission processes
A simplified schematic illustration of light absorption and emission processes in a transpar-
ent material.

Figure C.3 illustrates common electronic absorption energy-band transitions in a

direct energy bandgap semiconductor. In a wide bandgap semiconductor with high-

density of impurities and defects, photoluminescence (PL) can originate from deep-

and shallow-level defect states, hence showing photoluminescence signatures centered

at photon emission energies below its energy bandgap value (transitions (3), (4), and

(5)) [233, 346]. Moreover, surface defect states are continuum states and may cause

band bending in the energy band structure of semiconductor nanowires. In general,

band bending causes photoemission from the conduction band at different energy

levels compared to that of flat energy bands [347]. This happens at the surface, but

in the bulk of nanowire structures, we should observe flat energy band emission. In

fact, GaN-based nanowires generally suffer from oxygen and nitrogen vacancies (VO,N)

that act as surface defect states [348].
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Figure C.3: Exciton recombination paths in direct bandgap semiconduc-
tors
Schematic illustration of exciton recombination paths in direct bandgap semiconductors:
(1) intraband transition, whereby hot electrons relax their energy primarily by emitting
phonons can also emit photons (this process is rare, as it involves many particles such as
hot electrons under the assistance of either other electrons and phonons [349, 350, 351]);
(2) band-to-band transition; (3) shallow donor-to-shallow acceptor transition, where e is
the elementary charge and r is the orbital radius of an excited state; (4) donor-to-valence-
band transition; (5) conduction-band-to-acceptor transition; (6) free and bound excitonic
transitions; and (7) surface states reaction sites, with energy eigenvalues given by E =√
V 2 − (qπ}2/ma)2±}2/2m[(π/a)2− q2], where V is the surface potential, m is the charge

carrier mass, } is the Dirac constant, k = ±π/a is the Brillouin zone boundary, and q is
a quantization parameter (for all energy levels of the surface states to be within the band
gap, we must have q ∈ [0, πmaV }2]) [352, 353]. Other transitions not shown here include
donor-to-conduction band and acceptor-to-valence band. Eg is the energy bandgap, h is
Planck’s constant, c is the speed of light, EC

e–h is the Coulombic interaction energy between
the electron and electron hole, δEbind is the exciton–donor/acceptor binding energy (δ = 0
for free excitons whereas δ = 1 for excitons bound to donors/acceptors), and ED and EA

are the donor and acceptor levels, respectively. Reproduced with permission from Ref. [354].
©2020, American Chemical Society.

Based on Fermi’s golden rule [355], the strength of radiative recombination is a
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multiple of the magnitude of the transition matrix element, a dimensionless quantity

that is directly proportional to the square of the electron–hole wave function spatial

overlap matrix element,

| 〈Ψh| |Ψe〉 |2 =

∣∣∣∣∫ L

0

dxΨ∗h(x)Ψe(x)

∣∣∣∣2 , (C.6)

when written in terms of the inner product of the complex vector space of square-

integrable functions [0, L]→ C with L being the one-dimensional (1D) spatial length

of the quantum confined region. For an optical transition from a state of higher

energy (Ψk) to a state of lower energy (Ψn), the optical transition rate (W↓) caused

by photoexcitation can be expressed as [356, 357]

W↓ =
2π

}
∑
n6=k

∣∣〈Ψn| Ĥ− |Ψk〉
∣∣2︸ ︷︷ ︸

Mk→n

δ(εk − εn − }ω), (C.7)

where Ĥ− = H ′(r, t) = − q
m0

A(r, t) · p is the perturbation Hamiltonian of the down-

ward optical transition |Ψk〉 → |Ψn〉 (where m0 is the free electron mass, A(r, t) is

the vector potential, and p is the momentum operator). εk and εn are the energy

eigenvalues of the eigenstates Ψk and Ψn, respectively. That being so, δ(εk− εn−}ω)

in equation (C.7) is the Dirac delta function of an individual emission from a k → n

transition that ensures energy conservation, whereas Mk→n is the square magnitude

of the emission. The product of these two quantities, for each n 6= k, represents the

selective emission for a particular transition.

We recall the classical form of Heisenberg’s uncertainty principle that relates the

measurement of the dispersion in time (t) and energy (E) for an excited atom

∆t∆E ≥ }
2
, (C.8)

where ∆t = τ and ∆E resemble the uncertainty in time and energy, respectively, that
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are arising from wave properties inherent in the quantum mechanical wave–particle

nature of a measured system [358]. Whenever an atom undergoes a downward transi-

tion between electronic states, quantized amounts of energy are released in the form

of photons, each of which has a radiation frequency (ωn) that is associated with its

energy (Eph
n ) by Eph

n (ωn) = }ωn (n ∈ N being the photon number). The average time

interval after excitation during which an atom radiates is termed the effective decay

lifetime (∆t = τavg [359, 360]), which may be taken as τslow (inferred from fitted biex-

ponential decay models in the time-resolved photoluminescence experiments) [182].

Unlike the measurement of two conjugate variables with noncommuting operators,

say a particle’s position r̂ and its associated momentum p̂, whose canonical commu-

tator relation is [r̂k, p̂n] = i}δkn = 0 for k 6= n, Ê and t cannot satisfy a canonical

commutation relation because t is not a Hermitian operator; rather, it is a nondy-

namic independent variable on which the dynamical variable E—represented by its

corresponding operator Ê—is dependent [358, 361, 362]. Uncertainty in measured E

(Figure C.4) is what we observe during the decay from excited states, when, for ex-

ample, measured by time-resolved spectroscopy techniques [363, 364]. If ∆E → 0,

then τ → ∞, implying that the system would permanently remain in its stationary

state. However, the system decays because the excited levels are not stationary (e.g.,

they can be a linear overlap of different eigenstates). In this case, the state is an over-

lap of stationary states (Ψ =
∑
amΨm) that are not eigenstates of the Hamiltonian

(ĤΨ 6= EΨ) [359]. This results in ∆E 6= 0 and a finite nonzero ∆t. As a conse-

quence, the emitted photons have an energy uncertainty }∆ω because of finite ∆t.

Therefore, for typical steady-state and transient photoluminescence measurements,

the uncertainty principle can be stated as

τ ·∆Eν(ωn) ≥ }
2
, (C.9)
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where τ is taken as the effective relaxation time that was observed over certain emis-

sion energy/wavelength window, and ∆Eν(ωn) is the dispersion in photon energy

emission as measured within the same window during which τ was averaged. This

uncertainty corresponds to a minimum uncertainty in ω through the Heisenberg un-

certainty principle. We necessarily note that these uncertainty arise from the quantum

structure of the layered materials comprising the semiconducting material, including

perturbative defects embedded in the crystalline material such as local defects and

surface states, not the photoluminescence measurement process itself [365]. This form

of the uncertainty principle given in equation (C.9) may imply that energy conserva-

tion can appear to be violated by an amount ∆Eν = }
∫
dω (taking into account the

dispersion in photon energies) [360].

Δℰn = ℏΔωn
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Figure C.4: Uncertainty in measured photon energy
Illustration of the uncertainty in measured E during the decay from excited states in a
measured system. Reproduced with permission from Ref. [354]. ©2020, American Chemical
Society.
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