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ABSTRACT

Owing to their novel physical properties, semiconductors have penetrated almost every corner of the contemporary industrial system. Nowadays,
semiconductor materials and their microelectronic and optoelectronic devices are widely used in civil and military fields. Recently, ultrawide-
bandgap (UWBG) semiconductors with bandgaps considerably wider than 3.4 eV of GaN, such as aluminium gallium nitride (AlGaN), gallium
oxide (Gay03), and diamond, have attracted increasing attention due to their advantages, including high breakdown field, high stability, and high
radiation resistance. In this review, recent research pertaining to UWBG semiconductors in optoelectronics and microelectronics is introduced.
Moreover, the challenges and opportunities of UWBG semiconductors are deliberated. It is expected that this review will provide inspiration and
insights for further related research.

1. Introduction

Semiconductors, with the conductivity lying between conductors and insulators, have been essential for the development of modern
science and technology. Since the invention of the first transistor in the 1930s [1], semiconductor materials and related technologies
have brought revolutionary changes. Semiconductor materials have been through three stages of development. The first generation of
semiconductor materials (e.g., Si and Ge) promoted the rapid development of the microelectronics industry centred on integrated
circuits. The second generation semiconductors (e.g GaAs and InP) have important applications in the fields of red/infrared opto-
electronics and high-speed microelectronics. With the wide bandgap, high breakdown field, excellent thermal/chemical stability, the
third generation semiconductors (also called wide-bandgap (WBG) semiconductors) (GaN, SiC, ZnO, etc.) have occupied a central
position in the fields of blue/ultraviolet (UV) optoelectronic devices, and high-power and high-frequency microelectronic devices.
Typically, GaN-based blue/UV light-emitting diodes (LEDs) have led to a revolution in the lighting industry. The scientists who invented
these LEDs were awarded the Nobel Prize in Physics in 2014. These three generations of semiconductors have their own advantages and
suitable device applications, and they can coexist and complement each other for a long time. Nowadays, semiconductor materials and
technologies are considered the cornerstone of the modern information society, which have already penetrated every corner of the
contemporary industrial system.

With the development of modern science and technology, the demand for optoelectronic devices with short wavelengths and mi-
croelectronic devices with high power and frequency is increasing. In recent years, ultrawide-bandgap (UWBG) semiconductors, with
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bandgap of considerably wider than 3.4 eV of GaN, have attracted increasing attention due to their promising optical and electrical
properties. UWBG semiconductors such as AlGaN, diamond, and GazOs (as shown in Fig. 1(a)) have a wider bandgap, higher breakdown
field, and stronger stability and radiation hardness than WBG semiconductors. Therefore, UWBG semiconductors show broad and
considerable application prospects in UV luminescence, UV laser, UV detection, and high-power and high-frequency devices (as shown
in Fig. 1(b)).

Optical bandgap (E,) can be calculated using the following equation:

h
E = 76 M

where 1 is the wavelength, h is the Planck constant, and c is the speed of light. Considering that bandgaps of UWBG semiconductors are
considerably wider than 3.4 eV, their optoelectronic devices could be operated with the wavelength much shorter than 365 nm. These
devices have many special applications. In particular, UVC (200-280 nm) emitting devices based on UWBG semiconductors have
considerable development potential for applications such as chemical-free disinfection, lithography, medicine, and micromachining.
UVC photodetectors (known as ‘solar-blind” photodetectors because UVC radiations from the sun are strongly absorbed by the ozone
layer and cannot reach the ground) have important application prospects in various military and civilian fields, including flame warning,
confidential communication, and missile alerting.

Furthermore, because of the excellent electrical properties of UWBG semiconductors, they have great application potential in mi-
croelectronics. Three figure-of-merits (FOMs) have been proposed to quantify the suitability of semiconductor materials for micro-
electronic applications, namely, Johnson's FOM (JFOM), Keyes' FOM (KFOM), and Baliga's FOM (BFOM) [2-5]. JFOM is used to
evaluate the suitability of semiconductor materials in high-frequency power devices, which is defined as [3]:
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Fig. 1. (a) Bandgap energies of various semiconductors. (b) Characteristics and applications of UWBG semiconductor materials.
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where Ej, is the breakdown field, and v; is the saturated drift velocity. KFOM is used to evaluate the thermal limitation of the switching
behaviour of the semiconductor microelectronic devices, which is defined as [4]:

1
KFOM = G- (5-2) 3)
4re
where oermar is the thermal conductivity, c is the velocity of light in free space, and ¢ is the relative permittivity. BFOM is used to
evaluate the suitability of semiconductor materials in low-frequency and high-power devices, which is defined as [5]:

BFOM = euE; 4

where y is the carrier mobility. The FOMs of some semiconductors are summarised in Table 1. For comparison, the FOMs are normalised
by Si. JFOM and BFOM are strongly dependent on the breakdown field, which indicates that UWBG semiconductors have considerable
advantages in the application of high-power and high-frequency devices. Combined with their high thermal stability, high chemical
stability, and high radiation resistance, these UWBG semiconductors are considered essential candidate materials in microelectronic
fields such as state grid, electric vehicles, information communication, and phased array radar, including extreme environmental de-
vices in future.

Till now, the research on UWBG semiconductors has achieved great progress and rapid development. Several review articles have
summarised some developments related to UWBG semiconductor materials. Tsao et al. discussed the opportunities and challenges faced
by UWBG semiconductors in applications [20]. Xie et al. presented the research progress of UWBG semiconductor-based UV photo-
detectors [21]. In view of the important application value of UWBG semiconductor materials and their electronic devices, it is necessary
to systematically and comprehensively summarise the research progress of UWBG semiconductor-based optoelectronic and micro-
electronic devices. Therefore, in this paper, first, we briefly introduce some performance parameters involved in optoelectronic and
microelectronic devices. Then, recent research pertaining to UWBG semiconductor-based optoelectronic and microelectronic devices is
systematically introduced according to materials used. Finally, challenges and opportunities in application of UWBG semiconductors are
deliberated, and future scope in the development of UWBG semiconductor materials is presented. This review provides inspiration and
insights for future research on UWBG semiconductors.

2. Performance parameters

Semiconductor-based optoelectronic devices include LEDs, laser diodes (LDs), and photodetectors, and semiconductor-based mi-
croelectronic devices include power devices and radio frequency (RF)/microwave devices. Each device has specific parameters for
quantifying its performance. This section briefly introduces some of these performance parameters.

2.1. Optoelectronic devices

2.1.1. Light-emitting and laser diodes

In general, both the LEDs and LDs are p-n junction diodes made from semiconductors. For LEDs, under forward-biased condition, the
holes and the electrons from the p- and n-type layers, respectively, recombine each other in an active region to emit spontaneous ra-
diation, whereas for LDs, an additional optical resonator structure must be designed and fabricated for the active region. When adequate
forward bias voltage is applied to LDs, population inversion occurs in the active region. A small number of photons generated by
spontaneous emission are reflected in the resonator, leading to the emission of stimulated radiation from the active region.

Quantum efficiency (QE, 1) is a key parameter to quantify the performance of LEDs and LDs, and it can be classified into external QE
(EQE) and internal QE (IQE). EQE 7,y is the ratio of the number of photons emitted into free space per unit time to the number of
electrons injected into the device per unit time. IQE 7, is the ratio of the number of photons emitted per unit time from the active region

Table 1
Characteristic parameters of different semiconductor materials.
Materials Eg Ep Mobility@ Np, or saturation € Othermal JFOM/Si KFOM/Si BFOM/
(ev)  (Mv/ Np* > 10%%cm™ velocity (x 107 (W/(me K)) Si
cm) (cm?/(Ve 5)) cm/s)
Si [6] 1.12 0.3 1450 (electron) 1.0 (electron) 11.9 159 1 1 1
GaN 3.4 3[71 1000 (electron) 2.9 (electron) [9] 10.4 230 [10] 29 2.64 603
[8] [6]
AIN 6.0 15 [11] 426 (electron) 1.7 (electron) [9] 11.5 319 [13] 85 2.66 35490
[12] [11]
Diamond 5.5 10 [14] 1370 (hole) [15] 1.9 (electron)/1.4 5.7 3450 (isotopically 63 (electron)/ 43.22 (electron)/ 16762
(hole) [16] [6] pure) [17] 47 (hole) 37.10(hole)
f-Gay03 4.9 8 [18] 300 (electron) 2 (electron) [19] 10 27 [10] 53 0.26 3297
[18] [18]

% Np and N, are the donor and acceptor concentrations, respectively.
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to the number of electrons injected into the device per unit time. The equations of EQE and IQE for LEDs (or LDs) are as follows:

1 = PO
o= Pl

where P(2) is the optical output power emitted to the free space at wavelength of 4, Pj,(1) is the optical power emitted from the active
region at wavelength of 4, I is the input current, and e is the electronic charge. In general, the light generated by the active regions is
scattered or absorbed in the device; thus, EQE #.x and the IQE #;n, are given using the following equation:

Next = Mine X Nexrr (7)

where 7ex¢ is the light-extraction efficiency (LEE).

In addition to QE, wall-plug efficiency (WPE) is also used to evaluate the optical performance of LEDs. It is defined as the ratio of the
optical output power to the input electric power. The relationship between WPE and EQE is given as follows:
Next « he/a 8)

WPE = -2
\% e

where V is the drive voltage of the LED.

For LDs, the threshold current density (Jy) is the minimum current density required to achieve lasing. The linewidth, that is, the half-
height width (FWHM) of the LD emission peak, can be used to determine the monochromaticity of a laser.

2.1.2. Photodetectors

Photodetectors are a type of devices that convert optical signals into electrical signals by using the photoelectric effect. When the
incident photon energy is higher than the bandgap of the semiconductor in the active region, the electrons can be excited and moved
from the valence band to the conduction band, resulting in photogenerated electron-hole pairs. Driven by the built-in electric field or
external electric field, the photogenerated electron-hole pairs are separated and move to the opposite direction, thereby generating an
electrical signal.

For photodetectors, EQE is the ratio of the number of photoelectrons generated per unit time to the number of photons incident on
the device. IQE is the ratio of the number of photoelectrons generated per unit time to the number of photons absorbed within the active
region of the device. EQE and IQE for photodetectors are given as follows:

Iph/e
= e —— ()]
Mt =P [ (he )
_dwje (10)

Tt = P (2)/ (e 2)

where P(2) is the optical power incident on the device at wavelength of 4, Pi(4) is the optical power absorbed on the active region of the
device at wavelength of 4, and Iy, is the output photocurrent. When most light incident on the device is collected by the active region, 17
= Mint-

Generally, a photon with enough energy can excite only one photogenerated electron-hole pair collected as electrical signals, that is,
n < 1. However, in practical experiments, the measured QE of some photodetectors is > 1 because of the gain mechanism in the devices.
Therefore, gain plays an important role in photodetectors, especially in weak-signal detection.

Responsivity is an important parameter for evaluating the detection ability of photodetectors. It is defined as the ratio of the light
power incident on the device to the output photocurrent. According to equation (9), the relationship between R and QE is given as
follows:

R(2) = PO~ "R/ (€8]

where the QE takes the gain into account.

High-performance photodetectors require high responsivity and low noise. Noise can come from the external or internal sources. The
internal noise, including all noise generated within the device, should be as low as possible. Dark current, Iy, is the current in photo-
detectors in the absence of incident light. Generally, the dark current is a main source of internal noise for a photodetector.

Noise equivalent power (NEP) is an important parameter for photodetectors and characterises their sensitivity. It is defined as the
incident light power required to produce a signal-to-noise ratio of 1. The smaller is the NEP, the better is the photodetector.

The detectivity (D) is another criterion used to evaluate the performance of the photodetector and is defined as the reciprocal of NEP.
The larger is the detectivity of a photodetector, the more suitable it is for detecting weak light signals. The specific detectivity (D*), also
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known as normalised detectivity, is the detectivity normalised to a unit detector area and detection bandwidth. D* can be expressed as
follows:

D' =D S.Af:ﬁ (12)

where S is the area of the photosensitive region of the detector, and Af is the frequency bandwidth. The unit of D* is Jones (cm Hz'/2/W),
in honour of R. Clark Jones, who originally defined it in the 1950s [22].

The response speed of a photodetector is an important parameter to promptly respond to a signal. The rise time (t,) and fall time (t)
are generally used to describe the speed of the photodetector. t; and t; are commonly defined as the time required for the signal to rise
from 10% to 90% and fall from 90% to 10% of the final value, respectively. Shorter rise and fall times indicate faster response speed of
the device.

2.2. Microelectronic devices

2.2.1. High-power devices

High-power devices are microelectronic devices that operate at high voltage and high current. The power devices mainly include
two- and three-terminal devices. Two-terminal power devices have a simple structure, which is commonly based on p—n junction and
Schottky junction. By utilising the unilateral conductivity of the junctions, two-terminal power devices can rectify the circuit. By
contrast, three-terminal power devices are generally based on transistor structures. By adjusting the gate voltage, three-terminal power
devices can switch the current in the circuit. In general, the breakdown voltage (V}) determines the application limit of high-power
devices. To minimise its heat loss, the specific on-resistance (Ron,sp) of a high-power device should be minimised. In addition, for a
constant gate voltage, the drain saturation current density is inversely proportional to the specific on-resistance; thus, the drain satu-
ration current density of high-power devices should be high.

Considering the two factors of V; and Rp,sp, an FOM (PFOM) is proposed to quantify the performance of high-power devices [23,24]:

2
PFOM = L (13)
on,sp

In addition, transistors can be divided into normally on (sometimes called depletion mode, D-mode) devices and normally off
(sometimes called enhance mode, E-mode) devices according to the conduction state of their channel without gate bias. The threshold
voltage (Vi) represents the gate bias voltage required when the transistor is turned on. For n-type unipolar transistors, when Vi < 0 (for
p-type unipolar transistors, Vi, > 0), it is a normally on device, and when Vi, > 0 (for p-type unipolar transistors, Vi, < 0), it is a normally
off device. To ensure safety and stability, normally off devices are often considered more suitable for high-power devices.

2.2.2. Radio frequency (RF)/microwave devices

RF/microwave transistor amplifiers are a type of microelectronic devices working at high frequency. In general, a weak signal is
applied to the input terminal (commonly the gate for a field-effect transistor), and an amplified signal appears at the output terminal
(commonly the drain for a field-effect transistor). For these high-frequency transistor amplifiers, the cut-off frequency (fr, operating
frequency when the current gain decreases to 1) and maximum oscillation frequency (fmax, Operating frequency when the maximum
unilateral power gain decreases to 1) are important parameters for evaluating their performance. fr and f,x determine the upper limit of
the operating frequency of RF/microwave devices.
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Fig. 2. Schematic diagram of the AlGaN-based LED device structure [25]. Reprinted by permission from [Springer Nature and Copyright Clearance
Centre]: [Nature], [Nature Photonics], Ref [25], [copyright] (2019).
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3. Optoelectronic and microelectronic applications
3.1. Aluminium gallium nitride (AlGaN)

AlGaN is a ternary alloy of GaN and AIN. By adjusting the ratio of Al and Ga, the bandgap can be adjusted from 3.4 eV for GaN to 6.2
eV for AIN. Over the past two decades, considerable achievements have been made in the research on AlGaN-based optoelectronic and
microelectronic devices, which are summarised in this section.

3.1.1. AlGaN-based optoelectronic devices

3.1.1.1. AlGaN UV LEDs and LDs

3.1.1.1.1. Structure of AlGaN UV LEDs. Asshown in Fig. 2, a typical structure of AlGaN-based LED comprises an AIN layer, an AlGaN
transition layer, an n-type AlGaN layer, AlGaN multiple quantum wells (MQWs), an electron blocking layer (EBL), and p-type AlGaN and
p-type GaN cap layers. The AIN layer on the substrate provides a high-quality template for the subsequent epitaxial growth of the device.
The AlGaN transition layer could reduce the effects of lattice mismatch between the AIN/substrate and the n-type AlGaN layer. The n-
type layer serves as the electron injection layer. MQWs are the active regions of LED devices and are sandwiched by n-type and p-type
AlGaN layers. They play an essential role in the IQE of devices. The EBL with a large barrier height could effectively improve the in-
jection efficiency due to the suppression of overflow electrons above the MQWs into the p-type AlGaN layers. The p-type AlGaN layer is
utilised as the hole injection layer. The heavily Mg-doped p-GaN cap layer acts as the p-type contact layer.

3.1.1.1.2. Design and optimisation of AlGaN UV LED:s to enhance their quantum efficiency

Improvement of LEE

The strong UV light absorption in the p-GaN contact layer is considered a main reason for the low LEE of AlGaN UV vertical LED. To
improve the LEE of AlGaN UV LEDs, the introduction of a transparent p-AlGaN contact layer and highly reflective p-electrode is the most
commonly used method [26-33]. Till now, various p-electrodes with high UV reflectance have been used in the reported AlGaN-based
LEDs. Among them, Al electrodes are suitable for the p-type layer because of its high reflectivity (92%) in the UV band. However, it is
difficult to form good Ohmic contact between an Al electrode and p-AlGaN with high Al content. To resolve this problem, Zhang et al.
inserted a thin InGaN layer between the Al electrode and p-AlGaN to form a metal-semiconductor tunnelling junction [33], which
improved the hole injection efficiency. Combined with the high reflectivity of the Al electrode, the EQE and WPE of the device are
improved by 75% and 39%, respectively, compared with a device using an Ni electrode. Alternatively, Lee et al. reported a three-layer
structure, p-AlGaN/Ni:AIN/Al [29]. The reflectivity of this structure was >90%. By using a pulsed electrical breakdown method, many
conductive filaments were formed in Ni:AIN, leading to good Ohmic contact while the reflectivity remained unchanged. The EQE of the
device at 283 nm was as high as 8.49%. In addition to the Al electrode, Ni/Mg and In electrodes are considered good candidates with
reflectivities of 80% and 87%, respectively. Maeda et al. demonstrated AlGaN deep-UV (DUV) LED with a Ni/Mg electrode. The EQE of
LED with the Ni/Mg electrode was higher by 60% than that with the Ni/Au electrode [32]. More recently, Guttmann et al. used In as the
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Fig. 3. (a) Schematic of the AIN nanophotonic light-extraction structure. (b) Output power and enhancement factor characteristics of LEDs with and
without the nanophotonic structure [34]. Reprinted from Ref. [34], with the permission of AIP Publishing. (c) Device structure of AIN-delta-GaN
MQWs LEDs. (d) Comparison between the measured and simulated electroluminescence spectra of AIN-delta-GaN MQWs LEDs [37]. Reprinted
from Ref. [37], with the permission of AIP Publishing. (e) Schematics of conventional (left) and novel (right) of AlGaN-based LED structures. (f)
EQE-current characteristics of the LED with conventional and novel structures [53]. Copyright (2017) The Japan Society of Applied Physics.
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electrode of the p-type layer [27]. Compared with Au and Pd/Al/Au electrodes, the use of an In electrode significantly improved the
values of LEE and EQE. In addition to selecting appropriate electrode materials, improving the reflectivity of the p-type layer is essential
to enhance the LEE. Kashima et al. proposed a scheme for improving the reflectivity of the p-type layer by introducing the photonic
crystal structure [28]. They fabricated air-hole type high-reflectivity photonic crystals on p-AlGaN surface via nanoimprinting and
inductively coupled plasma dry-etching. By introducing high-reflectivity photonic crystals, the peak emission at 283 nm of the devices
can reach 10%, which is 23% higher than that without photonic crystals. Liu et al. used p-Si as a hole injection layer and a UV reflector
[30]. The EQE of the peak emission at 226 nm was as high as 0.2%.

Moreover, the fabrication of specific structures on the substrate can also achieve a high LEE. Inoue et al. used a nanoimprint
lithography process to fabricate a nanophotonics light-extraction structure on the back of an AIN substrate (as shown Fig. 3(a)) [34].
Compared with the conventional flat-surface structure device, the AlGaN LED with nanostructured surface showed a significantly
effective reduction in the efficiency droop under high current injection (Fig. 3(b)), and its output power at an injection current of 850
mA increased by nearly 20 times.

The output mode of MQWs also has a considerable influence on the LEE. Under the effect of crystal field and spin orbit coupling, the
valence band top of AlGaN material splits into three sub-bands, namely a heavy hole (HH) band, a light hole (LH) band, and a crystal
field split-off hole (CH) band [35]. For GaN and AlGaN with a low Al content, the HH and LH bands are above the CH band, and then the
excited electrons preferentially transfer from the conduction band to the HH and LH bands, radiating light with the transverse electric
mode (TE-mode, the electric field component of electromagnetic wave is perpendicular to the c-axis). With the increase in the Al content,
the CH band rises above the HH and LH bands, light is mainly radiated in the transverse magnetic mode (TM-mode, part of the electric
field component in the electromagnetic wave is parallel to the c-axis) [36]. In general, the c-axis of AlGaN crystal is parallel to the
direction of the light emission in an AIGaN UV LEDs. Therefore, the LEE of high Al-content AIGaN LEDs could be reduced because of the
great loss of TM-mode emission during propagation in the device. To solve this problem, an AIN-delta-GaN MQWs structure has been
fabricated by Jena's group and Zhang's group as shown in Fig. 3(c) [37,38]. This structure considerably improves the spontaneous
emission rate of the TE-mode. More interestingly, the emission wavelength of the corresponding LED can be tuned by adjusting the
thickness of the GaN layer (Fig. 3(d)).

Improvement of IQE

Crystal quality is the most important factor affecting the IQE of AlGaN-based UV LEDs. Due to the lack of high-quality native
substrates, the dislocations in AlGaN films are inevitably induced, which commonly degrade device performance [39]. In 2011, Ban
et al. analysed the IQE of the AlIGaN MQWs on AlGaN with various dislocation densities [39]. Under weak excitation with an excess
carrier density of 1 x 10'® ecm ™3, the IQE was >70% when the dislocation density was <10® cm™2. When the dislocation density was
>108 em™2, the IQE decreased rapidly and approached zero at 10'° cm~2. Therefore, reducing the dislocation density and improving the
crystal quality are the keys to improving the device IQE. With the small lattice mismatch between AIN and high Al-content AlGaN, AIN
single-crystal substrates with low dislocation densities should be ideal for the fabrication of AlGaN UV LEDs. However, the growth of
high-quality, large, and low-cost AIN single crystals remains challenging. As an effective alternative, the epitaxially laterally overgrown
(ELO) AIN template on a sapphire substrate is often used to demonstrate AlGaN LEDs with a threading dislocation density as low as
~108 em ™2 [40,41]. In particular, the dislocation density of ELO AIN templates grown by Kim et al. on the patterned sapphire substrates
was as low as 5 x 107 cm™2. The maximum EQE of 266-nm and 278-nm LEDs fabricated on these temples were 1.9% and 3.3%,
respectively [42]. Moreover, Susilo et al. used a simple and inexpensive method to prepare AIN template on sapphire substrate; the
technique was physical vapour deposition followed by a face-to-face annealing in a nitrogen atmosphere at 1700 °C [43]. The threading
dislocation density of these AIN films (thicknesses = 350 nm) was similar to that of ELO AIN films. Through experimental comparison,
they found that the EQE of the AlGaN LED fabricated on these AIN templates (0.75% at 20 mA) was comparable to that fabricated on an
ELO AIN/sapphire substrate (0.78%). Lattice mismatch between AIN and sapphire substrates was a key factor affecting the crystal
quality of AIN grown on sapphire. In response to this problem, Chen et al. introduced graphene between a sapphire substrate and an AIN
template, and the screw dislocation density and edge dislocation density of AIN decreased from 1.06 x 10° and 6.29 x 10° cm ™2 to 2.67
x 10% and 2.45 x 10° cm ™2, respectively [44]. From experimental comparison, the light output power of the device with graphene was
much greater than that without graphene under the same injection current.

MQWs are the active regions of LED devices, which would directly determine the quantum efficiency of the device. Kaneda et al.
fabricated a series of LED devices with novel uneven AlIGaN MQWs on a (0001) sapphire with a 1° miscut relative to the m-plane [45].
This type of MQW reduced dislocation density and enhanced carrier localisation. Using this uneven MQW, the IQE of the device was as
high as 60% at 298 nm. In addition, Sun et al. fabricated LEDs using wavy AlIGaN MQWs on sapphire substrates with a large misori-
entation angle (4°) [46]. According to the photoluminescence spectrum, the IQE of the peak emission at 276 nm could reach 93%.
Numerical simulations revealed that this structure could help to confine the carriers in MQW and improve IQE.

To achieve a high IQE, in addition to preparing the high performance MQWs, high injection efficiencies of electrons and holes in the
MQWs are extremely important. Because of the large differences in electron and hole mobilities in AlGaN, the injected electrons may
pass through the MQWs without recombination, leading to a low IQE. Thus, EBL is commonly used to confine more electrons and holes
in the active region and to subsequently improve the QE of AlGaN UV LEDs. To improve the ability of EBL to block electrons and holes,
many types of EBLs have been designed [47-52]. Zhang et al. used a p-AlGaN superlattice as EBL instead of the traditional single-layer
p-AlGaN [51]. The EQE of AlGaN LED using p-AlGaN superlattice EBL increased by 90% compared with that of the device using
single-layer EBL, and the efficiency droop was suppressed. In addition, they also used graded p-type AlGaN as EBL, which could generate
a polarisation-induced electric field that can enhance the hole injection, and the EQE of the peak emission at 275 nm of the fabricated
LED based on this structure EBL was 7.6% [52].

Excitingly, Takano et al. reported a DUV LED with an EQE of 20% at 275 nm, which is the highest EQE of DUV LEDs reported so far
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[53]. They used a patterned sapphire substrate to reduce the dislocation density of AIN, Rh with a high reflectivity (68%) at 275 nm as
the electrode of p-type layer, and finally, a resin with high transmittance at 275 nm to package the LED to further improve the LEE (as
shown in Fig. 3(e) and (f)).

Fig. 4 summarises the EQE of typical AlGaN-based LEDs reported. The EQE of most DUV LEDs is <10% and much <1% when the
wavelength is < 250 nm because of the challenge of p-type doping of high Al-content AlGaN and the low LEE of DUV LEDs. Therefore,
despite the extensive research, the performance of DUV LEDs remains low, and related theoretical and experimental research should be
further strengthened.

3.1.1.1.3. Design and fabrication of AlGaN UV LD. Compared with LEDs, LDs have better monochromaticity, greater intensity, higher
directivity, and better temporal and spatial coherence. Therefore, AlGaN-based LDs have great potential in various fields such as high-
density data storage, material processing, DUV lithography, DUV laser Raman spectroscopy, and optical communication. Limited by the
low p-type doping efficiency of AlGaN with high Al contents, the development of AlGaN UV LDs with emission wavelengths in the UVC
range faces great challenges. In 2008, Yoshida et al. demonstrated an ultraviolet 336 nm AlGaN MQWs laser diode, and 336 nm was long
the shortest wavelength for room-temperature electrically pumped AlGaN-based LDs until 2018 [76]. Zhang et al. shortened the shortest
laser wavelength record of AlGaN-based LDs to 271.8 nm at room temperature [77]. They realised electrically pumped AlGaN LDs with a
p-type AlGaN cladding layer by using distributed polarisation doping on a high-quality single-crystal AIN substrate. A low operation
voltage of 13.8 V at a lasing threshold current of 0.4 A can be observed as shown in Fig. 5(a). The hexagonal pyramid-shaped hillocks on
the surface of p-side cladding, which originate from the threading dislocations of the AIN single-crystal substrate, considerably influ-
enced the emergence of the laser. The laser could only be excited when the p-electrode did not overlap with the hillocks (as shown in
Fig. 5(b)). Sato et al. reported a room-temperature operated AlGaN UVB LD at 298 nm [78]. The device was realised on a sapphire by
using a lattice-relaxed, thick Aly ¢Gag 4N underlying layer and a composition-graded p-AlGaN cladding layer. With the increase in the
width of the p-electrode, the threshold current density decreased obviously.

3.1.1.2. AlGaN UV photodetectors. UV photodetectors have important applications in many important fields. In particular, as discussed
in section 1, UVC photodetectors, commonly called as solar-blind photodetectors, are not interfered by background noise from solar
radiations on the surface of the earth. Therefore, they have high signal-to-noise ratios, which have important applications in many civil
and military fields, such as flame detection, missile early warning, and space exploration.

In the past two decades, AlGaN-based photoresistors (sometimes called photoconductors), p-(i)-n homo/heterojunction photodi-
odes, Schottky photodiodes, metal-semiconductor-metal (MSM) photodetectors, and phototransistors have been reported, and many
important results have been achieved [79-90]. Among them, p-(i)-n junction photodiodes have the advantages of low noise and rapid
response, and p-(i)-n junction is regarded as one of the most promising device structure. After years of development, AlGaN-based
solar-blind ultraviolet detectors have made rapid progress. Similar to AlGaN-based LEDs and LDs, to improve the performance of
high Al-content AlGaN UV detectors, the related research mainly focuses the improvement of the quality of the p-type layer and
optimisation of the device structure. Kalra et al. introduced an AIN/AlGaN superlattice buffer to obtain a high-quality absorbing AlGaN
epi-layer and used a graded p-AlGaN layer to improve the p-contact [91]. The zero-bias EQE of the device at 289 nm was 92%, and the
detectivity could reach 6.1 x 10'* Jones. Subsequently, Chen et al. introduced a graded n-AlGaN layer between the n-AlGaN layer and
i-AlGaN layer [92]. They thought that the graded n-AlGaN layer could improve photogenerated carriers’ separation, transmission, and
collection. The measured EQE of the device at 274 nm was 78.1% at zero-bias and 92.6% at 5 V reverse bias. Recently, AlGaN avalanche
photodiodes based on p-i-n junctions have attracted increasing attention in recent years [93-98]. Their high avalanche multiplication
gain enables them to detect ultraweak signals, which has important application prospects in scientific and technological fields such as
cosmic background detection or quantum information. Owing to the continuous breakthrough of AIN single-crystal substrate growth
technology, the development of high Al-content AlGaN-based avalanche photodiodes has accelerated in recent years. Reddy et al.
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realised an AlGaN avalanche photodiode with high gain and large area using an AIN single-crystal substrate as shown in Fig. 6(a) [93].
The area of the device was approximately 25000 pm?2. When the reverse bias voltage was >340 V, the gain of the device could reach 10°
under 255 nm UV illumination with a power density <1 pW cm ™2 (Fig. 6(b)). The high gain in this device was attributed to a high
breakdown field of ~9 MV cm™! as a consequence of low threading and screw dislocation densities of <10 cm™2. However, because the
AIN substrates generally have absorption in the UVC region, a normal incidence detector structure is designed [99-101]. At the same
time, to achieve good Ohmic contact, a p-GaN thin layer was inserted between the upper electrode and p-AlGaN. The p-GaN thin layer
with a narrow bandgap absorbs the incident UV light, thus reducing the IQE of the device. Therefore, the growth of transparent AIN
single crystals with high deep-UV transparency and the fabrication of high-quality p-AlGaN Ohmic contact must be further investigated
to improve the performance of Al-rich AlGaN-based photodetectors.

In addition to junction photodiode, planar MSM photodetectors have attracted attention due to their simple structure, easy fabri-
cation and integration, and low capacitance per unit area. The typical structure of MSM photodetectors can be regarded as a combination
of two back-to-back Schottky junctions. The existence of two Schottky barriers in a MSM photodetector could effectively block the
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current flow, resulting in a highly low dark current of the device. For a long period of time in the past, relevant research focused on
improving the performance of AlGaN MSM UV photodetectors by improving the crystalline quality of materials and increasing the
metal-semiconductor contact barrier [79,102-104]. Recently, considering that planar MSM photodetectors have good adaptability to
AlGaN two-dimensional electron gas (2DEG) with high electron mobility, an effective gain improvement of the device is expected to be
realised [105,106]. Yoshikawa et al. fabricated a series of Aly ¢Gag.4N/AlysGagsN 2DEG MSM UV detectors and investigated the effects
of electrode materials and rapid annealing conditions on the photoelectric characteristics of the device [106]. The optimised
Alg Gag 4N/Aly 5GagsN MSM UV photodetector has a responsivity of 10% A/W under 250 nm illumination at 5 V bias as shown in
Fig. 6(c). The response rejection ratio (Rzs0 nm/R400 nm) Was approximately 10°. However, due to the persistent photoconductivity (PPC)
effect caused by the trap effect of AlGaN heterojunction interface defects, the device had a considerably long fall time (>1000 s).

With the development of GaN technology and integrated optoelectronic technology, solar-blind imaging devices with AlGaN-based
focal plane arrays (FPAs) have been successfully realised [107,108]. In 2001, Lamarre et al. demonstrated a 256 x 256 AlGaN
solar-blind UV-FPA with 30 x 30 pm unit cells (256 x 256/30) (Fig. 6(d)), and a UV reflection image of a U.S. half-dollar coin (3.0 cm
diameter) was taken by this device as shown in Fig. 6(e) [109]. After that, the research progress of AlGaN-based FPAs for solar-blind UV
and extreme UV (EUV) photodetection slowed down [110-112]. Although the maximum resolution of AlGaN solar-blind FPAs was
improved to 640 x 512/15 by Robert et al. [111], the device quantum efficiency remained <80%.

In summary, considerable progresses have been made in the research on AlGaN-based optoelectronic devices in recent years.
However, AlGaN-based optoelectronic devices still face many great challenges. The EQE of AlGaN-based LEDs (especially those with
emission wavelength <250 nm) needs to be further improved. The performance of AlGaN-based UVC LDs is highly poor. In addition, to
realise weak-signal detection, it is urgent to develop AlGaN-based photodetectors and FPAs with high sensitivity, high quantum effi-
ciency, and high gain. To achieve a breakthrough in AlGaN-based optoelectronic devices, high-quality epitaxial growth and high-
efficiency p-type doping of Al-rich AlGaN are the keys and also the focus of future research.

3.1.2. AlGaN-based microelectronic devices

3.1.2.1. AlGaN high-power devices. Because the Ej of semiconductor materials is positively related to the bandgap, Al-rich AlGaN with
ultra-wide bandgap should have a large E} and therefore have wide application prospects in the field of high-power devices. Because p-
type doping of Al-rich AlGaN is still a challenge, recent research on Al-rich AlGaN-based two-terminal power devices has mainly focused
on Schottky diodes, and great progress has been made [113-117]. Zhang et al. reported an Al gsGag 15N lateral Schottky barrier diode
with specific on-resistance and breakdown voltage of 5 Q cm? and 2 kV, respectively [113]. Moreover, the on/off ratio of the device is as
high as 10°. In addition, Fu et al. realised an AIN-based Schottky barrier diode with breakdown voltage >1 kV [114]. The on/off ratio of
the device is approximately 10°.

Compared with two-terminal devices, the structure of three-terminal devices is more complex; however, they are useful and have a
wide range of applications. High-electron-mobility transistors (HEMTs) based on AlGaN/GaN heterostructures have been partially
industrialised. However, these HEMTs take GaN as the channel and do not really make use of the electrical properties of the UWBG
AlGaN materials [118-120]. In recent years, with progress of research on the 2DEG of AlGaN heterojunction, AlGaN-based HEMTs have
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attracted increasing attention. To obtain good Ohmic contact for source and drain, Zr has been used as electrode material for source and
drain of AlGaN-based HEMTs [121]. Meanwhile, to reduce the gate leakage current, Hu et al. fabricated AlGaN-based metal--
oxide-semiconductor (MOS)-HEMTs for the first time with SiO, as the gate insulator [122]. When the gate voltage (Vss) was 6 V, the
drain saturation current density of the device reached 600 mA/mm. Xue et al. used the microchannel structure to improve the current
density of AlGaN-based HEMTs [123]. By introducing a microchannel structure, the drain saturation current density of the device
increased from 480 mA/mm to 910 mA/mm at a gate voltage of 2 V. More recently, Gaevski et al. achieved a significant increase in
current density current density by further optimising the device structure (Fig. 7(a)) [124]. The reverse graded AlGaN was used as a
barrier layer to ensure better Ohmic contact for the source and the drain. When the gate voltage was 12 V, the drain saturation current
density of the device was as high as 1.17 A/mm (Fig. 7(b)). In addition, the breakdown voltage of the device was close to 1 kV with a gate
to drain the spacing of 8 pm.

As discussed in section 2.2.1, for high-power devices, E-mode devices are much safer than their D-mode counterparts in practical
applications. Klein et al. demonstrated an E-mode AlGaN-based HEMT, with a threshold voltage of 0.5 V, by using a combination of gate
recess etching and fluorine ions [125]. By using p-AlGaN as the gate, Douglas et al. reported E-mode AlGaN HEMTs with a maximum
threshold voltage of 0.3 V [126]. Xue et al. fabricated normally off AlGaN-based MOS-HEMTs with high threshold voltage via fluorine
treatment (Fig. 7(c)) [127]. A threshold voltage of 5 V and a maximum drain current density of 105 mA/mm at Vg = 12 V can be clearly
observed as shown in Fig. 7(d). The current on/off ratio was as high as 10'°.

In addition to AlGaN-based HEMTs, AlGaN-based metal-semiconductor field-effect transistors (MESFETs) have also been reported in
recent years. Muhtadi et al. fabricated an Aly 65Gag 35sN-based MESFET on a high-quality AIN template (defect density = ~1 x 10%-2 x
108 cm~2) [128]. When the gate voltage was 2 V, the drain saturation current density of the device was approximately 100 mA/mm at
room temperature. When the operating temperature increased to 200 °C, the drain saturation current density of the device changed by
approximately 5%. Okumura et al. reported Si-doped n-AIN channel MESFETs (Fig. 7(e)) [129]. At room temperature, the breakdown
voltage of the device with a gate to drain the spacing of 25 pm reached 2370 V as shown in Fig. 7(f). However, due to the high activation
energy of the Si donor, the drain saturation current density was only 8.7 pA/mm at a gate voltage of 8 V.

3.1.2.2. AlGaN RF/microwave devices. With the proposal and development of fifth generation mobile communication technology, GaN-
based RF/microwave devices have gained popularity all over the world owing to their excellent high-frequency characteristics. Similar
to high-power devices, although AlIGaN/GaN heterostructures have been widely used in GaN-based RF/microwave devices, the research
on AlGaN-based RF/microwave devices is still quite preliminary. In recent years, research on Al-rich AlIGaN RF/microwave devices has
emerged. The RF performance of an MESFET with Aly7Gag sN doping concentration of approximately 7 x 10'® em™2 as the channel
layer was measured in 2018 [130]. The fr and fiax of the MESFET are 8.8 GHz and 24 GHz, respectively. AlGaN-based HEMTs can be
used not only as high-power devices but also in the RF/microwave fields due to their high electron mobilities. Xue et al. reported an
Alg 75Gag 25N/Aly 6Gag 4N RF/microwave HEMT [131]. The fr and fiax of the device were 40 GHz and 58 GHz respectively, and the
output power density was approximately 1.8 W/mm at 10 GHz. Further, in 2020, they explored the RF performance of the
Al g5Gag 35N/Aly 4Gag N microchannel HEMT [123]. The frand fyax of the device were 20 GHz and 36 GHz respectively, and its output
power reached 2.7 W/mm at an operating frequency of 10 GHz.

With the development of materials and processes, Al-rich AlGaN-based microelectronic devices have developed rapidly in recent
years. AlGaN-based two- and three-terminal power devices with breakdown voltage >2 kV have been realised. The drain saturation
current density of AlGaN-based HEMT exceeds 1 A/mm. In addition, although there are few relevant reports on AlGaN RF/microwave
devices, the devices with fr and fax of >10 GHz remain encouraging. Al-rich AlGaN-based microelectronic devices have important and
broad application prospects, but they are in the nascent stages of development.

3.2. Diamond

Diamond is a UWBG semiconductor (the bandgap is approximately 5.47 eV), which has high electron and hole mobility (7300 cm?/
V s for electron and 5300 cm?/V s for hole), high breakdown field (10 MV/cm), and high thermal conductivity (2290-3450 W/mK) [17,
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Fig. 8. (a) 2-inch diamond wafer grown by CVD [137]. Reprinted from Ref. [137], with the permission of AIP Publishing. (b) Freestanding un-
polished diamond single crystal synthesised by heteroepitaxy on Ir/yttria stabilised zirconia (YSZ)/Si (0001) [138].
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132]. Therefore, diamond has considerable advantages in optoelectronic and microelectronic applications. However, the fabrication of
low-cost, large-size, and high-quality diamond single-crystal wafers is challenging. The large surface energy makes it difficult to
epitaxially grow high-quality diamond single-crystal films on a foreign substrate [133,134]. In addition, another challenge to making
diamond-based devices is doping due to its rigid crystalline structure. The commonly used Boron acceptor impurities and Phosphorus
donor impurities have high activation energies (0.38 eV and 0.43 eV, respectively) in a diamond material [135,136]. In recent years,
significant efforts have been made to overcome these challenges. Yamada et al. successfully prepared a 2 inch diamond mosaic wafer
(Fig. 8(a)) by using a repeated ‘tiled-clones’ method [137]. Schreck et al. obtained a freestanding diamond wafer with a diameter of
approximately 92 mm (Fig. 8(b)) from an Ir substrate via ion bombardment [138]. On the other hand, high-concentration doping can
form an impurity band in the band of diamond, thus reducing the activation energy of impurities [139,140]. P-type diamonds with high
conductivity have been realised using this method. Although diamond n-type doping presents challenges, some studies have been
performed, and the highest phosphorus doping concentration reported is > 10%° em 3 [141-143]. The development of diamond-based
devices is inseparable from the advancement of these growth and doping technologies. In this subsection, the research progress on
diamond-based optoelectronic and microelectronic devices in recent years is mainly presented.

3.2.1. Diamond-based optoelectronic devices

Limited by the nature of the indirect bandgap and the n-type doping problem, the development of diamond-based LEDs and LDs is
challenging. Currently, UV detectors have become the centre of diamond-based optoelectronic device research. Till now, diamond-based
photoresistors [144,145], homo/heterojunction photodiodes [146-148], Schottky photodiodes [149-151], and MSM photodetectors
[152-163] have been reported, and many significant results have been achieved.

P-(i)-n homojunction is considered one of the most ideal photodetector structures due to its rapid response, low noise, and high QE.
Liu et al. fabricated a single-crystal diamond homogeneous p-i-n photodiode [147]. Under 5 V reverse bias, the peak responsivity of the
device at 210 nm was approximately 1.69 A/W, and the UV-visible rejection ratio reached 2.17 x 10, However, due to many defects in
the n-type diamond, the response speed of the device was slow. To overcome the difficulty of n-type doping, some diamond UV pho-
todetectors based on p—n heterojunction, Schottky junction, and MSM structure have been reported [148-157,159,160]. Typically, Lin
et al. demonstrated an all-carbon diamond-based photoresistor [144]. First, high-quality diamond film was epitaxially grown on the
diamond single-crystal substrate using chemical vapour deposition (CVD). Then, a pair of graphite electrodes was directly drawn on the
diamond single-crystal film using laser-induced graphitisation of diamond (as shown in Fig. 9(a)). Under 50 V bias, the peak responsivity
and detectivity at 218 nm of the device were 21.8 A/W and 1.39 x 10'2 Jones, respectively. The device showed a high UV-visible
rejection ratio (R218 nm/R400 nm) of 8.9 x 102, as shown in Fig. 9(b)) and a fast response speed with rise/fall time of 310 ps/330 ps.
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Fig. 9. (a) Schematic illustration and (b) response spectra of all-carbon diamond-based photoresistors [144]. (c) Optical image of the freestanding
polycrystalline diamond film. (d) Schematic of the imaging system based on the polycrystalline diamond photodetector linear array [157]. Reprinted
from Ref. [157], Copyright (2021), with permission from Elesvier. (e) Dependence of the lateral photovoltage amplitudes of the diamond-based
position-sensitive detector on the position of the laser spot [151]. Reprinted from Ref. [151], with the permission of AIP Publishing.
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Electric field across the photodetector is a key factor in the separation and collection of photogenerated carriers and has an important
influence on the performance of photodetectors. For photodetectors with planar structures, Liu et al. fabricated a diamond-based
photoresistor with a groove-shaped electrode structure [145]. The numerical simulation suggested that this groove-shaped electrode
structure can improve the electric field intensity of the photosensitive region. Under the same test conditions, the peak responsivity of
the device with groove electrodes increased by approximately 37% compared with that of the planar structure device.

Moreover, because the photoelectric characteristics of the surface have an important impact on the performance of the MSM
photodetector, surface processing methods such as metal plasmons or surface pattern processing are used to improve the performance of
diamond-based MSM photodetectors [155,156,159,160]. Chang et al. enhanced the UV absorption of the MSM photodetector by
assembling of Pd nanoparticles on the diamond film [155]. The responsivity of the device was three orders higher than that of the device
without Pd nanoparticles. In addition, Zhang et al. fabricated an MSM photodetector array with a vertical structure on a freestanding
polycrystalline diamond film [157]. The freestanding polycrystalline diamond film (diameter = 2 inch) has highly visible transparency
(Fig. 9(c)). At a bias voltage of 50 V and 228 nm, the responsivity and detectivity of the MSM photodetector cell are 45 mA/W and 2.92
x 1010 Jones, respectively. The UV-visible rejection ratio (R228 nm/R400 nm) of the cell is 46, the rise and fall times are <20 ps and 1.09
ms, respectively. Solar-blind images are obtained by using the diamond-based MSM photodetector array, as shown in Fig. 9(d).
Additionally, a diamond-based position-sensitive detector using the photovoltaic effect of Schottky junction (Fig. 9(e)) was demon-
strated by Prestopino et al. [151]. When the device was irradiated with UV light, the photogenerated electrons and holes drifted to the
upper electrode and p-diamond, respectively, by the built-in electric field formed in the Schottky junction. In p-diamond, the hole
concentration gradient is formed between the illuminated and non-illuminated regions, resulting in the so-called lateral photovoltaic
effect, thus realise the resolution of the UV light spot position.

There has been considerable progress in the field of diamond-based photodetectors. However, the fabrication of high-performance
diamond-based photodetectors faces some challenges. The high-quality epitaxial growth and high-efficiency n-type doping of diamond
films are the main problems that must be resolved urgently.

3.2.2. Diamond-based microelectronic devices

3.2.2.1. Diamond high-power devices. As introduced at the beginning of section 3.2, the excellent electrical and thermal properties of
diamond are prominent even in UWBG semiconductors. Therefore, diamond has good application prospects in the field of high-power
devices. Till now, diamond-based two-terminal power devices, both p-(i)-n diodes and Schottky diodes, have shown the maximum
reported breakdown voltages exceeding 10 kV [164,165]. Due to the great challenge of efficient n-type doping, more research has been
focused on diamond-based Schottky diodes. In 2014, diamond-based Schottky diodes based on zirconium and ITO contacts was reported
with a PFOM of as high as 244 MW/cm? at room temperature [24]. Generally, the conventional Schottky diode has a trade-off rela-
tionship between the specific on-resistance and the blocking voltage. To overcome this problem, a Schottky-p-n diode structure has been
proposed, which constitutes a fully depleted n-type layer sandwiched by highly doped p-type layer and Schottky electrode [166,167]. By
increasing the acceptor concentration in the p-type layer and the width of the n-type layer, the on-resistance can be reduced and the
blocking voltage can be increased, respectively. Consequently, a diamond-based diode with a highly low specific on-resistance (0.03
mQ cm?) and a blocking voltage of 55 V were achieved in diamond Schottky-p-n diode [166].
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Fig. 10. (a) Schematic of the structure, output, and breakdown characteristics of the normally on H-terminal diamond-based MOSFET with a vertical
structure [147]. © [2021] IEEE. Reprinted, with permission, from Ref. [147]. (b) Fabrication process and output characteristics of the normally off
H-terminal diamond MOSFET using the Y/Ni/Al gate electrode [179]. Reprinted from Ref. [179], Copyright (2021), with permission from Elesvier.
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In addition to the two-terminal devices, diamond-based three-terminal power devices, such as bipolar junction transistors (BJTs),
junction field-effect transistor (JFETs), metal-oxide-semiconductor field-effect transistor (MOSFETs), and MESFETs have been realised
and deeply investigated [168-183].

In 1989, Landstrass et al. found that the surface conductivity of diamonds (whether single-crystal or polycrystalline diamond) can be
increased significantly by the hydrogen plasma treatment [184]. Subsequent studies revealed that H-plasma treatment leads to the
formation of C-H bonds on the surface of diamonds, and two-dimensional hole gas (2DHG) forms, which improves the conductivity of
the diamond surface [185]. Although the formation mechanism of H-terminated diamond surface 2DHG is still unclear, it has been
widely used in diamond-based FETs because of its simple preparation process and the resulting excellent electrical properties. The
performance of H-terminated diamond-based devices can be further improved by additional surface treatment. Using NO2 adsorption
treatment and Al,Og3 passivation technique, Kasu's group have demonstrated a H-terminal diamond MOSFET with a high drain satu-
ration current density of —1.35 A/mm at gate voltage of —5 V [172]. They further presented the highest reported breakdown voltage of
—2608 V in a NO, p-type doped diamond MOSFETs with a 100-nm-thick Al,O3 passivation overlayer [173]. The PFOM was experi-
mentally determined to be 344.6 MW/cm?, and a maximum drain current density of —288 mA/mm can be observed. In addition to the
lateral structure, the vertical structures of H-terminated diamond MOSFETSs have also been studied. Tsunoda et al. fabricated a vertical
H-terminal diamond MOSFET with a trench gate structure (Fig. 10(a)) [174]. The device showed a very low specific on-resistance of
approximately 2.5 mQ cm?, but the breakdown voltage was only —170 V (Fig. 10(a)).

In addition to the normally on devices, normally off H-terminal diamond MOSFETs have made significant progress. Kitabayashi et al.
realised normally off MOSFETs by partially oxidising the surface of H-terminal diamond [175]. The distance between the gate and the
drain (Lgg) was 24 ym. When the gate voltage was —30 V, the drain saturation current density of the device was approximately —5.2
mA/mm. Moreover, the breakdown voltage of the device was as high as —2021 V. Alternatively, some low work function materials such
as lanthanum boride (LaBg), Al, Ti, and Y have been used as the gates to realise the normally off H-terminal diamond MOSFETs
[176-179]. As shown in Fig. 10 (b), the normally off H-terminated diamond MOSFET with 5 nm Al,O3 dielectric layer and Y/Ni/Al gate
electrode has been successfully fabricated [179]. The threshold voltage of the device was approximately —0.21 V. When the gate voltage
was —2.5 V, the drain saturation current density of the device reached —16.14 mA/mm (Fig. 10(b)).

3.2.2.2. Diamond RF/microwave devices. Diamond is one of the first UWBG semiconductors as the channel of RF/microwave devices.
The first diamond RF/microwave device was reported by Umezawa et al. in 2001 [186]. The frand f,.x Were approximately 2.2 GHz and
7 GHz, respectively. Ueda et al. reported a polycrystalline diamond RF/Microwave FET with fi,.x up to 120 GHz [187]. They thought
that the polycrystalline diamond grain size (~100 pm) is similar to the FET size, which makes the FET work on a diamond grain with a
nearly single-crystal structure, thus leading to the high fi,ax. Yu et al. used low-temperature atomic layer deposition technology to grow
an Al,Oj3 insulating layer between the gate and the channel, and a RF/microwave device with an fr of up to 70 GHz was fabricated [188].
Moreover, the maximum output power densities of diamond-based RF/microwave devices reported up to now have reached 3.8 W/mm
at 1 GHz, 1 W/mm at 2 GHz, and 650 mW/mm at 10 GHz [189-191].

Fig. 11. GayOs single-crystals grown by (a) Czochralski method [194], © The Electrochemical Society, reproduced by permission of IOP Publishing
Ltd. All rights reserved, (b) EFG method [196], reprinted from Ref. [196], Copyright (2017), with permission from Elesvier, and (c) Bridgman method
[195] Reprinted from Ref. [195], Copyright (2021), with permission from Elesvier.
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Many important achievements have been made in the research on diamond-based microelectronic devices, and diamond has shown
considerable advantages in the field of microelectronics. However, more in-depth research is required. First, the formation mechanism
of 2DHG in H-terminal diamond remains to be explored. The understanding of the formation mechanism could help further improve the
electrical properties of H-terminal diamond. Second, for diamond-based high-power devices, the performance of normally off devices is
far from that of normally on devices. As discussed in section 2.2.1, diamond-based normally off devices are considered highly suitable
for power devices, whose the performance must be further improved. Finally, like optoelectronic devices, low-cost, high-quality, and
large-size diamond single-crystal growth technology is crucial for improving the performance of diamond-based microelectronic devices
and realise industrialisation.

3.3. Gallium oxide (Gay03)

Gay0s is an emerging UWBG semiconductor with various crystal structures, including a-GazOs, f-GazOs, y-Gag03, §-GaxOs, and
e-Gaz03. Among them, $-GazO3 with a monoclinic structure is the most stable phase with a bandgap of approximately 4.6-5.0 eV [20,
192,193]. Large-size and high-quality bulk Ga;O3 crystals have been prepared using the Czochralski method, the edge-defined film-fed
growth (EFG) method, and the Bridgman method (Fig. 11) [194-196]. Due to the great success of GapOs single-crystal growth and its
excellent properties, there has been extensive research on Ga0O3-based optoelectronic and microelectronic devices in recent years, and
related developments are presented in detail in this subsection.

3.3.1. GayOs-based optoelectronic devices

Owing to the suitable band gap and the excellent optoelectric properties, GazOs is one of the most promising UWBG semiconductors
for the application of solar-blind UV photodetection. High-performance Ga;0O3-based photodetectors with various device structures have
been reported [146,197-219]. GayOs-based photoresistors have a simple structure, but the relative slow response speed hinders their
practical applications [197,220]. The slow response speed is generally considered to result from defects in GayOs films [197,210,215].
Therefore, it is expected to shorten the response time by improving the crystal quality of Ga3Os. Chen et al. fabricated a lateral UV
photoresistor using a high-quality f-Gaz03 single-crystal [198]. The rise and fall times of the device were <1 ms. Moreover, they used
another single-crystal f-GayOs as a filter to improve the spectral selectivity of the photoresistor (the response bandwidth: ~10 nm).

Similar to other UWBG semiconductors, GaOs-based p-(i)-n homojunction devices are slow to develop due to their p-type doping
problems [21,192]. Although the p-type Ga;O3 has been demonstrated by Mg doping or GaN oxidation, the doping concentration,
ionisation rate, and stability do not meet the requirement [199,200]. Thus, constructing heterojunctions with other materials such as
ZnO, GaN, diamond, p-Si, and Nb:SrTiO3, has become a common method for realising high-performance Ga;O3-based heterojunction
photodiodes [146,201-204]. Chen et al. grew a layer of a-GayOs thin film on a ZnO single-crystal substrate via molecular beam epitaxy
(MBE) to form a Ga;Os-based heterojunction photodiode with a vertical structure [201]. The avalanche gain began to appear when the
reverse bias voltage was >30 V. Under 40 V reverse bias, the peak response of the device at 254 nm was as high as 1.1 x 10* A/W. The
theoretical simulation indicated that the maximum electric field intensity around the electrode on the Ga;O3 side exceeded 2 MV/cm.

In addition to heterojunction photodiodes, Ga;03-based Schottky junction photodiodes have been reported [205,221-224]. Li et al.
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Fig. 12. (a) Schematic structure, (b) relationship between multiplication and reverse bias and (c) simulated electric field distribution of the Ga;Os-
based Schottky barrier avalanche photodiode [205]. © [2020] IEEE. Reprinted, with permission, from Ref. [205]. (d) Scanning electron microscopy
image of the Ga;Os-based MSM photodetector imaging array unit. (e) Schematic illustration of the setup for solar blind imaging and 2D current
contrast map taken with Gap,Os-based MSM photodetector imaging array [214]. Reprinted from Ref. [214], Copyright (2021), with permission
from Elesvier.
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explored the gain mechanism in the Schottky photodiode based on the Ga;Os3 single-crystal flake exfoliated from GapO3 bulk single
crystals as shown in Fig. 12(a) and (b) [205]. Under —40 V bias, the responsivity and normalised detectivity of the device were as high as
1.2 x 10° A/W and 2 x 10'® Jones, respectively, and the falling time was approximately 90 ms. The electric field intensity near the
Schottky junction was calculated to be as high as 5.3 MV/cm under —40 V bias (Fig. 12(c)). Therefore, the high responsivity and high
detectivity of this Schottky photodiode has been attributed to the carrier avalanche multiplication in the high electric field of the
junction.

Gay03-based MSM photodetectors have attracted considerable attention because of the simple fabrication process, low noise, and
fast response [21,225]. In recent years, GayO3 with various crystalline phases and even amorphous GapO3 have been used to fabricate
Gay03-based MSM photodetectors [206-210,226,227]. Zhou et al. reported the MSM solar-blind photodetectors based on amorphous
Gay0s3 film with and without oxygen annealing [210]. The 90%-10% decay time and the rejection ratio of amorphous Ga;O3 photo-
detector annealed at 500 °C were approximately 150 ns and 2.74 x 105, respectively. There has been extensive research on photo-
detector arrays based on GayO3-based MSM photodetector units [211-214]. Chen et al. fabricated a 4 x 4 Ga;03 MSM photodetector
array [213]. At a bias voltage of 45 V, the peak responsivity and detectivity of the unit device at 256 nm were approximately 12.4 A/W
and 1.9 x 102 Jones, respectively, and the UV-visible rejection ratio (R256 nm/R400 nm) Of the device was 4.6 x 10* Xie et al. realised an
8 x 8 Gay0O3 MSM photodetector array by oxidising the Ga metal array and the structure of the MSM photodetector unit is shown in
Fig. 12(d) [214]. Under 10 V bias, the responsivity of the unit device at 265 nm were approximately 0.72 A/W with rise/fall time of
1.1/0.03 s. Moreover, the excellent uniformity and repeatability of the performance of the device units enabled the photodetector array
to be used as a DUV light image sensor (Fig. 12(e)).

The phototransistor is a three-terminal photodetector, and due to the presence of a gate electrode, it usually has higher photo-
sensitivity than a two-terminal device. However, similar to the GayOs-based photoresistors, some reported GayOs-based photo-
transistors showed ultra-slow response speed due to the persistent photoconductivity (PPC) effect associated with the defects in the
channel of the device [216,217]. To avoid the PPC effect, Liu et al. fabricated a Gap03-based phototransistor by using high-quality GayO3
single-crystal flake as the channel layer [218]. The time-dependent photocurrent (I-t) curve of the device under different drain voltages
is shown in Fig. 13(a). When the gate voltage was —20 V and the drain voltage (Vpg) was 20 V, the responsivity and detectivity of the
device were 4.79 x 10° A/W and 6.69 x 104 Jones, respectively, and the fall time was <100 ms (Fig. 13(b)). Qin et al. fabricated a
GayOs-based phototransistor using high-quality Si-doped homoepitaxial single-crystal GazOs thin film grown using MBE (Fig. 13(c))
[219]. To reduce the surface leakage current, they used SiO, to passivate the device. The photo-to-dark current ratio (Iphoto/Idark) Was
approximately 10° (Fig. 13(d)). When the gate voltage was —5 V and the drain voltage was 20 V, the peak responsivity of the device at
254 nm was 3 x 10° A/W with a fall time of <100 ms (Fig. 13(e)).

3.3.2. Gay03-based microelectronic devices

3.3.2.1. GayO03 high-power devices. Benefiting from the progress of high-quality Ga;O3 growth technology, there has been increasing
research on GayOs-based high-power devices in recent years [228-254]. Due to the lack of high-quality and stable p-type GayOs, the
research on GapO3-based two-terminal power devices has mainly focused on Schottky diodes and heterojunction diodes [228-230,248,
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Fig. 13. (a) I-t curves of the Ga;03-based phototransistor based on high-quality Ga,O3 single-crystal flakes at different drain voltages. (b) Log-scale
I-t curve of the device at the drain voltage of 20 V [218]. © [2018] IEEE. Reprinted, with permission, from Ref. [218]. (¢) Schematic structure, (d)
transfer, and (e) I-t characteristics of the Ga;O3-based phototransistor fabricated using MBE [219]. © [2019] IEEE. Reprinted, with permission,
from Ref. [219].

16



J. Yang et al. Progress in Quantum Electronics 83 (2022) 100397

250-254]. Hu et al. fabricated Schottky diodes with field-plated lateral structures using high-quality Ga;Os single-crystal flakes [228].
When the distance between the anode and the cathode (L,.) increased from 16 pm to 24 pm, the breakdown voltage of the device
increased from 2.25 kV to >3 kV. However, the specific on-resistance of the device has also increased from 10.2 mQ cm? to 24.3 mQ
cm?. In addition, the device with Lac of 16 pm had a large PFOM of 500 MW/cm?. Wang et al. demonstrated a p-NiOy/n-GazO3 het-
erojunction diode with a breakdown voltage of 1.22 kV (Fig. 14(b)) [229]. Under 5 V forward bias, the specific on-resistance of the
device was 1.08 mQ cm?, and the calculated PFOM was as high as 1.38 GW/cm?.

For three-terminal devices, Tetzner et al. realised high-performance Ga;O3-based MOSFETs by using high-quality Si-doped $-Gaz03
thin film homoepitaxy on a -Ga203 single-crystal substrate [234]. Depending on the Lgq, the threshold voltage of the device varied from
—25to —14 V. When Ly was 10 pm, the breakdown voltage of the device reached 1830 V, and the PFOM was 155 MW/cm?. To further
improve the breakdown voltage of the device, in 2020, Lv et al. introduced a T-shape gate field-plated and source field-plated structures
to D-model Gay03-based MOSFETs to weaken the electric field crowding effect [235]. When Lgg was 4.8 ym, the threshold voltage,
breakdown voltage, and PFOM of the device were —18 V, 1.4 kV, and 277 MW/cm?, respectively. When Lgg was 17.8 pm, the breakdown
voltage of the device was as high as 2.9 kV. In addition, they also realised E-mode GaxO3-based MOSFETs through oxygen annealing
[236]. When Lgq was 17 pm, the threshold voltage of the device was 4.1 V. After introducing double source-connected field plates, the
breakdown voltage of the device could reach as high as >3 kV. However, the device had a high specific on-resistance, and thus the
performance of the device needs further improvement. Fin FET is one of the most popular designs and has a fin-shaped channel sur-
rounded by the gate terminal. Fin FET devices have better short channel control and are easier to manufacture than the traditional planar
transistors [255]. Research on GayOs-based fin FETs has been carried out [237,238,246]. Generally, when the fin width is sufficiently
narrow, the depletion region formed by the gate is enough to pinch off the channel and realise the E-mode device. Hu et al. fabricated a
normally off Ga;O3 fin FET with a fin width of 330 nm [237]. Its threshold voltage, specific on-resistance, and breakdown voltage were
1.2-2.2V, 13-15 mQ cm?, and >1 kV, respectively. Li et al. demonstrated a significant enhancement of the channel mobility and an
obvious reduction of specific on-resistance in GapOs-based fin FETs through post-deposition annealing [238]. Moreover, they realised
the normally off multi-fin transistors for the first time. A breakdown voltage of 2.66 kV and a specific on-resistance of 25.2 mQ cm? can
be observed, as shown in Fig. 14(a), and the calculated PFOM was as high as 280 MW/cm?.

Gay0s-based heterojunction field-effect transistors (HJFETs) have attracted increasing attention and achieved some remarkable
results [229,232,239,244]. Wang et al. reported a high performance p-NiOyx/n-Ga;O3 HJFET as shown in Fig. 14(b) [229]. The adoption
of bi-layer p-NiOx with low and high doping concentrations could enhance the channel depletion and improve the breakdown voltage of
the device. The PFOM was as high as 390 MW/cm?. In addition, similar to AIGaN/GaN heterojunctions, an emerging UWBG semi-
conductor alloy (GaAl)>03 was used to form heterojunctions with Ga;Os to realise GazOs-based HEMT [232,239,244]. Kalarickal et al.
fabricated a f-(Aly.18Gag 82)203/Gag03 double-heterojunction FET, which exhibited a low specific on-resistance (Fig. 14(c)) [239].
Simultaneously, to improve the breakdown voltage, they overlapped the gate with an extreme-x/low-x composite dielectric to reduce
the electric field crowding effect. When Lgg was 3.5 pm, the breakdown voltage and specific on-resistance of the device were 840 V and
1.72 mQ cm?, respectively, corresponding to a PFOM of 408 MW /cm?,

3.3.2.2. Gay03 RF/microwave devices. Compared with GapOs-based power devices, the research on GayOs-based RF/microwave devices
started relatively late. The first GapOs-based RF/microwave device was reported by Green et al. in 2017 [256]. They fabricated an
RF/microwave MOSFET using n-type Ga,O3 with a doping concentration of approximately 1 x 10'® cm™ as the channel layer. The fr,
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Fig. 14. (a) Schematic structure, output, and breakdown characteristics of E-mode vertical Ga;O3-based multi-fin FETs [238]. © [2019] IEEE.
Reprinted, with permission, from Ref. [238]. (b) Cross-sectional device schematic view of the p-NiOx/Ga,03 heterojunction diode and HJFET [229].
© [2021] IEEE. Reprinted, with permission, from Ref. [229]. (c¢) Schematic structure and output characteristics of the (AlGa),03/Gay0O3
double-heterojunction FET [239]. © [2021] IEEE. Reprinted, with permission, from Ref. [239].
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fmax, and maximum output power density of the device were 3.3 GHz, 12.9 GHz, and 0.23 W/mm (at 800 MHz), respectively. Xia et al.
fabricated a GagO3 RF/microwave FET through delta doping; fr could reach 27 GHz [257]. Moser et al. reported a GazOs-based MOSFET
with an output power density of 715 mW/mm at 1 GHz (measured at pulsed condition) [258]. However, when the device was measured
under continuous wave condition, its output power at 1 GHz was reduced to >200 mW/mm. Lv et al. explored the improvement of the
RF/microwave characteristics of Gay;O3-based MOSFETs via oxygen annealing [259]. They found that the current collapse effect of the
device was suppressed to a certain extent after oxygen annealing, which was attributed to the neutralisation of impurities in the GazO3
buffer layer. The fr and fi.« of the device after oxygen annealing were 1.8 GHz and 4.2 GHz, respectively. Under continuous wave test
conditions, the maximum output power density of the device at 1 GHz operating frequency was as high as 400 mW,/mm.

With advances in GapOs single-crystal and epitaxial growth technology, Ga;Os-based microelectronic devices have developed
rapidly. Especially in recent years, high-performance Ga;Os-based power devices have emerged continuously, and GayOs-based RE/
microwave devices have also attracted increasing attention. However, the performance of Gap;Os-based microelectronic devices is far
from reaching its theoretical limit. This means that GayOs-based microelectronic devices still have great room for improvement.

3.4. Other UWBG semiconductors

In addition to the three UWBG semiconductors introduced in Section 3.1-3.3, some other UWBG semiconductors, such ZnGay0y,
MgZnO and BN, have attracted significant attention due to their high application potential in the field of optoelectronics or/and mi-
croelectronics. This subsection briefly introduces the development of these representative materials and their related applications.

3.4.1. Zinc gallate (ZnGazO4)

ZnGay0y4 is a type of UWBG semiconductor with a spinel structure and a bandgap of 4.6-5.25 eV [260]. For a long time, ZnGaz04 has
been well-known for its numerous applications in the field of photoluminescence and catalysis [261-265]. With the development of
high-quality single crystal and epitaxial thin film preparation technology, ZnGa;0O4 has exhibited considerable application prospects in
the fields of optoelectronics and microelectronics due to its excellent material properties. Density functional theory (DFT) calculations
have shown that there is considerable dispersion near the bottom of conduction band of ZnGay04 [266]. As is well known, electron
effective mass (m,*) can be calculated using the following formula:

1 1 dE
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m
where h is the reduced Planck constant, E is the electron energy, and k is the wavevector of electron wave function. Therefore, the large
dispersion indicates that the electron effective mass near the bottom of conduction band is small, which leads to a high electron mobility
[267]. Galazka et al. achieved an electron mobility of as high as 100 cm?/V s in a ZnGay04 bulk crystal with an electron concentration of
10'° cm™3 [268]. Another interesting feature of ZnGayO4 is its unique antisite defects. Ideally, the ZnGa,O4 crystal is a spinel structure
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Fig. 15. (a) Transient photoresponse of the ZnGa;04 MSM photodetectors with asymmetric electrodes at O V bias [272]. Reprinted from Ref. [272],
Copyright (2020), with permission from Elesvier. (b) I-t characteristics of the p-Si/ZnGa;04 heterojunction photodiode under different light in-
tensities at 0 V bias [273]. Reprinted from Ref. [273], with the permission of AIP Publishing. (c) Responsivity spectra of p-Si/ZnGa;O4 and
p-Si/Si02/ZnGas04 heterojunction photodiodes under —1 V bias [274]. (d) Photoconductive gain of as-grown and annealed E-model ZnGayO4
phototransistors [278]. Reprinted (adapted) with permission from Ref. [278]. Copyright 2020 American Chemical Society.
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with Zn?* at the centre of the tetrahedron and Ga®™ at the centre of the octahedron. However, due to the similar ionic radii of Zn** and
Ga>" as well as the micro imbalance of Zn and Ga in ZnGay0y4, the so-called antisite defects of Ga substituting Zn for tetrahedral centre
(Gagzy) or Zn substituting Ga for octahedral centre (Zng,) will be formed [269,270]. Gazy, is a donor defect, and Zng, is an acceptor defect.
In 2020, Chikoidze et al. demonstrated a p-type ZnGaz04 film by introducing the acceptor antisites (Zng,) [270]. The high-temperature
Hall effect hole concentration was as high as 2 x 10'® cm ™3, while hole mobilities were yj, = 7-10 cm?/V s in the 680-850 K temperature
range. Therefore, the antisite defects provide a new scheme for high-quality and stable ZnGa;04 p-type doping and n-type doping, which
is expected to overcome the doping challenges faced by almost all UWBG semiconductors.

Since 2018, UV photodetectors based on ZnGay04 thin films with different structures have been reported, and some surprising results
have been obtained [271-278]. Tsai et al. prepared an MSM photodetector based on the MOCVD epitaxial ZnGayOy4 film [271]. The
device has a high peak responsivity of 86.3 A/W at 230 nm. Additionally, a novel self-powered solar-blind photodetector was con-
structed by fabricating asymmetric pairs of Au Schottky electrodes on the ZnGayO4 film. At 0 V bias, the peak responsivity at 246 nm was
approximately 22.2 mA/W with an UV-vis rejection ratio of 1.3 x 10* The device offered an ultra-fast response speed with the
shortest-record rise/decay time of 10/30 ns (Fig. 15(a)). The heterojunction formed by ZnGay04 and Si has also been reported [273,274,
279]. Han et al. demonstrated a self-powered solar-blind photodiode based on p-Si/ZnGayO4 heterojunction, and a transient peak

Table 2
Performance of UWBG semiconductor-based UV photodetectors.
Structure Dark current (nA) Responsivity (A/W) Rise/fall time Normalised detectivity Reference
(ms) (Jones)
AlGaN p-i-n junction <1073 (~10V) 0.211 (0 V@289 nm) <13 6.1 x 10 [91]
AlGaN p-i-n junction - 0.173 (0 V@274 nm) - - [92]
0.205 (—5 V@274 nm)
AlGaN p-i-n junction ~10 (=10 V) 0.15 (0 V@271 nm) 6.5 x 10°°/- - [300]
AlGaN avalanche photodiode <107*(-60 V) ~0.06 (-5 V@255 nm) - - [93]
AlGaN avalanche photodiode 103 (=60 V) 0.036 (0 V@249 nm, backside - - [94]
illumination)
0.058(0 V@246 nm, frontside
illumination)
AIN heterojunction - 0.067 (0 V@195 nm) 8 x 107°/0.4 - [90]
AlGaN MSM ~1072(10V) 10° (5 V@250 nm) 200/>10° - [106]
Diamond photoresisitor ~5 x 10% (50 V) 21.8 (50 V@218 nm) 0.31/0.33 1.39 x 10'2 [144]
diamond p-i-n junction 350 (-5V) 1.69 (-5 V@210 nm) - - [147]
Diamond/$-Ga,03 ~4(-15V) 2 x 107* (0 V@244 nm) - 6.9 x 10° [146]
heterojunction
Diamond Schottky junction 32x1073(3V) 0.018 (3 V@220 nm) 120/560 - [149]
Diamond Schottky junction 14.2 x 1073 (-10 V) 3.71 x 1073 (5 V@215 nm) 600/590 - [150]
Diamond MSM 2x107°320V) 6.99 x 1073 (20 V@240 nm) 115.5/157.1 - [154]
Diamond MSM <1073 (5V) 0.057 (5 V@210 nm) - - [155]
Diamond MSM ~10 (50 V) 0.045 (50 V@228 nm) <0.02/- 2.92 x 10'° [157]
Diamond MSM 0.93 (60 V) 13 (60 V@222 nm) 1.3 x 1073/ - [163]
0.203
f-Gay03 photoresisitor - 0.23 (5 V@262 nm) 0.48/0.38 - [198]
f-Gay03 heterojunction 3.1(-10V) 43.31 (—10 V@254 nm) - - [204]
a-Gay03/Zn0 avalanche - 1.1 x 10* (—40 V@254 nm) — - [201]
photodiode
f-Gay03 Schottky junction - 102 (-1 V@248 nm) <200 - [223]
$-Gay03 Schottky avalanche - 1.2 x 10° (—40 V@254 nm) -/90 2 x 10 [205]
photodiode
£-Gay03 MSM 23.5x 1073 (6 V) 230 (6 V@254 nm) - 1.2 x 10" [208]
Amorphous Ga;03 MSM 9.43 x 1072 (aov) 1.34 (10 V@250 nm) 1075/1.5 x - [210]
1074
$-Gay03 MSM avalanche <1073 (20 V) 46 (20 V@254 nm) -/0.027 9.8 x 10® [207]
photodiode
f-Gay0s transistor 5x 1073 (Vgs = —20V, 479 x 10° (Vgs=—20V, Vpg=20V  — 6.69 x 10'* [218]
Vps = 20 V) @254 nm)
$-Ga,03 transistor <103 (Vgs= -5V, Vps= 3 x10°(Vgs=-20V,Vps=20V - 1.3 x 10%6 [219]
20V) @254 nm)
ZnGay04 heterojunction <10 (-5V) 7.5 x 1073 (0 V@254 nm, stable <40 - [273]
responsivity)
0.041 (0 V@254 nm, transient
responsivity)
ZnGay04 heterojunction 5.7 x 1073 (-1 V) 0.095 (—1 V@242 nm) 120/80 7.03 x 102 [274]
ZnGa,04 MSM - 0.022 (0 V@246 nm) 107%/3x107° - [272]
ZnGay04 transistor 2x10°3 (Vgs =0V, Vps 474 (Vgs =0V, Vps =5 V@240 nm) 400/700 - [278]
=5V)
MgZnO Schottky junction - 0.055 (0 V@265 nm) 0.02/0.3 - [292]
MgZnO MSM 0.111 (10 V) 205 (10 V) -/280 - [293]
MgZnO MSM 160 (25 V) 0.086 (25 V@235 nm) - - [291]
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current phenomenon could be observed when UV light was turned on and off at 0 V (Fig. 15(b)) [273]. The interface pyroelectric effect
of the ZnGay04 film should be responsible for this transient spike photocurrent phenomenon, which could effectively enhance the
responsivity and response speed of the device. Moreover, with the introduction of a thin SiO; insulation layer between ZnGayO4 and
p-Si, the UV-visible rejection ratio of the device increased by one order of magnitude under —1 V bias (Fig. 15(c)) [274]. Compared with
the two-terminal devices, the phototransistor has excellent modulated light response performance. Horng's group demonstrated both
E-mode and D-mode phototransistors based on the ZnGayO4 film [278]. After annealing treatment, the E-model ZnGa04 phototran-
sistor exhibited a large photocurrent gain of 2.21 x 10° at 240 nm (Fig. 15(d)). However, the UV-visible rejection and response speed
must be further improved.

3.4.2. Magnesium gzinc oxide (MgZnO)

MgZnO is an attractive oxide semiconductor formed by alloying MgO with ZnO. Similar to AlGaN, by adjusting the ratio of Zn and
Mg, the bandgap of MgZnO can be adjusted from 3.3 eV (ZnO) to 7.8 eV (MgO). However, the epitaxial growth of MgZnO films is more
challenging than that of AlGaN due to the different crystalline structures of ZnO and MgO [280,281]. ZnO is usually stable in the form of
wurtzite, while MgO has a rock salt structure. In the early days, most research focused on how to achieve high-quality hexagonal or cubic
single crystal ZnMgO alloys with adjustable composition and bandgap in a wide range. UWBG ZnMgO alloys mostly have a cubic phase
structure [282-284]. The photodetectors based on UWBG ZnMgO have been fabricated by using various methods [285-288]. However,
the responsivity for the most reported devices is generally considerably low. In recent years, mixed-phase ZnMgO (m-ZnMgO) has
attracted increasing attention in the field of UV photodetection because its internal grain boundary can effectively reduce the dark
current and partially enhance the photocurrent [289-291]. Fan et al. fabricated a UWBG m-ZnMgO thin film with a single absorption
edge, and its solar-blind photodetector exhibited a peak responsivity of 1.664 A/W at 260 nm and an UV /visible rejection of >10° under
10 V bias [290]. In addition, some related studies on the structural design and packaging of MgZnO-based photodetectors have also been
performed [292-294].

3.4.3. Boron nitride (BN)

BN is another novel type of UWBG semiconductor material, which has attracted considerable attention in recent years. BN has a
variety of crystal structures, and among them hexagonal BN (h-BN) and cubic BN (c-BN) are most common [295-298]. Owing to its
unique two-dimensional layered structure and excellent properties, h-BN has become one of the most popular research hotspots.
Theoretical and experimental results showed that h-BN has a very high exciton binding energy (~250 meV for indirect exciton and
~700 meV for direct exciton); thus, it is expected to be used in the field of DUV lasers [297-299]. C-BN is an ideal material for
high-power microelectronic devices in extreme environments due to its ultrahigh breakdown field (8-17.5 MV/cm), high thermal
conductivity (940 W/m K for natural isotopic ratio and as high as 2145 W/m K for isotopically pure), high thermal stability, and high
hardness [17,296]. At present, the research on BN is still in its nascent stages. Due to its excellent optical and electrical properties,
BN-based optoelectronic and microelectronic devices can have broad development prospects.

4. Conclusions and prospects

In this paper, recent advances in optoelectronic and microelectronic devices based on UWBG semiconductors are briefly reviewed.
Tables 24 present the performance parameters of some representative UWBG semiconductor-based optoelectronic and microelectronic
devices. The research on UWBG semiconductors has grown explosively owing to their excellent optical and electrical properties. After
more than 20 years of development, more novel characteristics of UWBG semiconductors and their great application potential in op-
toelectronic and microelectronic devices have been shown.

Considerable efforts have been made to obtain high-quality UWBG semiconductor materials and high-performance UWBG
semiconductor-based devices, and great success has been achieved. However, it should be noted that there is still a long way to go to
realise the large-scale industrialisation of UWBG semiconductor-based optoelectronic and microelectronic devices. Compared with
traditional semiconductors, the research on UWBG semiconductor materials and devices is still underdeveloped. The development of
UWBG semiconductor-based optoelectronic and microelectronic devices faces many challenges and opportunities, some of which are
highlighted below:

(1) The growth of high-quality UWBG semiconductors

High-quality single-crystals are crucial for realising high-performance UWBG semiconductor-based optoelectronic and microelec-
tronic devices. Whether they are used as substrates or as active layers in optoelectronic and microelectronic devices, the defects
(including dislocations and point defects) in the UWBG semiconductor greatly affect the performance of devices. As mentioned in
section 3, the progress of UWBG semiconductor single-crystal growth technology has greatly promoted the development of their op-
toelectronic and microelectronic devices. However, the growth of UWBG semiconductor bulk single crystals with low cost, high quality,
and large size is still a challenge, especially for AIN and diamond. Moreover, epitaxial growth technology requires more in-depth
research. It is not only an important basis for realising high-performance UWBG semiconductor-based devices, but also an important
platform for studying the basic physical properties of UWBG semiconductors. In recent years, the rapid development of real-time in situ
grown monitoring and computational physics has provided new opportunities for the epitaxial growth of high-quality UWBG semi-
conductor films. The combination of experimental real-time observation and theoretical numerical simulation can provide a more
profound understanding of the growth kinetics of UWBG semiconductors. Therefore, it is believed that in the near future, there will be
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Table 3
The DC characteristics of some representative UWBG semiconductor-based power devices.
Structure Breakdown Specific on- On/off Threshold Maximum drain current PFOM Reference
voltage (kV) resistance (Q cm?) ratio voltage (V) density (mA/mm) (MW/cm?)
AlGaN Schottky 2 5 10° - - - [113]
junction
AIN Schottky junction >1 - 10° - - - [114]
AlGaN HEMT - - 5x107 - 600 (Vs = 6 V) - [122]
AlGaN HEMT 0.08 - - - 910 (Vgs=2V) - [123]
AlGaN HEMT ~0.6 - - —-11 1170 (Vgs = 12 V) - [124]
AlGaN HEMT - - - 0.5 35 (Vgs = 6.6 V) - [125]
AlGaN HEMT - - 10'° 5 105 (Vgs = 12 V) - [1271
AlGaN MESFET - - - —-135 100 (Vgs=2V) - [128]
AIN MESFET 0.51 - 100 - 8.7 x 1072 (Vgs=8V) - [129]
Diamond Schottky 1 - - - - 244 [24]
junction
Diamond Schottky-p-n - 3x107° 10'2 - - - [166]
diode
H-terminal diamond - - - 11 —1350 (Vgs = —5V) - [172]
MOSFET
H-terminal diamond —2.608 19.74 x 1073 >107 6.9 —288 (Vgs = -7 V) 345 [173]
MOSFET
H-terminal diamond -0.17 25 x 1072 107 20.5 —406 (Vgs = —20V) - [174]
MOSFET
H-terminal diamond —2.021 - 108 -3.9 —5.2 (Vgs = —30V) - [175]
MOSFET
H-terminal diamond - - 107 —0.021 —16.14 (Vgs = —2.5V) - [179]
MOSFET
f-Gay03 heterojunction 1.22 1.08 x 1072 10° - - 1380 [229]
junction
-Gay03 Schottky 2.25 10.2 x 1072 10° - - 500 [228]
junction
B-GaO3 MOSFET 1.83 - 10° 14 49 (Vgs = 10V) 155 [234]
B-Gay03 MOSFET 1.4 7.08 x 1073 10° -18 230 (Vgs = 15 V) 277 [235]
f-Gay0s fin FET >1 13-18 x 1072 108 1.2-2.2 - - [237]
p-Gay05 fin FET 2.66 25.2 x 1073 10® 1.8 - 280 [238]
p-Ga,03 HIFET 1.115 319 x 1073 10'° -13 330 (Vgs=0V) 390 [229]
$-Gaz03/(GaAl)203 0.84 1.72 x 1072 - - - 408 [239]
HEMT
Table 4
Summary of UWBG semiconductor-based RF/microwave devices.
Structure Cut-off frequency (GHz) Maximum oscillation frequency (GHz) Output power density (W/mm) Reference
AlGaN MESFET 8.8 24 - [130]
AlGaN HEMT 40 58 1.8 (@10 GHz) [131]
AlGaN HEMT 20 36 2.7 (@10 GHz) [123]
Diamond MOSFET 70 80 - [188]
Diamond MOSFET 31 31 3.8 (@1 GHz) [189]
Diamond MOSFET 15 36 1.04 (@2 GHz) [190]
Diamond MOSFET 18 34 0.65 (@10 GHz) [191]
p-Gay03 MOSFET 3.3 12.9 0.23 (@800 MHz) [256]
p-Ga,03 MOSFET - - 0.2 (@1 GHz) [258]
p-Gay0O3 MOSFET 1.8 4.2 0.4 (@1 GHz) [259]
p-Gay03 MESFET 27 16 - [257]

more breakthroughs in UWBG semiconductors epitaxial growth with advances in research.
(2) The realisation of high efficiency and stable doping

In general, the impurities doped into UWBG semiconductors often have high activation energies, which makes them difficult to
ionise at room temperature. For example, Mg is a common acceptor impurity for p-type doping of AlGaN, and the activation energy of
Mg acceptor increases with the increasing Al content. For AIN, the activation energy of Mg acceptor can reach as high as 0.51 eV [301].
The activation energies of donor impurity P and acceptor impurity B commonly used in diamond are 0.43 eV and 0.38 eV, respectively.
Moreover, the strong self-compensation effect hinders the doping efficiency and stability of UWBG semiconductors. In general, the
formation energy, Eorm(q), of a defect X in a charge state, g, can be expressed as [302,303]:
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Eﬁ)rm (X7 (1) = Emt(X7 (1) - Emr - Zni,u,' + q(Ef + Ev) (] 5)

where Ey,(X, q) is the total energy of the supercell with a defect, X, and E,,, is the total energy for the equivalent perfect supercell of the
semiconductor. n; indicates the number of atoms i (impurity or host atoms) that are removed from (n; < 0) or added into (n; > 0) the
supercell, y; is the corresponding chemical potential, Ey is the Fermi level with reference to the valence-band maximum E,,. If the ac-
ceptors are doped into the UWBG semiconductor, the Fermi level will decrease, the formation energy of the donor-like native point
defects will decrease sharply, thereby compensating the acceptors. Some unintentional impurities introduced in the growth process may
passivate the dopant and further reduce the ionisation efficiency of donor or acceptor impurities. Till now, there has been extensive
research on doping, and many significant results have been achieved [136,141,304-306]. However, how to reduce the ionisation energy
of impurities and suppress the self-compensation effect remains a key problem for future work.

(3) The design and optimisation of the devices

Structural upgrades and improvements are effective to improve the performance of semiconductor devices. Various structures, such
as nanophotonics structure, 2DEG structure, and fin structure, have been introduced into the UWBG microelectronic and optoelectronic
devices, and significant performance enhancement has been achieved. However, the QE of optoelectronic devices and the PFOM and
maximum output power density of microelectronic devices have room for improvement. In the future, research on device design and
manufacturing technology should be increased.

(4) The exploration of new UWBG materials

The emergence and development of new semiconductor materials can greatly promote the development of devices. In recent years,
some emerging UWBG semiconductors, such as ZnGayO4, MgGaz04, (GaAl);03, BN, have attracted increasing attention due to their
novel optical and electrical properties. The antisite defects in ZnGap04 and MgGay04 materials provide novel ideas for solving the
doping problems of UWBG semiconductors. Therefore, the development of emerging materials will bring new opportunities for the
research and application of UWBG semiconductor devices.
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