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Solar-blind ultraviolet photodetectors (SBPDs) have attracted tremendous attention in the environmental, industrial, mili-
tary, and biological fields. Aluminum gallium nitride (AlGaN), a kind of representative lll-nitride semiconductor, has prom-
ising prospects in solar-blind photodetection owing to its tunable wide bandgap and industrial feasibility. Considering the
high defect density in the AlGaN epilayer directly grown on a sapphire substrate, employing an AIN/sapphire template turns
out to be an effective method to achieve a high-quality AlGaN epilayer, thereby enhancing the SBPD performances. In recent
years, a variety of remarkable breakthroughs have been achieved in the SBPDs. In this paper, the progress on photovoltaic
AlGaN-based SBPDs is reviewed. First, the basic physical properties of AlGaN are introduced. Then, fabrication methods and
defect annihilation of the AIN/sapphire template are discussed. Various photovoltaic SBPDs are further summarized, includ-
ing Schottky barrier, metal-semiconductor-metal, p-n/p-i-n and avalanche photodiodes. Furthermore, surface modification
and photoelectrochemical cell techniques are introduced. Benefitting from the development of fabrication techniques
and optoelectronic devices, photovoltaic AlGaN photodiodes exhibit a promising prospect in solar-blind ultraviolet

photodetection.
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1. Introduction

Ultraviolet (UV) light accounts for 10% of the total solar spec-
trum. Based on the wavelength of UV light, the whole radiation
region is divided into the four subregions: UVA (400-320 nm),
UVB (320-280 nm), UVC (280-100 nm), and extreme UV
(EUV) (120-10 nm)™2, Among the four UV radiation subre-
gions, UVC light can be entirely absorbed by the stratospheric
ozone layer when sunlight penetrates through the atmosphere so
that there are no UVC photons naturally existing in Earth’s
atmosphere. Therefore, the UVC radiation light is also called
solar-blind UV light. The feature ensures that the background
noise can be maximally screened during solar-blind photodetec-
tion, which offers potential applications in early missile threat
warning and tracking, environmental monitoring, engine mon-
itoring, flame detection, and non-line-of-sight communica-
tions">~),

[I-nitride semiconductors, including GaN, AIN, InN, and
their ternary (AlGaN, InGaN) and quaternary alloys
(AlGaInN), exhibit superior properties, such as a wide energy
bandgap, large thermal conductivity, high carrier mobility,
strong anti-radiation ability, and good chemical stability'®.
Among these III-nitride semiconductors, AlGaN alloys have
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adjustable bandgaps in the range from 3.4 to 6.2 eV by changing
the Al content. When the Al content is larger than 0.4, the
Al Ga,_,N alloys will exhibit the ability of solar-blind photode-
tection. In addition, AlGaN alloys have many merits, including
good mechanical strength, high breakdown field, strong thermal
stability, etc. Therefore, AlGaN alloys are suitable for UV photo-
detectors, light-emitting diodes (LEDs), laser diodes, high-speed
electronics devices, and high-frequency transistors operated
under extreme conditions'”®!.

According to the operation mode, solar-blind ultraviolet pho-
todetectors (SBPDs) are generally divided into photoconductive
SBPDs and photovoltaic SBPDs. Photoconductive SBPDs have
been investigated in the past several decades. Their photodetec-
tion behavior is based on the fact that the electrical conductivity
of SBPDs will change when exposed to the radiation of solar-
blind UV light. Photoconductive SBPDs are fit for mass produc-
tion. However, they also suffer from several fatal drawbacks,
including slow response speed, low-energy photon response,
and severe temperature dependence. Photovoltaic SBPDs are
those photodetectors whose work mechanism is based on the
photovoltaic effect. The electric field resulting from the photo-
voltaic effect at the interfaces can facilitate the separation and
transport of photogenerated carriers, thereby resulting in
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enhanced responsivity and response speed of photovoltaic
SBPDs. There are several configurations of photovoltaic photo-
diodes used for solar-blind UV photodetection, including p-n/p-
i-n, Schottky barrier, metal-semiconductor-metal (MSM), and
avalanche photodiodes (APDs). In recent years, photovoltaic
AlGaN photodiodes have been rapidly developed, which is
important for the development of high-performance SBPDs.

In this review, we summarize recent development of photo-
voltaic AIGaN SBPDs. First, we focus on the AlGaN epilayers
and low-defect AIN/sapphire template. Then, we discuss several
types of photovoltaic AlGaN SBPDs, including device configu-
rations, performance improvement methods, and physical
mechanisms. Moreover, the advances in photovoltaic AlGaN
SBPDs are reviewed to better understand solar-blind UV photo-
detection technology for versatile applications.

2. AlGaN Materials

The crystalline quality of AIGaN alloys exerts a strong influence
on the detection performance of AIGaN SBPDs. This section is
focused on the fabrication methods of AlGaN epitaxial films and
their corresponding template techniques.

2.1. AIGaN epitaxial films

Three methods are mainly used to grow the AlGaN absorption
layers, including liquid phase epitaxy (LPE), molecular beam
epitaxy (MBE), and vapor phase epitaxy (VPE)''. LPE is
the most low-cost among the above-mentioned methods.
Nevertheless, it is no longer adaptive to fabricating high-perfor-
mance SBPDs because the thickness of achieving an epilayer is
limited via using LPE. In addition, the gradient of impurity con-
centrations and the type of conductivity are not easy to change
intentionally during growth. MBE can be used to accurately con-
trol the thickness of the epilayers under a lower temperature
in comparison to VPE and LPE. However, the slow growth rate
and complex equipment obstruct the large-scale production.
Hydride VPE (HVPE) is also a method that can be used to rap-
idly grow AlGaN films!'>**!. Like LPE, HVPE cannot precisely
control the thickness of the AlGaN films. In addition, the reac-
tion gas used during the growth process can also corrode the
equipment, which may exert serious influence on the purity
of AlGaN materials. Metal-organic VPE (MOVPE) can accu-
rately control the film thickness with a moderate growth rate,
which is particularly suitable for large-scale industrial produc-
tion"*'*), Therefore, MOVPE is the most widely used to fabri-
cate AlGaN absorption layers for high-performance SBPDs.
The typical AlGaN epitaxial film grown on the AIN/sapphire
template is exhibited in Figs. 1(a)-1(c)e!.

2.2. Van der Waals epitaxy of AIN template

Van der Waals epitaxy (vdWE) is quite different from conven-
tional epitaxy owing to the noncovalent bond between the epi-
taxial material and the substrate at the interface. Although the
orientation relationship of the epitaxial material is consistent
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Fig. 1. Cross-section SEM images of (a) stripe-shaped PSS, (b) AIN/PSS tem-

plate, and (c) AlGaN epitaxial film grown on AIN/PSS template. Reproduced
with permission“ﬁ]. Copyright 2013, Elsevier.

with the substrate, lattice match is not important for vdWE,
which is called incommensurate epitaxy; the in-plane lattice
parameters of the three-dimensional (3D) materials will be very
close to the bulk value, resulting in no excessive strain and dis-
location originating from the lattice mismatch. Recently, AIN
vdWE technology has drawn much scientific interest'”'®,
Chang et al. reported achieving of high-quality AIN epitaxial
film on nano-patterned sapphire substrate (NPSS) via gra-
phene-assisted quasi-vdWE (QvdWE) in Fig. 2!"”). It is found
that the growth of AIN follows the 3D longitudinal island growth
mode, and the lateral coalescence of the AIN nucleation islands
is relatively slow, which makes it hard to cover the NPSS at a thin
growth thickness. Due to Gr, Al atoms can laterally migrate
more easily on the Gr layer than on the bare NPSS, which is ben-
eficial for the two-dimensional (2D) growth mode of AIN,
thereby resulting in rapid and lateral coalescence with a thin
and flat AIN film. The obtained AIN by using QvdWE exhibited
areduced dislocation density. It is found that a 2.6-time increase
in electroluminescence (EL) intensity was realized in deep
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Fig. 2. (a) Schematic diagram of the DUV LED grown on AIN/Gr/NPSS. (b) EL
spectra of the DUV-LEDs with and without the Gr interlayer. Cross-sectional
SEM images of AIN films on NPSS (c] without and (d) with the Gr interlayer. AIN
has realized complete coalescence below a thickness of 1 um in (d), which is
less than half of the thickness (about 2.4 pm) on bare NPSS in (c). Reproduced
with permission“”. Copyright 2019, American Institute of Physics Publishing.
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ultraviolet LEDs (DUV-LEDs) grown on Gr/NPSS in compari-
son to the DUV-LEDs grown on bare NPSS, as shown in
Fig. 2(b).

2.3. Bulk AIN template

Bulk AIN is anticipated to act as a promising transparent sub-
strate material for nitride devices because of the high thermal
conductivity of up to 2.85 W/(cm K). The crystal quality of
AlGaN grown on a bulk AIN substrate is intrinsically expected
to be good because they both have the same crystallographic
symmetry of wurtzite. Therefore, the use of the bulk AIN
substrate during the photodetectors manufacturing is worth
investigation!'*?*!. For example, Jeong et al. reported top-
illuminated Al)sGag4N p-i-n SBPDs grown on an AIN bulk
substrate and on another two types of AIN templates with differ-
ent quality"”. They found that the peak of the AlGaN SBPD
grown on the AIN bulk substrate has a narrower linewidth com-
pared to those of the AlGaN SBPDs grown on the AIN/sapphire
templates in X-ray diffraction-based reciprocal space mapping.
In addition, the surface roughness of the SBPD grown on the
bulk AIN substrate is nearly 20 times lower than that of the
SBPDs grown on AIN templates. As a result, the AlGaN SBPD
grown on the bulk AIN substrate exhibited the lowest leakage
current density of less than 1 X 1078 A/cm? in comparison to
that of SBPDs grown on AIN templates at low reverse bias.
This achievement can be attributed to high crystalline quality
of the AlGaN epitaxial structure resulting from the application
of a bulk AIN substrate.

2.4, AIN/sapphire template

Due to large lattice mismatch between the AlGaN and sapphire
substrate, there are a vast number of dislocations and point
defects existing in the AlGaN epilayers deposited on sapphire
substrates. The high-density defects in AlGaN usually act as
the non-radiative recombination centers, the carrier scattering
centers, and the leakage current channels. The growth of
high-quality AlGaN film is the key factor for obtaining high per-
formance SBPDs**"?. Several reported AIN/sapphire tem-
plates are summarized in Table 1.

Bulk AIN substrates could be good candidates to achieve high-
responsivity SBPD due to small lattice mismatch with the epi-
taxial layers and low dislocation density below 5 X 10® cm™2,
but they suffer from high-impurity absorption, high cost, and
limited availability. It has already been proved that introduction
of high-quality AIN/sapphire templates, including flat sapphire
substrate (FSS)/patterned sapphire substrate (PSS), nano-scale-
thick AIN nucleation layers (NLs), and micro-scale-thick AIN
epitaxial films, is the foundation for high-quality AlGaN epi-
layers”®®~*!. However, large lattice mismatch existing at the
AlN/sapphire interface will result in numerous dislocations
formed between the AIN and sapphire interface. Dislocation
density in the AIN film normally ranges from 10'° to 10! cm~2,
leading to relatively poor optoelectronic properties of SBPDs.
To obtain a high-quality AIN/sapphire template, several
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growth techniques have been investigated, including epitaxial
lateral overgrowth (ELOG) technology, pendeo-epitaxy, and
facet-controlled ELOG!*>**), Employing a low-temperature
(LT) GaN or AIN buffer layer is an important method to dimin-
ish the lattice mismatch between the epilayers and sapphire
substrate**~*”). Our group found that densities of both screw
dislocations and edge dislocations in the GaN epilayer grown on
a PSS were much less than that of the GaN epilayer grown on an
FSS!*8). The calculated densities of screw and edge disloca-
tion were 1.29 X 103 cm™ and 4.1 X 103 cm™ for GaN grown
on PSS.

Another method is to take the advantage of the N
We fabricated a series of UV LEDs grown on ex-situ sput-
tered-AIN NL/PSS, in-situ LT-GaN NL/PSS, and LT-AlGaN
NL/PSSY. The light output power (LOP) of the UV LED on
ex-situ sputtered AIN NL/PSS was higher than that of the UV
LEDs on in-situ LT-AlGaN NL/PSS and LT-AlGaN NL/PSS.
That was mainly attributed to the reduced threading dislocation
density (TDD) in epitaxial films on ex-situ sputtered AIN NL/
PSS. However, the above-discussed strategy is applied in the fab-
rication of UV LEDs. Nevertheless, the intrinsic logic of defect
termination can also be used to fabricate high-performance pho-
todetectors'>*~>*, For example, Chang et al. reported two types
of GaN-based Schottky barrier photodetectors that are grown on
GaN NL/PSS and GaN NL/FSS templates'*. Compared to the
GaN photodetector grown on GaN NL/FSS, the GaN photo-
detector grown on GaN NL/PSS exhibited a reduced dark cur-
rent and enhanced responsivity. In addition, noise equivalent
power and normalized detectivity of the GaN photodetector
grown on GaN NL/PSS were both higher than that of the
GaN photodetector grown on GaN NL/FSS because of the high
quality of the photodetector epitaxial structure resulting from
the introduction of NL/PSS. This presented the advantages of
NL/PSS in the fabrication of the photodetector.

High temperature annealing (HTA) can reduce dislocation
densities by relaxing tensile stress, rearranging the AIN lattice,
and facilitating generation of a new interface that has little in-
fluence on the lattice constant above/below this interface!>>~>7),
But, too high temperature will also deform the AIN/
sapphire interface. Therefore, it is important that the annealing
duration or temperature must be low enough. Several two-step
approaches were reported for solving the problems”*~*°!. For
example, Hagedorn et al. found that AIN epitaxial films were
formed at 1250°C via using MOVPE and then annealed at
1730°C for 1 h, which not only stabilized the AIN/sapphire in-
terface but also reduced TDD during annealing'®®!. Then, the
AIN films subsequently were annealed at 1690°C for 3 h to
further reduce TDD. As a result, TDD was first decreased to
3.5 % 10® cm™ after the first HTA and subsequently decreased
to 2.5 X 10® cm™? after the second HTA.

Nucleation conditions of NLs are crucial for acquisition of
low-defect-density AIN epitaxial films'®'~**. Balaji et al. inves-
tigated the effect of NL nucleation temperature on the crystalline
quality of AIN epitaxial films in Fig. 3!°*!. They deposited three
NLs at 950°C, 1050°C, and 1150°C and recrystallized them at

L[49,50]
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Table 1. Summary of the Reported AIN/Sapphire Template.

Chinese Optics Letters

Thickness Nucleation
Template (um) Layer

Defect Density?
(cm™)

Highlights Ref.

AIN/MPSS 10.6 LT-AIN

AIN/FSS 6 LT-AIN

AIN/MPSS 2.54 -

AIN/NPSS 3.25 LT-AIN

AIN/FSS 2 Sputtered AIN
LT-AIN

AIN/MPSS 8-10 Sputtered AIN

AIN/NPSS 1 Sputtered AIN

AIN/FSS 85 -

Total: 3 x 108

S: 59 x 107
E:23x108
TD: < 108
S: 35 % 108

E: None

Total: 1x 108

EP: 23 x 10°

TD: 1% 10°

EP: 4.8 x 10

S: 26107

E: 18 x10°

TD: 6 x 108

1. PALE-induced” and ELOG-induced voids are both introduced in the AIN epilayer [29]
during growth.

2. These voids facilitate the defect termination and strain release in the AIN epilayer.

1. The nanoscale ELOG is achieved on the AIN rods/FSS template. (30]

2. The advantage of the nanoscale ELOG is that even the dislocations in the center of
the rod do not have a long distance to bend into the voids between the rods.

3. TDs bend at slight angles due to the nano-scaled air gaps and the rod diameters
by nano-ELQG.

1. The effect of PSS on reducing defect density is investigated. [31]

2. AN layers with gradient V/Ill ratio and period AIN superlattice layers (SLs) are
introduced into the AIN epilayer to reduce defect density.

3. The behaviors of defect termination are exhibited quantitatively.

The intrinsic mechanism of bending dislocations by employing AIN SLs with period (32]
high/low V/Ill ratio is revealed in Fig. 4.

1. The effect of AIN NL thickness on optical transmittance, strain state, surface [14]
morphology, and TD density of AIN epilayer is investigated.

2. The AIN epilayer with 0-doped sputtered AIN NL has the highest optical
transmittance.

3. The AIN epilayer with undoped sputtered AIN NL has the smoothest surface
morphology and lowest TD density.

1. Misaligned AIN growth could be overcome by selecting an appropriate growth [33]
temperature.

2. Optimizing the PSS geometries is important for rapid coalescence of the AIN
epilayer. In this paper, the grown AIN deviating from the c-axis on sapphire near r-
plane sidewalls has less influence on the coalescence of AIN grown from the c-axis-
oriented sapphire plane, compared to near n-plane sidewalls.

1. The growth temperature can exert a strong impact on the crystalline quality of AN~ [34]
epitaxial films by influencing the diffusion length of adatoms and lateral growth rate.

2. The flat AIN films are realized on AIN/NPSS with a total coalescence at a growth
temperature of 1300°C.

1. Self-separation of AIN epitaxial film is achieved by the formation of voids at the [35]
AIN/sapphire interface during the HVPE growth at 1450°C.

2. Voids are formed by decomposition of sapphire during the HVPE of the AIN
epilayer, and their size is dominated by the heating time.

“S, E, and TD represent screw, edge, and threading dislocation, respectively. EP means etching pit.

PALE means pulsed atomic-layer epitaxy.

1250°C in Figs. 3(a)-3(c). The NL deposited at 950°C exhibited =~ an uneven coalescence with rough surface morphology. The
uniformly coalesced nucleation islands and the lowest surface =~ NL deposited at 1150°C in Fig. 3(c) exhibited very poor surface
roughness. By contrast, the NL deposited at 1050°C exhibited =~ morphology with high undulations and insufficient covering on
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Fig. 3. AFM images of the NLs deposited at (a) 950°C, (b) 1050°C, and (c] 1150°C
after being recrystallized at 1250°C. AFM images of AIN epitaxial films on NLs
deposited at (d) 850°C, (e) 950°C, (f] 1050°C, (g) 1150°C, and (h) 1250°C.
Reproduced with permission®. Copyright 2014, Elsevier.

the sapphire substrate. Then, they prepared five AIN epilayers
grown on the NLs, which were deposited at 850°C, 950°C,
1050°C, 1150°C, and 1250°C in Figs. 3(d)-3(h). They found that
a smooth surface with macro-steps and terrace features could
have been achieved for the AIN epilayer grown on the NL depos-
ited at 950°C. The average screw and edge dislocation densities
of the AIN layer on the NL deposited at 950°C were estimated to
be 9 X 107 cm~2 and 4.4 X 10° cm~2, respectively. Their research
has demonstrated that the NL deposition temperature is an
important growth parameter strongly related to producing
evenly sized nucleation islands, thereby facilitating uniform coa-
lescence of AIN epitaxial films.

2.5. p-doping of AlGaN

The p-doping of high-Al-content AlGaN alloys is still consid-
ered quite challenging after a few years of development.
Achieving satisfactory p-doping AlGaN epilayers in the device
level has turned out to be difficult. Many methods are developed
to improve the low conductivity or poor contacts of p-AlGaN.
For example, a standard solution is that a 10-50 nm p-AlGaN
thin layer is generally grown on the top of the p-AlGaN cladding
layer in UV LEDs; although the strong absorption of the thin
p-AlGaN layer at the emission wavelengths is not avoided, it
is still an effective way to realize a reasonably good contact,
thereby ensuring stabilized hole injection efficiency into the
active region of UV LEDs.

Generally, Mg, Zn, and Be can all be used for p-type doping.
The corresponding activation energy (AE) of the Mg, Zn, and Be
in GaN are 60, 160, and 370 meV'®®. The AE of the three doping

Vol. 20, No. 11 | November 2022

elements increases with increasing Al content in the AlGaN
layer. The AE of Be is the lowest among that of the three doping
elements. However, Be atoms are so small that it possibly intro-
duces interstitial atoms to compensate acceptors. Therefore, Mg
generally acts as the impurity acceptor for p-doping of AlGaN
alloys'®”). However, there are some negative factors that impede
the development of p-type doping in high- Al-content AlGaN epi-
layers. They include the low solubility of acceptor dopants in
AlGaN, the strong self-compensation effect resulting from the
donor-like native defects, and the high AE of the Mg acceptor!®®],
In recent years, many methods have been developed for increas-
ing the solubility of Mg and reducing the AE of Mg in AlGaN
p-doping of AlGaN, including delta doping, modulation doping,
SL doping, co-doping, polarization-assisted doping, and multidi-
mensional doping!®~"®/,

Chen et al. reported a type of indium-surfactant-assisted delta
doping method for high hole concentration in Mg-doped
p-Aly4GaggN layers[m. Compared with conventional delta
doping, the indium-surfactant-assisted delta doping resulted
in high hole concentration of 4.75 x 10’8 cm™ and low sheet
resistivity of 2.46 X 10 Q/sq. These results originated from
the enhanced Mg incorporation and reduced AE and compen-
sation ratio by using indium surfactant. In addition, they also
proposed that indium surfactant possibly triggers the stronger
valence-band modulation, thereby further facilitating the
decrease of AE and the increase of hole concentration. Sun et al.
reported a kind of p-type polarization-doping method with-
out using dopant in the AlGaN heterojunction phototransis-
tor””). The strong polarization effect in AlGaN makes the p-type
bulk doping possible with forming 3D hole gas induced by
graded negative polarization'”®. The hole concentration stays
around 1 X 10'7 cm™ with the nearly linear change of Al com-
position with the depth. The concentration rapidly increases to
~2 X% 108 cm™ near the AlGaN absorber/p-AlGaN interface
with a steep decrease of Al composition. Zhang et al. reported
an SL p-type electron blocking layer using in AlGaN DUV
LED emitting at the peak wavelength of 270 nm!”®\. The p-SL
enables a high hole concentration in the EBL. As a result, the
holes can be more easily injected into multiple quantum wells
(MQWs). The increased holes injected into the MQW region
can more efficiently recombine with electrons via radiative
recombination, which can prominently reduce the electron-type
leakage current. As a result, the external QE (EQE) of the DUV
LED structure is increased by 100% and the nearly efficiency-
droop-free DUV LED structure is obtained experimentally.

2.6. Methods for defect annihilation

The AIN epilayer grown on AIN/PSS is dominated by the
ELOG!®). There is growth mode transition from 3D to 2D dur-
ing ELOG of the AIN epilayer grown on AIN/PSS, which can
reduce the dislocations by bending, combining each other,
and forming a closed loop. The V/III ratio strongly affects the
surface mobility of Al adatoms that usually accompanies
the transition of the growth mode between the longitudinal
and transverse domination'®!. The low V/III ratio facilitates
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Fig. 4. Cross-section TEM images of AIN/FSS without AIN SL in the
(a) g=(0002) direction and (b) g= (1120) direction. Cross-section TEM images
of AIN/FSS without AIN SL in the (c) g = (0002) direction and (d) g = (1120)
direction. Reproduced with permission[m. Copyright 2021, American Institute
of Physics Publishing.

the strong lateral growth and surface smoothing. The high
V/III ratio accelerates the vertical growth rate, which produces
abundant crystal boundaries to suppress the elongation of dis-
location'?!. In addition, the dislocations can also be terminated
on the internal surface of ELOG voids. Moreover, complete coa-
lescence of AIN can induce high tensile stress owing to the mis-
match of the thermal expansion coefficient between AIN and
sapphire. The tensile stress will increase with the layer thickness
increasing until it is strong enough to result in cracks on the AIN
layer surface®'). Inserting AIN SLs with alternating V/III ratios
into AIN epitaxial films can reduce the dislocation density dur-
ing the growth of epilayers™>'**#%%354 That is because the dis-
locations are bent in the AIN SLs, as shown in Fig. 41321 The bent
dislocations can provide an effective misfit dislocation segment
to relax the stress, thus allowing wafers to survive from cracking
during AIN growth. Furthermore, the bent dislocations can
merge with each other to realize further defect annihilation.
Wang et al. designed and fabricated four types of AIN epilayer
structures with the above-discussed structure in Fig. 5(a)1%2!,
They found that sample C exhibited the lowest dislocation den-
sity of 7.4 X 108 cm~2 among the four samples in Fig. 5(b). This
result can be attributed to the introduction of AIN layers with
high and low V/III ratios (H-V/III AIN and L-V/III AIN) and
a three-period AIN SLs (LH-V/III AIN) structure. During the
growth of H-V/IIT and L-V/IIT AIN layers, there was a transition
of the growth mode from 3D to 2D. In this process, some dis-
locations were terminated by bending and merging with each
other. It was noted that a large-batch annihilation of dislocations
was achieved in LH-V/III AIN SLs. The majority of dislocations
bent and merged, even forming close loops, so that few disloca-
tions eventually propagated through the thick L-V/IIT AIN layer,
as shown in Fig. 5(d).
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Fig. 5. (a) llustration of samples with four types of distinct AIN layer struc-
tures. (b) Dislocation density of samples A-D. (¢) FWHM and individual rocking
curves of samples A-D. (d) Schematic illustration of the growth mechanism
and dislocation annihilation for sample C. Reproduced with permissionm].
Copyright 2016, Elsevier.

We introduced voids into the AIN epilayers on FSS to realize
similar defect annihilation in AIN/PSS, as shown in Fig. 6],
The AIN/NPSS templates were also fabricated for comparison.
As shown in Fig. 6(b), most dislocations in AIN/NPSS templates
were quickly annihilated on the nano-scaled mesa. However, the
majority of dislocations in AIN/FSS remained propagating
upward after the growth of high-temperature AIN-1 (HT-
AIN-1) layers, as shown in Fig. 6(a). Although dislocations were
reduced due to the introduction of the LT AIN layer, there was
still a fairly high TDD in AIN/FSS in comparison to that in AIN/
NPSS. It was noted that the large-batch annihilation of disloca-
tions was realized in PALE-AIN layer with plenty of embedded
voids. The majority of dislocations were wiped out on the void
sidewalls, and only a small number of new dislocations were
regenerated at the coalescence boundary of voids, as shown in
Fig. 6(d). This function of the PALE voids embedded in AIN/
ESS was quite similar with the voids spontaneously formed in
the AIN/NPSS owing to ELOG of AIN, as shown in Fig. 6(b)"*°!.
In addition, the PALE-voids in AIN/FSS could offer channels to
release the stress in the AIN epilayer grown on FSS, thereby
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Reproduced with permission®®. Copyright 2020, Elsevier.

leading to tensile stress compared to that in AIN/NPSS.
Beneficial from the above-mentioned merits, the AIN/ESS tem-
plate with embedded voids exhibited a relatively low TDD of
1.7 X 108 cm™2, as shown in Figs. 6(c) and 6(f).

3. Photovoltaic AlGaN Photodiode SBPDs

Numerous types of photovoltaic photodiodes, including
Schottky barrier, MSM, p-n/p-i-n junction, and APDs, have
been developed for SBPDs. In this section, we will review the
current photovoltaic AlGaN photodiode SBPDs reported in
recent years. Several reported photovoltaic AIGaN photodiode
SBPDs are summarized in Table 2.

3.1. Parameters

The simplest configuration of an AlGaN photodiode SBPD
includes an AlGaN absorption layer, metal electrodes, and exter-
nal circuitry used to output electrical signals. The AlGaN
absorption layer can be fabricated in various configurations,
including wafers, thin films, or even nanostructures. Each of
these configurations lends different properties to the fabricated
photodetector that helps in enhancing one particular figure-of-
merit or another. To characterize any device on the basis of its

performance, one requires certain parameters[3]. For AlGaN
SBPDs, the characteristics that judge its worth are men-
tioned below.

(1) Dark current (I4,4)—TIt is the residual current that flows
in the detector even in the absence of any incident light.
It is measured in amperes.

(2) Responsivity (R)—It means the ratio of photogenerated
current and incident optical power. The corresponding
equation is shown in Eq. (1):

Rzllight _Idark’ )
P,A
where A, Ijighi> Lgark> and Py are the effective illumination
area, photocurrent, dark current, and incident optical
power per unit area. It is measured in A/W.

(3) Response time (rz)—It indicates the time it takes for the
detector output to change in response to changes in the
input light intensity, which is called its response time.
It is usually measured in two separate components —
the rise time 7, and the decay time 7. The 7, is the time
taken for the photodetector output level to change from
10% to 90% of the peak output level, while the decay time
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Table 2. Summary of Performance Parameters on the Reported AlGaN SBPDs.

Absorption Wavelength D
Layer Device Lganic (A) R (mA/W) (nm) (cm Hz!/2 W-1) G EQE  Ref.
Aly336a062N Schottky 4x 1077 @-20V 90 274 26 %102 - 2% (86
AlGaN/GaN Schottky ~1x107% @-20V 44 274 - - 21% (87]
Alg756agzsN Schottky — ~1x10~% @-100V 530 229 1.64 x 107 - - (88]
Alp,GaggN Schottky ~ 12x 10" @-10V 4 260 7.0 x 10" - 20% (36]
AlGaN MQWs p-n 11078 @-05V 100 250 - - 50% [89]
Alo,GageN p-i-n ~1x 107" @-10V 79 280 53 x 108 - 35% [90]
AlyssBag 5N p-i-n 3Ix107° @-6V 10 283 49 x 10" - 43% [91]
A|N/A|g_gg Gag_gzN p-i-n 53 %101 @~0V 62 247 45 %108 - 30% [92]
Alg456ag55N p-i-n 5% 1075 @-5V 136 282 - - 72% (93]
Alg4BaggN p-i-n 5x107° @-10V 93 280 75 % 10" - 2% (94]
Alg4GageN p-i-n 16x 1077 @-10V 2n 289 6.1 10" - 92% (95]
Alg4GaggN MSM 10-" @20V 140 272 - - 64% [96]
Alg 12689 55N MSM 2x 107 @20V - 285 - - - [97]
AlgGapN MSM ~0B @~ 0V 2750 250 - - - (98]
AlGaN/Al NPs MSM ~10"8 @0V 288 288 - - - [99]
Alg4GaggN APD 33%x1072 @-10V 79.8 210 - > 2500 @-65V 3% [100]
Algz56806N APD 3% 10-5 @20V 132 281 . 3000 @-91V 582%  [101]
Aly,GaggN APD 10~ @-100V 98 262 - 4000 @-177V 46% [102]
Alg,GaggN APD 15% 107 @-60V 150 280 - 12,000 @-84V 50% [103]
Al 680 sN /Aly 5680 5N APD ~0- @20V - 215 - 55000 @109V 985%  [104]
AlGaN/GaN APD 5% 10710 @-86V - 275 - 10,000 @-92V - [105]
is the time taken for the output level to change from 90% are the internal QE (IQE) and EQE. IQE is defined as
to 10% of the peak output level. It is measured in seconds. ratio of the number of electron-hole pairs generated in
(4) Detectivity (D*)—It characterizes how well a weak signal the semiconductor to the number of incident photons
can be detected compared to the detector noise. D* is per second, whereas EQE represents the ratio of the num-
expressed by Eq. (2): ber of electron-hole pairs collected (contributing to the
photocurrent) to the number of incident photons per
n second. Both IQE and EQE are measured in terms of
D*=R.| , ®) percentages. Usually, EQE is the preferred figure-of-merit
2Qe] gark in AlGaN SBPDs and is determined by Eq. (3):
where A, I3, Q., and R are the effective area of illumi- EQE = R_hC 3)
nation, dark current, electronic charge, and responsivity, - QA
respectively. It is measured in cm Hz'/2 W~! (Jones).
(5) Quantum efficiency (QE)—It indicates the ability of where R, h, ¢, Q,, and A are the responsivity, Planck’s
the photodetector to convert the input optical signal to constant, velocity of light, electronic charge, and the

the output electrical signal. The two sub-components wavelength of the incident light, respectively.
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(6) NEP—It indicates the minimum optical input power to
achieve a signal-to-noise ratio of unity in a 1 Hz output
bandwidth.

(7) Gain (G)—It characterizes the number of photogener-
ated carriers accumulated via the electrodes divided by
the absorbed photons. The corresponding equation is
exhibited in Eq. (4):

POU.
G =log, ( P t)) 4)

m

where P, is the power of output electrical signals, and
P, is the power of input optical signals.

3.2. Schottky barrier photodiodes

A typical Schottky barrier SBPD is made up of a metal con-
tact layer and a semiconductor absorption layer. The metal/
semiconductor junction exhibits rectifying behavior originated
from the electrostatic barrier induced by different work func-
tions of the metal and semiconductor. This electrostatic barrier
is also called the Schottky barrier. The SBPDs based on Schottky
barrier photodiodes exhibit many advantages, including low
dark current, short response time, high QE, high responsivity,
and possible zero-bias operations. Nevertheless, the incident
light needs to penetrate the metal electrode to interact with
the semiconductor so that the metal electrode layer needs to
be fabricated into a very thin semitransparent layer, whose
absorption coefficient is too high to limit further application
of the Schottky barrier photodiodes structure in SBPDs.

Biyikli et al. reported a type of Aly33Gag,N/GaN solar-blind
Schottky photodiode with low noise and high detectivity!®. The
SBPD exhibited a fairly low dark current density of 1.8 nA/cm?
and a maximum EQE of 42% at 267 nm. The photovoltaic detec-
tivity of the SBPD was more than 2.6 x 10'> cm Hz!/2 W1,
Cheng et al. investigated the temperature dependence of I-V char-
acteristics of AlGaN-based Schottky SBPDs!'*), The ideality factor
decreased from 2.57 to 1.75, while the barrier height increased
from 0.75 to 1.14 eV in the temperature range of 198-323 K.
The I-V characteristics at a small forward current were intersectant
at 273, 298, and 323 K and almost parallel at 198, 223, and 248 K.
This crossing of the I-V characteristics was an inherent property of
Schottky diodes, and the almost parallel curves could be well
explained by thermionic field emission theory.

3.3. MSM

AlGaN MSM photodetectors basically consist of a lightly-
doped/undoped AlGaN absorption layer and two metal elec-
trodes deposited on the AlGaN surface to form back-to-back
Schottky barrier junctions'">'*”"1%) In general, the metal elec-
trodes are fabricated into interdigitated shapes. This electrode
can effectively shorten the migration distance of photogenerated
carriers and simultaneously stabilize the photosensitive surface
area. However, due to the presence of Schottky barriers, separa-
tion and migration of photogenerated electron-hole pairs need a
relatively high bias. In addition, AlIGaN MSM SBPDs normally
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exhibit relatively lower dark current in comparison to photocon-
ductors because of the rectifying feature of Schottky contacts.
Moreover, AlIGaN MSM SBPDs also possess fast response speed
resulting from the carrier transit time owing to intrinsically low
capacitance per unit area. High photoconductive gain is also
possible in MSM SBPDs. Although MSM SBPDs usually exhibit
relatively low EQE owing to the electrode shadowing effect, it
can be relieved by optimizing the electrode geometry and using
semitransparent electrodes'"'*~''?!. In a word, with good device
performance, simple device configuration, and low fabricating
cost, MSM SBPDs are extremely attractive for monolithic inte-
gration with other components on optoelectronic circuits.

In general, MSM SBPD structures include two metal elec-
trodes with back-to-back Schottky contact. The ideal MSM
SBPDs with Schottky contact are not expected to exhibit a pho-
toconductive gain, and the responsivity should not change with
the applied bias. However, most of the present AlGaN-based
MSM SBPDs exhibit high photoconductive gain and responsiv-
ity!!%®13) The reverse leakage is believed to result from the trap-
ping of dislocations and defects in the active region or around
the metal-semiconductor interface, which leads to persistent
photoconductive effects and high photoconductive gain'"'*l.
For high-Al-content AlGaN SBPDs, there are amounts of
threading and screw dislocations generated during the actual
heteroepitaxial growth process. If high-density threading and
screw dislocations exist in the conductive path, a high reverse
leakage current will be generated in the Schottky contact!">!'¢],
In order to improve the performance of AlGaN-based MSM
SBPDs, it is essential to explore the carrier transport and photo-
conductive gain mechanisms. For example, Zhang et al. fabri-
cated the MSM-type Alys5GagusN SBPD and explored the
photoconductive gain mechanisms of the device!''”). The device
exhibited high responsivity and EQE because of the photocon-
ductive gain effect. The current exhibited strong temperature
dependence in the range of 4-10 V. Moreover, the authors used
the Poole-Frenkel emission model and changed the space
charge regions to explain the carrier transport and photocon-
ductive gain mechanisms of the AlGaN SBPD, respectively.

In 2012, Xie et al. reported a kind of Alj,GaycN MSM SBPD
with ultralow dark current for HT photodetection'*®. The MSM
SBPD exhibited a fA-scaled ultra-low dark current at room tem-
perature both under 20 V bias and 300 V breakdown voltage.
The maximum room-temperature QE of the SBPD was 64%
at a radiation wavelength of 275 nm under 10 V bias. The room-
temperature soalr-blind/ultraviolet (SB/UV) rejection ratio was
up to 10%. Even at 150°C, the dark current of the AlIGaN MSM
SBPD still was stabilized in the femto-ampere (fA) range with a
reasonable SB/UV rejection ratio of more than 8000. The out-
standing results were attributed to the application of the HT-
AIN template. That was because HT could relax tensile stress
and rearrange the AIN lattice to realize low defect density in
the AIN template, thereby facilitating the growth of high-quality
AlGaN epitaxial film.

Averine et al. fabricated a kind of Al;;Gay,N/GaN MSM
SBPD via using metal-organic chemical vapor deposition
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(MOCVD)™), They investigated the effects of different buffer Recently, photonic crystals have been widely applied in fab-
layers on the performance of MSM SBPDs. The SBPD on  ricating SBPDs. Photonic crystals can be applied for reflective
GaN buffer layer exhibited the higher response speed than those ~ modulation of light by generating photonic bandgaps. When
on the AIN buffer layer. However, the SBPD on the AIN buffer ~ the electromagnetic wave propagates in the optical structure
layer exhibited a smaller dark current and a larger UV/visible = with periodic refractive index variation, the photonic bandgap
rejection than that on the GaN buffer layer. Researchers further ~ will be formed to suppress the light propagation in correspond-
studied the interesting experimental results. They found that  ing bands due to the existence of Bragg scattering>®''>'2%,
carrier transit time and resistance-capacitance time (RC-time)  Based on characteristics of photonic crystals, Tan et al. designed
constants are able to exert a strong influence on the response  a type of back-illuminated MSM SBPD integrated with
speed of the SPBDs at low optical excitation levels. Nevertheless,  SiO,/SizN, photonic crystal layers, as shown in Fig. 7(a)"*”).
under high illumination intensity, the accumulation of charge The Aly5,Gay4sN/Alys55Gag 45 N-based SBPD exhibited mani-
and screening of the dark electric field would modify the drift ~ fest solar-blind photodetection capability with a distinct respon-
conditions of the photogenerated carriers, thereby leading to  sivity peak at a wavelength of 285 nm and an ultralow dark
serious distortion of response and reduced efficiency. current of 2 pA at 20 V bias, as shown in Fig. 7(d). The light/dark
Brendel et al. investigated the influence of absorption layer  current ratio was up to 4000. Furthermore, the MSM SBPD
thickness on the photodetection performance of top and  obtained a noteworthy narrowband detection property, which
bottom-illuminated AlysGaysN SBPDs!''®). The AlGaN SBPD could result from the impurity and defect levels in the hetero-
exhibits an EQE of up to 67% at 50 V under bottom illumination ~ structure and optical modulation by photonic crystal layers.
when the Aly5Ga, 5N layer was 0.5 pm thick. When the absorber
layer was 0.1 pm thick, the EQE of the SBPD also reached 50%.
The experimental results were well in accordance with 2D drift-
diffusion modeling, which indicates there was an extraction of =~ AlGaN p-n junction photodiodes are typical photovoltaic pho-
photoexcited holes confined along the AlGaN/AIN interface  todiodes that are geometrically made up of a piece of p-AlGaN
because of a polarization-induced space charge region. and a piece of n-AlGaN. Therefore, when operating at zero bias,

3.4. p-n and p-i-n
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Fig. 7. (a) Schematic diagram of AlGaN-heterostructure MSM SBPD. (b) Responsivity of the MSM SBPD with and without photonic crystals. (c) Reflectivity and
transmissivity of the AlGaN MSM SBPD with and without photonic crystals. (d) /-V characteristics of AlGaN MSM SBPD. Reproduced with permission[g7]. Copyright
2021, American Institute of Physics Publishing.
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the depletion region is spontaneously formed at the interface of
two semiconductors, and a built-in electric field is concomi-
tantly created. Consequently, an energy barrier is formed near
the interface to prevent charge carriers freely transferring across
the junction because of the discontinuity in allowed energy states
of the two semiconductors at an equilibrium state. Therefore,
p-n photodiodes normally exhibit rectifying behavior, which
indicates an asymmetric I-V characteristic in the darkness.
When the AlGaN p-n photodetectors are placed in the solar-
blind illumination, the photons whose energy is higher than
the bandgap of AlGaN are absorbed by the AlGaN layer, thereby
creating the photogenerated electron-hole pairs on both sides of
the junction. Due to the built-in electric field in the depletion
region, only the minority carriers on both sides of the junctions
can traverse across the depletion region. AlGaN p-n SBPDs have
many advantages, including a low working bias, high input
impedance, high working frequency, and integration capability
that is useful for manufacturing technologies and semiconduc-
tor planar processes!"#%121:122],

Muhtadi et al. reported a type of high-speed solar-blind AlIGaN
p-n junction photodetector integrated with high-Al-content
AlGaN MQWs, as shown in Fig. 8(2)!*”). The MQWs were com-
posed of four pairs of Al ¢,Gay 36N /Al 3,Gag g6 N. The fabricated
device exhibited a prominent responsivity of up to 0.1 A/W at
a 250 nm radiation wavelength with >50% EQE, as shown in
Fig. 8(c). The high responsivity was deemed to attribute to
high-Al-content MQWs. In addition, the dark current was less
than 0.1 pA at 0.5 V reverse bias, as shown in Fig. 8(b). The read-
out RC-limited time response was measured as 0.4 ps, and an
achievable detector RC-limited time response of 2 ns was esti-
mated. However, the device did not exhibit internal gain, which
was supposed to result from high response speed.

Unlike the p-n junctions, the width of the depletion region in
the p-i-n junctions is primarily determined by the thickness of
the intrinsic layer. Although concurrently increasing the transit
time of photogenerated carriers and reducing the response speed
of the photodetectors, a thick intrinsic layer can ensure sufficient
light absorption, thereby improving the EQE of the photodetec-
tors. That will facilitate reducing the junction capacitance and
the RC-time constant. Hence, it is necessary to compromise
the design according to demands of real applications''**!.

In 1999, Parish et al. reported a AlGaN-based p-i-n SBPD
with a cut-off wavelength of 285 nm. The measured dark current
density was as low as 10 nA /cm? at 25 V bias. The peak respon-
sivity was up to 50 mA/W. In addition, the SBPDs exhibited rel-
atively short response time as low as 4.5 ns for 90%-to-10% fall
time. Subsequently, Kuryatkov et al.”* brought up with a novel
type of solar-blind p-i-n photodetector with 247 nm cut-off
wavelength. The absorption layers of the p-i-n SBPDs were
made up of period AIN/Alj 43Gago,N SLs. It was worth noting
that the fabricated SBPD possesses a relatively low dark current
density of 3 pA/cm? and a high resistance of 6 X 10'* Q at zero
bias. The 10 V responsivity was up to 62 mA/W.

Then, Tut et al. reported a type of AlGaN p-i-n SBPDs with
high breakdown voltage and detectivity via using MOCVD!**],
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AlGaN MQWs SBPD at -05 V. Reproduced with permission'®®’. Copyright 2017,
Institute of Physics.

The dark current was measured to be only ~5fA at 10 V bias.
Moreover, the breakdown voltage was higher than 200 V. The
responsivities of the SBPD were 52 and 93 mA/W at 280 nm
as well as 0 and 40 V reverse biases, respectively. The corre-
sponding EQEs at 0 and 40 V reverse biases were 42% and
22%, respectively. The solar-blind spectrum detectivity of the
fabricated device was up to 7.5 X 104 cm Hz'/2 W~ at 280 nm.

Researchers at the Fraunhofer Institute reported AlGaN-
based p-i-n SBPDs with different active regions''**.. They regu-
lated the bandgap of Al,Ga;_,N by changing the Al content and
integrating it with an optical filter to obtain the solar-blind
response. They subsequently packaged the Al,Ga;_,N SBPDs
in TO-18 headers. The packaged SBPDs exhibited a prominent
responsivity of 0.11 A/W with 57% EQE. The room-temperature
dark current density was measured as 30 pA/cm? at 3 V reverse
bias, yielding a detectivity of more than 4 X 10'* cm Hz!/2 W~

Inserting MQWs into the depletion region of p-i-n SBPDs can
also facilitate improvement of performance!'*>'**!, Inserted
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MQWs can generate current gain due to their strong hole con-
finement effect and the quantum confinement Stark effect
(QCSE). That will induce long carrier lifetime and unipolar car-
rier transport, which are the key factors for photoconductive
gain. Guo et al. brought up a type of AlGaN p-i-n SBPDs with
MQWs insertion layers!'?*). At zero bias, this novel device struc-
ture exhibited a relatively high peak responsivity of 0.425 A/W at
a radiation wavelength of 233 nm. The corresponding EQE was
up to 226%, which confirmed the existence of internal current
gain. Compared with the device structure without MQWs, the
gain of AlGaN p-i-n SBPD with MQWs was estimated to be
about 10° in magnitude in comparison to that of the p-i-n SBPD
without MQWs. Moreover, the large-band offset in the MQW's
could suppress the dark current to achieve a better signal-to-
noise ratio (SNR). Their investigation is very important in the
fabrication of high-gain SBPDs with vertical structure at low
or even zero bias.

3.5. Avalanche photodiodes

The APD is a type of photodiode that uses the avalanche pro-
duction of carriers at a high reverse bias!'°"). The APD exhibits
two modes: linear and Geiger. When avalanche breakdown
occurs and the device achieves a large multiplication gain, the
device works in the Geiger mode, which plays a significant role
in the field of single-photon detection. The multiplication factor
can be expressed by the following equation:

1

le—foLa(x)dx’

(©)

where L is the carrier movement length, and « is the multipli-
cation coefficient of carriers. The impact ionization coefficient
is related to the natural characteristic and external impactors
such as electric field intensity and operation temperature. The
multiplication gain G,; can be calculated by

_ Inight = Insdark

GM , (6)

Tojight — To,dark

where I); and I, are the multiplied and unmultiplied currents,
respectively.

The reported APDs involve the various structures discussed
above, including Schottky barrier, p-n, and p-i-n structures!'?”).
In particular, a separate absorption and multiplication (SAM)
structure has also been proposed to enhance APD SBPD per-
formance!'28-13%1, During solar-blind UV irradiation, the
photogenerated electrons and holes in the SAM structure are
separated and pulled to p-AlGaN and n-AlGaN regions by
the electric field, respectively. The carriers are accelerated in
the multiplication region, thereby causing massive impact ion-
ization and triggering avalanche events. When reaching their
respective electrode regions, these photogenerated electrons and
holes still retain high velocity and create exponentially addi-
tional electron-hole pairs from the lattice via impact ionization.
This characteristic can make APDs qualified in the detection of
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weak UV signals. Considering the materials used in APD SBPDs,
high-Al-content AlIGaN APD SBPDs grown on AlN/sapphire
are more qualified than those grown on GaN templates.

In 2005, McClintock et al. observed avalanche multiplication
in AlGaN p-i-n SBPDs!"*"). Upon solar-blind UV illumination,
the optical gain showed a soft breakdown starting at relatively
low electric fields, eventually saturating without showing a
Geiger mode breakdown. The devices achieved maximum opti-
cal gain of 700 at a reverse bias of 60 V.

Then, Sun et al. reported a type of AlGaN APD SBPD with
high multiplication gain''®"), The fabricated APD SBPD exhib-
ited a zero-bias responsivity of 79.8 mA/W at 270 nm with 37%
EQE. Multiplication gain was up to 2500 at 62 V reverse bias,
which was a relatively high value among the reported AlGaN
APD SBPDs. Shao et al. reported a high-performance AlGaN
SAM-APD SBPD on the AIN template via using MOCVD!"®,
It was worth noting that they applied a photoelectrochemical
treatment process after mesa etching to reduce damage originat-
ing from the etching process when preparing the device. The
device exhibited a relatively low leakage current and a record-
high gain of 1.2 X 10* at 84 V reverse bias.

The AlGaN heterostructure is receiving increasing atten-
tion for its excellent properties on APD SBPDs!*”!0>!132],
Shao et al.!"® reported a type of AlGaN-heterostructure APD
SBPD with the multiplication region composed of high/
low-Al-content AlGaN layers. The APD SBPD exhibited an
ultrahigh gain of 5.5 % 10* at 109 V reverse bias owing to
improvement of the average hole ionization coefficient resulting
from the AlGaN heterostructure. In addition, the large potential
barrier to the conduction band was generated at the interface of
the Aly,GaygN/Alj45Gags5sN heterostructure. The potential
barrier could impede the transport of electrons by weakening
the electron-initiated multiplication, thereby suppressing the
noise of the APD SBPDs. The simulated result also confirmed
this effect in the heterostructure.

Employing distributed Bragg reflectors (DBRs) can also
improve the gain of AlGaN APD SBPDs!"**7*), Yao et al.
designed AlGaN-based SAM-APD SBPDs with a dual-periodic
DBR that was composed of 13 pairs of AIN /Al 55Gag 45N (A/B)
and 12 pairs of Aly¢4Gag 36N/ Alj;7Ing 3N (C/D) via using the
software Atlas (Silvaco), as shown in Fig. 9!"**). The DBR exhib-
ited a high reflectivity of > 90% and a wide stop band of 40 nm
within the solar-blind irradiation, as shown in Fig. 9(c). In addi-
tion, an SAM structure of Aly;5GaggsN/Aly;5GaggsN with an
n-graded AlGaN charge layer was used to improve the avalanche
gain and breakdown voltage. This SAM structure allowed the
injection of nearly pure holes into the multiplication region
and benefited from a high ionization coefficient for holes. The
SAM-APD SBPDs with a dual-periodic DBR exhibited a cut-
off wavelength of 290 nm. The peak responsivity reached
0.184 A/W at 284 nm, as shown in Fig. 9(d). It was noted that
the gain of SAM-APD SBPDs with dual-periodic DBR was up to
4.59 X 10% at 65.4 V. Chang et al. designed a kind of DBR with a
tri-layer period structure for solar-blind UV light, as shown in
Fig. 9(e)"**.. The DBR was composed of 20 pairs of AlGaN
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(d) Responsivity of the SAM-APD SBPDs with single-/dual-periodic and without
DBR at 10 V reverse hias. The single-periodic DBR is composed of 25 pairs of
AIN/AlgssGagssN (A/B). Reproduced with permission™3.. Copyright 2017,
Institute of Physics. (e) Cross-section TEM image of the DBR with 20-pair
AlGaN/AlInN/AlInGaN layers. (f) Measured and simulated reflectivity of the
DBR with 20-pair AlGaN/AllnN/AlinGaN layers. Reproduced with permission!™.
Copyright 2016, Springer Nature Publishing Group.

(16 nm)/AlInN (12 nm)/AllnGaN (28 nm). Composition-
graded AlInGaN interlayers were used as transition layers
to relieve the lattice mismatch between AlInN and AlGaN.
Therefore, atomic-level-flatness interfaces were realized in the
DBR grown on the AlGaN template. The state-of-the-art DBR
structure exhibited a peak reflectivity of 86% at the center
wavelength of 274 nm and a stop band with a full width at
half-maximum of 16 nm, as shown in Fig. 9(f). The measured
peak reflectivity of the DBR was lower than the theoretically
calculated value because of the residual absorption from the
AlGaN layer. The merit of this tri-layer structure could be used
to control the strain of multi-period DBRs for more efficient
solar-blind UV photodetection.

3.6. Phototransistor

Another important device structure for photodetection is photo-
transistors due to the possibility of controlling the channel cur-
rent by gate bias. By changing the gate bias (Vgs), the dark
current of the phototransistor can be controlled, and hence
the detectivity and photo-to-dark-current ratio can be improved
by using this device structure!’*”~'3"),
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In 2018, Armstrong et al. observed solar-blind photodetection
induced by defects in Al g5Gag 15N/ Aly70Gag 30N high electron
mobility transistors (HEMTs)!**%). The fabricated HEMT SBPD
exhibited a rather high peak responsivity of 4.9 X 10* A/W in
the saturation mode. They attributed this achievement to the
sub-bandgap absorption by defect states. Understanding the
intrinsic physical mechanism will conceive the high photosen-
sitivity in AlGaN-based phototransistors. The photogenerated
holes can be captured by the defect states in AlGaN metal-semi-
conductor field-effect transistors (MESFETs), thereby leading to
an increase in the steady-state electron density in the chan-
nel™!. This phenomenon arises from optical gain. For
AlGaN HEMTS, optical gain is attributed to generation of free
holes in the barrier layer, thereby enhancing the 2D electron
gas (2DEG) or collection of free carriers generated in the channel
layer by the depletion region under the gate!'*?. In addition,
sub-bandgap absorption by either the barrier or the channel
layer has also been observed to produce strong thresholds in
photoresponse in AlIGaN HEMTs, indicating that deep level
defects can function in the photoresponse!'**). In this study,
the defect-mediated solar-blind UV photoresponsivity in
Aly35Gag 15N/ Aly70Gag 30N HEMT causes slow photocurrent
rise and fall times, but electrical pulsing is used to improve
the bandwidth at the cost of optical gain. As a result, operating
Alyg5Gag ;sN/Aly70Gag3N HEMTs in this dynamic mode
achieved a 25 Hz bandwidth with a peak responsivity of 2.9 X
10°A/W in accumulation and 5.1 X 10* A/W in pinch-off
mode. In addition, the authors also reported a kind of visible-
blind Al 45Gag 55N/ Al 30Gag 70N HEMT in this paper.

Zhang et al. reported a high-performance UV phototransistor
(UVPT) based on the AlGaN/GaN HEMT with a record high
peak responsivity[l44]. When the AlIGaN/GaN UVPT is bias at
the off state, a very low dark current of 20 pA can be achieved.
In addition, a record solar-blind photoresponsivity is achieved
up to 3.6 X 107 A/W at 12 pW/cm? under 265 nm illumination
when the device is biased at the off state. In addition, the authors
investigated the V gs-dependent photoresponse of AlGaN/GaN
HEMT under 265 nm and 365 nm illumination. They found that
a negative Vg can prominently enhance the electric field of the
AlGaN barrier, thereby significantly shortening the rise/decay
time of AIGaN/GaN HEMT for 265 nm solar-blind photodetec-
tion, especially under weak light conditions. In contrast, V s¢ has
negligible influence on the rise/decay time for 365 nm UV illu-
mination. That is because the GaN channel has a deep absorp-
tion depth, and the device mainly works in the photoconductive
mode. Their work paves the way for the development of next
generation SBPD.

Subsequently, Yang et al. investigated the temperature
dependence of UV photodetection behavior in AlGaN/GaN
UVPT under 265 nm illumination!***), The authors found that
the photocurrent of a device changes in a parabolic mode with
the temperature continuously increasing from room tempera-
ture to 250°C. This results from the competing process between
the generation and recombination of photogenerated electron—
hole pairs in the AlGaN/GaN UVPT at room and high
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temperature. The optimal operating temperature for the fabri-
cated AlGaN/GaN UVPT is 50°C. The corresponding peak
responsivity is up to 1.52 X 10> A/W under a light intensity of
45 uW /cm?. In addition, the photoresponse time of the device
also exhibited prominent temperature dependence. The device
shows the shortest rise time of 50 ms at 100°C, while the decay
time is monotonically reduced with the temperature increasing
to 250°C. In a word, their work highlights the promising
future of such device configurations for harsh environment
applications.

4. Enhanced Techniques of AlGaN SBPDs

In previous sections, we introduced the research achievements
of AlGaN epitaxial films, AIN/sapphire templates, and various
kinds of photovoltaic AlGaN-based SBPDs with various con-
figurations. In this part, we will review the recent enhanced
techniques of AlGaN SBPDs. Several reported enhanced tech-
niques for photovoltaic AIGaN photodiode SBPDs are summa-
rized in Table 3.

4. Polarization effect

AlGaN alloys possess strong spontaneous and piezoelectric
polarization. The ionic bond component and the non-
centro-symmetrical crystal structures result in spontaneous
polarization. In addition, the tensile or compressive strain can
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alter the bond angle and further result in piezoelectric polariza-
tion. During the formation of AlGaN heterostructures, a steady
layer filled with high-concentration electrons, which is also
called 2DEG, is generated at the interface of heterostructures
owing to the abovementioned polarization effect. The polariza-
tion effect has significant impacts on the performance of
[I-nitrides-based devices. For example, the success in photode-
tectors, which are based on HEMT, strongly depends on the
2DEG resulting from the polarization effect. For AIGaN SBPDs,
if the built-in field in the absorption layer can be enhanced by
controlling the polarization, the photogenerated electron-hole
pairs can be separated more efficiently, and thus the carrier
collection efficiency can be improved.

Chen et al. reported a kind of polarization-graded AlGaN
SBPD grown on pre-grown AIN templates via using low-pres-
sure MOCVD (LP-MOCVD), as shown in Fig. 1011491 The
growth rate modulation method is adopted to further improve
the quality of the AIN template based on the method of intro-
ducing a mesothermal AIN (MT-AIN) interlayer, while an
n-Al,Ga;_,N gradient layer is introduced in the AlGaN-based
p-i-n SBPD to build a polarization-induced field. As a result, the
SBPD exhibited a low dark current density of ~10~!! A /cm? and
a high spectral responsivity of 0.204 A/W with an EQE of up to
95%, as shown in Figs. 10(b)-10(d). That is because the polari-
zation-graded n-Al,Ga;_,N epilayer can prominently reduce
the loss of the photon-generated carriers owing to the reflection
or trapping effect at the interface of the heterojunction, which

Table 3. Summary of Performance Parameters on the Enhanced Techniques of Reported AlGaN SBPDs.

Absorption Layer Enhanced Technique T (A) R (A/W) Wavelength (nm) Ref.
Aly6ag N /Aly5GagsN Polarization 10-" @5V 106 280 [146]
Algs6ag4N /Al 456ag55N Polarization ~3x 1072 @2V 31 280 [147]
Aly;6aggN/GaN Polarization ~1%x107" @0V 125 266 [148]
ALGa;_ N Polarization ~10-" @0V 0.204 274 [149]
AIN Surface modification ~107% @-2V 6x10~* 200 [150]
AlgsGageN Surface modification ~0" @~ =25V 76 250 [151]
AlpgGagN Surface modification ~107% @0V 275 250 [98]
Alg5GagsN/Alg,GaggN Surface modification 147x 107" @ ~5V ~100 260 [152]
AlGaN LSPR ~10-" @OV 0.288 288 [99]
AlpsGag 6N LSPR ~10-% @0V 234 269 [153]
Alp,GaggN LSPR ~2x 107" @20V 03 265 [154]
AlyGaggN LSPR 104 @~ 0V 27 280 [155]
Ru/AlGaN PCE - 0.0488 254 [156]
Pt/AlGaN PCE - 0.045 254 [157]
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Fig. 10. (a) Schematic and physical images of AlGaN-based p-i-n SBPD. (b) -V
curve and the corresponding current density of the device. (c) Spectral
responsivity of AlGaN-based p-i-n SBPD under different bias. The inset shows
the responsivity plot in semi-log scale. (d) The corresponding EQE in semi-log
scale. The inset shows the variation trend of EQE with applied bias.
Reproduced with permission™®.. Copyright 2020, Elsevier.

facilitates the separation and transmission of carriers in
the SBPD.

Yoshikawa et al. reported a type of polarization-assisted
Aly6Gag4N/Al,sGagsN MSM  SBPD with high perfor-
mance!'*®). The 2DEG generated at the hetero-interface can
provide superior photosensitivity for the SBPD. Upon irradia-
tion with 10 pW/cm?, the device exhibited the ultralow dark
current of 107" A and high photocurrent of 5x 107 A at
5 V bias with a cut-off wavelength of 280 nm. In addition,
the metal electrode was employed as a Schottky electrode with
an appropriate barrier height for the reduced dark current. It is
noted that the polarization-assisted SBPD exhibited a rather
high responsivity of 10° A/W and a rejection ratio of 10° under
10 n\W /cm? irradiation. Their work proves that employing the
polarization effect can facilitate obtaining AlGaN-based MSM
SBPDs with superior photosensitivity.

Kalra et al. reported a type of polarization-assisted
Aly4GaggN p-i-n SBPD with an EQE of 92%°). The zero-bias
responsivity was measured as 211 mA/W at 289 nm, which was a
relatively high value reported for AlGaN-based p-i-n SBPDs.
The p-i-n SBPD exhibited a low dark current density (1 nA cm™
at 10 V bias), a high response rejection ratio (>10°), and
a thermal-noise-limited detectivity (6.1 x 10 cm Hz!/2 W~1).
They believed the state-of-the-art performances of the p-i-n
SBPD were attributed to high crystalline quality of the AlGaN
epilayer resulting from the application of an AIN/AlGaN super-
lattice buffer layer and an improved p-contact via polarization
grading.

Shao et al. brought up improved AlGaN APDs SBPDs with
the SAM structure, with a polarization electric field whose direc-
tion was the same as the reverse bias field in the multiplication
region'"*®!. This polarization electric field could be realized by
reducing the Al content of the p-AlGaN layer in a conventional
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p-i-n-i-n structure. Compared with their conventional counter-
parts, the polarization-enhanced AlGaN APD SBPDs with an
SAM structure exhibited much lower avalanche breakdown
voltage. The multiplication gain was up to 2.1 X 10*. Moreover,
crystalline quality of the polarization-enhanced APD structure
was not degraded due to moderated reduction of Al content
in the p-AlGaN layer. That guaranteed the polarization-
enhanced effect.

42. Surface chemical modification

High Al content in AIGaN material will cause poor crystalline
quality of the absorption layer and an uneven Schottky barrier
resulting from the impurity effect in AlGaN epitaxial film.
During the growth of AlGaN, the oxygen impurity is uninten-
tionally introduced into the epitaxial structure. However, the
diffusion length of Al atoms is lower than that of Ga atoms in
AlGaN film. This increases the affinity of Al to oxidize. There
is a possibility of combination of Al atoms and oxygen impurity
increasing the Al content in AlGaN film, thereby leading to rel-
atively high density of defects in AlIGaN epilayers!"**). Poor crys-
talline quality of the absorption layer leads to generation of
massive carrier trap states at the metal/semiconductor inter-
face!"®®!. Many photogenerated carriers are captured or re-
combined at carrier trap states. That results in Fermi level
pinning, which can induce lower Schottky barrier height (SBH),
thereby decreasing the photodetection efficiency of SBPDs!"®!).
Therefore, some surface state modification techniques are pro-
posed for high-quality AlGaN materials, including inorganic
and organic modification!'®****, Compared with inorganic
molecules, organic molecules used for surface-state chemical
modification exhibit ideal occupied and unoccupied molecular
orbital levels'®®). Experimental and theoretical studies have dem-
onstrated that organic molecules’ modification reconstructs the
surface and affects the electrical properties of the surface without
actually transferring electrons between the molecules and the
substrate. For example, 4,4-triphenyl dithiol, 1,8-octane dithiol,
and 1,16-hexadecane dithiol were used for surface modification
of GaAs to change its band bending!'®’. In addition, ZnTPP
(OH), phosphonic acid, can be used to modify the surfaces of
Al(Ga)N to change their surface properties!1°*166-170],
Recently, Yang et al. proposed an organic-modified
AlyGag 4N MSM device structure for solar-blind photodetec-
tion[*®!. They chose octadecanethiol (ODT) as the modification
reagent. The ODT-modified Al sGay 4N MSM SBPD exhibited
a cut-off wavelength of ~250 nm and a weaker dark current in
comparison to the same SBPD without ODT modification. The
ODT-modified AIGaN SBPD exhibited a relatively high peak
responsivity of up to 2.75 A/W at 10 V bias, which was almost
three times more than that of the same SBPD without ODT
modification. The result could be originated from the fact that
ODT molecules could suppress the oxidation of AlGaN surfaces
to reduce surface-state density. Except for the photon adsorp-
tion layer, the metal electrodes of SBPDs can also be organic-
modified to enhance the responsivity of solar-blind UV light.
Li and coworkers’ work has proved that, as shown in Fig. 111!,
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Fig. 1. (a) Schematic structure of HDT-modified AlGaN SBPD. (b) Top-view
photograph of HDT-modified AlGaN SBPD. Responsivity of AlGaN SBPD (c) with-
out and (d) with HDT modification at various bias. () Dark current of AlGaN
SBPD with and without HDT modification. (f) Electrical breakdown character-
istics of the AlGaN SBPD with and without HDT modification. Reproduced with
permission™". Copyright 2021, Optical Society of America.

Hexadecanethiol (HDT) molecules were used as modification
reagents and chemically bonded on the metal electrode surface
of an AlycGay,N MSM SBPD in Figs. 11(a) and 11(b). The
SBPD with HDT-modified electrodes exhibited a cut-off wave-
length of ~250 nm and a high peak responsivity of 7.598 A/W at
10 V, which was obviously better than the SBPD with unmodi-
fied electrodes, as shown in Figs. 11(c) and 11(d). The enhanced
peak responsivity of the SBPD with HDT-modified electrodes
was attributed to the reduced work function of the metal elec-
trode and change of the SBH owing to the adsorbed HDT.
Moreover, I-V characteristics were measured from room tem-
perature to 370 K. The results indicated that the HDT modifi-
cation could also improve the temperature tolerance of the
device, which is beneficial for HT solar-blind photodetection.

4.3. Localized surface plasmon resonance

A surface plasmon is an optical phenomenon that involves
collective oscillation of charges confined in a nanostructured
metal system. When the frequencies of the free electrons on
the metal surface and the photons in the incident light wave
match each other, a surface-state-excited escaping wave will
be generated by collective oscillation. The phenomenon is called
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surface plasmon resonance. It will propagate along the metal/
dielectric interface in the form of vibrating electromagnetic
waves. Its amplitude decays exponentially in the direction that
is vertical to the metal/dielectric interface. The surface plasmon
can be divided into surface plasmon polariton (SPP) and local
surface plasmon resonance (LSPR) based on the propagation
distance of the electromagnetic wave. When the propagation
distance of the electromagnetic wave is greater than the spacing
between metal particles, the evanescent wave can propagate
between metals, which is called SPP. On the contrary, if the
propagation distance is smaller than the spacing between metal
particles, the electromagnetic wave cannot propagate between
metal particles, which is called LSPR. According to the charac-
teristics of SPP and LSPR, it is known that the SPP usually exists
in the interface between metal and dielectric films and propa-
gates along the continuous metal film surface, while the LSPR
is restricted around discrete metal nanostructures. SPP and
LSPR can both improve the optoelectronic performance of
the semiconductor device, especially because the LSPR is more
widely used in photodetectors.

Generally, Ag and Au nanoparticles (NPs) are ideal candi-
dates for improving the performance of optoelectronic devi-
ces!'”11721 However, the plasmon frequencies of these metals
are less than the frequency of solar-blind UV light, so they
are not suitable for further application in SBPDs!"”*!. Zhang
et al. found that the plasmon frequency of Al NPs could match
with that of solar-blind UV light, and they realized remarkable
plasmon resonance on Alys,Gay4N MSM SBPDs!'**!. The
plasmonic-enhanced SBPD exhibited a peak responsivity of
2.34 A/W at 269 nm under 20 V bias, which was 25 times higher
than that of the same SBPD without Al NPs. The Al NPs could
not only facilitate achieving enhanced responsivity but also well
suppress the dark current of the MSM SBPDs. These merits were
deemed to originate from the combination of the strong local
resonance electric field, the light trapping process, and the pas-
sivation effect of the Al NPs.

In addition, Bao et al.'”! investigated the effect of Al NPs size
on the surface plasmon resonance to find the optimal size of
Al NPs for the device. They fabricated a series of AlGaN
SBPDs with Al NPs of 20-60 nm. The peak responsivity of
0.288 A/W was achieved in the SBPD with 60 nm Al NPs at
5 V bias, which was two times greater than that in the SBPD
without Al NPs. The finite-difference time-domain (FDTD)
simulations could be used to theoretically elucidate the reason
why the improvement on the SBPDs was ascribed to the
LSPR effect of the Al NPs with optimal size. The results are
promising for widespread application of AlGaN SBPDs.

Kaushik et al. reported a type of LSPR-enhanced Al, ,Gay¢N
MSM SBPD with strong HT robustness, as shown in Fig. 1211°°],
In the study, they utilized the LSPR effect in palladium (Pd) NPs
to prominently improve the photosensitivity of Aly,Gay¢N
MSM SBPDs, and the device also exhibited strong thermal
robustness. It is found that the LSPR effect resulting from Pd
NPs can lead to a remarkable enhancement by nearly 600%,
300%, and 462% in the photo-to-dark current ratio (PDCR),
responsivity, and specific detectivity of the SBPD, respectively,
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Fig.12. (a) Schematic illustration of Pd-decorated Aly 4GaggN MSM SBPD. (b) /-Vcharacteristics of Aly4GaggN MSM SBPD with and without Pd NPs in the dark and in
the 280/500 nm irradiation. The inset shows the top-view image of the Aly4GaggN MSM SBPD. (c) PDCR-V characteristics for the incident wavelength of 500 and
280 nm for the Alg4GaggN MSM SBPD with and without Pd NPs. (d) Responsivity spectra of Aly4GaggN solar-blind PD with and without Pd NPs at -10 V with incident
wavelength from 220 to 300 nm. The inset shows the variation in a broad spectral range from 220 to 500 nm. (e) Responsivity spectra of Aly4GaggN solar-blind PD
with and without Pd NPs in the 280 nm irradiation at different voltages. (f) The plot of responsivity with voltage at 500, 280, and 220 nm for Pd-decorated Aly sGaggN
MSM SBPD. Reproduced with permission™®. Copyright 2022, Institute of Physics.

as shown in Figs. 12(b)-12(e). Under the 280 nm irradiation of
32 pW em™2 at —10 V, the PDCR, responsivity, and specific detec-
tivity of Aly 4Gay¢N MSM SBPDs all reach the maximum values of
~3x 10%, 2.7 A/W, and 2.4 X 10> cm Hz!/2 W1, respectively.
The experimental observations are supported by FDTD simula-
tions, which clearly indicate the presence of the LSPR effect in
Pd NPs decorated on the surface of the Aly,Gay¢N epilayer.
The mechanism behind the remarkable enhancement is ascribed
to the LSPR-induced effects, namely, improved optical absorp-
tion, enhanced local electric field, and LSPR sensitization effect.
Moreover, the SBPD exhibited a stable operation up to 400 K,
thereby exhibiting the HT robustness desirable for commercial
applications.

4 4. Photoelectrochemical cells

Photoelectrochemical UV photodetectors (PEC-UVPDs) have
attracted much attention!'”*, We use TiO,, a representative
semiconductor material, as an example to elucidate the working
mechanism of the PEC-UVPDs in Fig. 131'7°), When the GaN
p-n nanowire arrays are illuminated by solar-blind UV light,
the absorbed photons will promote photogenerated electrons
(ecg) migrating from the valence band to the conduction band,
leaving behind holes (Hy) in the valence band. Then, the

photogenerated Hy, migrate to the semiconductor/electrolyte
interface and are captured by electron donors (D) in the electro-
lyte, forming the oxidized redox species (D). Photogenerated
ecg will transfer from the nanowire arrays to the transparent
conductive oxide electrode through external circuits. The
formed D in the electrolyte will reach the counter electrode
and be recombined by egy from external circuits. Therefore, it
suggests that the light harvesting and photogenerated carrier
transport simultaneously occur in PEC-UVPDs.

PEC-UVPDs exhibit much higher responsivity and lower fab-
rication cost in comparison to the reported p-n or Schottky
SBPDs. The current output signals of most p-n or Schottky
UVPDs range in nano-ampere (nA) order, while those of
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Fig. 13. (a) Schematic of Ti0, PEC-UVPDs. (b) Energetics of operation of Ti0,
PEC-UVPDs. Reproduced with permission™. Copyright 2012, Elsevier.
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PEC-SBPDs range in micro-ampere (pA) order. In addition,
PEC-UVPDs are usually fabricated via a physicochemical route,
cutting down fabrication cost. The excellent merits of PEC-
UVPDs brought a promising future for the development of fast
photo-responsive, highly spectral-responsive, and highly photo-
sensitive UVPDs with low fabrication cost and self-powering.
However, when it comes to the solar-blind spectral range,
those key characteristics of PEC-UVPDs are severely down-
graded, hindering further development of high-performance
and low-cost photoelectrochemical SBPDs (PEC-SBPDs).
Considering the systemically poor photoresponse of PEC-
SBPDs, introducing electrocatalysts into the PEC-SBPDs is a
reasonable solution to improve the solar-blind UV photo-
response of PEC-SBPDs!'”®. The electrocatalysts, especially
noble metals like Pt, Ru, and Pd, can vastly promote the photo-
electrochemical reactions processing, which will enhance the
sensitivity of PEC-SBPDs!"**!7*”7] "For example, Wang et al.
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reported vertically aligned PEC-SBPDs based on Pt-decorated
AlGaN/GaN p-n heterojunction nanowires in electrolytes
They found that the AlGaN/GaN PEC-SBPD exhibited a
solar-blind UV photoresponse, in which the photocurrent
polarity was reversed depending on the wavelength of light.
The device exhibited a negative responsivity of 175 mA/W
and a positive responsivity of 31 mA/W under 254 nm and
365 nm illumination at zero bias, respectively. The bipolar pho-
toconductivity behavior was deemed to result from the different
redox reactions at the nanowire/electrolyte interface depending
on the wavelength of radiation light.

Then, the same research group fabricated a novel type of self-
powered AlGaN-based PEC-SBPD, as shown in Fig. 14"°7),
After Pt decoration, the Pt/AlGaN PEC-SBPD exhibited effec-
tive carrier separation and fast interfacial kinetics, thereby lead-
ing to a relatively high responsivity of 45 mA/W and a record
response/recovery time of 47/20 ms without an external power

[178]
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Fig. 14. Schematic illustrations of (a) Pt/AIGaN nanostructures on Si and (b) self-powered Pt/AlGaN PEC-SBPDs. (c)-(e) TEM images and STEM-EDS elemental
mapping of Pt/AIGaN-50 nanostructures. Photocurrent densities of AlGaN nanostructures (f) at UV radiation of 254 and 365 nm and (g) at different incident 254 nm
solar-blind light intensities. (h) Photocurrent densities of Pt/AlGaN-50 nanostructures at different incident light power intensities. (i) Photocurrent densities and
ratios of Pt/AlGaN nanostructures with various Pt loading amounts. (j) Response and recovery time of Pt/AlGaN PEC-SBPDs with different Pt loading amounts.

(k) Photocurrent densities and responsivities of Pt/AIGaN-50 nanostructures at different incident light power intensities. Reproduced with permission
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source. The outstanding results indicate that the combination of
using photoelectrochemical cells and loading appropriate elec-
trocatalysts provides a promising future for designing high-
performance and self-powered AlGaN SBPDs.

4.5. Monolithic integration

Monolithic integration of DUV LEDs with photodetectors can
facilitate achieving high-performance at the system level. The
system-level enhancement originates from the integrated design
and device ecosystem, which is also named “systems on a
chip”!'797184 Eor example, Wang et al. designed a kind of inte-
grated device composed of an AlGaN-based DUV LED and a
multiplicative photoelectric converter (MPC), as shown in
Fig. 15'%2), The integrated device can be labeled MPC-DUV
LED. In AlGaN-based DUV LEDs, the asymmetrical distribu-
tion in electron and hole concentrations will severely degrade
the device efficiency. When integrated with a multiplicative
p-i-n GaN UV MPC in this paper, the photogenerated holes
in the MPC will be injected into the MQWs of AlGaN DUV
LEDs under applied voltage. That can balance the carrier distri-
bution in the AIGaN DUV. The device structure and rebalance
of carrier concentrations are shown in Fig. 15(a). Consequently,
carrier rebalance creates a more uniform hole concentration in
the active region of MPC-DUV LEDs, thereby leading to more
effective radiative recombination in comparison to that of the
conventional DUV LED. Benefitting from the interaction
between the p-i-n GaN-based UV MPC and AlGaN-based
DUV LED, the MPC-DUYV LED exhibits a record wall plug effi-
ciency of 21.6%. This technique is expected to promote the
development of high-response photodetectors and high-effi-
ciency light emitters.

MPC-DUV LED

—_— % :

(c) C-DUV LED MPC
(0001)

(@)

C-DUV LED

(b)

.c

Impact lonization

EBL pGaN i-GaN n-GaN

Fig. 15. Schematic diagrams of (a) MPC-DUV LED, (b) carrier recombination
and generation in MPC-DUV LED, and (c) photon recycle, gain, and output proc-
ess in the MPC-DUV LED. Reproduced with permission”szl. Copyright 2019,
Elsevier.
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5. Conclusion and Outlook

Considerable development has been realized in AIGaN SBPDs
over the past two decades. However, there are also bottlenecks
hindering the performances of these devices for more advanced
applications. The biggest one is the achievement of high-quality
AlGaN epilayers as the absorption layers of SBPDs. One effec-
tive method is to employ the AIN template because single-
crystal AIN templates can mitigate serious lattice mismatches.
Nevertheless, bulk single-crystal AIN templates are not widely
applied in massive production owing to their high cost.
Therefore, AIN/sapphire templates are chosen for their better
cost performance compared with bulk single-crystal AIN tem-
plates. To further improve the crystalline quality of AIN/
sapphire templates, several ingenious construction factors are
introduced into AIN epitaxial films, including high-low V/III
ratio, SLs, HTA, and embedded voids via PALE methods.

Achieving the high-quality AlGaN films is the first step for
fabrication of high-performance SBPDs. Structural design and
fabrication processes also exert a strong influence on photode-
tection properties. Considering the compatibility between mass
production and photodetection performance, various types of
photovoltaic AlGaN photodiodes, including Schottky barrier,
MSM, p-n/p-i-n junctions, and APD, are suitable for SBPDs.
Surface engineering techniques, including chemical passivation
of surface state, SPP, and LSPR, can be used to further enhance
the solar-blind UV photoresponse of AlGaN-based devices.
Furthermore, photoelectrochemical cell systems are used for
high-speed solar-blind UV photoresponse. That is because
the electrocatalysts in the cells can facilitate photoelectrochem-
ical reactions processing, thereby enhancing the sensitivity of
AlGaN PEC-SBPDs.

Massive achievements have been realized on solar-blind UV
photodetection based on AlGaN materials. However, there are
still many challenges that impede the further development of
commercialized AlGaN SBPDs. One of the biggest bottlenecks
for achieving high-responsivity and low-noise AlGaN SBPDs
is the crystalline quality of the AlGaN epitaxial structure with
high Al content. Due to the high sticking coefficient of Al atoms,
the impurity cannot be avoided during the device manufactur-
ing process. Many ingenious and thoughtful techniques have
been proposed to overcome the problems in this manuscript,
including AIN buffers with high/low V/III ratio, SL strain relax-
ation layer, PALE, ELO, HT annealing buffers, and PSS technol-
ogy, and have substantively decreased the dislocation density of
the AlGaN epitaxial structure, thereby enhancing the photosen-
sitivity of AlGaN-based SBPDs.

Template technology also has a strong influence on the evo-
lution of AlGaN SBPDs. Bulk AIN single-crystal substrates can
remarkably ameliorate serious lattice mismatches at the AIGaN/
AIN interface, which leads to high-quality epitaxial layers with
low dislocation density below 5 x 10® cm™2. In addition, high
thermal conductivity of bulk AIN single-crystal substrates can
relieve thermal accumulation effect, thus improving the life
span of the device. However, bulk AIN single-crystal substrates
suffer from negative influence resulting from high-impurity
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absorption, high cost, and limited availability. These disadvan-
tages are fatal for the commercialization of bulk AIN substrates.
Using the AIN/sapphire template is an eclectic but promising
way to fabricate high-quality AlGaN films combined with the
ELO technique.

In order to further realize high-quality AlGaN materials,
certain challenges, including improving the growth chamber
and optimizing the growth conditions, must be conquered.
In addition, low doping efficiency of Mg during the fabrication
of p-AlGaN leads to serious crystal quality problems. The
aforementioned have been developed to suppress the self-
compensation process of Mg atoms and reduce the AE of the
Mg acceptor in AlGaN. However, simultaneous achievement
of high hole concentration and high-quality p-AlGaN alloys still
needs more research efforts and better solutions.

In terms of the configuration of AlGaN SBPDs, p-i-n photo-
diodes, APDs, and phototransistors are promising in the future
of solar-blind photodetection. These p-i-n and APDs are ideal
candidates of pixel devices of the focal plane array (FPA) used
for solar-blind UV image formation. For example, solar-blind
FPAs with maximum 320 X 256 pixels have been realized with
the use of AlGaN p-i-n photodiodes, and their application as
solar-blind cameras has also been demonstrated!'®”). Photo-
transistors are gate-bias-dependent and highly photosensitive,
which provides more possibilities for integration with large-
scale integration circuits, thereby facilitating the development
of solar-blind non-line-of-sight communication. Further appli-
cation of the Schottky barrier and MSM photodiodes is
restricted by their intrinsic weak points. However, it does not
mean that these two types of photodiodes are totally useless
in the field of solar-blind photodetection. The fabrication of
the Schottky barrier and MSM photodiodes is very simple so
that they can be used in the field that does not require high-
accuracy solar-blind photodetection, such as flame monitoring.
In addition, some new concepts such as plasmonic technologies
and surface modification methods can further improve the
solar-blind photosensitivity of the Schottky barrier and MSM
photodiodes, thereby facilitating their further application.
Photoelectrochemical cells used for solar-blind photodetection
are very special because they are composed of electrocatalytic
chemistry and solar-blind photodetection, which gives the
PCE-SBPDs self-powered characteristics. The specific configu-
ration of PCE-SBPDs determines that they can play key roles
in some specific fields, such as in-water communication, which
is also reported in previous papers!***). In practice, the compat-
ibility between device configurations, fabrication processes, and
operation conditions should be taken into consideration during
the fabrication of AlGaN SBPDs.

Although there are many hurdles that exist in this field, we
cannot deny that high-Al-content AlGaN alloys still are the most
promising candidates of commercialized SBPDs. Recent decades
have envisioned the great progress on AlGaN-based SBPDs.
Future research work should further concentrate on improving
the crystalline quality of the absorption epitaxial layer and opti-
mizing device configurations of SBPDs. In addition, the achiev-
ing of effective p-type doping is also important for rational

Chinese Optics Letters

designs of novel conceptual devices. The design of future
AlGaN SBPDs should focus on the high response speed, stable
repeatability, and reliable reproducibility. With the above suc-
cesses, the first aim for future work shall be to realize single
components of SBPDs with superior performance in compari-
son to commercially available DUV photodetectors. On the
other hand, wafer-scale material uniformity, long-term stability,
large-scale integration, environmental friendliness, and cost-
effective fabrication of the devices are very pivotal, which
requires tremendous research efforts to realize the perspective
in blueprints.
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