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Abstract
The demand for single-photon high-sensitivity ultraviolet (UV) detection is continuously increasing in cutting-edge 
fields such as UV astronomy, environmental monitoring, and space communications. In particular, gallium nitride 
(GaN) is an ideal material for UV detection due to its wide bandgap (3.4 eV), strong radiation immunity, and 
visible/solar-blind properties. In this respect, avalanche photodetectors (APDs) are very promising candidates for 
single-photon UV detection due to their high sensitivity, large gain, high detection efficiency, and room 
temperature operation. This review summarizes the GaN avalanche breakdown characteristics, including current 
surge, positive temperature coefficient of Vbr, and non-linear characterization. In addition, recent advances in 
various structural types of GaN APDs, such as p-i-n, separated absorption multiplication, optimized edge 
termination, and polarization-enhanced structures, are presented. In addition, the directions and challenges for the 
future development of GaN APDs are discussed. Although GaN-based APDs have significantly improved their UV 
single-photon detection performance through structural innovations, noise control, linearity optimization, and 
process simplification remain the core challenges. In the future, the integration with two-dimensional material 
heterojunction and new light trapping structure is expected to break through the existing bottleneck and promote 
its application in frontier fields such as deep space exploration and quantum communication.
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INTRODUCTION
In 1801, Johann Ritter first discovered ultraviolet (UV) light in solar radiation[1]. Moderate amounts of UV 
radiation are beneficial to human health, but excessive UV exposure may cause a variety of negative effects, 
including skin damage, reduced crop yields, and accelerated aging of buildings[2,3]. Therefore, monitoring of 
UV rays in the environment is essential. A photodetector converts an optical signal into an electrical signal, 
and its response spectral range depends on the bandgap of the semiconductor material. With the sharp 
increase in the demand for single-photon level high-sensitivity UV detection in cutting-edge fields such as 
UV astronomy, environmental monitoring, and space communications[4-6], there are stringent requirements 
for the sensitivity of UV detectors. At present, weak UV detection is mainly achieved through 
photomultiplier tubes[7-9]. However, there are some shortcomings, including high cost, short lifetime, 
fragility, low quantum efficiency, and high operating voltage[9]. Compared with photomultiplier tubes, 
avalanche photodetectors (APDs) have the advantages of high sensitivity, large gain, and high detection 
efficiency, thus being a strong candidate for single-photon UV detection. Moreover, it has the potential to 
overcome many limitations of photomultiplier tubes, bringing new opportunities to UV detection in 
cutting-edge fields like UV astronomy, environmental monitoring, and space communications.

Photodetectors can be roughly categorized into photodiodes (PDs) without internal multiplication and PDs 
with internal multiplication; the former include general PDs, p-i-n tubes, photoconductive detectors, and 
metal-semiconductor-metal (MSM) PDs, and significant progress has been made[10]; the latter encompass 
APDs and field-effect phototransistors (FEPTs). APD is a highly sensitive photodetector with internal 
amplification that uses the avalanche multiplication effect to significantly increase the intensity of the 
photoelectric signal, enabling it to detect extremely weak light features, even single photons. Figure 1A 
illustrates the collisional ionization process of electrons in p-i-n structures when light is illuminated on p-
GaN. When the energy of a photon hitting the light-sensitive surface of the detector is greater than the 
bandgap of the material of the detector, i.e., when ħν > Eg, the photon is absorbed while an electron-hole pair 
is generated. In the depletion region, the photogenerated carriers (holes and electrons) are separated and 
accelerated by a powerful electric field (EF). Once they acquire sufficiently large kinetic energy, these 
carriers collide with the lattice atoms, causing ionization and generating secondary electron-hole pairs. 
These pairs are accelerated and continue to produce more electron-hole pairs, causing an electron 
multiplication avalanche. A typical gain (M)-voltage (V) curve of APD is depicted in Figure 1B. The APD 
can work in both linear and Geiger modes. When the bias voltage is higher than the Vbr, i.e., the APD is 
operating in Geiger mode, the avalanche gain is high, and weak signals and even single photons can be 
detected. Geiger APDs, also known as single-photon avalanche photodiodes (SPADs), are widely used in 
quantum communications[11-13], astronomical observations[14,15], and medical imaging[16-18].

Si-based APDs are the most common commercial representors of UV SPAD due to the process maturity, 
compatibility with complementary metal oxide semiconductor (CMOS) processes, and low noise[19-21]. 
Recently, Si-based APDs have demonstrated an UV responsivity of 6.79-14.51 A/W with wavelengths in the 
range of 300-400 nm at a reverse bias voltage of 20.02 V[21]. However, Si photosensors have inherent 
drawbacks, such as low UV efficiency and narrow bandgap (1.12 eV), resulting in an untunable spectral 
response from the near-UV to the near-IR range, which must be limited by optical filters[22]. In contrast, the 
gallium nitride (GaN) semiconductor material has a bandgap of 3.4 eV, exhibiting effective UV 
absorption[23,24]. It is also characterized by good thermal conductivity[25], high critical electric field 
strength[26], and high electron saturation drift rate[27], making it more suitable for UV detection in extreme 
environments[28]. GaN-based APDs have attracted much attention because of their visible blindness or solar 
blindness, strong radiation resistance, and other advantages. Therefore, analyzing and investigating GaN-
based APDs is important to promote scientific progress in cutting-edge fields, especially in enhancing the 
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Figure 1. (A) Collisional ionization of electrons in p-i-n structure; (B) a typical gain-voltage curve of an APD. p-i-n: Positive-intrinsic-
negative; APD: avalanche photodetector.

performance of high-sensitivity UV optoelectronic devices.

This review focuses on GaN-based avalanche photodetectors for UV single-photon detection. First, the 
main performance parameters of GaN APDs and GaN avalanche breakdown characteristics are introduced 
[Figure 2]. Then, the research progress of GaN-based avalanche photodetectors is discussed from the 
structural point of view, including p-i-n APDs, separated absorption multiplication (SAM)-type APDs, 
optimized edge-terminations APDs, and polarization-enhanced APDs. Finally, two major directions for 
future GaN-based avalanche photodetectors, namely plasmon combination and integration of 2D materials, 
are proposed.

THE MAIN PERFORMANCE PARAMETERS OF GAN APDS
Breakdown voltage
Breakdown voltage (Vbr) of APDs is the critical voltage value at which the avalanche breakdown
phenomenon occurs in the device under reverse bias. At this point, the current increases dramatically and
the gain tends to infinity, but in practice, there is a limited maximum gain due to material defects or
structural limitations. In practice, APDs are usually operated at a voltage slightly lower than Vbr to avoid
excessive noise and possible risk of breakdown while obtaining sufficient gain. Vbr can be mathematically
written as follows:

(1)

where εc is the material critical electric field strength and Wd is the depletion layer width.

External quantum efficiency
External quantum efficiency (η) is the main performance index of APDs. It is defined as the ratio of the
number of electron-hole pairs produced per second to the number of photons incident per second, thus
reflecting the conversion efficiency between the input optical signal and the output electrical signal. η is
related to the optical absorption coefficient (α0) and the thickness of the optical absorption layer (W), and it
can be mathematically written as follows:

(2)
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Figure 2. The avalanche breakdown characteristic, structure section, and some examples of avalanche photodetectors. Vbr: Breakdown 
voltage; GaN: gallium nitride; p-i-n: positive-intrinsic-negative; APD: avalanche photodetector; SAM: separated absorption 
multiplication.

where Ilight is the current under light, q is the elementary charge, h is the Planck constant, ν is the optical
frequency, and Popt is the optical power.

Dark current
The dark current (Idark) is the current in the absence of light irradiation and reflects the noise level of the UV
detector. The dark current mainly comes from carrier generation-complex current in the depletion layer,
minority carrier diffusion current, and surface leakage current. Compound and diffusion currents can be
effectively suppressed by reducing the defect density of the material, and surface leakage currents can be
reduced by passivating the surface, thus optimizing device performance.

Responsivity
Responsivity (R) is a physical quantity that describes the photovoltaic conversion capability of a device,
defined as the ratio of the photocurrent generated by the external circuit to the incident optical power. R
can be mathematically written as follows:

(3)

where Iph is the photocurrent.

Multiplication factor
The multiplication factor (Mn) is a key parameter characterizing the amplification capability of the device
and is defined as the ratio of the photocurrent at the avalanche voltage to the photocurrent at the reference
bias (Vgain=1). Mn can be mathematically written as follows:
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(4)

CHARACTERISTICS OF GAN AVALANCHE BREAKDOWN
The current surges
When the voltage reaches the breakdown voltage of the device, the current rises sharply, and Figure 3A
illustrates the current-voltage (I-V) curve. The dark current of GaN APDs stays low at reverse voltages of 0-
Va, but rises exponentially with the increase in reverse bias voltage when the reverse voltage is greater than
premature breakdown voltage (Va). This is due to the thinning of the p-i-n barrier under an applied electric
field, as depicted in Figure 3B, which allows electrons or holes to pass through the “wall” that they would
otherwise be unable to cross, promoting defect-assisted tunneling and interband tunneling. Tunneling is
associated with material defects that create deep energy levels within the bandgap, and the increase in the
density of these levels enhances the probability of tunneling[29]. When the reverse bias voltage exceeds the
breakdown voltage (Vbr), the collisional ionization of electrons and holes occurs in the multiplication
region. As a result, the dark current surges and collisional ionization begins to dominate the current,
producing the avalanche gain. Notably, when the voltage continues to increase, the avalanche gain does not
just increase, but decreases slightly[30]. This is because the photocurrent is saturated under the action of the
electric field, while the dark current as being mainly related to various processes (trap-assisted tunneling,
band-band tunneling, generation-recombination current, and surface leakage current[30,31]) will increase to a
small extent with the increase in voltage, leading to a slight decrease in the gain. Therefore, it is necessary to
reduce the material defect density to prevent premature breakdown[32].

Positive temperature coefficient of Vbr

The most significant feature of GaN APDs avalanche breakdown is the positive temperature coefficient of
the Vbr

[33,34], which is about 0.023 V/K. The temperature-dependent Vbr can be mathematically written as
follows:

(5)

where α denotes the temperature coefficient.

At high temperatures, the carrier energy loss due to lattice scattering is greater than that at low
temperatures, and the carriers require a larger bias voltage to obtain sufficient collisional ionization energy.
Thus, the temperature dependence of the Vbr can be used to confirm whether the gain comes from the
avalanche multiplication process. When the α of the Vbr is positive, it indicates that the gain of the APDs is
caused by the avalanche collisional ionization rather than other mechanisms (e.g., Zener tunneling, defect-
assisted tunneling, and premature breakdown), which is because of the leakage from the microplasma or the
sidewalls of the mesa, which are all temperature-insensitive processes[35]. On the other hand, the
photoconductor gain increases linearly with the bias voltage and can also be excluded from the internal gain
mechanism[36]. Moreover, it was discovered that the value of α in AlGaN SAM APDs is almost twice as high
as the value in AlGaN p-i-n APDs, achieving a level of up to 0.05 V/K[37,38]. This is because the avalanche
process in SAM-APDs mainly originates from holes to initiate collisional ionization, while in p-i-n-type
APDs, it originates from both holes and electrons to initiate collisional ionization. Meanwhile, the hole
collisional ionization coefficient β is more temperature-dependent than the electron collisional ionization
coefficient[39]. Jeong et al. investigated the breakdown voltage temperature coefficients with and without ion
implantation and found that the average value in AlGaN APDs without ion implantation was -0.069 ± 0.009
V/K, while being -0.052 ± 0.005 V/K in devices with ion implantation. Therefore, the temperature
coefficients of ion-implanted APDs are increased by ~ 25% relative to those of APDs without ion
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Figure 3. (A) I-V curves of GaN APDs under dark and light conditions; (B) energy band diagrams change after pressurization. I-V: 
Current-voltage; Vbr: breakdown voltage; GaN: gallium nitride; APD: avalanche photodetector.

implantation. However, all these coefficients are negative, requiring an in-depth analysis of the underlying 
physical mechanisms[40].

Non-linear characterization
Linearity is one of the most important indicators of the performance of APDs, which directly affects the 
accuracy of the APD output signal. The non-linear phenomenon in GaN APDs is manifested as a decrease 
in internal gain with increasing optical input power[41], as shown in Figure 4A, which reduces the optical 
response. As soon as the internal current reaches saturation, numerous carriers accumulate at the depletion 
layer when high optical power is input, forming space charges [ Figure 4B and C]. These space charges 
generated by high optical power neutralize the charges in the depletion layer, which leads to a decrease in 
the electric field strength and the collisional ionization rate in the multiplication region [Figure 4D]. 
However, the actual APD structure will exhibit a lower linearity than the ideal structure, which requires the 
appropriate theoretical analysis for the in-depth exploration of more complex cases.

ADVANCES IN GAN-BASED AVALANCHE PHOTODETECTORS
Recent advances in GaN APDs are discussed below in terms of different structural designs, including p-i-n-
type APDs, SAM-type APDs, optimized edge termination APDs, and polarization-enhanced APDs.

P-i-n APDs
Since Osinsky et al. initially discovered the avalanche process in GaN-based p-i-n photodiodes in 1998[42], 
numerous research teams have profoundly investigated and explored the structure and physical mechanism 
of GaN-based APDs so as to improve their performance. Early GaN p-i-n APDs were based on GaN grown 
on sapphire, as shown in Figure 5A[43-45]. Nevertheless, the significant lattice mismatch between the GaN 
layer and the sapphire substrate resulted in high dark current density. With the commercialization of high-
quality bulk GaN substrates, GaN p-i-n APDs grown on bulk GaN substrates have been rapidly developed 
[Figure 5B][46-54]. Cicek et al. compared GaN APDs grown on conventional sapphire and bulk GaN 
substrates with low dislocation density[55]. It was found that APDs grown on freestanding GaN substrates 
possess a lower dark current density of 2.1 × 10-6 A/cm2 and an avalanche gain of > 104. In addition to UV 
detection, Wei et al. also used the APDs of this substrate to prepare a low-energy X-ray single-photon 
detector with photon energy resolution, demonstrating the advantages of GaN in low-energy X-ray 
detection[56]. As for AlGaN APDs, the lack of natural substrates for AlGaN leads to a high defect density in 
AlGaN grown on substrates like sapphire and SiC[45,57]. Kim et al. compared Al0.05Ga0.95N p-i-n APDs grown 
on sapphire and bulk GaN substrates, and found that the gain of the APDs grown on bulk GaN had been up 
to 5 × 105, whereas the gain of the APDs grown on sapphire substrates was only 2 × 104[50]. Additionally, 
APDs grown on sapphire substrates experience premature breakdown. However, the defect density of 
AlGaN grown on bulk GaN is still high, and to further minimize the lattice mismatch, Kim et al. replaced 
the n-Al0.05Ga0.95N layer with a step-gradient n-GaN/n-Al0.02Ga0.98N[58]. The respective structure is depicted in 
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Figure 4. (A) Gain and bias curves at different optical input powers; energy band diagrams of GaN SAM APDs at (B) low and (C) high 
optical inputs; (D) electric field distributions in different regions of GaN SAM APDs at different optical input powers[41]. GaN: Gallium 
nitride; SAM: separated absorption multiplication; APD: avalanche photodetector.

Figure 5. (A) Schematic structure of GaN p-i-n APDs grown on sapphire substrates; (B) schematic structure of GaN p-i-n APDs grown 
on bulk GaN substrates; (C) schematic structure of Al0.05Ga0.95N p-i-n APDs with step gradients; (D) schematic structure of back-
illuminated p-i-n APDs on sapphire substrates; (E) schematic structure of front-illuminated n-i-p APDs on block GaN substrate; (F) 
schematic structure of GaN-based APDs with SAM structure; (G) schematic structure of front-illuminated GaN p-i-p-i-n APDs with a 
thin AlGaN window layer. GaN: Gallium nitride; p-i-n: positive-intrinsic-negative; APD: avalanche photodetector; SAM: separated 
absorption multiplication.
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Figure 5C. The dark current density was reduced from 6.5 × 10-5 A/cm2 to less than 1 × 10-7 A/cm2.

It was found that the collisional ionization coefficient of holes in GaN is much larger than that of electrons,
whereas the noise contribution from the electron injection is higher; therefore, the lower excess noise factor
and the higher gain can be achieved by using holes to initiate avalanches[59-62]. K is defined as the ratio of the
hole ionization coefficient β to the electron ionization coefficient α, i.e., K = β/α. For the AlxGa1-xN material,
the value of K is greater than 1 when x < 0.5, which means that the use of hole-induced collisional ionization
is more effective and higher gain can be obtained; when x > 0.6, the value of K is less than 1, which indicates
that collisional ionization using electrons to go is more effective. Therefore, to obtain the higher gain, the
low-Al component AlGaN with a higher collisional ionization coefficient and lower dislocation density
usually serves as the multiplier layer[63,64]. To effectively utilize holes and initiate the multiplication process in
GaN APDs, it is necessary to transform n-GaN into the light-receiving surface, because the built-in electric
field of the PN junction is pointing from N to P. When hitting n-GaN, the UV photon will be absorbed, and
the resulting electron-hole pairs will be separated under the action of the built-in electric field, while the
hole will be accelerated until the collisional ionization. As a result, the backside-illuminated GaN p-i-n
APDs on UV-transmitting sapphire and the frontside-illuminated GaN n-i-p APDs on bulk GaN substrates
have been proposed[59,65-67]. The schematics of the corresponding light-illuminated devices are displayed in
Figure 5D and 5E, among which the structure on n-GaN utilizes holes to initiate multiplication. Ji et al.
prepared GaN n-i-p APDs on freestanding GaN substrates with the photoresponsivity of 60 A/W, the
greatest responsivity of any GaN APD yet documented. The gain was as high as 105 at 280 V reverse bias
voltage with a dark current density of 1.5 × 10-5 A/cm2[67].

Notably, substrate choice has a significant impact on the performance and manufacturing cost of GaN
APDs. Si substrates have the lowest cost, but have high lattice mismatch (~ 17%) and require a buffer layer
to mitigate the lattice mismatch, leading to higher defect densities; sapphire substrates are moderately
expensive and support backside irradiation, but have the same high lattice mismatch (~ 16%), leading to
higher defect densities; SiC substrates have good thermal conductivity and small lattice mismatch (~ 3.5%),
but are more expensive; high-quality lumped gallium nitride substrates can lower the defect density;
however, they are extremely expensive due to the current challenges in manufacturing. GaN APDs grown
on SiC/bulk-GaN substrates are suitable for high-end scenarios (deep space exploration, etc.), while GaN
APDs grown on sapphire/Si substrates are suitable for civilian applications.

SAM APDs
The SAM structure can reduce the noise and improve the avalanche gain during collisional ionization[68].
This is due to the insertion of a charge layer between the absorber layer and the multiplication layer of the
GaN APDs, which can greatly prevent electrons from entering the multiplication layer, thus realizing only
hole-initiated multiplication. The noise sources affecting the detection sensitivity of the APD itself come
from the photoelectric effect and avalanche gain process. Among them, the random ups and downs of the
gain owing to the photogenerated carrier multiplication produce a noise level that exceeds the original level
where only the bulk noise is amplified, which is called the excess noise. Since the excess noise strongly
depends on the ratio of hole to electron dissociation rates K (or the ratio of electron to hole dissociation
rates K’), the excess noise factor Fh (M0) at the moment of only the hole injection can be mathematically
written as follows[69]:

(6)
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where K’ = α/β, and M0 = < M0> denotes the average gain.

To obtain a low excess noise factor, K’ must be minimized. The SAM structure allows for nearly pure hole 
doubling with a very small K’, resulting in low noise and increased gain. The structure of the respective GaN 
SAM APD is depicted in Figure 5F[38,70]. The SAM structure reduces noise and boosts gain by isolating the 
absorption and multiplication regions through a charge layer, but the increased process complexity could 
lead to higher costs. However, its performance benefits in high gain-bandwidth product scenarios (e.g., 5G 
communications) can offset the additional cost and create a competitive differentiator. Since the surface of 
the material also absorbs the incident light, when the depletion layer does not reach the surface, the 
electrons and holes will not be able to separate and complex quickly enough to collect the electrons. η value 
is related to the ability to collect incident photons, so this is the key issue that leads to the low η of the 
device. To address the problem, Ji et al.[71] prepared a front-illuminated GaN p-i-p-i-n APD with a thin 
AlGaN window layer. The respective structure is depicted in Figure 5G. The p-Al0.05Ga0.95N layer can 
transmit the equivalent UV light due to its greater bandgap than GaN. This reduces incident light 
absorption at the material surface and improves the η and responsivity. The avalanche breakdown occurred 
at a reverse bias greater than 72.5 V, achieving a high avalanche gain higher than 8.0 × 105[71].

Microplasma breakdown (MPB), a form of p-n junction reverse localized avalanche breakdown, has been 
recognized in past studies as a negative factor that degrades device performance. However, if MPB can be 
reproduced artificially, it will show great potential application value. Cao et al. observed a unique 
microplasma breakdown behavior in AlGaN-based p-i-n-i-n APDs, realizing an avalanche gain as high as 3 
× 106 and a light-to-dark current ratio of more than 107 at a breakdown voltage of 107 V[72]. According to 
the characteristics of MPB, it is expected that high photoelectric gain with low dark current background can 
be achieved via the localized avalanche breakdown in microplasma. In this respect, many methods have 
been proposed to optimize the edge termination and enhance the polarization based on the SAM structure 
so as to reduce the operating voltage of the photodetector device, increase the polarization strength, and 
reduce the leakage current, which will be discussed in detail later.

Optimized edge termination APDs
Properly designing the EF distribution is crucial to realizing robust avalanche breakdown and further 
reducing surface leakage current[73,74]. Devices with dense EF lines at the edges are prone to premature 
breakdown, causing an increase in dark current. Edge termination (ET) can terminate the electric field lines 
at the device edge, thereby reducing the localized peak electric field and preventing premature breakdown. 
Edge terminations include ion implantation[33,61,62,67,75-78], field plates[73], beveled mesa[79-81], deep vertical 
mesa[52,82], and mesa passivation[83,84], and the corresponding structures are schematically shown in Figure 6.

Mesa ET, including vertical mesa, double mesa, triple mesa, and beveled mesa structures, has become one of 
the most popular mesa ET strategies because of the ease of preparation of mesa ET. However, since the dry 
etching employed to form the device mesa during fabrication can lead to surface defects, increasing leakage 
current and causing premature device breakdown (microplasma breakdown), Zhang et al. previously 
prepared a GaN p-i-n APD on bulk GaN via “ledged” surface depletion technique to avoid the 
aforementioned issues[49]. Later, Nomoto et al. compared five different configurations of GaN PDs: no field-
plate (NFP), spin-on-glass passivated with no field-plate (SOG-NFP), long field-plate (LFP), and beveled-
mesa with and without field-plate[74]. GaN PDs with LFP structures were found to achieve higher breakdown 
voltages ranging from 1 kV to 3 kV than GaN PDs without LFP structures. Moreover, the breakdown 
voltage of GaN PDs with both LFP and beveled-mesa structures is further increased to 3.2 kV. Therefore, 
the use of a long field plate and beveled countertop can significantly improve the uniformity of device 
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Figure 6. (A) Schematic structure of ion implantation ET; (B) schematic structure of field plates ET; (C) schematic structure of beveled 
mesa ET; (D) schematic structure of deep vertical mesa ET; (E) schematic structure of double mesa ET; (F) schematic structure of 
mesa passivation ET. ET: edge termination.

performance and increase the breakdown voltage. Later, Wang et al. produced a GaN APD with a beveled 
mesa surface of 12° to achieve uniform avalanche breakdown and reduced dark current[85]. However, the 
dark current mechanism has not been investigated in detail by Wang et al.[85] The angle of the mesa can be 
further reduced to explore the most suitable angle. Recently, Xu et al. prepared a GaN p-i-n APD grown on 
bulk GaN substrates with a 1.8° beveled countertop[80], and simulated GaN p-i-n APDs with beveled table 
angles of 85°, 45°, 5°, and 1.8° with TCAD, and found that the EF distribution is inhomogeneous when the 
mesa inclination angle is 85°. The peak of EF appears at the bottom of the sidewalls of the mesa, whereby 
the edge termination is located in the depletion region. With the drop in the inclined mesa angle, the 
crowding of the local field decreases and moves away from the edge of the device mesa. Therefore, this 
uniform electric field distribution enables the design and fabrication of the shallow stage edge termination, 
which effectively eliminates the premature breakdown of GaN-based UV APD devices and reduces the dark 
leakage current density.

However, achieving avalanche breakdown in GaN APDs through mesa isolation imposes high demands on 
the fabrication process. Additional designs, such as field plates, may also be required[73]. In addition, mesa 
etching may damage the surface[86], causing an increase in device leakage current. Therefore, it is necessary 
to investigate new ET methods. ET using hydrogen plasma (HP) is another easy-to-prepare ET method, 
where HP is employed to transform the GaN surface into highly resistive GaN[87-89]. Fu et al. proposed the 
use of hydrogen plasma for surface processing, which combines mesa-ET and HP (MHP-ET) to prevent 
premature breakdown[90]. GaN p-i-n APDs grown on bulk GaN substrates based on mesa-ET and MHP-ET 
were prepared and compared, and the respective device structures are depicted in Figure 7A. As can be seen 
from Figure 7B, destructive breakdown occurs at about 450 V for mesa-ET devices, while non-destructive 
avalanche breakdown occurs at about 470 V for MHP-ET devices. This is because MHP-EF mitigates the EF 
distribution on the device surface and reduces the EF value, thus avoiding premature damaging breakdown. 
In addition to treating the device surface with hydrogen plasma, Zheng et al. also proposed to use plasma 
containing CHF3, which is also helpful in reducing the dark current[91]. Besides the above methods, various 
approaches have been introduced to optimize the GaN APDs edge terminations. Cho et al. transformed the 
injection region into an insulating material by applying a series of N ion injection energies and dosages to 
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Figure 7. (A) Schematic structure of GaN p-i-n APDs grown on bulk GaN substrates based on Mesa-ET (left) and MHP-ET (right); (B) 
I-V characteristics of GaN p-i-n APDs grown on bulk GaN substrates based on Mesa-ET (left) and MHP-ET (right)[90]. GaN: gallium 
nitride; p-i-n: positive-intrinsic-negative; APD: avalanche photodetector; ET: edge termination; MHP-ET: I-V: current-voltage.

achieve effective device isolation and floating guard ring (FGR) formation[92].

As for AlGaN APDs, the lack of natural substrates for AlGaN leads to a high defect density and high leakage 
currents[93]. To realize high-performance AlGaN APDs, You et al. improved the sidewall morphology and 
sufficiently suppressed the dark current through KOH surface treatment and SiO2 passivation, and finally 
achieved a gain of more than 2 × 106 and a responsivity of 0.037 A/W without premature breakdown[83]. 
However, it was subsequently found that ion sputtering during the plasma enhancd chemical vapor 
deposition passivation process produces plasma damage concentrated in the sidewall[94,95]. Therefore, a two-
step deposition method was used, with a low RF power of 20 W in the initial stage and an optimal  radio 
frequency (RF) power of 50 W in the next stage, reducing the damage caused by passivation[84]. This enabled 
the optimization of vertical-mesa Al0.1Ga0.9N p-i-n APDs based on sapphire substrates by surface treatment 
and low-damage passivation methods to decrease surface leakage current and achieve robust avalanche 
breakdown. Meanwhile, because of the lack of suitable edge termination, the peak electric field remained 
concentrated at the periphery of the device, and high-performance Al0.1Ga0.9N p-i-n APDs were produced 
via a negative beveled edge termination technique[79]. By optimizing the photoresist reflow and inductively 
coupled plasma (ICP) etching processes, an ultra-low slope angle of 2 degrees was achieved. The device has 
a stable breakdown voltage of around 115.9 V, a low dark current density below 5 × 10-4 A/cm2, and a high 
avalanche gain of more than 7 × 106. In addition, the beveled edge termination improves the surface loss to 
UV absorption and ensures a high η of 29.74% at zero bias. Recently, Cao et al. also prepared Al0.lGa0.9N 
APDs with a 2-degree ultra-low-slope angle[96]. The devices were found to have temperature-dependent low-
frequency noise characteristics.

Many other methods that can optimize the edge termination of AlGaN APDs have been proposed as well. 
Jeong et al. prepared an Al0.6Ga0.4N p-i-n APDs on bulk AlN and compared the performance of APDs with 
and without ion implantation[40]. It was found that the dark current density of the device using the ion 
implantation method was reduced from 1 × 10-8 A/cm2 to 1 × 10-9 A/cm2, the optical gain increased from 
2.43 × 104 to 5.2 × 105, and the device performance was improved to be able to operate at higher current 
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densities without damaging the device [40].

Polarization-enhanced APDs
To detect weak signals or even single photons, APDs need to operate in Geiger mode, i.e., GaN APDs need 
to operate at voltages greater than 100 V. However, higher operating voltages can cause the electric field to 
accumulate too much on the surface, leading to premature damage[97]. So, to improve the device’s 
performance, the breakdown voltage should be minimized. It is known from Equation 1 that the breakdown 
voltage is related to εc and Wd, and the polarization effect can effectively reduce Wd and provide part of the 
electric field to maintain εc, thus reducing the breakdown voltage. The specific mechanism is as follows: in 
group III nitride (e.g., GaN/AlGaN) heterojunctions, spontaneous polarization and piezoelectric 
polarization are superimposed to form a strong built-in electric field. The polarization field acts 
synergistically with the applied reverse bias to concentrate the high electric field region near the narrow 
heterojunction interface (e.g., the AlGaN/GaN interface) instead of uniformly distributing it throughout the 
depletion layer as in conventional APDs. The polarization field compresses the E-field energy of the applied 
bias voltage into a smaller spatial area, significantly increasing the local E-field strength and thus triggering 
avalanche breakdown at lower applied voltages. Therefore, many attempts have been made to improve the 
polarization strength, e.g., via adjusting the GaN APDs structure design, optimizing the doping 
concentration in the composition gradient layer, and introducing an AlGaN interlayer into the 
APDs[30,32,64,98-100]. Meanwhile, even though GaN APDs with the AlGaN layer demonstrate a higher avalanche 
gain, their operating voltage also increases. In addition, the lattice mismatch between AlGaN and GaN is a 
non-negligible problem with the increase of the Al content.

To date, a great variety of methods have been proposed to improve the polarization strength by increasing 
the doping concentration of p-GaN. However, Mg as the dopant is subjected to the higher primary 
activation energy and its p-type doping efficiency is relatively low. When the doping concentration in p-
GaN increases, it affects the performance of the device[101]. Wang et al. simulated and analyzed an alternative 
doping system using a p-In0.05Ga0.95N layer to replace the p-GaN system in a GaN-based p-i-n APD, and the 
corresponding structure is displayed in Figure 8A[32]. Due to the lower activation energy of magnesium, the 
p-InGaN layer has a higher hole concentration compared to the p-GaN layer and can enhance the 
polarization effect at the interface, which reduces the avalanche breakdown voltage. By comparing the 
electric field distributions of conventional GaN APDs and GaN APDs with p-In0.05Ga0.95N [Figure 8B], it can 
be found that GaN APDs with p-In0.05Ga0.95N require less working voltage of 101 V to reach the breakdown 
electric field (3.2 MV/cm) in the multiplication region, while the avalanche Vbr drop can be significantly 
reduced (by more than 26 V). Introducing new materials to enhance the internal polarization strength is an 
effective approach that has recently received a great deal of attention. ScGaN is a well-established nitride 
ferroelectric material with excellent properties[102-104]. Recently, Wang et al. proposed an AlGaN APD with a 
highly polarized Sc0.05Ga0.95N layer between the absorber and multiplier layers (the respective structure is 
displayed in Figure 8C)[98]. ScGaN introduces induced polarization between layers, leading to an increase in 
the interlayer EF, while the internal EF is as high as 2.8 MV/cm, which greatly accelerates the carrier 
transport. Additionally, the avalanche gain in such a structure (7.2 × 104) is 60% higher than that in the 
conventional P-i-p-i-n GaN APDs, and the breakdown voltage is reduced to 72 V[98].

To enhance the polarization strength in AlGaN APDs, Shao et al. prepared an AlGaN APD consisting of an 
AlGaN layer with high/low Al content[64]. The conduction band barrier formed by the contact between the 
Al0.2Ga0.8N layer and the Al0.45Ga0.55N layer can block the passage of electrons, thus reducing the noise of the 
device. It was found that the breakdown of APDs was much steeper than that of conventional uniform 
layer-structured APDs, which was attributed to the exponential increase in hole collision ionization 
coefficients with the decrease in Al content in AlGaN alloys[105]. At the same time, Cai et al. produced an 
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Figure 8. (A) Schematic structure of the new p-i-n type GaN-based APDs with p-In0.05Ga0.95N layer replacing the p-GaN layer. (B) 
Electric field distributions in GaN APDs (left) and GaN APDs with p-In0.05Ga0.95N (right). (C) The SAM structure of the conventional 
GaN APDs (left) and the SAM structures of the designed ScGaN APDs (right). p-i-n: Positive-intrinsic-negative; GaN: gallium nitride; 
APD: avalanche photodetector; SAM: separated absorption multiplication.

AlGaN SAM APD with the Al content gradient and realized a M of more than 1 × 105 at 92 V. This is 
attributed to the fact that the polarization can accelerate the holes, as well as the high collisional ionization 
coefficients of the holes in Al0.2Ga0.8N, which has a low Al content[30]. As shown in Figure 9, the potential 
barrier generated by the piezoelectric polarization in the conduction band hinders the electron transport 
into the multiplication region, which decreases the excessive noise and promotes avalanches by pure holes.

To further regulate the polarized electric field between the double layers, Guo et al. inserted an n-type layer 
between the doubling regions of the high/low Al content heterostructure [Figure 10A], resulting in a 
heterostructured AlGaN SAM APDs with a double layer[99]. As shown in Figure 10B, due to the polarization 
effect, the designed APD has a higher EF for the low aluminum content layer and a lower EF for the high 
aluminum content layer of the designed APD. This decreases the EF in the absorption region and increases 
the EF in the multiplication region, which is more favorable for the avalanche process of the SAM APD, 
where the Vbr decreases from 116.3 V to 96.9 V[99].

OTHER APDS
At present, avalanche photodetectors made of 2D materials with outstanding properties like low surface 
scattering[106], high atomic layer mobility[107], and tunable bandgap[108] have set off a new research boom. 
Table 1 summarizes the structures and properties of GaN-based APDs from various reports. Despite the 
breakthrough in GaN APDs performance[109-112], the current avalanche photodetectors based on the 
traditional GaN semiconductor material have limitations such as laborious and time-consuming fabrication 
process, high cost, low responsivity, low quantum efficiency, and high breakdown voltage. In contrast, 2D 
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Table 1. Summary of reported GaN avalanche photodiodes

Authors Structures Substrate Front/Back 
illuminated

Electron/Hole 
initiated

Vbr 
(V)

η (% before 
avalanche 
breakdown)

Idark (A/cm2 
at 95% Vbr)

Rmax 
(A/W) Gmax

Kim et al.[50] AlGaN GaN Front Electron 100 16 1 × 10-4 0.8 8 × 105

Jeong et al.[40]AlGaN AlN Front Electron 140 NA 1 × 10-5 0.7145 1.2 × 104

Cai et al.[30] AlGaN AlN/ 
Sapphire

Back Hole 92 NA 1 × 10-6 0.04 1 × 10
5

Cao et al.[72] AlGaN AlN/ 
Sapphire

Back Hole 107 NA NA NA 3 × 106

Cai et al.[109] AlGaN Sapphire Back Hole 66.5 NA 0.04 0.15 2 × 104

Huang et al.
[38]

AlGaN Sapphire Back Hole 90 NA 3.5 × 10-3 2 3 × 103

Gautam et 
al.[110]

AlGaN Sapphire Back Hole 80 NA 0.8 NA 5 × 104

Guo et al.[99]
AlGaN Sapphire Back Hole 96.9 NA NA NA 9.4 × 103

You et al.[79] AlGaN Sapphire Front Electron 115.9 29.74 5 × 10-4 0.8228 7 × 106

Kim et al.[50] AlGaN Sapphire Front Electron 90 NA 4.4 × 10-5 NA 2 × 104

Xu et al.[80] GaN GaN Front Electron 107 74 3.4 × 10-5 0.212 1 × 10
7

Shen et al.[47] GaN GaN Front Electron 92.3 NA 2 × 10-4 0.15 1.4 × 104

Wang et al.[85]GaN GaN Front Electron 95.4 NA 1 × 10-2 0.14 2 × 106

Vashaei et 
al.[53]

GaN GaN Front Electron 84 NA 1 × 10-2 0.041 8 × 103

Ji et al.[67] GaN GaN Front Hole 278 80 1.5 × 10-5 60 105

Bayram et 
al.[65]

GaN Sapphire Back Hole 90 57 0.044 0.163 1.9 × 104

Butun et al.[44]GaN Sapphire Front Electron < 120 80.1 1.27 × 10-4 0.23 NA

Verghese et 
al.[111]

GaN Sapphire Front Electron 92 25-40 795 NA 300

Zhou et al.[112]GaN SiC Front Electron 160 NA 2 × 10-8 4.2 105

GaN: gallium nitride; Vbr: Breakdown voltage; η: external quantum efficiency; Idark: dark current; R: responsivity.

Figure 9. Simulated EF distribution (left) and energy band structure (right)[30].PCC: Polarization charge concentration; APD: avalanche 
photodetector; EF: electric field.
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Figure 10. (A) Schematic structure of high/low Al content AlGaN SAM sun-blind UV APDs containing the n-type layer; (B) electric field 
distribution in high/low Al content AlGaN SAM APDs[99]. GaN: Gallium nitride; SAM: separated absorption multiplication; UV: 
ultraviolet; APD: avalanche photodetector.

material avalanche devices exhibit unique physical advantages and process compatibility, which provide a 
new idea for solving the breakdown voltage-quantum efficiency trade-off dilemma of conventional group 
III nitride APDs, and also create interface engineering possibilities for the development of mixed-
dimensional (2D/3D) heterogeneous integrated devices.

Recently, Gao et al. fabricated a SAM APD based on an Au/WSe2/Ge heterostructure[113]. The respective 
structure is displayed in Figure 11A. The dark current of the SAM APD is greatly reduced from 1 × 10-9 A to 
2 × 10-11 A. Figure 11B illustrates the I-V curves under different wavelengths of illumination, revealing a 
clear avalanche multiplication effect. The SAM structures integrated with 2D layered and bulk materials 
have aroused heated discussion and have a promising development prospect[114-116]. Avalanches arising in 2D 
materials can be broadly categorized into Schottky-type[113] and van der Waals-type[117-121]. Schottky-type 
avalanches are typical of the aforementioned Au/WSe2/Ge heterojunction, which is utilized to produce a 
multiplication effect. In turn, van der Waals-type avalanches can be classified into heterojunction[117,118,120] 
and homojunction[119,121] 2D material avalanches. In 2019, Gao et al. observed an avalanche breakdown 
process in an InSe/BP heterostructure with a gain of up to 105 and a dark current of about 100 pA at a 
voltage of 4.8 V[117]. In 2022, Son et al. fabricated a high-efficiency avalanche photodiode with a WSe2/MoS2 
heterostructure based on the two-photon absorption, attaining a gain of about 1300, a responsivity of 88 μA/
W, and a dark current of about 100 pA[118]. At the same time, Xia et al. prepared a MoS2 homojunction 
photodetector and found that various van der Waals materials shifted from n-type doping to p-type due to 
the change in the number of layers[119]. In 2023, Meng et al. prepared WSe2/WS2 P-N heterostructure devices 
and observed the avalanche process with a responsivity of 135 A/W[120]. In 2024, Wang et al. reported a low-
threshold avalanche effect in the WSe2 stepped structure, where the threshold energy at room temperature 
was close to the basic limit[121]. Therefore, the selection of appropriate 2D materials and their integration 
with bulk materials within the GaN SAM APDs will be a promising direction in the future.

In addition to APDs integrated with 2D materials, APDs combined with plasmon have also set off a new 
research boom. Meanwhile, GaN-based APDs currently suffer from various drawbacks, such as low 
responsivity and low quantum efficiency, whereby the efficient reflection and absorption of UV light on the 
GaN surface is a key issue. Recently, Chen et al. designed an APD with a photon-trapping structure, which 
can increase the QE and reduce the thickness of the absorbing layer of APDs[122]. The corresponding device 
structure is depicted in Figure 11C. This APD comprises an ultrathin absorber with a sub-micron metal 
grating array, which is an innovative photon-trapping structure ever demonstrated by researchers. As for 
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Figure 11. (A) Schematic structure of SAM APD based on Au/WSe2 /Ge[113]. (B) I-V curves for different wavelengths of illumination[113]. 
(C) Schematic view (left) and cross-sectional view of the APDs (right)[122]. SAM: separated absorption multiplication; APD: avalanche 
photodetector; I-V: current-voltage.

GaN films, their high refractive index will partly reflect the incident light, thus affecting the absorption. 
Therefore, Al plasma with stronger excitation intensity and controllable excitation wavelength is more 
suitable for GaN. Butun et al. fabricated a GaN PD with Al plasma with a responsivity of 1.7 mA/W, which 
is eight times that of the plasma-free device[123]. Ahmadivand et al. produced a GaN PD with an array of Al 
oligomers with a responsivity greater than 21 A/W[124]. Meanwhile, the η of the APD was 8,116%, one 
hundred times that of the plasma-free device. Dubey et al. prepared a GaN PD with periodic Al nanopore 
arrays with impressive features (responsivity of 670 A/W, detection rate of 1.48×1015 Jones, and response 
time of 51/197 ms)[125]. In addition to these, there are many studies combining plasmon with GaN[126-128]. 
Therefore, combining plasmons with gallium nitride avalanche photodetectors is a promising direction in 
the future, which merits further investigations.

SUMMARY AND OUTLOOK
The demand for single-photon level high-sensitivity UV detection in cutting-edge fields such as UV 
astronomy, environmental monitoring, and space communications continues to skyrocket. APDs are strong 
candidates for single-photon UV detection due to their high sensitivity, large gain, high detection efficiency, 
and room-temperature operation. Possessing a direct bandgap of 3.4 eV, GaN materials exhibit a high UV 
light absorption. Therefore, GaN-based APDs have attracted much attention thanks to visible or solar 
blindness and strong radiation immunity. This review presents the avalanche breakdown characteristics of 
GaN, as well as recent advances in p-i-n-type, SAM-type, optimized edge-terminated, and polarization-
enhanced structures of GaN APDs. To reduce the surface leakage current, researchers have proposed many 
solutions, including ion implantation, field plate, slant-cut mesa, deep vertical mesa, and mesa passivation, 
and the results are remarkable. Moreover, the working voltage is reduced by adjusting GaN APD structure, 
optimizing the doping concentration of p-type or n-type materials, designing component gradient layers, 
and introducing AlGaN intermediate layers in the APDs.
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However, there are still some bottlenecks to be addressed. In particular, the avalanche multiplication 
inevitably generates noise, which affects the performance of the detector. In this respect, the SAM structure 
has been proposed as a solution to reduce the noise. Meanwhile, the sources of the noise and the factors 
affecting the noise need to be further considered. Moreover, the low linearity of GaN APDs still limits the 
range of applications. Other challenges are associated with high dark current density, greater than 1 × 10-6 
A/cm2, which call for further exploration of the relevant influencing factors. At the same time, there is low 
polarization strength, which leads to high breakdown voltage, greater than 66 V. Currently, the fabrication 
of avalanche photodetectors based on the traditional semiconductor material GaN is a complex and time-
consuming process, with substrate costs (e.g., bulk GaN substrates) and Metal-organic Chemical Vapor 
Depositio equipment costs impeding large-scale production, and ET and polarization enhancement 
potentially requiring an additional step that raises fabrication costs by at least 10%. In addition, 
encapsulation technology can limit the use of GaN APDs in real-world production (conventional 
encapsulation materials tend to absorb UV light and require the development of deep UV transmission 
windows while maintaining hermeticity). Therefore, it is promising to investigate new structures and 
incorporate new materials (0D, 1D, 2D materials). In addition to optimized edge termination and enhanced 
polarization effects, there are two other possible directions for GaN-based avalanche photodetectors: 
combination with plasma and integration with 2D materials. Combining with plasma can improve the η and 
response speed, and integrating with 2D materials can lower the avalanche voltage threshold and thus 
reduce the power consumption.
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