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Abstract: A flip-chip GaN p-i-n-i-n avalanche photodiode (APD) which integrates the
merits of the prevailing APDs—hole-initiated multiplication process and frontillumination is proposed and studied via simulation. The simulation parameters
used were firstly calibrated with a fabricated PiN diode. With a 200-nm-thick
multiplication layer in the flip-chip GaN p-i-n-i-n diode, the calculated breakdown
voltage was around 75 V and the optical gain could reach 105. Geiger-mode APDs
were demonstrated using two quenching schemes. With a passive resistive
quenching circuit, it took about 30 μs to finish the current quenching and voltage
reset process. While by adding an n-MOSFET device to form an active quenching
circuit, the current quenching process was significantly accelerated and the dead
time was reduced to be dozens of nanoseconds only.
Subjects: Engineering & Technology; Electronics; Optics & Optoelectronics; Semiconductors
Keywords: GaN APD; hole-initiated multiplication; front illumination; Geiger-mode;
quenching circuit
1. Introduction
III-N-based Avalanche Photodiodes (APDs) are of great interest for ultraviolet (UV) detection due
to their low dark current density, high sensitivity, high optical gain, small size, and visible-blind
characteristics (Jones & Kozlowski, 1993; Verghese et al., 1998; Wanyan et al., 2013). APD working
in its Geiger mode is of particular interest when it comes to applications such as single-photon
detection, photon counting, laser ranging, and so on (Verghese et al., 2001).
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Photodetectors are devices that can sense light
or other electromagnetic radiations, playing an
important role in many technologies from telecommunications to environmental sensing. IIIN-based Avalanche Photodiodes (APDs) are of
great interest for ultraviolet (UV) detection due
to their low dark current density, high sensitivity,
high optical gain, small size, and visible-blind
characteristics. In this article, a novel APD device
configuration and its working modes are studied
to enhance III-N photodetector’s efficiency and
sensitivity as well as to speed up the response of
those APDs in a repetitive detection process.
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The first GaN-based APD was reported by A. Osinsky et al. in 1998 using a p-π-n structure
(Osinsky et al., 1998). The photocurrent was increased rapidly at the breakdown although the
multiplication coefficient (M) was only about three. Along with the development of material growth
techniques and device technologies, GaN APDs could be classified into two broad categories. One is
back-illuminated GaN p-i-n-i-n APDs in order to make full use of high hole ionization coefficient of
GaN. GaN-based p-i-n-i-n APD device with a back-irradiation configuration, and a separate absorption and multiplication (SAM) structure is a widely reported structure in the literature (Cai et al.,
2017; Pau et al., 2008). AlGaN/GaN heterostructure was also utilized for electrical field confinement
purpose and breakdown voltage improvement (Bulmer et al., 2016). However, the back-irradiation
scheme requires highly UV-transparent substrates and buffer layers to avoid light loss in the
optical path. The other type is front-illuminated GaN p-i-p-i-n APDs. In 2018, Mi-Hee Ji reported
a front-illuminated GaN-based SAM UV APDs with various photon detection area (Ji et al., 2018;
JiYuan et al., 2014). In this structure, the multiplication process is initiated by electrons, whose
ionization coefficient is reported much lower than that of holes (McClintock et al., 2007). Frontillumination scheme could help reduce the loss of UV-light, however, a relatively higher reverse
bias is needed to ensure electron ionization occurrence.
In this work, we propose and study via simulation a novel flip-chip GaN p-i-n-i-n APD which
combines the features of the above APDs—hole-initiated multiplication process and frontillumination. The numerical simulations are performed to investigate the characteristics of
flip-chip GaN p-i-n-i-n APD operating in its liner mode. In addition, the capability of proposed
III-N-based APDs working in their Geiger-mode are also evaluated by two different quenching
circuits, namely passive quenching circuit and active quenching circuit, respectively (Hu et al.,
2011; Itzler et al., 2008; Liu et al., 2007; Yu et al., 2018).

2. Flip-chip p-i-n-i-n APD simulation
The proposed p-i-n-i-n GaN avalanche photodiode structure could be originally grown on a foreign
substrate, such as silicon substrate, sapphire, or SiC. In this study, the initial epitaxial structure includes
a 200 nm n-GaN layer (n = 2 × 1019 cm−3) for GaN APD, 200 nm i-GaN layer (n = 1 × 1016 cm−3), 100 nm
n-GaN layer (n = 2 × 1018 cm−3), 200 nm i-GaN layer (n = 2 × 1016 cm−3) and 300 nm Mg-doped p-GaN
layer (p = 2 × 1018 cm−3). Using a flip-chip and substrate removal process (Zou et al., 2016), a fully-vertical
structure GaN APD can be achieved with the n-GaN layer as the top layer as shown in Figure 1(b).

2.1. Device simulation set up
To ensure the feasibility of simulation parameters, a simple GaN PiN diode (Zhang et al., 2017) was
fabricated and simulated using the parameters in Table 1. The GaN PiN diode (with a diameter of
200 μm) consists of 2.1 μm i-layer (n = 1 × 1016 cm−3), 500 nm p-GaN (p = 1 × 1017 cm−3), and
500 nm n-GaN layer (n = 1 × 1019 cm−3). As shown in Figure 2, the simulated leakage current of the

Figure 1. (a) Starting epitaxial
structure; (b) Proposed device
structure using a flip-chip and
substrate removal technology.
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Table 1. Keys parameters used in this study
Parameters

Units

Electron

Hole

Saturation velocity

cm/s

1.91 × 107

1 × 106

Mobility μ0
Density of states N
SRH lifetime
Optical coefficient Copt

cm2/Vs

400

8

cm−3

2.24 × 1018

2.51 × 1019

s

3 × 10−9

3 × 10−9

cm6/s

1.1 × 10−8

1.1 × 10−8

−1

8

2.25 × 105

Impact ionization
parameters A

cm

4.48 × 10

Impact ionization
parameters B

V/cm

3.39 × 107

1 × 106

Figure 2. Comparison between
experimentally measured leakage current and simulated
leakage current of PiN diodes.

PiN diode matched well with the experimental results, indicating a good mapping of model
parameters with the physical device parameters.
The carrier generation-recombination process mainly consists of Shockley-Read-Hall (SRH) and
optical generation-recombination terms.
RSRH ¼

np  n2i
τ n ð n þ ni Þ þ τ p ð p þ n i Þ

ROPT ¼ Copt np  n2i



(1)
(2)

where τn and τp are electron and hole lifetimes; Copt is the optical recombination coefficient. RSRH
and ROPT are two major recombination rates of the device.
The impact ionization model (Cao et al., 2018) of GaN is incorporated into current continuity
equations:
Bn

αn ¼ An e E

Bp

αp ¼ Ap e E

(3)
(4)

where αn , αp denotes electron and hole impact ionization coefficient, respectively; An ,Bn , Ap ,Bp are
impact ionization parameters which are associated with materials and electrical field, for electrons
and holes, respectively.
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In this simulation work, the mobility of holes remains constant as 8 cm2/V-s, and the mobility of
GaN electrons was evaluated using “high field mobility model” as follows:


ECN;sat Nsat
Vsat
þ μn0 
(5)
μn ¼
E
E
where μn0 , Vsat were set as 400 cm2/Vs and 1.91 × 107 cm/s, respectively.ECN;sat , Nsat were set as
220 V/cm and 7, which are associated with GaN materials. The keys parameters used in this
simulation are listed in the Table 1.

2.2. Device characteristics
Figure 3 (a) displays the electrical field distribution for the flip-chip GaN p-i-n-i-n APD from reverse
10 V to reverse 70 V. When reverse biased, the electrical field is dominantly supported by the 200
nm i-GaN multiplication layer. At −70 V, the electrical filed almost reached 3 MV/cm, which is quite
close to the theoretical breakdown electrical field of GaN.
According to the classical Chynoweth model, both electron and hole ionization coefficient
increased exponentially as the electrical field. Figure 3(b) shows the calculated ionization coefficient for electrons and holes from reverse 30 V to reverse 70 V according to Equations (3) and (4).
When a reverse voltage of 70 V or above was applied, the peak impact ionization coefficient of
holes is around 1.6 × 105/cm, almost two orders higher than that of electronics (2.0 × 103/cm).
Thus, multiplication process was initiated and dominated by the holes in the i-GaN multiplication
layer of the flip-chip p-i-n-i-n APD.

Figure 3. (a) Electrical field distribution inside GaN APD at
various reverse bias; (b)
Ionization factors obtained for
electrons and holes from
reverse 30 V to reverse
70 V. The ionization factor of
the hole is nearly two orders
higher than that of electrons
for the interested bias levels.
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Figure 4. (a) Reverse bias I–V
characteristics illuminated by
a ~ 340 nm source (optical
power intensity 5 W/cm2). The
photocurrent, dark current and
optical gain are plotted versus
reverse bias. The avalanche
breakdown occurred at around
75 V; (b) Reverse bias I–V characteristics of the GaN APD. The
device showed similar responsivity and breakdown voltage
for various illumination power
density from 5 × 10−2 W/cm2 to
5 W/cm2.

The current–voltage characteristics of GaN APDs were simulated under dark conditions and front
UV illumination (λ = 340 nm), as shown in Figure 4(a). For reverse bias of 60 V or below, the
photocurrent was gradually increased with an increasing reverse bias for GaN APD under an optical
power density of 5 W/cm2. While as the reverse bias was over 75 V, currents in the flip-chip
p-i-n-i-n diode started to increase rapidly, as a result of avalanche multiplication process and the
breakdown voltage of 75 V was comparable with the breakdown voltage in the existing literature
(Cai et al., 2017; Ji et al., 2018). The avalanche gain was calculated by the difference of the
photocurrent and dark current in the breakdown region divided by the difference of average
photocurrent and dark current in the non-breakdown region. The calculated avalanche gain
could reach 105 for flip-chip GaN p-i-n-i-n APD. Quantum efficiency is also one of the most
important parameters for avalanche photodiode. It is an important parameter to describe the
photoelectric conversion capability of optoelectronic devices. It is defined that the ratio of the
average number of photoelectrons produced per unit time at a particular wavelength to the
number of incident photons and it was calculated as 21%. Figure 4(b) shows that the GaN APD
showed similar responsivity and breakdown voltage for a range of illumination power density from
5 × 10−2 W/cm2 to 5 W/cm2. The current density increase within the increasing optical power
intensity in the non-breakdown region. The reason for this phenomenon is more electron-hole
pairs were generated because of energy provided by high illumination power intensity.

2.3. Geiger-mode simulation
Two quenching circuits have been set-up to evaluate the capability of proposed APD working in its
geiger-mode, which is useful in imaging and sensing (Deng et al., 2016; Ng et al., 2007). Figure 5(a) shows
the schematic of a passive quenching circuit, which is formed by series-connecting APD with two
resistors, and one DC source. As the quenching resistor RQ was set to be as large as 1Mohm, the current
in the circuit loop was quite small. When a short pulse of light (duration = 400 ns) was shed onto the APD,
the number of carriers was increased rapidly due to multiplication and the current was increased
sharply. Thus, the voltage across the resistors was increased sharply and the voltage across the APD
was decreased dramatically and the avalanche process was ceased as a result of the reduced electrical
field inside the device (Jackson et al., 2003). As the current was quenched to a certain level, the voltage
across the APD was reset to a relatively high level and get ready for the next photon detection process, as
shown in Figure 5(b). The simulation shows the current queching and voltage reset process using
a purely resistive elements could be a relatively slow process, which took around 30 µs to finish.
To reduce the dead-time of APD in a passive quenching circuit, an simple active quenching circuit has
been used to accelerate the current quenching process in one avalanche event (Ameri et al., 2013; Enne
et al., 2018; Fenker et al., 1992; Kim & Kim, 2008; Yu et al., 2018; Zappa et al., 2009). Figure 6(a) shows the
schematic of the active quenching circuit, which adds a N-MOSFET (Vth = 0.7 V), serving as a switch and an
extra current path. In addtion, the active quenching circuit uses two 1 k ohm resistors as RQ and RL, while
Page 5 of 9
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Figure 5. (a) Passive quenching
circuit scheme used for Geigermode APD; (b) Current quenching and voltage reset process
as a function of time.

gets rid of the extremely large resistor in the passive circuit. Figure 6(b) shows the current quenching
process when a short pulse of light (duration = 0.4 ns) was shed onto the APD. Due to multiplication
process, the current through the two resistors was increased rapidly, as a result, the voltage at Point
A was increased as well to turn on N-MOSFET. Thus, the current could be drained through the N-MOSFET
and speed up the quenching process. Figure 6(b) shows that using the active circuit, the duration to sink
the current was reduced to around 15 ns, compared to 30 µs using resistive elements only. And the
results suggested that the active quenching circuit had the capability of sensing very short UV light.
A benchmarking table summarizing APD device performance in the existing literature and this work is
shown in Table 2. It could be found that the breakdown voltage was comparable with those using similar

Figure 6. (a) Active quenching
circuit scheme used for Geigermode APD; (b) Current quenching and voltage reset process
as a function of time.

Table 2. Benchmark of GaN APD device performance
Device structure

Trigger type

Breakdown
voltage
(voltagesustaining
thickness)

p-i-n-i-n SAM-APD

Electron

−73 V(210 nm)

n-i-p-i-n APD

Electron, hole

−53.5 V(300 nm)

p-i-n-i-n SAM-APD

Hole

n-i-p APD
Flip-chip
p-i-n-i-n APD

Response time

-

References

(Ji et al., 2018)

37 µs

(Qiu et al., 2019)

−80 V(120 nm)

-

(Cai et al., 2017)
(simulation)

Hole

−109.4 V(300 nm)

-

(Yuan et al., 2014)
(simulation)

Hole

−75 V(200 nm)

30 µs(passive) 15ns
(active)

This work
(simulation)
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voltage sustaining thickness and the circuit simulation results indicated the device in this study could
offer fast response for practical UV detections.

3. Conclusions
A novel GaN flip-chip p-i-n-i-n APD that integrates the merits of prevailing APDs—hole-initiated multiplication process and front-illumination is proposed and studied via TCAD-based simulation. With a 200nm-thick multiplication layer, the calculated breakdown voltage was around 75 V (corresponding
quantum efficiency of 21%) for GaN APD whose optical gain could reach 105. The capability of proposed
APDs working in Geiger-mode were studied using two quenching circuits. Compared with 30 μs dead time
in the purely passive quenching scheme, the active quenching scheme could markedly reduce the dead
time to dozens of nanoseconds and showed the capability of sensing very short light pulse.
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