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Abstract: A p-i-i-n type AlGaN heterostructure avalanche photodiodes (APDs) is proposed to decrease the ava-
lanche breakdown voltage and to realize higher gain by using high-Al-content AlGaN layer as multiplication layer and 
low-Al-content AlGaN layer as absorption layer. The calculated results show that the designed APD can significantly 
reduce the breakdown voltage by almost 30%, and about sevenfold increase of maximum gain compared to the 
conventional AlGaN APD. The noise in designed APD is also less than that in conventional APD due to its low dark 
current at the breakdown voltage point. Moreover, the one-dimensional (1D) dual-periodic photonic crystal (PC) with 
anti-reflection coating filter is designed to achieve the solar-blind characteristic and cutoff wavelength of 282 nm is 
obtained. 
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1 Introduction  

AlGaN avalanche photodiodes (APDs) with Al composi-
tion more than 40% are being heavily studied because 
they have intrinsic solar-blindness, which could be a sub-
stitute for Si-based photodiodes or photomultiplier tube 
(PMT) used in ultraviolet (UV) military and scientific 
fields, such as missile warning and intercepting, flame 
detection, and ultraviolet optical communication. Over 
the past twenty years, the performance of AlGaN APDs 
has made great progress. The p-i-n type AlGaN APD with 
the gain of 700 was first reported by McClintock et al [1]. 
Following, the gain of 1560, 2500 and 4000 for AlGaN 
APD have been reported successively [2-4]. In our recent 
work, we focused on the back-illuminated separate ab-
sorption and multiplication (SAM) types AlGaN APDs 
structure by using the hole-initiated ionization [5, 6]. To 
date, the avalanche gain of 2.1×104 was achieved success-
fully [7]. 

The development of the solar-blind AlGaN APDs with 
high gain, however, has been still limited by the low 

p-type doping efficiency and high dislocation densities of 
epitaxial layer. Considering the constraints of material, it 
is necessary to design the new solar-blind APD structure. 
Moreover, the breakdown voltages of the AlGaN APDs 
are generally over 90 V [8, 9], which can result in a large 
leakage current. Large dark current not only increases the 
device noise, but also confines the APDS multiplication 
gain [10]. Hence, decreasing the breakdown voltage is very 
crucial for reducing the leakage, as well as for achieving 
higher multiplication factors. Recently, we have been de-
voted to utilizing polarization engineering to enhance the 
solar-blind separate absorption and multiplication (SAM) 
AlGaN APD performance by applying the low Al-content 
AlGaN layer to replace the high Al-content AlGaN as the 
multiplication layer, and using GaN as the p-type contact 
layer, as such obtained about 8 V reduction in breakdown 
voltage under back-illuminated [6]. In 2016, John Bulmer 
et al. utilized the polarization engineering to design visi-
ble-blind GaN APDs with p-i-i-n structure. It is demon-
strated that the avalanche breakdown voltage can be sig-
nificantly decreased by almost 40% [11].  

In this letter, a back-illuminated p-i-i-n SAM so-
lar-blind AlGaN APD is proposed by using the high 
Al-content AlGaN as multiplication layer and low 
Al-content AlGaN as absorption layer. The designed APD 
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can reduce the breakdown voltage and enhance the mul-
tiplication gain remarkably. The solar-blind characteristic 
of this APD can be realized by using one-dimensional 
photonic crystal (1DPC) structure. The performance of 
this device including breakdown voltage, gain, energy 
band, electric field, spectral responsivity and noise are 
investigated numerically by Silvaco Atlas software.  

2 Structure and parameters 
Fig. 1(a) shows the schematic of the designed p-i-i-n type 
solar-blind AlGaN APDs with a 300 nm-thick p-type 
GaN layer, a 180 nm-thick unintentionally doped 
Al0.4Ga0.6N multiplication layer, a 130 nm-thick uninten-
tionally doped GaN absorption layer, and 200 nm-thick 
n-GaN layer. The conventional solar-blind AlGaN APD 
used here for comparison consists of a p-i-n-i-n structure, 
as shown in Fig. 1(b). The total thickness of multiplica-
tion layer and n-type charge layer of referenced structure 
is 180 nm, and the thickness of other layers is the same as 
the designed APD correspondingly. The carrier concen-
trations for both APDs are 2 × 1018 cm-3 for n-type layers, 
1× 1016 cm-3 for unintentionally doped layers, and 1 × 
1018 cm-3 for p-type layer, respectively. In the simulation, 

the drift-diffusion model, carrier continuity equation and 
Poisson equation are used to analyze the charge transport. 
The carrier generation-recombination models including 
radiative recombination, SRH recombination and auger 
recombination are taken into account. Four types of dark 
current mechanisms, the choice of polarization charge 
densities, the ionization and absorption coefficients, and 
the band-to-band parameters can be found in our previ-
ous work [12]. 

3 Simulation and analyses 
The current-voltage curves of designed APD and conven-
tional AlGaN APD under dark and back-illuminated 275 
nm UV-light are calculated and shown in Fig. 2(a). The 
area for the both APDs is set 225 μm2. The power density 
of incident UV-light is 4 × 10-4 W/cm-2. From Fig. 2(a), it 
can be seen that the conventional APD needs a high 
breakdown voltage of 106 V to reach the critical field of 
ionization. However, the breakdown voltage for designed 
p-i-i-n APD drops significantly to 76 V. The maximum 
gain value is 1.12×106 for designed APD and 1.65×105 for 
conventional APD, showing an about sevenfold increase. 
Here, the avalanche multiplication gain is defined as in 

Fig. 1  Schematic of (a) the designed solar-blind APD and (b) conventional AlGaN APD. 

Fig. 2  (a) Reverse I-V curves of designed APD, conventional APD and bias-dependent gain characteristics.

The energy band diagrams for both APDs at a reverse bias of (b) 50 V and (c) 0 V. 
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Ref. [1]. The photocurrent for the designed APD is lower 
than that of the conventional APD when the reverse-bias 
is smaller than 40 V. This may be partially due to the 
thick n-GaN layer in designed APD, which absorbs a 
large amount of incident light and only a small part of 
the incident light can cross the n-GaN layer into the ab-
sorption layer resulting a low absorption efficiency of 
light. Another factor may be the large holes barrier that 
exists between Al0.4Ga0.6N multiplication layer and GaN 
absorption layer at low operating voltage, which effec-
tively blocks the photo-generated holes in absorption 
layer into the multiplication layer. As the applied voltage 
increases, the hole barrier appears. These can be seen 
from the energy band diagram of both APDs at different 
bias as displayed in Figs. 2(b) and 2(c). In addition, the 
depletion layer can extend to the n-GaN layer at large 
operating voltage. Hence, the effective photo-generated 
electron-hole pairs are enhanced. The photocurrent in-
creases rapidly. The calculated dark current is 1.04× 10-4 
A for designed APD and 1.22× 10-4 A for conventional 
APD at the breakdown voltage. 

In order to analyze the effects of polarization engi-
neering on the performance of device, we calculated the 
electric field distributions of designed APD at different 
densities of interface charges between p-GaN/i- 
Al0.4Ga0.6N and i-Al0.4Ga0.6N/i-GaN at the breakdown 
voltage point. The electric field in multiplication layer 
increases with the interface charge as shown in Fig. 3(a). 
This is because the polarization-induced charge at 
p-GaN/i-Al0.4Ga0.6N interface is negative. In contrast, it is 
positive at i-Al0.4Ga0.6N/i-GaN interface. Both polariza-
tion-induced electric fields in multiplication layer are 
consistent with those of the build-in electric field and 
applied reverse-bias field. The total field in multiplication 
layer, hence, increases, which results in the enhancement 
of ionization rate together with the gain of APD. Mean-
while, the extra polarization field is beneficial for de-
creasing the required magnitude of breakdown voltage as 
demonstrated in table 1. From Fig. 3(a), it can be also 
deduced that the voltage drop in p-GaN and n-GaN lay-
ers reduces with the increased interface charges due to 
the direction of polarization field opposited to those of 
the build-in electric field and applied voltage field, which 
further reduces the breakdown voltage. The reduction of 
avalanche breakdown voltage is an advantage for de-
creasing the dark current. Fig. 3(b) presents the strength 
of electric field for designed APD and conventional APD 
at breakdown voltage. Although the electric field in mul-
tiplication layer for designed APD is slightly lower than 
that of conventional APD, the hole ionization (a_h) and 
its product with multiplication layer thickness is larger 
than that of conventional APD, therefore, shows an en-
hanced multiplication gain. 

Noise analyses are performed for both APDs at the 
breakdown voltage as shown in Fig. 4. The four general 
noise mechanism, including diffusion noise, genera-

tion-recombination (GR) noise, impact ionization (II) 
noise, and Flicker (1/f) noise are considered. In this work, 
the Flicker noise adopts the Hooge model, which is 
shown as follows [13] : 

2
D

H
ID I

fN
S




 ,              (1) 

where SID is the noise spectral densities, N is the number 
of the free carriers, ID is the dark current, and H is 
Hooges constant. Hooges constant is proposed to be used 
as a variable parameter, which in the case of AlGaN/GaN 
devices may vary from 10-210-4[13, 14]. Here, the Hooges 
constant is set as 10-4. The noise spectral densities of  

Fig. 3  The electric field distributions of (a) designed APD at 

different densities of interface charges between p-GaN/i-Al0.4

Ga0.6N and i-Al0.4Ga0.6N/i-GaN, and (b) designed APD and con-

ventional APD under breakdown voltage. 
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Table 1  The avalanche breakdown voltage and maximum 

multiplication gain for the designed APD with different densities 

of polarization charge at the interface of p-GaN/i-Al0.4Ga0.6N 

and i-Al0.4Ga0.6N/i-GaN. 

Density of polarization charge/cm2 Voltage/V Gain 

1.1×1013 77 1.12×106 

9.0×1012 85 3.9×105 

3.5×1012 110 2.2×105 

0 125 5.5×104 
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impact ionization noise are expressed as 2av )π2(

2

tf

qI
S


 .  

From Fig. 4, we can see that at low frequency the noise 
characteristics for both APD are dominated by the 1/f 
noise and avalanche noise. For designed APD, the 1/f 
noise and avalanche gain are slightly lower than that of 
conventional APD, which may be due to the lower elec-

tric field in multiplication layer, as observed in Fig. 3(b). 
The lower electric field in multiplication layer causes the 
lower carrier ionization rate, obtaining a lower noise in 
this device. In addition, the hole 1/f (h 1/f ) and diffusion 
(h diff) noise in both APD are several orders of magni-
tude higher than that of electron, verifying the 
hole-initiated multiplication in these structures. 

Fig. 4  (a) 1/f, (b) impact ionization (II), (c) diffusion, and (d) generation-recombination (GR) noise spectral 

densities at the breakdown voltage. 

Fig. 5  (a) Reflectivity spectrum of 1D dual-periodic PC filter. (b) Spectral responsivity of the designed APDs.
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For the purpose of realizing the solar-blind character-
istic of designed APD, we employed the one-dimensional 
(1D) dual-periodic photonic crystal (PC) with an-
ti-reflection coating structure as a filter stacked by Si3N4 
/SiO2. The refractive index for Si3N4 and SiO2 are 2.01 
and 1.46, respectively. The structure of 1D PD filter is 
[1.05(L1/2 H1 L1/2)]2 (L1/2 H1 L1/2)10(L2/2 H2 L2/2)7 
[1.25(L1/2 H1 L1/2)], where L1 and L2 represent SiO2 with 
the thickness of λ1/(41.46) and λ2/(41.46), H1 and H2 
represent Si3N4 with the thickness of λ1/(42.01) and 
λ2/(42.01). The center wavelengths of λ1 and λ2 are 320 
nm and 365 nm, respectively. The detailed designing 
principles can be found elsewhere [12]. In Fig. 5(a), we 
calculated the reflectivity spectrum of PC filter by trans-
fer matrix method (TMM). The filter has a high reflec-
tance over 99% with the wavelength of incident light var-
ying form 285 nm to 398 nm, and less than 20% reflectiv-
ity when λ<272 nm. Fig. 5(b) shows the spectral 
responsivity of designed APD with PC filter on the back 
of its sapphire substrate under back illumination at a re-
verse bias of 0 V. The APD exhibits a peak response of 
276 nm and a sharp cut off of 282 nm. So the solar-blind 
property can be obtained for designed APD, which at-
tributes to the high reflectivity of PC filter with λ in the 
range of 285 nm to 398 nm. 

4 Conclusions 
In conclusion, we propose a p-i-i-n AlGaN SAM APD 
structure using a high-Al-content AlGaN layer as multi-
plication layer and low-Al-content AlGaN layer as ab-
sorption layer by introducing polarization engineering to 
obtain the lower breakdown voltage and higher avalanche 
gain. The designed APD exhibits almost 30% reduction of 
breakdown voltage and about sevenfold increase of gain 
compared to the conventional AlGaN APDs. Simultane-
ously, the designed APD shows the potential advantage to 
decrease the APD noise. Moreover, the solar-blind char-
acteristic of designed APD is achieved by exploiting 1D 
dual-periodic PC filter with anti-reflection coating 
structure. 
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