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Abstract
In this paper the authors have carried out simulation experiment to 
study the opto-electric properties of p+-p-n-n+ structured Wurtzite-
GaN (Wz-GaN) Reach-Through Avalanche Photodiodes (RAPDs). 
The photo responsivity and optical gain of the device are obtained 
within the wavelength range of 300 to 450 nm using a novel 
modeling and simulation technique developed by the authors. 
Two optical illumination configurations of the device such as 
Top Mounted (TM) and Flip Chip (FC) are considered for the 
present study to investigate the opto-electric performance of the 
device separately due to electron dominated and hole dominated 
photocurrents respectively in the visible-blind Ultra-Violet (UV) 
spectrum. The results show that better opto-electric performance 
of Wz-GaN RAPDs can be achieved when the photocurrent is 
made hole dominated by allowing the UV light to be shined on 
the n+-layer instead of p+-layer of the device.
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I. Introduction
Ultraviolet detectors are of a great interest to a wide range of 
industrial, defense, scientific, commercial, environmental and even 
biological applications. APDs working in Ultra-Violet (UV) range 
are in immense interest of researchers nowadays for numerous 
applications, including bio-aerosol detection, UV imaging, harsh 
environment gamma sensing, long-range flame detection in the 
solar-blind window etc. Conventional Si APDs generally have 
limited deep-UV quantum efficiency and appreciable visible 
response [1]. Thus additional filtering is essential for them to 
operate in deep-UV range. Further very low quantum efficiency 
of Si APDs at these range make them inefficient. APDs based on 
wide bandgap semiconductors such as GaN and SiC offer natural 
visible blindness, harsh environment capability and low noise 
performance [2]. However SiC based APDs require additional 
filtering to operate in the deep-UV range which further limits 
their sensitivity and applicability. GaN based APDs are the 
most promising semiconductor based photodetectors to operate 
in deep-UV range which offer the potential self-filtering solar-
blindness with sharp responsivity cutoff [3]. GaN (bandgap Eg = 
3.4 eV at 300 K) grown on sapphire substrate have show high 
performance visible-blind UV detection [4]. Since early 2000, 
several researchers have fabricated and characterized the GaN 
or GaN/AlGaN based APDs (homojunction or heterojunction) 
and explored the potentiality of GaN as base material of APDs 
for deep-UV sensing [5-6].
In the present paper the authors have carried out simulation 
experiment on p+-p-n-n+ structured Wz-GaN reach-through 
avalanche photodiodes (RAPDs) for two types of device 
orientations used to illuminate the UV light on the device to 
investigate the photo-sensitivity and optical gain of the device 
by using a novel modeling and simulation technique developed 

by the authors [7]. The opto-electronic properties of Wz-GaN 
RAPDs under both TM and FC optical illumination configurations 
have been compared in this paper and the superior configuration 
is suggested.

II. Material Parameters, Design and Simulation
Material parameters of z-GaN such as bandgap (Eg), field variations 
of ionization rates (αn vs ξ, αp vs. ξ) and drift velocities (vn vs ξ, vp 
vs. ξ), intrinsic carrier concentration (ni), effective density of states 
of conduction and valance bands (Nc, Nv), diffusion coefficients 
(Dn, Dp), mobilities (μn, μp) and diffusion lengths (Ln, Lp) of charge 
carriers and permittivity (εs) of Wz-GaN are taken from recently 
published reports [8-11]. Necessary optical parameters of Wz-GaN 
such as absorption coefficient (α(λ) m-1) and reflectance (R(λ)) 
for the wavelength range of 300 – 450 nm at room temperature 
(i.e. T = 300 K) are taken from experimental report [12-13]. A 
cross sectional view of Wz-GaN p+-p-n-n+ structured RADP is 
shown in fig. 1 (a) and (b) respectively for two different optical 
illumination configurations as mentioned earlier. In the first 
case (Fig. 1 (a)), light is incident on the top p+-layer so that the 
photocurrent due to electrons dominate over that of holes (i.e. 
TM structure) and in the second case (fig. 1 (b)), light is incident 
on the back n+-layer so that photocurrent due to holes dominate 
over that of electrons (i.e. FC structure). The doping levels of the 
p- and n-layers are designed such that both the layers are totally 
depleted and lead to reach-through structures. Four different Wz-
GaN RAPDs are designed with different doping levels of p- and 
n-active layers to study the effect of the level of doping on the 
opto-electric characteristics of the device. The thicknesses of 
different active layers such as epitaxial n- and p-layers (Wn and 
Wp) and corresponding doping concentrations (ND and NA) are 
given in Table 1. The device junction area is taken as Aj = 200 
μm × 200 μm and the illumination area of the device is taken as 
A = 60 μm × 60 μm.

Fig. 1: Cross-Sectional View of the p+-p-n-n+ structured Wz-
GaN RAPDs for two optical illumination configurations (a) TM 
structure (top p+-layer illuminated) and (b) FC Structure (back 
n+-layer illuminated)
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Table 1: Design Parameters
Illumination 
Configuration

Symbol Wn+ 
(µm)

Wp+ 
(µm)

Nn+ and Np+
(×1026 m-3) Wn (µm) Wp (µm) ND

(×1023 m-3)
NA
(×1023 m-3)

TM

RAPD1 0.500 0.150 1.00 0.440 0.435 2.50 2.60
RADP2 0.500 0.150 1.00 0.440 0.435 2.40 2.50
RAPD3 0.500 0.150 1.00 0.440 0.435 2.30 2.40
RADP4 0.500 0.150 1.00 0.440 0.435 2.20 2.30

FC

RAPD1 0.200 0.150 1.00 0.440 0.435 2.50 2.60
RADP2 0.200 0.150 1.00 0.440 0.435 2.40 2.50
RAPD3 0.200 0.150 1.00 0.440 0.435 2.30 2.40
RADP4 0.200 0.150 1.00 0.440 0.435 2.20 2.30

III. Results and Discussion
Simulation is carried out to study the electrical and opto-electrical 
characteristics of the designed p+-p-n-n+ structured Wz-GaN 
RAPDs (Table 1). Multiplication factors (M) of the RAPDs under 
consideration are plotted against reverse bias voltage (VR) for both 
types of optical illumination configurations (i.e. FC and TM) for 
365 nm wavelength in figs. 2 and 3. It is observed that the peak 
multiplication factor is higher for hole dominated photocurrent 
(highest 9.44×103), i.e. when the UV light is shined on the n+-
layer of the device (FC structure) as compared to that of electron 
dominated photocurrent (highest 7.90×103), i.e. when the UV 
light is shined on the p+-layer of the device (TM structure). It is 
occurred, because the ionization rate of holes (αp) is higher than 
that of electrons (αn) in Wz-GaN [8]; thus the hole dominated 
photocurrent (Ips(Opt) = Jps(Opt)×Aj) must have greater value in FC 
structure as compared to electron dominated photocurrent (Ins(Opt) = 
Jns(Opt)×Aj) in TM structure, since greater impact ionization occurs in 
FC structure. That is why Wz-GaN based APDs are more sensitive 
to hole dominated photocurrent causing greater multiplication gain 
in FC structure as compared to TM structure. Also multiplication 
factor is higher for lower doping level RAPDs due to their expected 
wider avalanche zones or multiplication regions. Fig. 4 shows the 
variations of electron dominated photocurrent (TM structure), hole 
dominated photocurrent (FC structure) and dark current (without 
illumination) with reverse bias voltage in RAPD4. The simulated 
photocurrents are shown in fig. 4 is for optical illumination of 
wavelength λ = 365 nm. It can be observed from Figure 4 that 
at low reverse bias when the amount of impact ionization is low 
(causing very low multiplication gain (M)) both the electron and 
hole dominated photocurrents are much higher (~10-9 to ~10-8 A 
for |VR| = 0 to 40 V) as compared to the dark current (10-13 to 10-
11 A for |VR| = 0 to 40 V). But the dark current grows with much 
faster rate as compared to the photocurrents as the reverse bias 
increases further and near the breakdown (when the multiplication 
gain (M) is very high (~104)) dark current and photocurrents are 
almost comparable. Thus the APDs must be biased well below 
the breakdown voltage so that amount of dark current remains 
much smaller as compared to the photocurrent component. But 
the reverse bias should not be very low (< 40 V), because at very 
low reverse bias multiplication gain (M) is very low which is 
not sufficient to detect very weak optical signals. In the case of 
RAPDs under consideration applied reverse bias must be 40 to 
85 V. It is also noteworthy from fig. 4, that the hole dominated 
Photocurrent (FC) is higher as compared to electron dominated 
photocurrent (TM); which reconfirms the greater sensitivity of 
Wz-GaN RADPs in hole dominated photocurrent.

Fig. 2: Variations of Multiplication Factors with Reverse Bias 
Voltage in p+-p-n-n+ Wz-GaN RAPDs due to optical illumination 
(λ = 365 nm) on the n+-layer (FC)

Fig. 3: Variations of Multiplication Factors with Reverse Bias 
Voltage in p+-p-n-n+ Wz-GaN RAPDs Due to Optical Illumination 
(λ = 365 nm) on the p+-layer (TM).
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Spectral response of RAPD4 is shown in fig. 5, as a function of 
reverse bias voltage under both optical illumination configurations. 
It can be observed from fig. 5, that in both FC and TM structures the 
peak unity gain responsivity (at 365 nm) increases as the reverse 
bias voltage increases. Peak unity gain responsivity increases from 
270 to 556 mA W-1 as the reverse bias voltage increases from 45 
to 85 V in FC structure; whereas the same increases from 230 
to 481 mA W-1 for the same increment of reverse bias. Also it is 
noteworthy that the unity gain responsivity at each wavelength 
is higher in FC structure (i.e. for hole dominated photocurrent) 
as compared to that in TM structure (i.e. for electron dominated 
photocurrent) for a particular reverse bias voltage. 
Vashaei et al. fabricated GaN avalanche p-i-n photodiodes grown 
on m-plane freestanding GaN substrate and experimentally studied 
spectral response of the device [6]. They obtained peak unity gain 
responsivity of the device more than 523.0 mA W-1 at 364 nm with 
multiplication factor of about 8000 at an applied reverse bias of 75 
V. The simulation results presented in this paper show that 556.0 
mA W-1 of peak unity gain responsivity at 365 nm wavelength may 
be achieved with a multiplication factor of 9.44×103 in p+-p-n-n+ 
structured Wz-GaN RAPD when the UV light is illuminated on the 
n+-layer of the device (i.e. FC structure) in which the photocurrent 
is hole dominated; whereas those are 481.0 mA W-1 and 7.90×103 
respectively when UV light of same wavelength is illuminated 
on the n+-layer of the device, i.e. due to electron dominated 
photocurrent (i.e. in TM structure) (applied reverse bias VR = 85 
V for both of these FC and TM structures). Thus the simulation 
results are in close agreement with the experimental results. 
Slight deviation in the simulation results from the experimental 
results may be due to the difference in structure of the devices 
and different electrical bias conditions.

Fig. 4: Variations Electron and Hole Dominated Photocurrents (λ 
= 365 nm), Dark Current With Reverse Bias Voltage in RAPD4

Fig. 5: Variations of Unity Gain Spectral Responsivities With 
Wavelength in RAPD4 for Different Reverse Bias Under Both 
FC and TM Configurations

IV. Conclusion
The simulation results show that due to higher hole ionization 
rate compared to electron ionization rate (αp > αn) in Wz-GaN, 
the p+-p-n-n+ structured Wz-GaN RAPDs are more sensitive to 
hole dominated photocurrent as compared to electron dominated 
photocurrent. So, it can be concluded that UV light has to be 
illuminated on n+-layer of the device instead of p+-layer to get 
better opto-electrical performance of Wz-GaN RAPDs. 
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