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Abstract. 
The authors have made an attempt to investigate the effect of electron versus hole photocurrent on the optoelectric properties of 
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 structured Wurtzite-GaN (Wz-GaN) reach-through avalanche photodiodes (RAPDs). The photo responsivity and optical gain of the devices 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 optoelectric performance of the device separately due to electron dominated and hole dominated photocurrents, respectively, in the visible-blind ultraviolet (UV) spectrum. The results show that the peak unity gain responsivity and corresponding optical gain of the device are 555.78 mA W−1 and 
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, respectively, due to hole dominated photocurrent (i.e., in FC structure); while those are 480.56 mA W−1 and 
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, respectively, due to electron dominated photocurrent (i.e., in TM structure) at the wavelength of 365 nm and for applied reverse bias of 85 V. Thus, better optoelectric 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.


1. Introduction

Ultraviolet detectors are of a great interest to a wide range of industrial, defense, scientific, commercial, environmental, and even biological applications. Most of these applications inherently require high sensitivity, low noise, and visible-blind detection. Photomultiplier tubes (PMTs) may be used as UV detectors due to their large internal gain (~106) which ensures high detectivity in UV range. However, the drawbacks of PMTs are as follows: they are bulky, and they require large bias voltage (~1000 V) for operation [1]. Thus, the semiconductor-based alternatives such as avalanche photodiodes (APDs) are preferred over PMTs due to their small size, high gain and also they require much lower voltage for biasing. APDs working in ultraviolet (UV) range are in immense interest of researchers nowadays for numerous applications, including bioaerosol detection, UV imaging, harsh environment gamma sensing [2] and long-range flame detection in the solar-blind window. Conventional Si APDs generally have limited deep-UV quantum efficiency and appreciable visible response [3, 4]. 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 [5] and SiC [6] offer natural visible blindness, harsh environment capability and low noise performance. 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 [7]. GaN (bandgap 
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 eV) grown on sapphire substrate has shown high performance visible-blind UV detection [8]. 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 [9–19]. 
But so far, as authors’ knowledge is concerned, no experimental or theoretical verification is available in the published literatures till the date investigating the effect of electron dominated and hole dominated photocurrents separately on the optoelectric performance of GaN APDs in UV range. In the present paper, the authors have carried out simulation experiment on  
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  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 photosensitivity and optical gain of the device by using a novel modeling and simulation technique developed by the authors [20, 21]. Band-to-band tunneling and trap-assisted tunneling mechanisms are incorporated into the simulation method used in the present study; those were not considered in the previous papers by the authors [20, 21]. Simulation is carried out to investigate the electric and optoelectric performance of UV RAPDs based on Wz-GaN for the following two illumination configurations: (a) light is incident on back 
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-layer of the device (i.e., FC structure). In the first configuration, (a) the electron component of photocurrent dominates over the hole component of the same, while in the second one, (b) the hole component of photocurrent dominates over the electron component. The optoelectronic properties of Wz-GaN RAPDs under both types of optical illumination configurations have been compared in this paper, and the superior configuration is suggested.
2. Material Parameters
The optical gain and responsivity of Wz-GaN RAPDs are sensitive functions of electric field 
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. The electric field variation of carrier ionization rates in Wz-GaN is given by
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 for a wide field range in Wz-GaN are taken from experimental data of Kunihiro et al. [22]. The negative differential mobility in the electron drift velocity versus electric field characteristics (i.e., 
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				(
				𝛼
				(
				𝜆
				)
				)
			

		
	
 and reflectance 
	
		
			
				(
				𝑅
				(
				𝜆
				)
				)
			

		
	
 for the wavelength range of 300–450 nm at room temperature (i.e., 
	
		
			
				𝑇
				=
				3
				0
				0
			

		
	
 K) are taken from experimental report [26, 27].
3. Device Structure
A cross-sectional view of Wz-GaN  
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  structured RADP is shown in Figures 1(a) and 1(b), respectively, for two different optical illumination configurations as mentioned earlier. In the first case (Figure 1(a)), light is incident on the top 
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-layer so that the photocurrent due to electrons dominate over that of holes (i.e., TM structure), and in the second case (Figure 1(b)), light is incident on the back 
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-layer so that photocurrent due to holes dominates over that of electrons (i.e., FC structure).  The doping levels of the 
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-layers are designed such that both the layers are totally depleted and lead to reach-through structures. Total depletion of 
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-layers causes significant improvement in the impulse response of RAPDS due to negligible diffusion photocurrent [28] in the active layer of the device. Also, the reach-through structure improves the responsivity of the device and ensures carrier multiplication without excess noise for a specific thickness of multiplication region within the device [28]. Four different Wz-GaN RAPDs are designed with different doping levels of  
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) are taken as 500 nm and 150 nm, respectively, in top illuminated TM structure, and those are taken as 200 nm, and 150 nm in back illuminated FC structure.  The doping concentrations of 
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Table 1: Design parameters.
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	(μm)	(μm)	(×1024 m−3)	(×1024 m−3)	(μm)	(μm)	(×1023 m−3)	(×1023 m−3)
	

	 	RAPD1	0.500	0.150	5.00	5.00	0.440	0.435	2.50	2.60
	TM	RADP2	0.500	0.150	5.00	5.00	0.440	0.435	2.40	2.50
	RAPD3	0.500	0.150	5.00	5.00	0.440	0.435	2.30	2.40
	 	RADP4	0.500	0.150	5.00	5.00	0.440	0.435	2.20	2.30
	

	 	RAPD1	0.200	0.150	5.00	5.00	0.440	0.435	2.50	2.60
	FC	RADP2	0.200	0.150	5.00	5.00	0.440	0.435	2.40	2.50
	RAPD3	0.200	0.150	5.00	5.00	0.440	0.435	2.30	2.40
	 	RADP4	0.200	0.150	5.00	5.00	0.440	0.435	2.20	2.30
	
























	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	


	
	
	
	
	
	
	







	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
		
			
		
	


	
		
		
			
		
		
			
		
	


	
		
		
			
		
		
			
		
	


	
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
	
	
		
	
	
		
	


	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	













(a)
























	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	







	
		
			
		
		
			
		
		
			
		
	
	
		
	
	
		
	


	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	


	
		
			
		
		
			
		
	


	
		
			
				
			
				
			
		
	


	
		
			
				
			
				
			
		
	


	
		
			
				
			
				
			
		
	


	
		
			
				
			
				
			
		
	


	
		
			
				
			
				
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
		
			
		
	


	
		
		
			
		
		
			
		
	


	
		
		
			
		
		
			
		
	


	
		
		
			
		
		
			
		
	













(b)
Figure 1: Cross-sectional view of the  
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  structured Wz-GaN RAPDs for two optical illumination configurations: (a) TM structure (top 
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-layer illuminated) and (b) FC structure (back 
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-layer illuminated).


4. Simulation Technique
In this section, the simulation technique used to investigate the electrical and optoelectrical characteristics of  
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  structured RAPDs is discussed in detail. Using this technique, the simulation can be carried out for two different optical illumination configurations, that is, TM and FC structures as mentioned earlier to investigate the electric and optoelectric characteristics of the device. One-dimensional model of reverse biased  
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 structure shown in Figure 2 is taken for the simulation of the RAPDs under consideration. The physical phenomena take place in the semiconductor bulk along the symmetry axis of RAPD. Thus, the one-dimensional model of RAPDs considered in this work is justified. The static electric field and normalized current density profiles in the depletion layer of the device are obtained from simultaneous numerical solution of fundamental device equations, that is, Poisson’s equation (4), carrier continuity equations in the steady state (5), current density equations (6), and mobile space charge equation (7) subject to appropriate boundary conditions as discussed in the earlier paper by the authors [20, 21]. A double-iterative simulation method is developed by the authors to solve these above-mentioned equations to obtain the DC electric field and normalized current density profiles [20, 21]. The basic device equations are given by
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 and 
	
		
			

				𝐷
			

			

				𝑝
			

		
	
 are the electron and hole diffusion coefficients, and  
	
		
			

				𝜀
			

			

				𝑠
			

		
	
  is the permittivity of the semiconductor material.
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(b)
Figure 2: One-dimensional model of 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured RAPD under two optical illumination configurations, that is, (a) FC structure and (b) TM structure.


The 
	
		
			

				𝐺
			

			

				𝐴
			

		
	
  is the avalanche generation rate given by
						
	
 		
 			
				(
				8
				)
			
 		
	

	
		
			

				𝐺
			

			

				𝐴
			

			
				(
				𝑥
				)
				=
				𝛼
			

			

				𝑛
			

			
				(
				𝑥
				)
				𝑣
			

			

				𝑛
			

			
				(
				𝑥
				)
				𝑛
				(
				𝑥
				)
				+
				𝛼
			

			

				𝑝
			

			
				(
				𝑥
				)
				𝑣
			

			

				𝑝
			

			
				(
				𝑥
				)
				𝑝
				(
				𝑥
				)
				,
			

		
	

					where 
	
		
			

				𝛼
			

			

				𝑛
			

			
				(
				𝑥
				)
			

		
	
  and  
	
		
			

				𝛼
			

			

				𝑝
			

			
				(
				𝑥
				)
			

		
	
 are the ionization rates, 
	
		
			

				𝑣
			

			

				𝑛
			

			
				(
				𝑥
				)
			

		
	
 and 
	
		
			

				𝑣
			

			

				𝑝
			

			
				(
				𝑥
				)
			

		
	
 are the drift velocities of electrons and holes at the space point 
	
		
			

				𝑥
			

		
	
 within the depletion layer of the device. Recombination effects are not included in the analysis since the transit time of carriers in the depletion layer of an APD is several orders of magnitude shorter than the recombination time. The band-to-band tunneling generation rate for electrons 
	
		
			
				(
				𝐺
			

			
				𝐵
				𝐵
				𝑇
				𝑛
			

			

				)
			

		
	
 obtained from quantum mechanical considerations [30–32] is given by
						
	
 		
 			
				(
				9
				)
			
 		
	

	
		
			

				𝐺
			

			
				𝐵
				𝐵
				𝑇
				𝑛
			

			
				(
				𝑥
				)
				=
				𝑎
			

			

				𝑇
			

			

				𝜉
			

			

				2
			

			
				
				−
				𝑏
				(
				𝑥
				)
				e
				x
				p
			

			

				𝑇
			

			
				
			
			
				
				,
				𝜉
				(
				𝑥
				)
			

		
	

					where the coefficients  
	
		
			

				𝑎
			

			

				𝑇
			

		
	
  and  
	
		
			

				𝑏
			

			

				𝑇
			

		
	
 are given by
						
	
 		
 			
				(
				1
				0
				)
			
 		
	

	
		
			

				𝑎
			

			

				𝑇
			

			
				=
				𝑞
			

			

				2
			

			
				
			
			
				8
				𝜋
			

			

				3
			

			

				ℏ
			

			

				2
			

			
				
				2
				𝑚
			

			

				∗
			

			
				
			
			

				𝐸
			

			

				𝑔
			

			

				
			

			
				1
				/
				2
			

			
				,
				𝑏
			

			

				𝑇
			

			
				=
				1
			

			
				
			
			
				
				𝑚
				2
				𝑞
				ℏ
			

			

				∗
			

			

				𝐸
			

			
				3
				𝑔
			

			
				
			
			
				2
				
			

			
				1
				/
				2
			

			

				,
			

		
	

					where 
	
		
			

				𝑚
			

			

				∗
			

		
	
 is the density of state elective mass of charge carriers, 
	
		
			

				𝐸
			

			

				𝑔
			

		
	
 is the bandgap of the semiconductor, 
	
		
			
				ℏ
				=
				ℎ
				/
				2
				𝜋
			

		
	
, and  
	
		
			
				ℎ
				=
				6
				.
				6
				2
				5
				×
				1
				0
			

			
				−
				3
				4
			

		
	
 J s is the Planck’s constant.  The band-to-band tunneling generation rate for holes can be obtained from Figure 3. The phenomenon of band-to-band tunneling is instantaneous, and the band-to-band tunnel generation rate for holes at 
	
		
			

				𝑥
			

		
	
 is equal to that for electrons at 
	
		
			

				𝑥
			

			

				
			

		
	
 that is,  
	
		
			

				𝐺
			

			
				𝐵
				𝐵
				𝑇
				𝑝
			

			
				(
				𝑥
				)
				=
				𝐺
			

			
				𝐵
				𝐵
				𝑇
				𝑛
			

			
				(
				𝑥
			

			

				
			

			

				)
			

		
	
. The band-to-band tunnel generation of an electron at  
	
		
			

				𝑥
			

			

				
			

		
	
  is simultaneously associated with the generation of a hole at 
	
		
			

				𝑥
			

		
	
, where 
	
		
			
				(
				𝑥
				−
				𝑥
			

			

				
			

			

				)
			

		
	
 is the spatial separation between the edge of conduction band and valence band at the same energy. If 
	
		
			

				𝐸
			

		
	
 is the measure of energy from the bottom of the conduction band on the  
	
		
			

				𝑛
			

		
	
-side and the vertical difference between 
	
		
			

				𝑥
			

		
	
 and  
	
		
			

				𝑥
			

			

				
			

		
	
  is  
	
		
			

				𝐸
			

			

				𝑔
			

		
	
, 
	
		
			

				𝑥
			

			

				
			

		
	
can be easily obtained from Figure 3 as [33, 34]
						
	
 		
 			
				(
				1
				1
				)
			
 		
	

	
		
			
				𝑥
				=
				𝑥
			

			

				
			

			
				
				𝐸
				1
				−
			

			

				𝑔
			

			
				
			
			
				𝐸
				
			

			
				−
				1
				/
				2
			

			
				f
				o
				r
			

			
				0
				≤
				𝑥
				≤
				𝑥
			

			

				𝑗
			

			
				,
				
				𝑥
				=
				𝑊
				−
				𝑊
				−
				𝑥
			

			

				
			

			
				
				
				𝐸
				1
				+
			

			

				𝑔
			

			
				
			
			

				𝐸
			

			

				𝐵
			

			
				
				−
				𝐸
			

			
				−
				1
				/
				2
			

			
				f
				o
				r
			

			

				𝑥
			

			

				𝑗
			

			
				≤
				𝑥
				≤
				𝑊
				.
			

		
	

					The hole generation rate due to band-to-band tunneling is zero in the region defined by 
	
		
			
				0
				≤
				𝑥
				≤
				𝑥
			

			

				𝐿
			

		
	
 (Figure 3) as electrons in the valance band find no available states in the conduction band for band-to-band tunneling. Similarly, nonavailability of states in the conduction band for tunneling to take place in the region 
	
		
			

				𝑥
			

			

				𝑅
			

			
				≤
				𝑥
				≤
				𝑊
			

		
	
 (Figure 3) makes no contribution of band-to-band tunnel generated electrons in this region.


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
			
			
			
			
			
			
			
		
		
			
			
			
			
		
		
		
		
		
		
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
		
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
			
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
		
			
				
			
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
	
	
		
			
				
			
		
		
			
				
			
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
		
	


	
	
	
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 3: One-dimensional model of a reverse biased ADP and associated energy-band diagram (showing the band-to-band tunneling positions of electrons and holes).



				The band-to-band tunneling component of current density can be calculated as
						
	
 		
 			
				(
				1
				2
				)
			
 		
	

	
		
			

				𝐽
			

			
				𝐵
				𝐵
				𝑇
			

			
				
				=
				𝑞
			

			

				𝑊
			

			
				𝐷
				𝑝
			

			

				𝑊
			

			
				𝐷
				𝑛
			

			
				
				𝐺
			

			
				𝐵
				𝐵
				𝑇
				𝑛
			

			
				(
				𝑥
				)
				+
				𝐺
			

			
				𝐵
				𝐵
				𝑇
				𝑝
			

			
				
				(
				𝑥
				)
				𝑑
				𝑥
				,
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝐽
			

			
				𝐵
				𝐵
				𝑇
			

			
				
				=
				𝑞
			

			

				𝑊
			

			
				′
				𝐷
				𝑛
			

			

				𝑊
			

			
				′
				𝐷
				𝑝
			

			
				
				𝐺
			

			
				𝐵
				𝐵
				𝑇
				𝑛
			

			
				(
				𝑥
				)
				+
				𝐺
			

			
				𝐵
				𝐵
				𝑇
				𝑝
			

			
				
				(
				𝑥
				)
				𝑑
				𝑥
				,
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				.
			

		
	

					The trap-assisted tunneling generation rate 
	
		
			
				(
				𝐺
			

			
				𝑇
				𝐴
				𝑇
			

			
				(
				𝑥
				)
				)
			

		
	
 at the space point 
	
		
			

				𝑥
			

		
	
 within the depletion layer is given by
						
	
 		
 			
				(
				1
				3
				)
			
 		
	

	
		
			

				𝐺
			

			
				𝑇
				𝐴
				𝑇
			

			
				1
				(
				𝑥
				)
				=
			

			
				
			
			
				𝑞
				𝑑
				𝐽
			

			
				𝑇
				𝐴
				𝑇
			

			
				(
				𝑥
				)
			

			
				
			
			
				,
				𝑑
				𝑥
			

		
	

					where 
	
		
			

				𝐽
			

			
				𝑇
				𝐴
				𝑇
			

			
				(
				𝑥
				)
			

		
	
 is the trap-assisted tunneling component of current density at the space point 
	
		
			

				𝑥
			

		
	
 calculated on the basis of simple one-dimensional model [35] that can be written as
						
	
 		
 			
				(
				1
				4
				)
			
 		
	

	
		
			

				𝐽
			

			
				𝑇
				𝐴
				𝑇
			

			
				(
				𝑞
				𝑥
				)
				=
			

			

				3
			

			

				𝑚
			

			
				∗
				𝑛
			

			
				𝜉
				(
				𝑥
				)
				𝑀
			

			
				2
				𝑥
			

			
				𝑊
				𝑁
			

			

				𝑇
			

			
				
			
			
				8
				𝜋
				ℏ
			

			

				3
			

			
				
				𝐸
			

			

				𝑔
			

			
				−
				𝐸
			

			

				𝑡
			

			
				
				⎛
				⎜
				⎜
				⎝
				−
				4
				
				×
				e
				x
				p
			

			
				
			
			
				2
				𝑚
			

			
				∗
				𝑛
			

			
				
				𝐸
			

			

				𝑔
			

			
				−
				𝐸
			

			

				𝑡
			

			

				
			

			

				3
			

			
				
			
			
				⎞
				⎟
				⎟
				⎠
				,
				3
				𝑞
				ℏ
				𝜉
				(
				𝑥
				)
			

		
	

					where 
	
		
			

				𝐸
			

			

				𝑡
			

		
	
 is the energy (eV) corresponding to the trap centers measured from top of the valance band, 
	
		
			

				𝑚
			

			
				∗
				𝑛
			

		
	
  is the effective mass of electrons, 
	
		
			

				𝑁
			

			

				𝑇
			

		
	
 is the density of traps occupied by electrons, and 
	
		
			

				𝑀
			

			

				𝑥
			

		
	
 is the matrix element associated with the trap potential [35]. Thus, the total current density in unilluminated APD can be written as
						
	
 		
 			
				(
				1
				5
				)
			
 		
	

	
		
			

				𝐽
			

			

				𝑇
			

			
				=
				𝐽
			

			

				𝐴
			

			
				+
				𝐽
			

			
				𝐵
				𝐵
				𝑇
			

			
				+
				𝐽
			

			
				𝑇
				𝐴
				𝑇
			

			

				,
			

		
	

					where 
	
		
			

				𝐽
			

			

				𝐴
			

		
	
  is the avalanche component of the current density given by
						
	
 		
 			
				(
				1
				6
				)
			
 		
	

	
		
			

				𝐽
			

			

				𝐴
			

			
				
				=
				𝑞
			

			

				𝑊
			

			
				𝐷
				𝑝
			

			

				𝑊
			

			
				𝐷
				𝑛
			

			

				𝐺
			

			

				𝐴
			

			
				(
				𝑥
				)
				𝑑
				𝑥
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝐽
			

			

				𝐴
			

			
				
				=
				𝑞
			

			

				𝑊
			

			
				′
				𝐷
				𝑛
			

			

				𝑊
			

			
				′
				𝐷
				𝑝
			

			

				𝐺
			

			

				𝐴
			

			
				(
				𝑥
				)
				𝑑
				𝑥
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				.
			

		
	

					Proper boundary conditions of electric field and normalized current density for the simultaneous numerical solution of (4) to (7) are essential. The boundary conditions for the electric field at the depletion layer edges (Figure 2) are given by
	
 		
 			
				(
				1
				7
				a
				)
			
 			
				(
				1
				7
				b
				)
			
 		
	

	
		
			
				𝜉
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			
				
				
				=
				0
				,
				𝜉
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			
				
				=
				0
				,
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝜉
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			
				
				
				=
				0
				,
				𝜉
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			
				
				=
				0
				,
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				.
			

		
	
Similarly, the boundary conditions for normalized current density, 
	
		
			
				𝑃
				(
				𝑥
				)
				=
				[
				𝐽
			

			

				𝑝
			

			
				(
				𝑥
				)
				−
				𝐽
			

			

				𝑛
			

			
				(
				𝑥
				)
				/
				𝐽
			

			

				𝑇
			

			

				]
			

		
	
 at the depletion layer edges (Figure 2) are given by
	
 		
 			
				(
				1
				8
				a
				)
			
 			
				(
				1
				8
				b
				)
			
 		
	

	
		
			
				𝑃
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			
				
				=
				
				2
			

			
				
			
			

				𝑀
			

			

				𝑝
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			
				
				
				,
				𝑃
				
				−
				1
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			
				
				=
				⎛
				⎜
				⎜
				⎝
				2
				1
				−
			

			
				
			
			

				𝑀
			

			

				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			
				
				⎞
				⎟
				⎟
				⎠
				,
			

			
				i
				n
				u
				n
				i
				l
				l
				u
				m
				i
				n
				a
				t
				e
				d
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝑃
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			
				
				=
				⎛
				⎜
				⎜
				⎝
				2
				1
				−
			

			
				
			
			

				𝑀
			

			

				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			
				
				⎞
				⎟
				⎟
				⎠
				,
				𝑃
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			
				
				=
				⎛
				⎜
				⎜
				⎝
				2
			

			
				
			
			

				𝑀
			

			

				𝑝
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			
				
				⎞
				⎟
				⎟
				⎠
				,
				−
				1
			

			
				i
				n
				u
				n
				i
				l
				l
				u
				m
				i
				n
				a
				t
				e
				d
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				,
			

		
	
where 
	
		
			

				𝑀
			

			

				𝑛
			

			
				(
				𝑥
				)
			

		
	
 and 
	
		
			

				𝑀
			

			

				𝑝
			

			
				(
				𝑥
				)
			

		
	
 are the position dependent electron and hole multiplication factors [20, 36]. Assuming that the carrier multiplication occurs only within the avalanche region, it can be concluded that the electron multiplication factor at the edge of the depletion layer at 
	
		
			

				𝑛
			

		
	
-side is the same as the electron multiplication factor at the edge of the avalanche zone at  
	
		
			

				𝑛
			

		
	
-side, that is,
						
	
 		
 			
				(
				1
				9
				)
			
 		
	

	
		
			

				𝑀
			

			

				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			
				
				=
				𝑀
			

			

				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐴
			

			

				𝑛
			

			
				
				,
				𝑀
			

			

				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			
				
				=
				𝑀
			

			

				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐴
			

			

				𝑛
			

			
				
				.
			

		
	

					Similarly, the hole multiplication factor at the edge of the depletion layer at  
	
		
			

				𝑝
			

		
	
-side is the same as hole multiplication factor at the edge of the avalanche zone in  
	
		
			

				𝑝
			

		
	
-side, that is,
						
	
 		
 			
				(
				2
				0
				)
			
 		
	

	
		
			

				𝑀
			

			

				𝑝
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			
				
				=
				𝑀
			

			

				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐴
			

			

				𝑝
			

			
				
				,
				𝑀
			

			

				𝑝
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			
				
				=
				𝑀
			

			

				𝑝
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐴
			

			

				𝑝
			

			
				
				.
			

		
	

					The electron and hole multiplication factors of unilluminated APD at the  
	
		
			

				𝑛
			

		
	
- and  
	
		
			

				𝑝
			

		
	
-depletion layer edges are given by
						
	
 		
 			
				(
				2
				1
				)
			
 		
	

	
		
			

				𝑀
			

			

				𝑛
			

			
				=
				𝐽
			

			

				𝑇
			

			
				
			
			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			
				,
				𝑀
			

			

				𝑝
			

			
				=
				𝐽
			

			

				𝑇
			

			
				
			
			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			

				,
			

		
	

					where 
	
		
			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				T
				h
			

			

				)
			

		
	
 is the total thermally generated reverse saturation current 
	
		
			
				(
				𝐽
			

			

				(
			

			
				T
				h
			

			

				)
			

			
				=
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			
				+
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			

				)
			

		
	
. The expression for thermally generated electron and hole reverse saturation currents are given by
						
	
 		
 			
				(
				2
				2
				)
			
 		
	

	
		
			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			
				=
				
				𝑞
				𝐷
			

			

				𝑛
			

			

				𝑛
			

			
				2
				𝑖
			

			
				
			
			

				𝐿
			

			

				𝑛
			

			

				𝑁
			

			

				𝐴
			

			
				
				,
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			
				=
				
				𝑞
				𝐷
			

			

				𝑝
			

			

				𝑛
			

			
				2
				𝑖
			

			
				
			
			

				𝐿
			

			

				𝑝
			

			

				𝑁
			

			

				𝐷
			

			
				
				.
			

		
	

If 
	
		
			

				𝑃
			

			
				𝑖
				𝑛
			

		
	
 watts of optical power is incident on the device having effective device illumination area of 
	
		
			

				𝐴
			

		
	
, then the photon flux density 
	
		
			

				Φ
			

			

				0
			

		
	
 is given by
						
	
 		
 			
				(
				2
				3
				)
			
 		
	

	
		
			

				Φ
			

			

				0
			

			
				=
				𝑃
			

			
				𝑖
				𝑛
			

			
				(
				1
				−
				𝑅
				(
				𝜆
				)
				)
				𝜆
			

			
				
			
			
				.
				𝐴
				ℎ
				𝑐
			

		
	

					The electron-hole pair (EHP) generation rate 
	
		
			
				(
				𝐺
			

			

				𝐿
			

			
				(
				𝑥
				)
				)
			

		
	
 at the space point 
	
		
			

				𝑥
			

		
	
 of the depletion region due to optical illumination is given by
						
	
 		
 			
				(
				2
				4
				)
			
 		
	

	
		
			

				𝐺
			

			

				𝐿
			

			
				(
				𝑥
				)
				=
				Φ
			

			

				0
			

			
				𝛼
				(
				𝜆
				)
				e
				x
				p
				(
				−
				𝛼
				(
				𝜆
				)
				𝑥
				)
				=
				𝑃
			

			
				𝑖
				𝑛
			

			
				𝛼
				(
				𝜆
				)
				(
				1
				−
				𝑅
				(
				𝜆
				)
				)
				𝜆
			

			
				
			
			
				𝐴
				ℎ
			

			

				c
			

			
				e
				x
				p
				(
				−
				𝛼
				(
				𝜆
				)
				𝑥
				)
				,
			

		
	

					where 
	
		
			
				𝛼
				(
				𝜆
				)
			

		
	
 and 
	
		
			
				𝑅
				(
				𝜆
				)
			

		
	
 are the absorption coefficient and reflectance (
	
		
			
				𝑅
				=
				(
				𝑛
			

			

				2
			

			
				−
				𝑛
			

			

				1
			

			
				)
				/
				(
				𝑛
			

			

				2
			

			
				+
				𝑛
			

			

				1
			

			

				)
			

		
	
; 
	
		
			

				𝑛
			

			

				2
			

		
	
  = refractive index of the semiconductor; 
	
		
			

				𝑛
			

			

				1
			

		
	
  = refractive index of air) of the semiconductor material, respectively, at a wavelength of 
	
		
			

				𝜆
			

		
	
. The drift component of the photocurrent density (
	
		
			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
				d
				r
				i
				f
				t
			

			

				)
			

		
	
 and 
	
		
			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
				d
				r
				i
				f
				t
			

			

				)
			

		
	
) through the reverse-biased depletion layer is given by
						
	
 		
 			
				(
				2
				5
				)
			
 		
	

	
		
			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
				d
				r
				i
				f
				t
			

			

				)
			

			
				
				=
				−
				𝑞
			

			

				𝑊
			

			
				𝐷
				𝑝
			

			

				𝑊
			

			
				𝐷
				𝑛
			

			

				𝐺
			

			

				𝐿
			

			
				(
				𝑥
				)
				𝑑
				𝑥
				,
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
				d
				r
				i
				f
				t
			

			

				)
			

			
				
				=
				−
				𝑞
			

			

				𝑊
			

			
				′
				𝐷
				𝑛
			

			

				𝑊
			

			
				′
				𝐷
				𝑝
			

			

				𝐺
			

			

				𝐿
			

			
				(
				𝑥
				)
				𝑑
				𝑥
				,
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				.
			

		
	

					Due to very high conductivity, electric fields at the 
	
		
			

				𝑝
			

			

				+
			

		
	
- and 
	
		
			

				𝑛
			

			

				+
			

		
	
-layers are zero. Diffusion components of the photocurrent are generated within these undepleted 
	
		
			

				𝑝
			

			

				+
			

		
	
- and 
	
		
			

				𝑛
			

			

				+
			

		
	
-layers. Diffusion components of the photocurrent in both 
	
		
			

				𝑝
			

			

				+
			

		
	
- and  
	
		
			

				𝑛
			

			

				+
			

		
	
-layers separately can be determined by solving the one-dimensional diffusion equation with proper boundary conditions [37]. The electron and hole diffusion components of the photocurrent density (
	
		
			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
				d
				i
				ﬀ
			

			

				)
			

		
	
 and  
	
		
			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
				d
				i
				ﬀ
			

			

				)
			

		
	
) in both 
	
		
			

				𝑝
			

			

				+
			

		
	
- and 
	
		
			

				𝑛
			

			

				+
			

		
	
-layers are given by
	
 		
 			
				(
				2
				6
				)
			
 		
	

	
		
			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
				d
				i
				ﬀ
			

			

				)
			

			
				=
				𝑞
				𝑃
			

			
				𝑖
				𝑛
			

			
				(
				1
				−
				𝑅
				(
				𝜆
				)
				)
				𝜆
			

			
				
			
			
				𝐴
				ℎ
			

			

				c
			

			
				
				𝛼
				(
				𝜆
				)
				𝐿
			

			

				𝑛
			

			
				
			
			
				1
				+
				𝛼
				(
				𝜆
				)
				𝐿
			

			

				𝑛
			

			
				
				
				e
				x
				p
				−
				𝛼
				(
				𝜆
				)
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			
				
				,
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
				d
				i
				ﬀ
			

			

				)
			

			
				=
				𝑞
				𝑃
			

			
				𝑖
				𝑛
			

			
				(
				1
				−
				𝑅
				(
				𝜆
				)
				)
				𝜆
			

			
				
			
			
				𝐴
				ℎ
			

			

				c
			

			
				
				𝛼
				(
				𝜆
				)
				𝐿
			

			

				𝑝
			

			
				
			
			
				1
				+
				𝛼
				(
				𝜆
				)
				𝐿
			

			

				𝑝
			

			
				
				
				e
				x
				p
				−
				𝛼
				(
				𝜆
				)
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			

				
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				.
			

		
	

					Total photocurrent density is the combination of drift and diffusion components, that is,
						
	
 		
 			
				(
				2
				7
				)
			
 		
	

	
		
			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				=
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
				d
				r
				i
				f
				t
			

			

				)
			

			
				+
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
				d
				i
				ﬀ
			

			

				)
			

			

				,
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				=
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
				d
				r
				i
				f
				t
			

			

				)
			

			
				+
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
				d
				i
				ﬀ
			

			

				)
			

			

				,
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				.
			

		
	

When the light is shined on the 
	
		
			

				𝑛
			

			

				+
			

		
	
-side of the 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured RAPD, then the photocurrent density will be hole dominated. For this case, the electron and hole multiplication factors at the  
	
		
			

				𝑛
			

		
	
- and  
	
		
			

				𝑝
			

		
	
-depletion layer edges are given by
						
	
 		
 			
				(
				2
				8
				)
			
 		
	

	
		
			

				𝑀
			

			

				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			
				
				=
				𝐽
			

			

				𝑇
			

			
				
			
			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			
				,
				𝑀
			

			
				
				𝑝
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			
				
				=
				𝐽
			

			

				𝑇
			

			
				
			
			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			
				+
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			

				.
			

		
	

					In this case, the value of 
	
		
			

				𝑀
			

			
				
				𝑝
			

			
				(
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			

				)
			

		
	
 is considerably reduced, while 
	
		
			

				𝑀
			

			

				𝑛
			

			
				(
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			

				)
			

		
	
 remains unchanged. Thus, the normalized current density boundary conditions at the depletion layer edges (18a) are modified to
						
	
 		
 			
				(
				2
				9
				)
			
 		
	

	
		
			
				𝑃
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			
				
				=
				
				2
			

			
				
			
			

				𝑀
			

			
				
				𝑝
			

			
				
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			
				
				
				
				−
				1
				,
				𝑃
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			
				
				=
				1
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				,
			

		
	

					where 
	
		
			

				𝑀
			

			

				𝑛
			

			
				(
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			

				)
			

		
	
 is very large (~106) near the breakdown of the device and  
	
		
			

				𝑀
			

			
				
				𝑝
			

			
				(
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑛
			

			

				)
			

		
	
 is much smaller than 
	
		
			

				𝑀
			

			

				𝑛
			

			
				(
				𝑥
				=
				𝑊
			

			

				𝐷
			

			

				𝑝
			

			

				)
			

		
	
 under similar condition. Equation (29) is used as one of the boundary conditions in the proposed model (in place of (18a)) for simulating the optoelectric properties of the 
	
		
			

				𝑛
			

			

				+
			

		
	
-layer illuminated 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured RAPD. 
When the light is shined on the 
	
		
			

				𝑝
			

			

				+
			

		
	
-side of the 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured RAPD, then the photocurrent density will be electron dominated. So, the electron and hole multiplication factors at the  
	
		
			

				𝑛
			

		
	
- and  
	
		
			

				𝑝
			

		
	
-depletion layer edges are given by
						
	
 		
 			
				(
				3
				0
				)
			
 		
	

	
		
			

				𝑀
			

			
				
				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			
				
				=
				𝐽
			

			

				𝑇
			

			
				
			
			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			
				+
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				,
				𝑀
			

			

				𝑝
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			
				
				=
				𝐽
			

			

				𝑇
			

			
				
			
			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				T
				h
			

			

				)
			

			

				.
			

		
	

					In this case, the value of 
	
		
			

				𝑀
			

			
				
				𝑛
			

			
				(
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			

				)
			

		
	
 is considerably reduced, while 
	
		
			

				𝑀
			

			

				𝑝
			

			
				(
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			

				)
			

		
	
 remains unchanged. Thus, the normalized current density boundary conditions at the depletion layer edges (18b) are modified to
						
	
 		
 			
				(
				3
				1
				)
			
 		
	

	
		
			
				𝑃
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			
				
				=
				⎛
				⎜
				⎜
				⎝
				2
				1
				−
			

			
				
			
			

				𝑀
			

			
				
				𝑛
			

			
				
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			
				
				⎞
				⎟
				⎟
				⎠
				
				,
				𝑃
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			
				
				=
				−
				1
				,
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				,
			

		
	

					where 
	
		
			

				𝑀
			

			

				𝑝
			

			
				(
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			

				)
			

		
	
 is very large (~106) near the breakdown of the device and 
	
		
			

				𝑀
			

			
				
				𝑛
			

			
				(
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑝
			

			

				)
			

		
	
 is much smaller than 
	
		
			

				𝑀
			

			

				𝑝
			

			
				(
				𝑥
				=
				𝑊
			

			
				
				𝐷
			

			

				𝑛
			

			

				)
			

		
	
 under similar condition. Equation (31) is used as one of the boundary conditions in the proposed model (in place of (18b)) for simulating the optoelectric properties of the 
	
		
			

				𝑝
			

			

				+
			

		
	
-layer illuminated 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured RAPD. Total primary unmultiplied photocurrent 
	
		
			
				(
				𝐼
			

			
				𝑝
				ℎ
			

			

				)
			

		
	
 can be written as
						
	
 		
 			
				(
				3
				2
				)
			
 		
	

	
		
			

				𝐼
			

			
				𝑝
				ℎ
			

			
				=
				
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				+
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				
				𝐴
			

			

				𝑗
			

			

				.
			

		
	

					Total multiplied photocurrent 
	
		
			
				(
				𝐼
			

			

				𝑀
			

			

				)
			

		
	
 is given by
						
	
 		
 			
				(
				3
				3
				)
			
 		
	

	
		
			

				𝐼
			

			

				𝑀
			

			

				′
			

			
				=
				
				𝑀
			

			
				
				𝑝
			

			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				+
				𝑀
			

			

				𝑛
			

			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				
				𝐴
			

			

				𝑗
			

			

				,
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝐼
			

			

				𝑀
			

			
				′
				′
			

			
				=
				
				𝑀
			

			

				𝑝
			

			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				+
				𝑀
			

			
				
				𝑛
			

			

				𝐽
			

			

				𝑛
			

			

				s
			

			

				(
			

			
				O
				p
				t
			

			

				)
			

			
				
				𝐴
			

			

				𝑗
			

			

				,
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				.
			

		
	

					In the avalanche phenomenon of reverse biased  
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured RAPDs, both electrons and holes participate; a mean value of multiplication factor or optical gain can be expressed as
						
	
 		
 			
				(
				3
				4
				)
			
 		
	

	
		
			

				𝑀
			

			

				
			

			
				=
				𝐼
			

			

				𝑀
			

			
				
			
			

				𝐼
			

			
				𝑝
				ℎ
			

			
				=
				
				𝑀
			

			
				
				𝑝
			

			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				+
				𝑀
			

			

				𝑛
			

			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			

				
			

			
				
			
			
				
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				+
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				
				,
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝑀
			

			
				
				
			

			
				=
				𝐼
			

			

				𝑀
			

			
				
			
			

				𝐼
			

			
				𝑝
				ℎ
			

			
				=
				
				𝑀
			

			

				𝑝
			

			

				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				+
				𝑀
			

			
				
				𝑛
			

			

				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			

				
			

			
				
			
			
				
				𝐽
			

			
				𝑝
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				+
				𝐽
			

			
				𝑛
				𝑠
				(
			

			
				O
				p
				t
			

			

				)
			

			
				
				,
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				.
			

		
	

					where 
	
		
			

				𝑀
			

			
				
				𝑝
				/
				𝑛
			

		
	
 and  
	
		
			

				𝑀
			

			
				
				
				𝑝
				/
				𝑛
			

		
	
 are the overall multiplication factors which are obtained by integrating the position dependent multiplication factor (
	
		
			

				𝑀
			

			
				
				𝑝
				/
				𝑛
			

			
				(
				𝑥
				)
			

		
	
 and 
	
		
			

				𝑀
			

			
				
				
				𝑝
				/
				𝑛
			

			
				(
				𝑥
				)
			

		
	
) over the entire depletion layer width. The responsivity (
	
		
			

				𝑅
			

			

				
			

		
	
  or  
	
		
			

				𝑅
			

			
				
				
			

			
				𝐴
				𝑊
			

			
				−
				1
			

		
	
) of an APD is defined as the output photocurrent per unit incident optical power which can be written as
						
	
 		
 			
				(
				3
				5
				)
			
 		
	

	
		
			

				𝑅
			

			

				
			

			
				=
				𝐼
			

			

				𝑀
			

			

				′
			

			
				
			
			

				𝑃
			

			
				𝑖
				𝑛
			

			
				=
				𝑀
			

			

				
			

			

				𝐼
			

			
				𝑝
				ℎ
			

			
				
			
			

				𝑃
			

			
				𝑖
				𝑛
			

			
				=
				𝑀
			

			

				
			

			
				⋅
				𝑅
			

			
				𝑢
				𝑔
			

			

				,
			

			
				i
				n
				F
				C
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			
				,
				𝑅
			

			
				
				
			

			
				=
				𝐼
			

			

				𝑀
			

			
				′
				′
			

			
				
			
			

				𝑃
			

			
				𝑖
				𝑛
			

			
				=
				𝑀
			

			
				
				
			

			

				𝐼
			

			
				𝑝
				ℎ
			

			
				
			
			

				𝑃
			

			
				𝑖
				𝑛
			

			
				=
				𝑀
			

			
				
				
			

			
				⋅
				𝑅
			

			
				𝑢
				𝑔
			

			

				,
			

			
				i
				n
				T
				M
				s
				t
				r
				u
				c
				t
				u
				r
				e
			

			

				,
			

		
	

					where 
	
		
			

				𝑅
			

			
				𝑢
				𝑔
			

		
	
 is the unity gain responsivity of the device.
5. Results and Discussion
Simulation is carried out to study the electrical and optoelectrical characteristics of the designed 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured Wz-GaN RAPDs (Table 1). The effect of optical illumination on the electric field profile of the device is investigated for two different optical illumination configurations. Simulated electric field profiles are shown in Figure 4 near breakdown voltages. Breakdown voltages 
	
		
			
				(
				𝑉
			

			

				𝐵
			

			

				)
			

		
	
 of RAPD1, RAPD2, RAPD3, and RAPD4 are calculated by integrating the electric field profiles within the entire depletion regions of the corresponding devices (i.e., 
	
		
			

				𝑉
			

			

				𝐵
			

			
				=
				∫
			

			

				𝑊
			

			
				𝜉
				(
				𝑥
				)
				𝑑
				𝑥
			

		
	
,  where 
	
		
			
				𝑊
				=
				𝑊
			

			

				𝑛
			

			
				+
				𝑊
			

			

				𝑝
			

		
	
). Breakdown voltages of RAPD1, RAPD2, RAPD3, and RAPD4 are obtained as 85.54, 89.25, 91.46, and 94.47 V, respectively. Breakdown voltage increases as the doping levels of the active layers decrease. Spatial variations of impact ionization rates for electrons 
	
		
			
				(
				𝛼
			

			

				𝑛
			

			

				)
			

		
	
 and holes 
	
		
			
				(
				𝛼
			

			

				𝑝
			

			

				)
			

		
	
 in 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured Wz-GaN RAPDs are shown in Figure 5. It is interesting to observe that the ionization rates for holes 
	
		
			
				(
				𝛼
			

			

				𝑝
			

			

				)
			

		
	
 are higher compared to the ionization rate of electrons 
	
		
			
				(
				𝛼
			

			

				𝑛
			

			

				)
			

		
	
 at each space points within the active region of the device. Also, both 
	
		
			

				𝛼
			

			

				𝑝
			

		
	
 and 
	
		
			

				𝛼
			

			

				𝑛
			

		
	
  are higher at each space points within its low field regions in RAPDs with lower doping levels because at low field regions, electric fields at each space point, higher for lower doping level RAPDs. But the peak electric field at the metallurgical junction increases with the increase of doping concentration (Figure 4), and thus, at the junction both, 
	
		
			

				𝛼
			

			

				𝑝
			

		
	
 and 
	
		
			

				𝛼
			

			

				𝑛
			

		
	
  are higher in RAPDs having higher doping levels (Figure 5).









	



	



	



	



	



	



	




	




	





	
		
			
		
		
			
			
		
		
			
		
	


	
		
			
		
		
			
			
		
		
			
		
		
			
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	


	
	
	


	
	
	











	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	



	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	









	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	


	
		
			
			
			
			
			
		
	


	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	















Figure 4: Electric field profiles of unilluminated 
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				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 Wz-GaN RAPDs near breakdown.




	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	


	


	


	


	


	


	


	
		
			
		
		
			
			
		
		
			
		
	


	
		
			
		
		
			
			
		
		
			
		
		
			
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
			
			
		
		
			
		
		
			
		
		
			
		
	


	


	


	


	



	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	



























































	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


















	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	




	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	















Figure 5: Spatial distributions of electron and hole ionization rates in unilluminated 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 Wz-GaN RAPDs near breakdown.


Multiplication factors 
	
		
			
				(
				𝑀
			

			

				
			

			
				,
				𝑀
			

			
				
				
			

			

				)
			

		
	
 of the RAPDs under consideration are plotted against reverse bias voltage 
	
		
			
				(
				𝑉
			

			

				𝑅
			

			

				)
			

		
	
 for both types of optical illumination configurations (i.e., FC and TM) for 365 nm wavelength in Figures 6 and 7. It is observed that peak multiplication factor is higher for hole dominated photocurrent (highest 9.4144 × 103), that is, when the UV light is shined on the 
	
		
			

				𝑛
			

			

				+
			

		
	
-layer of the device (FC structure) as compared to that of the electron dominated photocurrent (highest 7.8800 × 103), that is, when the UV light is shined on the 
	
		
			

				𝑝
			

			

				+
			

		
	
-layer of the device (TM structure). It is occurred because the ionization rate of holes 
	
		
			
				(
				𝛼
			

			

				𝑝
			

			

				)
			

		
	
 is higher than that of electrons 
	
		
			
				(
				𝛼
			

			

				𝑛
			

			

				)
			

		
	
 in Wz-GaN [22]; thus, the hole dominated photocurrent 
	
		
			
				(
				𝐼
			

			

				𝑀
			

			

				′
			

			

				)
			

		
	
 must have greater value in FC structure as compared to electron dominated photocurrent 
	
		
			
				(
				𝐼
			

			

				𝑀
			

			
				′
				′
			

			

				)
			

		
	
 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. This effect is similar as InP- and GaAs-based avalanche transit time (ATT) devices [38–40] where 
	
		
			

				𝛼
			

			

				𝑝
			

			
				>
				𝛼
			

			

				𝑛
			

		
	
, but opposite of Si-based ATT devices [40–48] where 
	
		
			

				𝛼
			

			

				𝑛
			

			
				>
				𝛼
			

			

				𝑝
			

		
	
. Also, multiplication factor is higher for lower doping level RAPDs due to their expected wider avalanche zones or multiplication regions.



	


	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	




















	
	
	
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
			
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	



	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	















Figure 6: Variations of multiplication factors with reverse bias voltage in 
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				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 Wz-GaN RAPDs due to optical illumination (
	
		
			
				𝜆
				=
				3
				6
				5
			

		
	
 nm) on the  
	
		
			

				𝑛
			

			

				+
			

		
	
-layer (FC).




	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	
	


	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	




















	
	
	
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
	



	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	















Figure 7: Variations of multiplication factors with reverse bias voltage in 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 Wz-GaN RAPDs due to optical illumination (
	
		
			
				𝜆
				=
				3
				6
				5
			

		
	
 nm) on the 
	
		
			

				𝑝
			

			

				+
			

		
	
-layer (TM).


Figure 8 shows the variations of electron dominated photocurrent (
	
		
			

				𝐼
			

			

				𝑀
			

			
				′
				′
			

		
	
: TM structure), hole dominated photocurrent (
	
		
			

				𝐼
			

			

				𝑀
			

			

				′
			

		
	
: FC structure), and total dark current (
	
		
			

				𝐼
			

			

				𝑇
			

		
	
: without illumination) with reverse bias voltage in RAPD4. The simulated photocurrents that are shown in Figure 8 are for optical illumination of wavelength 
	
		
			
				𝜆
				=
				3
				6
				5
			

		
	
 nm. Also, the dark current components due to band-to-band tunneling 
	
		
			
				(
				𝐼
			

			
				𝐵
				𝐵
				𝑇
			

			

				)
			

		
	
 and trap-assisted tunneling (
	
		
			

				𝐼
			

			
				𝑇
				𝐴
				𝑇
			

		
	
: for three different trap centers 
	
		
			

				𝐸
			

			

				𝑡
			

			
				=
				0
				.
				2
				0
			

		
	
, 0.40, and 0.60 eV) are also shown in Figure 8. It can be observed that both 
	
		
			

				𝐼
			

			
				𝐵
				𝐵
				𝑇
			

		
	
 and 
	
		
			

				𝐼
			

			
				𝑇
				𝐴
				𝑇
			

		
	
 are increasing with the increase of reverse bias 
	
		
			
				(
				𝑉
			

			

				𝑅
			

			

				)
			

		
	
, that is, with the increase of electric field across the depletion region. It is also noteworthy that the magnitudes of 
	
		
			

				𝐼
			

			
				𝐵
				𝐵
				𝑇
			

		
	
 and 
	
		
			

				𝐼
			

			
				𝑇
				𝐴
				𝑇
			

		
	
 are much lower as compared to the total current 
	
		
			
				(
				𝐼
			

			

				𝑇
			

			

				)
			

		
	
 through the device under unilluminated condition the breakdown. Thus, the avalanche multiplication phenomenon is clearly dominant over the both types of tunneling phenomena (band-to-band and trap-assisted). It can be observed from Figure 8 that at low reverse bias when the amount of impact ionization is low (causing very low multiplication gain 
	
		
			
				(
				𝑀
			

			

				
			

			
				,
				𝑀
			

			
				
				
			

			

				)
			

		
	
) in both the electron and hole dominated photocurrents which are much higher (~10−9 to ~10−8 A for 
	
		
			
				|
				𝑉
			

			

				𝑅
			

			
				|
				=
				0
			

		
	
  to 40 V) as compared to the dark current (10−13 to 10−11 A for 
	
		
			
				|
				𝑉
			

			

				𝑅
			

			
				|
				=
				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
			

			

				
			

			
				,
				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
			

			

				
			

			
				,
				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 Figure 8 that the hole dominated photocurrent 
	
		
			
				(
				𝐼
			

			

				𝑀
			

			

				′
			

			

				)
			

		
	
 is higher as compared to electron dominated photocurrent 
	
		
			
				(
				𝐼
			

			

				𝑀
			

			
				′
				′
			

			

				)
			

		
	
; which reconfirms the greater sensitivity of Wz-GaN RADPs in hole dominated photocurrent. 




	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	


	
		
	
	
		
			
		
		
			
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
		
		
			
		
		
			
		
	
	
		
			
			
		
		
			
		
		
			
		
	
	
		
			
			
		
		
			
		
		
			
		
	
	
		
			
			
		
		
			
		
		
			
		
	
	
		
			
			
		
		
			
		
		
			
			
		
	
	
		
			
			
		
		
			
		
		
			
			
		
	
	
		
			
			
		
		
			
		
		
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
		
		
			
		
		
			
		
		
			
			
			
		
	
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
				
				
			
			
				
				
			
		
		
			
				
				
				
			
			
				
				
			
		
		
			
				
				
				
			
			
				
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
		
		
			
				
			
			
				
				
				
			
		
		
			
				
			
			
				
				
				
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 8: Variations electron and hole dominated photocurrents (for optical illumination of wavelength  
	
		
			
				𝜆
				=
				3
				6
				5
			

		
	
 nm), total dark current, band-to-band tunneling current and trap-assisted tunneling current (for different trap centers) with reverse bias voltage in RAPD4.


Unity gain responsivity curves of 
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured Wz-GaN RAPDs are shown in Figures 9 and 10 for both type of optical illumination configurations (FC and TM). Unity gain responsivities are calculated for the wavelength 300–450 nm, and it is observed that the peak responsivity is obtained at 365 nm for both FC and TM structures. Again, peak responsivities are higher (555.78 mA W−1 at 365 nm) for hole dominated photocurrent, that is, in FC structure as compared to electron dominated photocurrent (480.56 mA W−1 at 365 nm), that is, in TM structure. It is also interesting to observe that due to wider avalanche widths (i.e., higher impact ionization), lower doping level RAPDs provide higher responsivity due to same amount of incident optical power at same reverse bias. It can be noticed from Figures 9 and 10  that in both the optical illumination configurations (FC and TM) the device shows responsivity peaks at 365 nm wavelength which is also observed in the earlier experimental report on GaN APDs [19].


	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	


	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
				
				
				
			
		
	
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
				
				
				
				
				
			
		
		
			
				
				
				
				
				
			
		
		
			
				
				
				
				
				
			
		
		
			
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
				
			
			
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
					
				
					
				
			
		
	
	
		
			
			
				
			
		
	

Figure 9: Variations of unity gain spectral responsivities with wavelength in 
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				𝑛
			

			

				+
			

		
	
 Wz-GaN RAPDs due to optical illuminated on the 
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				+
			

		
	
-layer (FC) for applied reverse bias of 85 V.




	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
		
	


	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
	
		
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
				
				
				
			
		
	
	
	
	
	
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
				
				
				
				
				
			
		
		
			
				
				
				
				
				
			
		
		
			
				
				
				
				
				
			
		
		
			
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
				
			
			
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
					
				
					
				
			
		
	
	
		
			
			
				
			
		
	

Figure 10: Variations of unity gain spectral responsivities with wavelength in 
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				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
  Wz-GaN RAPDs due to optical illuminated on the 
	
		
			

				𝑝
			

			

				+
			

		
	
-layer (TM) for applied reverse bias of 85 V.


Spectral response of RAPD4 is shown in Figure 11 as a function of reverse bias voltage under both optical illumination configurations. It can be observed from Figure 11 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 269.92 to 555.78 mA W−1 as the reverse bias voltage increases from 45 to 85 V in FC structure, whereas the same increases from 229.87 to 480.56 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.


	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
	
	
		
			
			
		
		
			
		
		
			
		
	


	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
				
				
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
			
				
			
		
	
	
		
			
				
				
			
		
		
			
				
				
			
		
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
				
			
			
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
					
				
					
				
			
		
	
	
		
			
			
				
			
		
	

Figure 11: Variations of unity gain spectral responsivities with wavelength in RAPD4 for different reverse bias under both FC and TM configurations.


6. Validation of the Simulation Results
Vashaei et al. [19] fabricated GaN avalanche  
	
		
			

				𝑝
			

			

				-
			

			

				𝑖
			

			

				-
			

			

				𝑛
			

		
	
  photodiodes grown on  
	
		
			

				𝑚
			

		
	
-plane freestanding GaN substrate and experimentally studied spectral response of the device. The photocurrent was extracted by measuring the 
	
		
			

				𝐼
			

		
	
-
	
		
			

				𝑉
			

		
	
 characteristics under white light illumination using a Xenon lamp coupled onto the top of the device (
	
		
			

				𝑝
			

		
	
-layer) through an UV fiber-optic cable. The spectral response of the devices was measured within the wavelength range of 300 to 450 nm. They obtained peak unity gain responsivity of the device more than 523.0 mA W−1 at 364 nm with multiplication factor of about 8,000 at an applied reverse bias of 75 V. The simulation results presented in this paper show that 555.78 mA W−1 of peak unity gain responsivity at 365 nm wavelength may be achieved with a multiplication factor of 9.4144 × 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 480.56 mA W−1 and 7.8800 × 103, respectively, when UV light of same wavelength is illuminated on the 
	
		
			

				𝑝
			

			

				+
			

		
	
-layer of the device, that is, due to electron dominated photocurrent (i.e., in TM structure) (applied reverse bias 
	
		
			

				𝑉
			

			

				𝑅
			

			
				=
				8
				5
			

		
	
 V for both of these FC and TM structures). Thus, the simulation results are in close agreement with the experimentally obtained results of Vashaei et al. [19]. 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.
7. Conclusions
The effect of electron versus hole photocurrent on the optoelectric properties of  
	
		
			

				𝑝
			

			

				+
			

			

				-
			

			

				𝑝
			

			

				-
			

			

				𝑛
			

			

				-
			

			

				𝑛
			

			

				+
			

		
	
 structured Wz-GaN RAPDs is investigated in this paper within visible-blind UV range (300–450 nm). Results show that peak unity gain responsivity of 555.78 mA W−1 at 365 nm can be achieved with a multiplication factor of 9.4144 × 103 when light is illuminated on the 
	
		
			

				𝑛
			

			

				+
			

		
	
-layer of the device, that is, when the photocurrent is hole dominated (FC structure), while those are 480.56 mA W−1 and 7.8800 × 103, respectively, when light of same wavelength is illuminated on the 
	
		
			

				𝑝
			

			

				+
			

		
	
-layer of the device, that is, due to electron dominated photocurrent (i.e., in TM structure) (applied reverse bias 
	
		
			

				𝑉
			

			

				𝑅
			

			
				=
				8
				5
			

		
	
 V for both of these FC and TM structures). Due to higher hole ionization rate compared to electron ionization rate  
	
		
			
				(
				𝛼
			

			

				𝑝
			

			
				>
				𝛼
			

			

				𝑛
			

			

				)
			

		
	
 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  
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-layer to get better optoelectrical performance of Wz-GaN RAPDs. Results are extremely encouraging to fabricate 
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 structured Wz-GaN RAPDs for high performance visible-blind UV applications such as bioaerosol detection, UV imaging, harsh environment gamma sensing, long-range flame detection in the solar-blind window.
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