
 

  
Abstract—The breakdown probability and timing jitter of 

silicon carbide single-photon avalanche diodes were simulated 
with a random path length Monte-Carlo model. The results are in 
good agreement with the measured device characteristics. 
 

Index Terms—Avalanche photodiode, photodetector, timing 
jitter  

I. INTRODUCTION 
ilicon carbide (SiC) single photon avalanche diodes 
(SPADs), have recently been studied for extremely 

low-level ultra-violet (UV) detection [1,2]. High single-photon 
detection efficiency (SPDE) of up to ~ 38% with low dark 
count rate was reported on 4H-SiC SPADs at room temperature 
[2]. Despite the fact that some of the fundamental material 
parameters of SiC are not well known,  reports on modeling 
linear mode SiC APD have achieved results consistence with 
experiment data.[3,4] In this work, we report simulation of the 
Geiger-mode performance of SiC APDs with a random path 
length (RPL) Monte Carlo model. 

II. METHOD 
The RPL model was first investigated by Ong, et al. [5] for 

simulations of the characteristics of linear-mode APDs. It was 
extended by Tan, et al. to studies of the breakdown probability 
and timing jitter of SPADs [6]. Ng, et al. investigated the 
impact of the non-local effect on the excess noise of SiC APDs 
with this model. [3]  

In the non-local impact ionization model with hard dead 
space, the chance that a carrier generated at location x0 travels 
to a new location x in the depletion region without experiencing 
impact ionization can be described as the survival probability 
Pse(x|x0). For electrons, this is related to the electron ionization 
coefficient by 
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where α*(x) is the enabled impact ionization coefficient of 
electrons and de is the dead space for electrons generated at x0. 
Here we assume that the residue kinetic energy of carriers after 
triggering impact ionization and the kinetic energy of the 
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carriers immediately after impact ionization are both 
negligible. The expression for the survival probability for holes 
is similar. In the random path length model, the distance that a 
carrier generated at x0 travels before experiencing impact 
ionization is |x0-x1| in which the x1 is the solution of the 
equation 

RxxPse =)|( 0 , 
where R is a random number between 0 and 1. If x1 is within the 
depletion region, an impact ionization will be triggered at x1 
and a new electron-hole pair will be generated. Otherwise if x1 
is outside the depletion region, the carrier is considered to have 
transited to the contact layer.  

In order to investigate the breakdown probability and jitter of 
SPADs, we assume that all carriers move in the depletion 
region with a constant velocity (average drift velocity). The 
time and position in the depletion region of all carriers were 
tracked for each injected carrier. Therefore, the current flowing 
in the device can be calculated by: 
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where N(t, Δt) is the number of carriers that arrived at the edge 
of the depletion region in a time interval Δt at time t.  The 
tracking process for each injected carrier is terminated when 
one of the following criteria has been satisfied: 1) the current 
initiated by the injected carrier reaches a certain threshold 
value; 2) all the carriers are collected before the threshold 
current was achieved, or 3) a certain amount of time (maximum 
tracking time) has transpired. Criterion 1) corresponds to the 
situation that the injected carrier has initiated a detectable 
current pulse, which will be registered in a counter at the device 
output. In this case, the avalanche build-up time is the time 
from the injection of the carrier to the point when the current 
reaches the threshold. Criteria 2) and 3) correspond to the 
situations that the current failed to reach the threshold within 
the maximum tracking time representing the gate width in 
gated-mode operation. Multiple runs need to be performed in 
order to achieve reliable statistical averages. The breakdown 
probability is the percentage of injected carriers that result in a 
count. Timing jitter is related to the variance of the avalanche 
build-up time, the diffusion time for carriers generated outside 
of the depletion region and the pulse width of the incident light 
pulse. 

III. EXAMPLE AND DISCUSSION 
The SiC SAPD reported in reference [1] was investigated as 

an example here. The 4H-SiC epi- layers from surface to 
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substrate are: 200 nm p+ contact layer (NA=1×1019cm-3), 200 
nm p layer (NA=2.4×1018cm-3), 480 nm p- layer 
(NA=2.8×1015cm-3) and 2000 nm n layer (ND=4.5×1018cm-3). 
The p+ contact layer was thinned in the detecting area to form a 
recessed window of depth ~160 nm. A ~230 nm SiO2 
antireflection layer was deposited on top of the SiC.  

 
Quantum efficiency vs. the wavelength was calculated with 

consideration given to photon absorption, minority carrier 
diffusion and surface recombination [7]. The carrier diffusion 
coefficients and diffusion lengths for SiC with different doping 
densities were calculated based on the lifetime and mobility 
values in [4]. High surface recombination velocity of 107 cm/s 
was used for the recess window surface, which was etched by 
inductively coupled plasma (ICP). The absorption coefficients 
for wavelengths below 320 nm used in this work are shown in 
Fig1, which are similar to those in [4].The photo multiplication 
gain was calculated with the impact ionization coefficients and 
dead space threshold energies reported in [3]. Figure 2 shows 
the simulated gain-voltage relationship, the difference between 
the measured breakdown voltage and calculated voltage is ~ 
3%. The simulated quantum efficiency is compared with the 
measured result in the inset of figure 2. 

   
For the Geiger-mode performance simulation, an average 

drift velocity of 2x105 cm/s for both electrons and holes was 
assumed and the threshold current of the breakdown was set to 
1 �A. A maximum tracking time of 10ns was used to simulate 
gated quenching. Figure 3 shows the simulated and measured 
breakdown probabilities for 280 nm illumination. Figure 4. 
shows the simulated timing jitter for different voltages. The 
jitter decreases with increasing excess bias, which is 

consistent with our experimental observations. 

  . 

 

IV. CONCLUSION 
Linear-mode and Geiger-mode characteristics of SiC 

avalanche photodiode were simulated with the random path 
length model. The results showed good agreement with the 
measured performance. This model can be used to design and 
optimize the performance of SiC single photon counting APDs. 

REFERENCES 
[1] Xiaogang Bai, Han-Din Liu, Dion C. McIntosh, and Joe C. Campbell, 

"High-detectivity and high-single-photon -detection-efficiency 4H-SiC 
avalanche photodiodes", IEEE Journal of Quantum Electronics, Vol. 45, 
No. 3, pp.300-303, Mar 2009  

[2] B. K. Ng, John P. R. David, Richard C. Tozer, Graham J. Rees, Feng Yan, 
Jian H. Zhao, and Maurice Weiner, "Nonlocal Effects in Thin 4H-SiC UV 
Avalanche Photodiodes" IEEE Transactions on Electron Devises, Vol. 
50, No. 8, pp. 1724-1732, Aug. 2003 

[3] Ho-Young Cha and Peter M. Sandvik, "Electrical and optical modeling of 
4H-SiC avalanche photodiodes", Japanese Journal of Applied Physics 
Vol. 47, No. 7,  pp. 5423–5425, 2008 

[4] Gary A. Shaw, Andrew M. Siegel, Joshua Model, Adam Geboff, 
Stanislav Soloviev, Alexey Vert, and Peter Sandvik “Deep UV 
Photon-Counting Detectors and Applications”  Proc. SPIE, Vol. 7320, 
73200J, 2009 

[5] D. S. Ong, K. F. Li, G. J. Rees, J. P. R. David, and P. N. Robson, “A 
simple model to determine multiplication and noise in avalanche 
photodiodes,” J. Appl. Phys., vol. 83, pp. 3426–3428, Mar. 1998. 

[6] S. L. Tan, D. S. Ong, and H. K. Yow, "Theoretical analysis of breakdown 
probabilities and jitter in single-photon avalanche diodes", Journal of 
Applied Physics 102, 044506 (2007)  

[7] S.M.Sze and Kwok K. Ng, Physics of Semiconductor Devices, 3rd Ed, 
New York: Wiley, 2007, pp. 728–729 

220 240 260 280 300 320 340 360 380
101

102

103

104

105

106

 

 

A
bs

or
pt

io
n 

C
oe

ffi
ci

en
t (

/c
m

)

Wavelength (nm)

 Used By H.Y. Cha et al
 Used in this work

 
 
Fig. 1. Absorption spectra of SiC used to fit the quantum efficiency. The 
dashed line shows the absorption spectra fitted by Ho-Yong Cha[4]. 
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Fig.  3. Simulated and measured breakdown probabilities 
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Fig. 4. Simulated and measured jitter 
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Fig. 2. Simulated and measured photo multiplication gain. Inset shows
the quantum efficiencies. 
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