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Abstract 

 
Avalanche photodiodes (APDs) is a particularly sensitive semiconductor device 

that employs the photoelectric effect to convert light into electricity. APDs can be 

used in some typical applications, i.e. imaging, optical fiber communications, 

range finding, laser scanners and laser microscopy. In APDs, avalanche 

multiplication occurred due to impact ionization when the devices operating at 

high electric fields. Unfortunately, avalanche multiplication decreases the time 

response of APDs. The time response of an APD can be characterized by its current 

response which is represented by the mean current as a function of time. This paper 

discusses a method to estimate the time response of double-carrier multiplication 

avalanche photodiodes (APDs). The model, called The Random Path Length 

(RPL), generates random path length for a carrier to impact ionize and takes 

account of dead space distance into the calculation. Dead space distance is the 

minimum distance to travel by a carrier to gain the adequate energy to start first 

ionization. The RPL is applied into an ideal structure which is assumed has a 

dimensionless multiplication length, w = 1.0, with electrons and holes moving in 

constant speeds, ve = vh = v, for various dead spaces distances, d*. In this research, 

a computer code is generated to compute the mean impulse response, i(t), and the 

standard deviation, (t), of APDs all as a function of time. 
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I.  INTRODUCTION 

he optical receiver is a device which is responsible 

to convert information or energy from optical form 

into electrical signal and recover the data transmitted 

through optical communication system [1]. One device 

used as an optical receiver is photodiode, which 

produce current relative to the light power imposing on 

the diode. When incident light (photon) illuminate the 

junction of photodiodes on one side, the photon will be 

absorbed and an electron-hole pair is created. Electrons 

and holes created inside the region accelerate in 

opposite directions, creating flow of current in the 

external circuit, which is proportional to the incident 

optical power. Avalanche photodiode (APD) is 

photodiode with internal gain, which has ability to 

increase the number of electron-hole pairs per injected 

photon. Their output current is extremely higher 

compared to those of other types of photodiodes. The 

avalanche multiplication is the fundamental mechanism 

in the operation of APDs.  

opticalpreferred to use among theareAPDs

receivers in optical communication systems [2-4]. 

APDs have excellent internal gain, which extensively 

increases receiver sensitivity and reduces the necessary 

for optical pre-amplification. The process of carrier 

impact ionization, which is a phenomenon behind the 

production of gain in APDs, results in fluctuations in 

the multiplication gain and also in the response of time 

[5-6]. This fluctuation introduces noise which can be 

misunderstood as missing of information in 

communication systems.  

The estimation of multiplication gain, time response 

and excess noise factor must account a carrier history to 

obtain more accurate results. The accurately prediction 

of time response of APDs in this paper also takes 

account the dead space distance. Dead space is a 

minimum distance required to travel by a carrier to 

obtain enough energy to impact ionizes [7]. It has been 

showed that dead space is essential for estimating the 

multiplication gain and excess noise factor of APDs [8]. 

In this paper, the random path length (RPL) model is 

developed to estimate the number of carriers produced 

in the gain region. The model takes account the dead 

space distance into the calculation. The data of carrier 

number is used to predict the time response of APDs. 

Results of estimation are presented in graphs of mean 

T 
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impulse response, i(t), and its standard deviation, (t), 

all as a function of time. The rest of the paper is 

explained as follows. Next section describes the model 

used in the simulation as well as the current response 

calculation. Some simulation results and discussions 

are presented in section III. Finally, Section IV 

concludes the study. 

II.  MODELS AND METHODS 

A.  Random Path Length Model 

The random path length (RPL) model of avalanche 

process is developed to model the performance of 

avalanche photodiode [9-10]. The model generates a 

randomly ionization path length and include the dead 

space into the calculations of multiplication and noise 

of avalanche photodiodes. In the RPL model, the 

electrons and holes traveling a random distance before 

they impact ionize. These random distance variables are 

assumed to be statistically independent and have 

probability density functions. The probability density 

function for an electron to initiate impact ionization 

after traveling a distance x in a uniform electric field, E, 

is given by 

𝑃𝑒(𝑥) = {
0

𝛼∗exp⁡[−𝛼∗(𝑥 − 𝑑𝑒
∗)]

,⁡⁡⁡⁡⁡⁡⁡𝑥 ≤ 𝑑𝑒
∗

,⁡⁡⁡⁡⁡⁡⁡𝑥 > 𝑑𝑒
∗ (1) 

Where de* is the electron hard threshold dead space, 

and * is ionization coefficient for electron after dead 

space occurred. The value of de* is determined by 

electron charge, e, ionization threshold energy, th*, and 

electric field, E. 

𝑑𝑒
∗ =

𝜀𝑡ℎ
∗

𝑒𝐸
 (2) 

Hence, the probability for an electron to ionize as a 

given position does not depend only on applied electric 

field, as in the local model, but also on its history. From 

(1), the average distance between the position where the 

electron impact ionize is given by the following 

equation, 

< 𝑙 >= ∫ 𝑥𝑃𝑒(𝑥)𝑑𝑥 =
1

𝛼∗
+ 𝑑𝑒

∗∞

0
 (3) 

Since the ionization coefficient, , is the inverse of 

average length of the electron impact ionize, therefore 

[11] 

𝛼 =
1

𝑑𝑒
∗+ 1

𝛼∗
  (4) 

The probability that a carrier travels distance x 

without generating secondary electron-hole pair Se(x) 

can be obtained from (1). 

𝑆𝑒(𝑥) = {
1

exp⁡[−𝛼∗(𝑥 − 𝑑𝑒
∗)]

,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑥 ≤ 𝑑𝑒
∗

,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑥 > 𝑑𝑒
∗ (5) 

In order to get a random path length for electron to 

impact ionize, le, in this RPL model, a random number, 

r, between 0 and 1 is injected into Se(x) in (5). 

𝑟 = exp⁡[−𝛼∗(𝑙𝑒 − 𝑑𝑒
∗) (6) 

𝑙𝑒 = 𝑑𝑒
∗ −

ln⁡(𝑟)

𝛼𝑠∗
 (7) 

Thus by substituting, Ph(x), Sh(x), , *, dh* and lh for 

Pe(x), Se(x), , *, de* and le, the RPL model for hole 

can be obtained. By using this model, we can estimate 

multiplication and noise factor in double carrier 

avalanche photodiodes by involving the dead space 

model. Under consideration is a double carrier 

multiplication APD with a multiplication region of w 

and a uniform electric field. To begin avalanche 

multiplication process, an electron is injected at 

position x = 0 then traveling a random distance to 

impact ionize, according to (7). Hence, at this position 

in addition to the original electron, there will be a new 

electron and a hole is generated. All three carriers then 

will travel new random length, selected independently, 

to initiate impact ionization and produce many 

secondary carriers. All secondary holes and electrons 

repeat each this process independently until all carriers 

have left the gain region. The total number of carrier 

pairs produced including the primary electron that 

initiate the whole avalanche process is counted. 

B.  Current Calculation 

This research applies the RPL model to estimate the 

time responses of avalanche photodiodes (APDs). It 

will consider an ideal structure which is assumed has a 

dimensionless multiplication length, w = 1.0, with 

electrons and holes constant speeds, ve = vh = v, for 

various dead spaces distances, d*. A computer code is 

generated to estimate the mean impulse response, i(t), 

and standard deviation, (t), of APDS. 

carriera doubleIn this simulation work,

multiplication APD with a multiplication region 

extending from x = 0 until x = w is under consideration. 

The avalanche process begins when an electron is 

introduced at position x = 0. Due to the effect of electric 

field, it drifts in x direction with a constant speed, ve. 

after the injection at a random distance, le, it initiates 

another impact ionization to generate an electron-hole 

pair. These successors carriers may start more 

ionization and produce more secondary carriers at 

random distances. The hole could perform the same 

process as the electron but in the reverse direction. The 

secondary electrons and holes repeat the process within 

the region. The impact ionization does not occur any 

more, when the electron arrives at the far-right side of 

the region (at position x = w) or the hole at the far-left 

side (at position x = 0). When all the carriers left the 

region, as a result the avalanche process stopped. The 
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random distance for a carrier to ionize is assumed to be 

statistically independent and have probability density 

function, Pe(x) and Ph(x), respectively, according to the 

random path length model explained in the previous 

section. 

At location x = 0 and time t = 0, the avalanche 

process is started by injecting an electron. Then, the 

electric current is induced at time t, causing all carriers, 

electrons and holes, to move within the multiplication 

region. This current, which is a function of time, is a 

random impulse response function, I(t), of the APD. 

The number of carriers generated are recorded in every 

time from the carrier injected time (t = 0) until the time 

when all carriers left the multiplication region. 

Afterward, the time response of current can be obtained 

from the following equation [12], 

𝐼(𝑡) =
q

𝑤
{𝑣𝑒𝑁𝑒(𝑡, 0) + 𝑣ℎ𝑁ℎ(𝑡, 0)} (8) 

where, q is elementary charge, w is multiplication 

region length, ve and vh are the electron and hole speed, 

respectively. Ne(t,0) and Nh(t,0) are the number of 

electron and hole at time t produced by an injected 

electron at position x = 0, respectively. 

Since the electron speed is assumed to be constant 

and equal to the hole speed, ve = vh = v, then (8) becomes 

𝐼(𝑡) =
q

𝑤
{𝑣𝑁(𝑡, 0)} (9) 

where, v is carrier speed and N(t,0) is the total number 

of carriers (electrons and holes) at time t generated by 

injected electron at position x = 0. 

Many trials are performed to obtain more accurate 

data. In this estimation, 10000 trials are executed to get 

the mean impulse response, 

𝑖(𝑡) =
1

10000
∑ 𝐼(𝑡)10000
1  (10) 

After the mean impulse response, i(t beenhas),

becandetermined, then its standard deviation

calculated from the following relation 

𝜎(𝑡) = √〈𝐼2(𝑡)〉 − 𝑖2(𝑡)  (11) 

)(2 tI  mtheis ofresponsetimeofsquaredean

current. It can be obtained by raising power the random 

impulse response, I(t), to two and taking the average of 

the result. 

III.  RESULTS AND DISCUSSIONS 

The mean impulse response, i(t), and its standard 

deviation, (t), are estimated for double carrier 

multiplication with electron and hole ionization 

coefficient,  and  respectively, electron and hole dead 

space distance, de* and dh* respectively, constant 

carrier speed, ve = vh = v. For a simplicity and better 

presentation, a normalized time t* = t/(w/ve) and mean 

scaled current i*(t*) = (w/ve)i(wt*/ve) are defined. 

 

 

 
 
Figure 1.  Scaled mean current, i*(t*) = (w/v)i(wt*/v), as a 

function of normalized time, t* = t/(w/v), for APDs with 

constant electron and hole speed, ve and vh respectively, for 

three cases of  ionization ratio, a) k = 0.0, b) k = 0.1 and c) k 

= 1.0.  

 

Mean scaled current, i*(t*), for APDs with different 

values of hole-to-electron ionization coefficient ratios, 

k = /, 0.0, 0.1, and 1.0 are plotted in Fig. 1. All are 

evaluated for   dead space ratio, de*/w = dh*/w = d* = 

0.0, 0.05, and 0.1. The value of w is selected to make 

multiplication gain, <M>, at about 40 in the case of 

absence of dead space, w = 3.689 (k = 0.0), w = 2.333 

(k = 0.1), and w = 0.975 (k = 1.0). 

As can be seen from the Fig. 1, the increasing of dead 

space causes the reduction of mean impulse response, 

i*(t*), for all time. Dead space causes the avalanche 
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process to terminate faster. In the case of absence of 

dead space, the mean impulse response has wider 

profile compared to the others. Furthermore, the APDs 

with higher of hole-to-electron ratio, k, has longer of 

mean impulse response, this could be happened since 

both types of carrier give the same contribution into the 

avalanche process. 

 

 

 
 
Figure 2.  Scaled mean current, i*(t*), together with scaled 

mean current plus its scaled standard deviation, i*(t*) + 

*(t) as a function of normalized time, t* = t/(w/v), for 

APDs with constant electron and hole speed, ve and vh 

respectively, in three cases of  ionization ratio, a) k = 0.0, b) 

k = 0.1 and c) k = 1.0. 

 

Standard deviation of impulse response, (t), is also 

computed to show the fluctuation of the impulse 

response. Fig. 2 shows the impulse response plus its 

standard deviation, i*(t*) + *(t*), for hole-to-electron 

ionization ratios, k = 0.0, 0.1 and 1.0, and dead spaces, 

d* = 0.0 and 0.05. The value of w is selected to obtain 

multiplication gain, <M>, at about 40 in the absence of 

dead space, w = 3.689 (k = 0.0), w = 2.333 (k = 0.1), 

and w = 0.975 (k = 1.0). 

It is shown that the scaled standard deviation, (t*), 

increases from the injection time (t* = 0) until t = w/ve 

or t* = 1, then decreases afterwards until the avalanche 

process terminated. In cases of same parameters of k 

and w, dead space causes the reduction of *(t*) for 

all time, t*. As a result, the presence of dead space 

causes the reduction in the fluctuation of impulse 

response. These calculation results consent with 

previous results [7-8], which shows the effect of dead 

space on the decrease on the excess noise factor. 

Furthermore, the RPL simulation results of time 

response parameters, i.e. mean impulse response and 

standard deviation of impulse response, of APDs are 

compared with those obtained by previous works [11-

14]. The comparison proves that RPL succeed to 

calculate the statistical properties of time response of 

APD as in this literature which develop the calculation 

based on solution of recurrence equations. 

IV.  CONCLUSION 

This paper presents a theoretical study of avalanche 

multiplication in Avalanche Photodiodes (APDs) by 

investigating the time response of APDs. The random 

path length model is developed to simulate the 

avalanche process and predict the mean impulse 

response, i(t), and its standard deviation, (t). The RPL 

models the carrier transport by developing random path 

lengths after impact ionization. It also takes account the 

dead space distance which is a minimum distance 

required by a carrier to gain sufficient energy to cause 

impact ionize. The estimation of time response is 

performed by assuming the carrier traveling in constant 

speed. The mean impulse response, i(t), and its standard 

deviation, (t), are plotted as a function of tome and 

calculated in three cases of ionization coefficient ratio, 

k = 0.0, 0.1 and 1.0, and three different dead space 

distances, d* = 0.0, 0.05w and 0.1w. 

Since electrons and holes contribute in the same 

portion in the avalanche process, the work result shows 

that APD with largest ionization ratio (k = 1.0) has the 

longest mean impulse response. Since the dead space 

causes the avalanche process to terminate faster. it can 

be seen that the occurrence of dead space decreases the 

mean impulse response. In the case of no dead space, 

the mean impulse response has wider profile compared 

to others. Furthermore, the standard deviation 

estimation demonstrates that the presence of dead space 

has ability to reduce the fluctuation in the impulse 

current.   
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