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Abstract In this article, we calculated and modeled the
gain of Inj 53Gag 47As/InP avalanche photodiode (APD)
based on a device mechanism and carrier rate equations
using transfer matrix method (TMM). In fact, a distributed
model was presented for calculating impact ionization (I%)
and relating different sections of the multiplication region.
In this proposed model, recessive equations were used, and
device gain is considered proportional to the number of
output photo-electrons and photo-holes. By comparison of
simulated results with experimental data available in
literature, it has been demonstrated the capability of the
developed model as a powerful tool for simulating APDs’
behavior and interpreting their experimentally measured
characteristics.

Keywords avalanche photodetector (APD), impact ioni-
zation (I?), transfer matrix method (TMM)

1 Introduction

The photodetectors are one of the most important devices
in fiber optic and free space optical telecommunication.
Generally, they are the first elements in optical receiver that
convert optical data to electrical signal. Because of impact
ionization (I*) mechanism in the avalanche photodiode
(APD), this device has current gain that plays the role of
detecting and amplifying, and hence it has been attracted
so much attention among other detectors. In addition,
generally, there is no need of external circuits of amplifiers
due to current gain. I> mechanism is a very important
occurring in a multiplication region repetitively. So, to
analyze APD, I? phenomenon must be firstly simulated,
and then other important mechanisms, such as drift,
scattering, and absorption process, should be also
considered.
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There are different methods for simulation of I?
mechanisms in semiconductor devices. Here, the recent
developments in simulation and modeling of avalanche
photodetectors are categorized in analytic, modeling and
numerical methods. Analytic approaches are led to final
equations to describe device characteristics directly. In
2010, an analytic approach was introduced, in which the
effects of optical phonon scattering loss on the character-
istics of APD had been studied with multiplication regions
as narrow as 25 nm [1].

Circuit modeling is another conventional method
converting device equations to their equivalent circuit
models. In 1996, a circuit model of PIN APDs was
presented based on carrier rate equations [2]. A circuit
modeling of separate absorption, charge and multiplication
APD was developed in 2003, that device noise has been
simulated in addition to APD’s characteristics description
[3]. A novel equivalent circuit for separate absorption
grading charge multiplication APDs composed of basic
circuit components was reported in 2010 [4]. Also, the co-
simulation of a packaged APD trans-impedance amplifier-
module was carried out.

Another new model has been developed, which
simulates a real Geiger—-APD using VHDL-AMS codes
[S]. A staircase approximation of the non-uniform field in
the multiplication region and its surrounding was deployed
to model thin APD in 2010 [6]. The third approaches of
simulation of devices mechanism are numerical models
possessing good accurate. An experimental and numerical
analysis had been carried out to investigate the impact of
picosecond laser pulse waveform on detection efficiency of
gated-mode APD for single photon detection in 2010 [7].

The non-equilibrium carrier distribution in an InGaAs/
InP APD under light illumination is studied by cross-
sectional scanning capacitance microscopy combined with
numerical simulation [8]. In 2010, a model was presented
to calculate gain and excess noise factor by Monte Carlo
method [9]. A full-band Monte Carlo model has been
reported to understand the carrier multiplication process in
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HgCdTe infrared APDs [10].

A numerical method, for the first time to the best of our
knowledge, was presented here to model the multiplication
region section-to-section. In fact, transfer matrix method
(TMM) is used to relate different sections of multiplication
region and insert output carriers of one section to the later
section.

The rest of the paper is categorized as follows: in the
next section, APD modeling is presented by the TMM. In
Section 3, the simulation results of APD modeling are
described and investigated. Finally, conclusions are drawn
from this investigation in Section 4.

2 APD modeling by TMM

Considering illumination through » side (ITNS), the
following carrier’s rate equations can be used for reversed
biased PIN structure [2]:
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where N; and P; are the total excess electrons and holes in
the 7 region, N = Pg, is the generation rate in 7 region, v,
and v, are the drift velocities of electron and hole in i
region, and ,, and ¢, are the I? rates of electron and hole in
i region. Here, 7, and 7,,, are the recombination life time of
electron and hole in i region, and 7,, and 7,, are the transit
time of electron and hole through i region. And finally, the
hole and electron diffusion current in # and p regions are
respectively denoted by /, and /,, and the electron charge is
denoted by g.
Also, the generation rate in i region is [2]:
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where R is the facet reflectivity of n region and Av is the
photon energy. The absorption coefficient and the width of
each section are respectively denoted by a and W.

According to the rate equations and TMM, Ing 53Gag 47
As/InP PIN-APD parameters are simulated in MATLAB.
The schematic structure of a multiplication region is shown
in Fig. 1. In this figure, n and 4 are represented for photo-
electrons and photo-holes with vice versa orientations to
each other. For Applying the numerical TMM, multi-
plication region is divided to M-sections with the length of
Az = W;/M for each.

It should be mentioned that electrons and holes have
different coefficients in each section and according to their
orientations; the total photo-current is sum of the carrier’s
left multiplication region from both sides. This can be

[1—exp(—o;W;)],  (3)
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Fig. 1 TMM in analyzing PIN-APD

achieved by multiplying matrixes of all sections in TMM.
According above and Fig. 2, one can write

ng = An_y + Bhyy, 4)

hi = Cnyyy + Dhy . (%)

in. electrons out. electron

subsection of
multiplication region

out. holes in. holes

Fig. 2 Schematic drawing of entrance and exit of carriers in
subsection of multiplication region

Since, the transfer matrix is obtained from multiplying
all layers matrixes, a loop can be written for each
subsection in MATLAB. In other words, the total transfer
matrix is as follows:

A
C

T: :T1T2T3TkTM (6)

So, the relation between input and output carriers would

be [11]
Ny ny
PR

And for drift current, we have

Iniigt = [Miotal + Miora)q/dt, ®)

where n,, and /A, are total photo-electrons and photo-
holes, ¢ is the electric charge and d¢ is time interval. The
current through APD is

Iy = Ipsiee + Ipiffusion- ©)

The first term is the drift current and the second is the
diffusion current calculated in Ref. [2].
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3 Simulation results

According to the parameters in Refs. [6,12,13] and running
the programs in MATLAB, the results are shown here.
First, the photocurrent is simulated as a function of reverse
bias for three different incident light powers (Fig. 3). The
simulation result obtained by TMM is in good agreement
with the result reported in Ref. [2], as shown in Fig. 3.
Considering constant multiplication region, by increasing
bias voltage, electric field also augments, and consequently
avalanche rate and photocurrent become higher.

10°

—-=P,=0.1 W
10k === P, =10 uW
— P, =100 uW
10}

10() |

10 2}

photocurrent/A

R S S ————

e e — e e e s e =T

10 20 30 40 50 60 70 80 90
reverse bias/V

Fig. 3 Photocurrent as function of reverse bias obtained by
T™MM

Figure 4 shows photocurrent versus reverse bias for
three different multiplication regions. With the increasings
W; and reverse bias, depletion region becomes bigger and
avalanche breakdown occurs in higher voltages and
consequently photocurrent decreases. Considering con-
stant ;, when reverse bias increases, electric field and
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Fig. 4 Photocurrent versus reverse bias for different multi-
plication region and P;, = 100 pW

hence photocurrent increase. Figure 5 shows the quantum
efficiency versus reverse bias. The results represented a
good adjustment between the present model and circuit
model in Ref. [2] and demonstrated the capability of the
TMM model.
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Fig. 5 Quantum efficiency as function of reverse bias obtained
by TMM

In Fig. 6, photocurrent and dark current are simulated for
Py, = 100 pW. The dark current is proportional to gain [1]
and by increasing reverse bias close to breakdown voltage
it has an exponential augmentation. The gain graph as a
function of reverse bias is shown in Fig. 7. As shown, with
the advance of reverse bias, the intensity of electric field
also increases and then gain increases. By increasing
multiplication region at a constant bias voltage, the electric
field decreases and gain decreases, t0o. So, to achieve more
gain with increasing wavelength, the reverse bias has better
been increased.

Figure 8 shows excess noise factor versus gain for W; =
2.5 um and W; =4.2 um. Excess noise factor is the
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Fig. 6 Current as function of reverse bias (Py, = 100 uW)
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Fig. 7 Gain versus reverse bias (P;, = 100 pW)

average of the square of M; to the square of the gain
average [14]:
<M.2>
F= MI2 , (10)
where M; is the gain corresponding to the i-section in
multiplication region and gain average, M is multiplication
factor.
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Fig. 8 Excess noise versus gain (P, = 100 uW) for W; = 2.5 and
4.2 pm

Assuming constant multiplication region, increasing
gain enhances excess noise factor. In fact increasing gain
means the average growth of the number of impact
ionization phenomena and hence ionization length scatter-
ing. Considering constant gain, increasing the multi-
plication region width means increasing average of the
ionization length (or decreasing the electric field). This
causes the enhancements of carrier scattering and excess
noise factor. I> number, scattering and excess noise factor
increase. In the other hands, when the gain is constant, the
increasing of multiplication region raises average of I

length, carriers scattering, and eventually excess noise
factor.

Figure 9 shows shot noise as a function of reverse bias
voltage for three incident optical powers. In constant
reverse bias, shot noise increases with optical power due to
the augment of photocurrent, that is to say, shot noise
depends on photocurrent. Also, since more photons
illuminate for the detector, the accidental photon absorp-
tion and shot noise increase.
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Fig. 9 Shot noise versus reverse bias for different incident light
powers

Considering constant optical power, increasing of shot
noise resulting from bias voltage raising. This can be
paraphrased that because electric field becomes more
intense in multiplication region, I* of noise carriers
increases.

4 Conclusions

In this paper, a PIN-APD was simulated by TMM that
estimates device gain with good approximation. In the
proposed model, a distributed matrix model was presented
by determining rate equations and converting to their
matrix equivalents. As a matter of fact, TMM can be used
to simulate APD’s behavior efficiently and present a
microscopic image of carrier’s movement. The results in
this study are in good agreement with the results of Ref. [2]
and experimental data in Ref. [15].
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