Available online at www.equijost.com

g_'/l Equity Journal of Science and Technology, 2021 8(1): 27 - 32

EQUIOST ISSN 2354-1814; E-ISSN 2682-5961
An Official Publication of Kebbi State University of Science and Technology, Aliero, Nigeria

Design and Simulation of an Advanced Solid-state Photomultiplier for Fiber-Optic
Communication Systems
*1Sanusi K. Rabiu, 2Salisu Musa, *Jerry Raymond
!Department of Telecommunication Engineering, Air Force Institute of Technology, Kaduna, Nigeria
2Department of Physics, Air Force Institute of Technology, Kaduna, Nigeria
*Corresponding Author’s email: mumhafsat@gmail.com

Received: Feb 21, 2021: Accepted: Apr 18, 2021; Published Online: May 16, 2021

Abstract

Detection of weak infrared light is essential for high data rate fiber-optic communication systems since its
performance depends heavily on the sensitivity and bandwidth of photodetectors. Semiconductor diodes are the
most common types of photodetectors that are widely considered. Indium Arsenide (InAs), being an Avalanche
Photodiode (APD), has become a solid-state photodetector of choice owing to its ability to detect infrared light of
up to about 3.5 um. In this work, the depletion width and electric field profile of p-i-n InAs were simulated and
used to obtain the multiplication gain. The effect of combining a series of p-i-n InAs in order to obtain longer
depletion width for the purpose of achieving high multiplication gain was investigated. To achieve this main target,
the work was designed in two stages. The first stage involved designing a simple p-n junction of InAs to test the
model. Further improvement of the design to increase the depletion region was carried out by sand-witching an
intrinsic piece of semiconductor material between the p and n-regions to form p-i-n InAs. The results obtained
showed that the modification led to an interesting increase in the depletion width, electric field and the
multiplication gain. In the second stage, the series of p-i-n InAs were combined to form an “Advanced solid-state
photomultiplier”. For the first time, a larger depletion width was achieved and thus increased multiplication gain.
The results presented deduced that this novel design is promising since an appreciable gain much greater than 1000
was achieved at about 6 V. Therefore, this could be used as an alternative to photomultiplier tube as well as other

expensive photodetectors available.
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1. Introduction

The rapid spread and increased use of the internet has
caused an upsurge in the demand for highly sensitive
optical detectors for high data rate fiber optic
communication systems [1,2]. Avalanche Photodiodes
(APDs), owing to their small size, high quantum
efficiency, internal current gain and high frequency
response are now being considered for a wide range of
other applications including Light Detection and Ranging
(LIDAR), imaging for military applications, toxic gas
sensing etc.[3-5]. In many of these applications, the
optical signals reaching the photodiode may be low,
necessitating some sort of amplification. Although
external amplification through electronic circuits has
been widely used, it can add significant noise which
could affect the system’s signal-to-noise ratio. Therefore,
using light detectors that can offer internal amplification
without adding much noise will significantly increase the
system performance.

APDs, a p-n junction photodiode purposely made to be
operated at high electric fields can achieve internal gain
and low noise through impact ionization [1]. However, in
most semiconductor devices, the impact ionization
process does introduce some noise because it is a
stochastics process [6,7]. While silicon APDs have
excellent performance, they are limited to detecting

wavelengths below one micron, and many of the
applications described above require detection of weak
infrared signals.

Mercury Cadmium Telluride (HgCdTe) avalanche
photodiodes have been demonstrated to work very well
at long infrared (7 — 12 um) with high multiplication gain
without significant excess noise but, as the composition
is changed to allow shorter wavelength operation the gain
decreases with an increase in excess noise [8].
Additionally, HgCdTe devices are excessively expensive
due to high growth cost of the wafers and also require
expensive coolers to keep the dark current to an
acceptable level [9]. More recently indium arsenide
(InAs) has been found to exhibit HgCdTe-like
characteristics, with the potential to operate at high
temperature and benefits from dramatically reduced
substrate and epitaxial growth costs [9]. Thus, it could be
used as an alternative to HgCdTe.

InAs, owing to its small energy bandgap of about 0.36 eV
at room temperature, widely available, easy to grow,
processed and can cover a wide range of wavelengths (up
to about 3.5um) has been considered as an alternative
avalanche material for very low noise infrared APDs. In
addition, it has achievable avalanche gain and excess
noise behaviors that are highly similar to those of
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HgCdTe APDs [10]. In this regard, several experimental
and theoretical research efforts have been made to
investigate the characteristics of this semiconductor
material.

Mikhailova et al., [11] studied the ionization coefficients
of InAs and concluded that both electron and hole carriers
participate in the avalanche multiplication. However, the
Monte Carlo calculations by Brenna and Mansur [12]
indicated that the electron ionization coefficient values
should be higher. In their study, Marshall et al., [13]
conducted a systematic study on impact ionization,
avalanche multiplication and excess noise of same
semiconductor material and concluded that the material
can only demonstrate HgCdTe characteristics if the
avalanche multiplication is initiated by electrons. Sandall
et al.,, [10] conducted analytical band Monte Carlo
simulations to investigate the temperature dependence of
impact ionization of same material. Their results showed
an excellent agreement with the available experimental
data for both avalanche gain and excess noise factors at
various temperatures.

To date, there have been several experimental and
theoretical works on the impact ionization, avalanche
gain, temperature dependency etc. of this semiconductor
material. In many materials, for a system to achieve
higher gains, the external voltage (and hence e-field) can
be increased. However, it has been shown that in InAs
when the e-field exceeds a value around 70 kV/cm band
to band tunneling occurs which significantly degrades the
performance. Although, an alternative approach to
obtaining high gain while maintaining a modest e-field
and increasing the depletion width has been
demonstrated, it is very challenging to maintain the high
quality crystal growth for thickness >5 pm [14].
Therefore, this work aims at designing an advanced
solid-state photomultiplier by combining series of InAs
to increase the depletion region as well as to have
sufficient e-field to initiate impact ionization process and
at the same time avoid band-band tunneling.

2. Materials and Method

2.1 Simulation Parameters and Assumptions

The simulation parameters used in this work include
standard electronic charge in coulombs (C), constant
donor and acceptor doping concentrations per cm?® and a
varying applied reverse bias voltage in volts (V).
Furthermore, since the material used is InAs, the
dielectric constant, number of atoms in cm? and all other
basic parameters such as lattice constant, electron
affinity, optical phonon energy, density, effective
electron and hole masses, were all that of InAs and
assumed at room temperatures.

2.2 The Design Equations
The space-charge distribution and electrostatic potential
of a p-n diode ¥ is given by the Poisson’s equation [15]:
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where, N, and N, are the doping concentration of p-side
and n-side, &; is the permittivity of the material and q is
the electronic charge.

For the region far away from the metalogical junction,

the  total space  density is  zero i.e.,
2
S =0and (N, —Ny;—p—n) =0 2)

Therefore, the electrostatic potential of the p-type region
is obtained by setting N, = n = 0 in equation 2.
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Thus, the total electrostatic potential difference between
p-side and n-side neutral regions also known as built-in
potential at room temperature is given by:
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Alternatively, the space-charge distribution and
electrostatic potential can also be obtained from equation
(1) by settingp=n=0.
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The electric field is obtained by integrating equation 6
and 7:
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where, €, is the maximum field which exists at x = 0,
and is given by:

(10)

Integrating equations 8 and 9 over depletion region gives
the total potential difference or built-in potential V,,;;
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where, W is the total depletion width and is given by:
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W=x,+x, 12)

The x,andx, in the equation above represent the
depletion layer width of the p-side and n-side,
respectively.

Therefore, the total depletion layer width as a function of
the built-in potential is given by;

Nag+Np
( NygNp ) Vib
However, for p-n junctions such as silicon and gallium
arsenide, the width of neutral regions on p-side and n-side

is negligible compared with the width of depletion
region. Thus, the built-in potential is also negligible.

28
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Furthermore, it should be noted that, the equations 3-13
are only valid for a p-n junction at room temperature
without external bias. The depletion width of reverse bias
is given by:

W = 2Es(Vpi—V)
qNp

where, V is the applied potential and it is positive for
forward bias and negative for reverse bias, Ny is the
lightly doped bulk concentration. Therefore, the electric
field can be obtained by:

(14)
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Finally, the avalanche multiplication gain in InAs as
described by Ker et al. [16] is exponentially rising,
similar to that of HgCdTe APDs which can be calculated
using equation given by [9]:

M = exp(aW) (16)
where, W is the width of the depletion region.

The ionization coefficient a can be obtained from the
expression in equation 17 given by Marshall et al. [9].

a = Aexp(—B/e)¢ 17
where, ¢ is the electric field and A, B and C are constants.

2.3 Design Procedures

In order to design the advanced solid-state
photomultiplier for the aforementioned applications, the
following design procedures were adopted. Firstly, a p-n
junction of InAs with an intrinsic layer in between the p
and n-regions, now p-i-n InAs was designed. Constant
doping concentrations for both acceptors and donor
atoms per cm3 was used and the depletion width, electric
field as well as the multiplication gain were all calculated
while varying reverse bias voltage from 0 - 10 volts.
Secondly, the formation of series of p-i-n InAs
(Advanced Solid-state photomultiplier). Likewise, the
depletion width, electric field and multiplication gains
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were also computed while changing the reverse bias
voltage from 0 -10 volts as in the initial step.

3. Results and Discussion

Electric field profile, impact ionization and avalanche
multiplication gain of photodiodes can be aided using
modelling. In this work, modelling and simulations of
multiplication gain for the advanced photodetector were
coded in the MATLAB Ra2016. Although the electric
field profile simulated was low, it was sufficient enough
such that electron drifting between p and n-regions
undergoes impact ionization. Hence, the multiplication
process will not result in junction breakdown or band-to-
band tunneling since the electric field is less than 70
kv/cm.

Generally, for a computer program to perform a specific
task, there must be a series of steps or model to be
followed. Also, for this work, the steps followed by the
program to execute its main task were summarized by the
flow chart shown in Figure 3.1 below

" MATLAB Model

. Depiletion Width
;4 Resuits of Depletion
Fiold

\-—»i Results of Electric Field

| Multiolication Gain

¥—~< Results of Multiplication

End
Figure 3.1: Program Flow Chart.

The model in Figure 3.1 above used the constants defined
earlier such as electronic charge, doping concentration,
material dielectric constant and varying applied reverse
bias voltage (0 — 10V) to obtain the depletion width and
display the results. The depletion width calculated is then
used to obtain the electric field density and display the
results as presented in Figures 3.2- 3.7.
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Figure 3.2: Depletion Width of p-i-n InAs
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From the Figure 3.2 above, the results show an
interesting increase in the width with increase in reverse
bias voltage but is quite longer than what was reported in
the literature for that of a simple p-n junction. This is due
to the presence of intrinsic region (lightly doped
semiconductor material) sandwiched in-between the p
and the n-regions. However, from the results obtained,
the width reached a maximum point at about 6 V and then
remain steady even with increase in reverse bias voltage.
Also, the results shown in Figure 3.3 below further show
the variation of electric field density of the p-i-n InAs as
function of the reverse bias voltage.

Electric field (kV/cm)
©

3 4 5 6 7 8 9
Reversed bias voltage (V)

Figure 3.3: Electric Field of p-i-n InAs

. \
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From the figure above, it was observed that the electric
field density increases with increase in the applied
reverse bias voltage. Again, the high electric field density
obtained, might be due to the intrinsic region sandwich
in-between the p and n-regions which tends to increase
the depletion width and at the same time the total number
of charged carriers generated.  Furthermore,
multiplication gain of the single p-i-n InAs was also
obtained while varying reverse bias voltage as shown in
Figure 3.4 below.
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Figure 3.4: Gain of p-i-n InAs
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From the results, an appreciable amount of gain of more
than 10 was achieved before junction breakdown at about
4 V. This can be attributed to the increase in the depletion
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width resulting from the presence of intrinsic region
sandwiched between p and n regions. Therefore, there are
indications that increasing the depletion width can
greatly increase the multiplication gain as well as the
overall performance of the photomultiplier. Although it
is very difficult to grow a junction of a single p-i-n InAs
with depletion width greater than 5 pm, however, a
longer depletion width, much greater than 5 pm, was
achieved for the first time using a junction formed from
a series p-i-n InAs (advanced photomultiplier) in Figure
3.5 below.
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Depletion Width (cm)
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Applied reverse bias (V)

Figure 3.5: Depletion Width of Advanced
Photomultiplier
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For the advanced photomultiplier designed, the electric
field obtained (Figure 3.6) also shows an increasing
electric field with increase in reverse bias voltage as in
single p-i-n InAs. However, the electric field obtained
was far greater than what was achieved in the case of
single p-i-n InAs design. In the case of advanced
photomultiplier designed, the electric field obtained is
sufficient enough to initiate avalanche multiplication, but
also lower than 70 kV/cm to prevent junction breakdown
or band-to-band tunneling.
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Figure 3.6: Electric Field of Advanced photomultiplier
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Finally, the multiplication gains of the advanced
photomultiplier designed is shown in Figure 3.6 below.
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Figure 3.7: Gain of the Advanced Photomultiplier
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It can be seen from these results (Figure 3.7) that, high
gain was achieved for the first time from this novel
design. However, the multiplication starts when the
applied reverse bias voltage is above 2 volts. This is due
to what is known as dead space [17] (“the minimum
distance that a carrier must travel to attain an energy
sufficient to cause impact ionization”) as fully explained
by Ong et al [18].

Overall, the results obtained from this new arrangement
show an interesting performance when compared with
what was obtained from Monte Carlo simulations by
Satyanadh and Joshi [19] and that of Ong et al [18].
Similarly, the gain that was achieved in this study was far
greater than was reported by Andrew et al., [9]. In all
these previous studies, single junction was used in the
design which is limited to particular depletion thickness
of about 5 um.

4. Conclusions

This current work has successfully designed an
“advanced solid-state photomultiplier”. A simple model
was designed and coded in MATLAB Ra2016 to obtain
the electric field profile, depletion width of both single p-
i-n InAs and also that of the Advanced Solid-state
photomultiplier designed. The results simulated were
presented at constant doping concentration while varying
the applied reverse voltage from 0 to10 V. The model
showed an excellent agreement with both experimental
and theoretically derived depletion width and data
available from the literature. The simulated electron-
initiated avalanche gain  obtained from the
photomultiplier designed showed a positive dependence
on depletion width and doping concentration. A higher
multiplication gain, greater than 1000, was achieved with
the design. Thus, this new design could be used as a hew
first-class solid-state photomultiplier for various
applications highlighted.

Nomenclature

K Boltzmann Constant

1.38 X 10723m?kgS2K~?!
&
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Multiplication Gain

(no unit)

Doping Concentration on p-side
(1 x10%cm™3)

Doping Concentration on n-side
(1 x10%cm™3)

Electron Charge

(1.6 x 1071%))

Temperature

Kelvin (K)

Reverse Bias Voltage

V)

Built-in potential

V)

Depletion Width

(cm or pm)

Depletion Width of p-side

(cm or pm)

Depletion Width of n-side

(cm or um)

lonisation Coefficient

(cm™)

Electrostatic Potential of p-side
V)

Electrostatic Potential of n-side
V)

Electric Field

(V/cm or kV/cm)

Maximum Electric Field
(kV/cm)

Permittivity of free Space
(8.85 x 10~ 2Fm™1)
Dielectric Constant

(no unit)
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