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Abstract. In this paper the influence of the multiplication area shape on the dark count rate 

(DCR) of InGaAs/InAlAs single-photon avalanche photodiodes (SPADs) is discussed. This 
study is carried out within the framework of SPAD design parameter optimization. The diode 
structure has been simulated in the T-CAD calculation environment. The structure with three 
levels of multiplication area with a smooth transition is the most optimal one. This structure 
will achieve higher quantum efficiency during the diode operation.
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Аннотация. В данной работе рассматривается влияние формы области умножения на 

скорость темнового счета (DCR) InGaAs/InAlAs однофотонных лавинных фотодиодов 
(ОЛФД). Данное исследование проводится в рамках оптимизации параметров 
конструкции ОЛФД. Структура диода была смоделирована в расчетной среде T-CAD.
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Introduction

Single-photon avalanche diode (SPAD) for detecting radiation with wavelength λ = 1550 nm 
can be made of various materials. The development of SPADs based on materials such as Si/Ge, 
InGaAs/InP and InGaAs/InAlAs continues in the scientific community [1–9]. So, a promising 
structure such as InGaAs/InAlAs will be investigated in this work.

The advantage of the InAlAs material as a multiplication area is its high electron mobility, 
which allows the excited avalanche to be quenched much faster and the structure to be transferred 
to an equilibrium state. Thus, this device can have a higher limiting frequency and better 
afterpulse characteristics compared to a device with a multiplication area made of InP material. 
This is due to the fact that the mobility of holes in InP is lower than the mobility of electrons 
in InAlAs [10].

In the present work we investigated the influence of the shape of the multiplication area on the 
dark count rate of InGaAs/InAlAs SPADs in order to optimize its design parameters.

Materials and Methods

The modelling was carried out with the T-CAD system. In the T-CAD simulation, specific 
values of the carrier lifetime were set as a parameter to calculate the recombination rate according 
to the Schockley-Reed-Hall mechanism. Also, radiative and Auger recombination were taken 
into account in the calculation. In finite element modelling, a system of equations consisting of 
continuity equations for electrons and holes and Poisson's equation was solved.

In order to limit the active region of the multiplication region (the region where the main 
avalanche generation process takes place), it is necessary to use different widths of the multiplication 
region in the active and inactive multiplication regions. In the active region, it is necessary to 
achieve a higher field strength, so the width of the forbidden region should be smaller. The 
following problems arise when implementing this principle of building an active region.

1) It is necessary to make a transition between the two widths of the multiplication region. This 
can be done using either a sharp or a smooth transition. However, any sharp transition will result 
in a local increase in intensity and therefore a significant increase in the dark count rate when the 
instrument is operating in Geiger mode.

2) More than one transition can be used to minimize the field strength in the inactive region. 
This means that not only two different multiplication region widths can be used, but three or 
more. This solution makes it possible to significantly reduce the volume of high electric field areas 
in the inactive region and, consequently, to significantly reduce the dark count rate when the 
device is operated in Geiger mode.

Three SPAD structures with different multiplication area shapes were proposed (Fig. 1). The 
first structure with two levels of the multiplication area and a sharp transition, the second structure 
with three levels of the multiplication area and a sharp transition, and the third structure with 
three levels of the multiplication area and a smooth transition. The width of the multiplication 
area in the active region was the same in all structures, and was 0.8 µm.

Results and Discussion

The simulation and analysis of electric field strength profiles in different structures have 
shown that creation of smooth transitions at the level boundaries of the multiplication area is an 
extremely effective method of DCR reduction in SPAD (Fig. 2). 
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Fig. 1. Schematic representation of the simulated structures: structure with two levels of the multiplication 
area and a sharp transition (a); with three levels of the multiplication area and a sharp transition (b); 

structure with three levels of the multiplication area and a smooth transition (c)

a) b)

c)

A structure with two levels of multiplication region with a sharp transition is shown in Fig. 2, a. 
The disadvantage of using a sharp transition is a large local increase in the electric field strength, 
as shown in Fig. 2, b. For the section x = 10.2 µm, the electric field strength increased to values 
of 700 kV/cm, which is 40% stronger than the field in the remaining active region 500 kV/cm. 
This field increase led to an increase in the avalanche generation rate in this local area of about 
60 dB. Since the size of this region is about 0.5 µm, we can estimate the contribution of this 
detriment to the overall DCR.



245

Simulation of physical processes

Fig. 2. A two-level structure of the multiplication region with a sharp transition: (a) heat map of the 
electric field strength distribution, (b) electric field distribution profile in the cross-sections indicated 
in figure 2 (a); a three-level structure of the multiplication region with sharp transition: (c) heat map 
of the electric field strength distribution, (d) electric field distribution profile in the cross-sections 
indicated in figure 2 (c); a three-level structure of the multiplication region with smooth transition: (e) 
heat map of the electric field strength distribution, (f) electric field distribution profile in the cross-

sections indicated in figure 2 (e)

a) b)

c) d)

e) f)

A structure with three levels of multiplication region with a sharp transition is shown in 
Fig. 2, c. The described optimization of the structure, on the contrary, has further aggravated 
the problem of the local increase of the electric field and the avalanche generation rate because 
another ring has been added (the outer one) in which we have again seen the effect of the local 
increase of the parameters at the sharp transition. As can be seen in Fig. 2, d, the electric field 
strength in the second ring reaches 620 kV/cm.
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A structure with three levels of multiplication region with a smooth transition is shown in 
Fig. 2, f. Using a smooth transition has reduced the electric field strength in the region of 
maximum local enhancement to 620 kV/cm from 700 kV/cm with a sharp transition (Fig. 2, f).

It has reduced the ratio of the avalanche generation rate in the local enhancement region to 
that in the active region by two orders of magnitude.

If it was possible to achieve sufficiently smooth transitions (Fig. 2) in the design of the device 
so that the dark count rate in the local boosts was not more than 20 dB greater than in the active 
region of the device, a three-level multiplication area can be used.

The main advantage of three-level multiplication area structure with a smooth transition is 
the low local increase in electric field strength (see Fig. 2). Such effect leads to higher value of 
quantum efficiency of SPAD during its operation.

Conclusion

Therefore, a structure with three levels of multiplication area with a smooth transition is 
the most optimal. The developed SPAD structure with three levels of multiplication area and 
smooth transitions can also be used for avalanche photodiode devices operating in linear mode. 
This device has the following property: when the intensity increases by an order of magnitude, 
the current will similarly change by an order of magnitude, which is convenient in terms of the 
linearity of the characteristic. Moreover, the device has a small dark current, and therefore a low 
signal to noise ratio.
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