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Abstract: In this paper we present a study of a silicon-based Single-Photon Avalanche Diode (SPAD)
in the near-infrared band with double buried layers and deep trench electrodes fabricated by the
complimentary metal-oxide semiconductor (CMOS) technology. The deep trench electrodes aim to
promote the movement of carriers in the device and reduce the transit time of the photo-generated
carrier. The double buried layers are introduced to increase the electric field in the avalanche area
and withstand a larger excess bias voltage as its larger depletion region. The semiconductor device
simulation software TCAD is used to simulate the performance of this SPAD model, such as the
I-V characteristic, the electric field and the Photon Detection Efficiency (PDE). Further optimization
of the structure are studied with influence factors such as the doping concentration and depletion
region thickness. Based on the results in this study, the designed a structure that can provide a high
detecting efficiency in the near-infrared band.
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1. Introduction

The Single-Photon Avalanche Diode (SPADs) has become one of the most crucial
photodetectors due to its high sensitivity in light detecting [1,2]. Based on tre avalanche
effect, even a weak optical signal can produce a large current in the SPAD due to its high
gain, high signal-to-noise ratio, low dark count, high sensitivity and fast response. Since
Silicon-based SPAD (Si-SPAD) is compatible with CMOS circuits and produced with a
low manufacturing cost and mature technology, it has great advantages in optical fiber
communication, lidar and other fields involving weak light detection [3,4]. However,
the low detecting efficiency in the near-infrared band limits its further application.

To increase the Photon Detection Efficiency (PDE) in the near-infrared band, many
studies have been performed around the world, examining approaches such as introducing
guard ring structures, tuning the multiplication region depth and so on [5-7]. Here, we
introduce a new structure with double buried layers and deep trench electrodes. The buried
layers are used to adjust the distribution of the avalanche and depletion region, and realize
the uniform distribution of the electric field [8-10]. The deep trench electrodes together
with the P-buried layer can form a low resistance path for the carrier transmission between
electrodes and improve the internal electric field of the device.

The detailed information of the structure is described in Section 2. Then, the study of
the performance of this SPAD is detailed in Section 3. Based on the study results, the final
conclusion is given in Section 4.

2. Simulations

The simulated software is TCAD, which is widely used in the simulation of new
semiconductor processes and device characteristics. The numerical calculation in TCAD is
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based on grid computing with a series of physical models and related equations, which
are based on the mature theories of solid state physics and semiconductor physics or some
empirical formulas. The physical models in our study include concentration-dependent
mobility (conmob), field-dependent mobility (fldmob), Shockley—Read—Hall recombina-
tion (srh), Auger recombination (auger), band-to-band tunneling (bbt.std), trap-assisted
tunneling (TRAP.TUNNEL) and the ray tracing model (optr).

The simulated 2D structure of this SPAD is shown in Figure 1 below, consisting of a
Si wafer with a thickness of 10 um. The SPAD mainly consists of a p-type substrate, a p
well, a p-type buried layer, an n-type buried layer, N—, an N well, an N+ region, a deep
trench anode and shallow trench isolation (ST1). The STIs are introduced to prevent lateral
diffusion of doping in the active region and make the electric field more uniform. Differently
from the traditional device with a P+/Deep n well (DNW) junction, the avalanche junction
is formed by the p-type buried layer and n-type buried layer. The p-type buried layer is
buried on the p-type substrate and the n-type buried layer is used to adjust the depletion
layer width and electric field. The depletion and light absorption region lie between the N
well and n-type buried layer. Additionally, two deep trench anodes are contacted with the
p-type buried layer on both sides. The values and distributions of doping concentration
for each region are shown in Table 1 and Figure 2. The electric field distribution of the
simulated structure with the over-voltage (Vpy) is 1.3 times the breakdown voltage (VpRr),
and is shown in Figure 3a.The width of the depletion and absorption region is large enough
to ensure the absorption performance of incoming photons, and the maximum electric field
in the multiplication region is large than 5 x 10° V/cm, as shown in Figure 3b.
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Figure 1. Cross section of the SPAD structure.
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Figure 2. Doping concentration for each region in the simulated cross section of the structure.
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Table 1. Doping concentration for each region.

Region Value (/cm?) Type
N+ 1x10% uniformity
N Well 2 x 107 uniformity
N- 1x 101 uniformity
P well 2 x 1017 uniformity
N buried layer 2 x 107 gauss
P buried layer 1x 10" gauss
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Figure 3. The electric field in the simulated structure. (a) Electric field distribution in 2D simulated structure. (b) Electric

field in the central region (x = 15 pum).

3. Result and Discussion

Since the SPAD works in Geiger mode, in order to explore the performance of the
SPAD, the breakdown voltage (Vpr) must be determined first. The breakdown voltage
is an important parameter used to measure the reliability and application range of the
whole device. An exorbitant breakdown voltage will shorten the service life of the device.
The breakdown voltage is mainly related to the doping concentration on both sides of the
PN junction. In this paper, the VR is defined as the voltage value at the current of 10 pA to
prevent confusion between various breakdown voltage definitions among different studies.

Another important parameter is the Photon Detection Efficiency (PDE) of the SPAD.
The PDE can be calculated by the equation below [11]:

PDE()L, Vov) = ?7(/\) X Ptr(VOV)/ (1)

where 7(A) is the quantum efficiency with the light wavelength A, and Py, (Vpy) is the
avalanche-triggering probability for a certain over-voltage (Voy). #7(A) is an important
parameter used to characterize the photoelectric conversion efficiency of photoelectric
devices, and it is defined as the ratio of the number of generated electron hole pairs to the
number of incident photons. In the TCAD simulation, this value can be calculated by the
ratio of the anode current to the source photon current. Py, (Vpy ) is equal to the ratio of the
number of avalanches triggered by carriers to the total number of photogenerated carriers,
and can be directly retrieved from the variable referring to probability of avalanche joint in
the TCAD simulation.

3.1. Deep Trench Anode

The usage of deep trench electrodes in this structure is inspired by reference [12]. It
is proposed to apply trench electrodes to optimize the current distribution in the device
and improve the sensitivity of the whole device. The comparison of the performance
of deep trench anodes together with anodes at the surface and half into the device is
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shown in Figure 4. Figure 4a—c are the current density for three different designs when the
over-voltage (Vpy) is 1.3 times the breakdown voltage (Vpr). As shown in these figures,
the deep trench anodes (anodes contacted with the P buried layer) can improve the current
distribution and further reduce photocarrier transit time since the deep trench anodes are
directly in contact with the p buried layer. Thus, the device with deep trench anodes can
reach the anode current of 10 uA at a lower Vpg. The I-V characteristics of three devices
are shown in Figure 4d. The device with deep trench anodes has a smaller breakdown
voltage, and the saturation current is around 1073 A, which is at least five times better than
the others.
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Figure 4. Comparison of the performance of deep trench anodes together with anodes at the surface and half into the device.
(a) Anodes at surface. (b) Anodes inside structure. (c) Deep trench anodes (anodes contacted with P buried layer). (d) I — V
for three different designs of anodes.

3.2. Effect of Depletion Region Thickness

The region of light absorption is proportional to the area of the depletion region, which
will affect the quantum efficiency and then the final PDE. Here we chose several thickness
values, and studied the effect on the final PDE. The PDEs’ distribution for depletion region
thicknesses of 2.5 um, 3.5 pm, 4.5 pm and 5.5 um with light wavelength are shown in
Figure 5a. As shown in Figure 5a, the PDE of light above 770 nm increases when the
thickness increases. However, the PDE around 450-600 nm has an obvious rapid decline.
The illustration in Figure 5a shows the values of PDE for those thickness at wavelength
of 870 and 550 nm. As described in Equation (1), the PDE is the product of the quantum
efficiency (17(A)) and avalanche triggering probability (P (Voy)). Figure 5b shows that
Py, (Voy) will decrease with a thickness increase, whereas Figure 5¢ shows that the trends
of n7(A) at different wavelength region are not consistent. The differences of #(A) below
600 nm are small among different thicknesses, which leads the values of PDE around
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450-600 nm to decrease with a thickness increase, combining the effect from Py (Voy ).
On the contrary, the values of () above 600 nm will increase as the thickness increases,
which leads the values of the PDE to increase slightly with a thickness increase, combining
the effect from Py, (Vpy ). In order to avoid too much of a decrease in visible light detection
efficiency, the thickness of about 5.5 um was finally selected.
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Figure 5. The PDE performance vs. thickness. (a) PDEs for different depletion region thicknesses. (b) Quantum efficiency

for different thicknesses. (c) Avalanche triggering probability for different thicknesses.

3.3. Effect of Doping Concentration of N Buried Layer

Since the avalanche junction is formed by the P buried layer and N buried layer, the
electric fields of the avalanche region are mainly affected by the doping concentration of the
N buried layer. The avalanche triggering probability is determined by the electric field and
further affects the PDE. Here, we optimized the doping concentration by comparing the
I-V characteristics and PDEs with different doping concentration. As shown in Figure 6a,
the lower the N buried doping concentration is, the higher the PDE. The PDE increases
from 7.7% to 12.9% as the N buried doping concentration decreases from 2.1 x 10'7 /cm3 to
1.9 x 10'7 /cm?3 at the wavelength around 870 nm. The reason is that the avalanche trigger-
ing probability decreases when the N buried dose increases, as illustrated in Figure 6b, and
in fact the larger doping concentration will lead to a lower breakdown voltage. In theory,
the PDE can continue to rise with smaller doping concentrations. However, as Figure 6¢
displays, the breakdown voltage is a function of the N buried dose, which indicates that
the breakdown voltage will increase when the N doping concentration decreases. As men-
tioned at the beginning of this section, a high breakdown voltage will affect the service life
of the SPAD. Another issue is that too small a doping concentration of the N buried layer
will make the absorption area and avalanche area ambiguous. The doping concentration of
1.9 x 10" /em3 with a breakdown voltage (VpRr) around 40 V is suitable.
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Figure 6. The performance of different doping concentrations of the N buried layer. (a) PDEs for different doping
concentrations. (b) Avalanche triggering probabilities for different doping concentrations. (c) I-V characteristics for different
doping concentrations.

4. Conclusions

After the performance study in Sections 3.2 and 3.3, the depletion region thickness
of 5.5 um and doping concentration of 1.9 x 10 /cm3 were used in the final device.
The breakdown voltage of this structure is 41.6 V with a 10 pA current. The distribution of
electric field in the central region of the structure with a over-voltage of 54.1 V (1.30 VpR) is
shown in Figure 7a. The electric field can be well adjusted, as we expected. As shown in
Figure 7b, the double buried layers and deep trench anodes can achieve a PDE of 12.9%
at 870 nm with an over-voltage of 54.1 V (1.30 VpRr), which provides a possible device
structure to improve the detection efficiency in the NIR band.
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Figure 7. The electric field and PDE of the final designed structure. (a) Electric field in the central region with an over-voltage
of 54.1 V (1.30 VpR). (b) PDE distribution vs. light wavelength.
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