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Abstract

Avalanche photon diode and avalanche diode array, working in Geiger mode,
have single photon detection capability. The structure of guard ring is the key
factor to avoid the premature edge breakdown of the avalanche diode and in-
crease the maximum bias voltage. A new structure of the guard ring is pro-
posed in this letter, in which the floating guard ring is put outside the p-well
guard ring. Simulation results indicate that the maximum bias voltage of the
proposed guard ring is higher than that of the state-of-the-art methods.
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1. Introduction

From the mid-1990s onwards, the use of dedicated CMOS-compatible processes
fostered significant advances in building multichannel photon-counting mod-
ules, thus making SPAD devices become a robust and competitive technology to
detect single photon like confocal microscopy, biological essays, particle detec-
tion, quantum key distribution, DNA microarray, LIDAR and adaptive optics in
astrophysics [1] [2] [3]. The premature edge breakdown of the avalanche photon
diode (APD) is an important factor that affects the single photon counting of the
avalanche diode [4]. Guard ring is an effective method to prevent premature
breakdown of avalanche diode [3]. At present, there are three kinds of guard
rings in avalanche diode to prevent edge breakdown prematurely. Firstly, litera-
ture [4] [5] [6] designed diffused guard ring, which was to avoid the premature
edge breakdown by creating a guard ring around the central active area of APD.

Secondly, the floating guard ring was proposed in literature [7], making use of
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sub-pressure principle, which added some bias voltage to the edge of the floating
guard ring, so the electric field in the edge region was less than that of the center
of the active area. Finally, Leitner and Hendersonin literature [8] and [9] ameli-
orated the performance of virtual guard ring. All these above efforts are benefi-
cial to prevent from the premature edge breakdown of the avalanche diode.
However, these guard rings are not able to withstand the higher reverse bias vol-
tage. The central active area and the edge of the above guard rings are easier to
be broken down under high reverse bias voltage, which will influence the detec-
tion performance of APD. As a result, it is necessary to improve the structure of
guard ring to make it can withstand high reverse bias voltage.

In order to keep away from premature edge breakdown and increase the
maximum bias voltage of the avalanche diode, a new structure of guard ring in
avalanche diode is proposed in this letter. In this new structure, p-guard ring is
put outside the p-well guard ring, which not only reduce the electric field inten-
sity of the edge of guard ring but also makes it possible to withstand higher re-

verse bias voltage.

2. The Proposed Structure of Guard Ring

Figure 1 is the proposed guard ring structure in the p+/n-well APD. As shown
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Figure 1. The proposed guard ring structure in p+/n-well APD. (a) Schematic cross sec-
tion of the proposed guard ring. (b) The simulation graph of APD with the proposed

guard ring.
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in Figure 1(a), the APD structure includes the deep n-well, the p-substrate and
the p+ active area. The p-well diffused guard ring is put around the p+ active
area and the floating guard ring (p-region) is put outside of the p-well. D (4 um)
is the distance between the center of p-well and that of p-region. Figure 1(b) is

the simulation graph of the proposed guard ring.

3. Simulation Results and Comparisons with Other
Structures

In order to verify the performance of the proposed guard ring structure, virtual
guard ring, diffused guard ring and floating guard ring are utilized to compare
with it. All these guard rings are implemented in identical p+/n-well APD
structure which is shown in Figure 1(a). In this section, all these structures are
simulated by Silvaco Atlas 5.20.2.R software. Simulation conditions are set as
Table 1 and the rest of parameters have been elaborated in Figure 1(a).

Figure 2 depicts the electric field intensities of the edges of different guard
rings in identical APD structure under the same bias voltage (30 V).

It can be seen from Figure 2 that the color of the edge area of the proposed
guard ring is shallow than that of other guard rings, which means the electric
field intensity of the edge of proposed guard ring is lower than that of other
guard rings under the same bias voltage. In other word, the proposed guard ring
can withstand the higher reverse bias voltage than other guard rings. The maxi-
mum bias voltages of different guard rings in Figure 2 are shown in Figure 3.

From Figure 3, it can be obtained that the maximum bias voltage of the pro-
posed guard ring is larger than that of other guard rings. That is to say, the pro-
posed guard ring can avoid the premature edge breakdown better than other

guard rings.

4. Conclusion

In this letter, a novel structure of guard ring in avalanche diode, putting the
floating guard ring outside the p-well guard ring, is proposed. Compared with
other guard rings, the proposed one is able to get the lower electric field intensity

of the edge under the same bias voltage and the larger maximum bias voltage.

Table 1. Main parameters setting of APD structure.

Layer Doping (cm™) Distribution mode
p-sub 1x 10" uniform
p-well 1x 10" Gaussian
n-well 1x 107 Gaussian
pt 1x10% Gaussian
p- 1x 10" Gaussian
n+ contact 1x 10" Gaussian
p+ contact 1x 10" Gaussian
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Figure 2. Electric field intensities of the edges of different guard
rings in the same APD under the same bias voltage. (a) With
virtual guard ring. (b) With diffused guard ring. (c) With floating
guard ring. (d) With the proposed guard ring.
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The maximum bias voltages of different guard rings
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Figure 3. The maximum bias voltages of different guard rings. a: with virtual
guard ring. b: with diffused guard ring. c: with floating guard ring. d: with the
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proposed guard ring.

The proposed guard ring supplies the possible solution to enhance the perfor-

mance of the avalanche photon diode for single photon detection.
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