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Abstract-In this paper, the effects of the thickness of the
multiplication region (Tm), the sheet charge density of the charge
control layer (Dc)and the guard ring design to a separate
absorption, grading, charge, and multiplication InGaAs/InP
single photon avalanche diode (SPAD)’s performance are
numerically discussed. Optimized Tm and Dc are designed for a
SPAD. Implanted guard ring is revealed to be easier and better to
suppress the junction edge electric field compared with the
floating guard ring.

L INTRODUCTION

Single photon detection is becoming more and more
important for quantum key distribution and advanced LADAR
[1,2]. For a single photon avalanche photodiode (SPAD)
operated under the Geiger mode, how to get a high detection
efficiency to dark count ratio is the key parameter. Much
research has been made, such as the design of the guard ring
[3], the effect of the thickness of the multiplication region and
the charge layer [4]. But few papers show the relationship
between these factors and the effects of these factors to the
performance of a SPAD. A detailed design guideline
concerning the guard ring and the thickness of the key layer is
significant.

In this paper, effects of the thickness of the multiplication
region (Tm), the sheet charge density of the charge control
layer (Dc) and the design of the guard ring to the SPAD’s
performance are discussed. Finally we show a design guideline
for an InGaAs/InP SPAD with high detection efficiency to dark
count ratio. And an InGaAs/InP SPAD with optimized
structure is shown.

1L MODEL DESCRIPTION AND NUMERICAL RESULTS

To investigate the effects of Tm and Dc, a simple mesa
structure model of a separate absorption, grading, charge, and
multiplication (SAGCM) InGaAs/InP avalanche photodiode
(APD) is designed, as shown in fig. 1. Only Tm and Dc are
varied, whereas the other terms are kept constant. Numerically
simulation of the device is performed using the software ISE-
TCAD, with the carrier generation-recombination process
accounting for Shockley-Read-Hall, trap-assisted tunneling
(TAT), Auger, radiative, band-to-band tunneling (BBT) terms.
The physical parameters of numerical model are seriously
calibrated with the experimental results of the same structure.
A. Sheet charge density of the charge control layer

Dc ranges from 1.7 to 4.2E12 cm®. As shown in fig. 2, the
difference between the breakdown voltage (Vi) and the punch
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Fig. 1. Schematic cross-section of the simulated mesa APD
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Fig. 2. Vi and V, versus Tm and Dc. (a) Tm changes from 0.1 to 1.0um. (b)
An enlarged view for Tm from 0.6 to 1.0pm .

through voltage (V,,) is reduced by increasing Dc, which owes
to the decreasing electric field in the absorption layer and the
increasing one in the multiplication layer. This is very
advantageous to reduce the tunneling dark current, get a higher
avalanche gain and a sharp rising avalanche current, which is
essential for single photon counting[5]. But Dc is not as more
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as better, there exists a maximum Dc for a fixed Tm. If Dc is
too large, the breakdown would happen before the absorption
layer is depleted. When Tm is increased, the maximum of Dc is
reduced.

B. Thickness of the multiplication layer

Tm varies from 0.1 to 1.0 um. As shown in fig. 2, for a fixed
Dc, there is also a maximum Tm. And the larger Dc is, the
smaller Tm is. To easily get an accurate Tm, which is
controlled by diffusion of Zinc in a planar APD, we should
choose an appropriate Dc. As seen in fig. 2, when Dc is fixed
as 4.2E12 cm?, Tm larger than 0.1pm is forbidden, which is
very difficult to control.

There isn’t a linear relation between Tm and the difference
of V,, and V,.. As seen in fig. 2, the minimum difference occurs
when Tm is 0.6pm and Dc is the maximum 3E12 cm?. This is
the optimized structure for a SPAD.

C. Structure of the guard ring

For a planar InGaAs/InP APD, Zinc diffusion is used to
form p-doped InP layer in fig. 1. To suppress the edge pre-
breakdown, guard ring is used. Two types of guard ring
structure are designed in fig. 3 (a) (b). Optimized Tm and Dc
are used. Here Tml for two structures are fixed as 0.6um.
Compared with structure (a), (b) is easier and better to suppress
the edge electric field as shown in fig. 3 (c¢) (d). When doping
level pl and p2 in (b) is much lower than p’, especially when
p2 is also lower than pl, the electric field near the junction
edge (A,B) is best suppressed.

It is aslo found that optimized Tm and Dc are beneficial to
suppress the edge electric field.

I1I. EXPERIMENTAL RESULTS

A SAGCM InGaAs/InP SPAD was fabricated with the guard
ring designed as fig. 3 (a). Dc is 3E12 cm?, and Tm is about
0.9 pm. With the optimized structure, a gain of more than 100
is achieved as shown in fig. 4 (a). Fig. 4 (b) shows the spatial
distribution of the photocurrent across the detector’s surface.
The photocurrent at the edge C and D (shown in fig. 3 (a)) is
suppressed to be 40% of the value in the center of the

photosensitive area.
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Fig. 3. (a) Diffused floating guard ring. (b) Implanted guard ring. (c) Electric
field profile with guard ring(a). (d) Electric field profile with guard ring(b).
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Fig. 4. (a) Current and gain versus voltage characteristics. (b) Spatial
distribution of the photocurrent.

IV. CONCLUSION

In this study, effects of Dc, Tm and the guard ring to the
SPAD’s performance are numerically investigated. The
difference between V,. and V,, is reduced by increasing Dc and
has no linear relation with Tm. There exist optimized Tm and
Dc to get a minimum difference, which is important for single
photon counting. Compared with floating guard ring,
implanted guard ring is easier and better to suppress the edge
electric field. Finally, we get a gain of more than 100, and the
edge photocurrent is suppressed to be 40% of the center.
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