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Abstract: A Geiger mode planar InGaAs/InP avalanche photodiode (APD) with a cascade peripheral junction structure to

suppress edge breakdowns is designed by finite-element analysis. The photodiode breakdown voltage is reduced to 54. 3V

by controlling the central junction depth,while the electric field distribution along the device central axis is controlled by

adjusting doping level and thickness of the InP field control layer. Using a cascade junction structure at the periphery of

the active area, premature edge breakdowns are effectively suppressed. The simulations show that the quadra-cascade

structure is a good trade-off between suppression performance and fabrication complexity, with a reduced peak electric

field of 5. 2X10°kV/cm and a maximum hole ionization integral of 1. 201. Work presented in this paper provides an effec-

tive way to design high performance photon counting InGaAs/InP avalanche photodiodes.
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1 Introduction

Avalanche photodiodes (APDs) are very sensi-
tive optical detectors,which find broad applications in
quantum information, biomolecule detection, and as-
tronomical research'’’. Among all device structures.,
the InGaAs/InP APD with separate absorption and
multiplication areas (SAM) is widely accepted to de-
tect infrared radiations (with wavelengths longer than
lpym),owing to the relatively narrow bandgap of In-
GaAs material. An important application of the APD
is to detect single photons,when the photodiode is bi-
ased in the Geiger mode (i.e.,above its breakdown
voltage) and can amplify the single photon-induced
current to a macroscopically detectable level*'. Some
results,e. g., large area single-photon APD at room
temperature,or APD arrays,have been reported in re-
41 However, the rules for designing high
performance planar InGaAs/InP Geiger mode APDs

cent years

still require investigation.

A typical planar InGaAs/InP SAM APD and its
electric field distribution along the central axis when
the APD is biased close to the breakdown voltage are
shown in Fig. 1. A 2. Zum-thick intrinsic InGaAs ab-
sorption layer is grown on InP substrate, where inci-
dent light is absorbed and initial electron-hole pairs
are generated. The thickness of the n-type field con-
trol layer is 0. 4pm with an impurity concentration of
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7.0X 10" cm™®. This layer is used to modulate the
electric field profile along the central axis of the de-
vice. The upper 3pm thick lightly n-doped InP layer
forms a pn junction together with the top p* InP lay-
er doped by diffusion or ion-implantation, where an
avalanche of carriers by impact ionization occurs. Be-
tween the absorption and multiplication layers, there
is a very thin n-type InGaAsP grading layer used to
smooth the valance band discontinuity between the
InGaAs and InP materials and avoid “pile-up” of
holes™’ .

A critical position within the device is the In-
GaAs/InP hetero-interface, marked by K1 in Fig. 1.
When photon-generated holes pile-up at the interface
and recombine before jumping across the step by ther-
mo-ionic emission,the APD detection efficiency could
degrade. An InGaAsP grading layer is introduced to
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Fig.1 A planar InGaAs/InP SAM APD and the clectric field
profile along its central axis
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Fig.2 Schematic of the ionization integral calculation

relieve this effect. The electric field E,; at the hetero-
interface should be greater than 80kV/cm. On the
other hand,a high E,; can increase the probability of
tunneling effects and subsequently increase the dark
counting rate. Therefore,the electric field at the het-
ero-interface should be kept below 200kV/cml . An-
other key position is at the edge of the pn junction in
the InP multiplication layer, marked by K2 in Fig. 1.
Edge breakdown can occur prior to central break-
down because of the curvature effect'”) . Measures such
as the guard ring structure™ have been proposed to
accomplish this.

When designing Geiger mode APDs, it is crucial
to control the device breakdown voltage and monitor
the electric field distribution throughout the device
structure. With the above concerns in mind,in this pa-
per.the design and simulation of a planar InGaAs/InP
SAM APD structure is presented.

2  Device design and simulation

Cylindrical coordinates are used in the simula-
tion. Because the structure is symmetrical along its
central axis,only half of the mesh structure is neces-
sary in calculation. Denser meshes are applied to re-
gions with stronger electric fields, such as the multi-
plication layer and the junction edge region.

Ionization integrals are employed to analyze the
breakdown characteristics of the APD. Figure 2 is a
schematic picture of the ionization integral calcula-
tion.

The width of the depletion region is w. An initial
electron-hole pair is generated at position x. When
the free carriers travel a distance of dx,impact ion-
ized electrons and holes of edx and gdx will be gener-
ated,where o and 8 are the electron and hole ioniza-
. The total number of electron-hole
pairs generated in the depletion layer at position x is'" ;

M) :1+Jxa(x/)M(x')dx’ + Jwﬁ(x/)M(x/)dx’ (D)

tion coefficients

M (x) is the multiplication factor of carriers,and
can be solved from Eq. (1)
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Fig.3 Relation between the breakdown voltage and the junc-
tion depth

exp[— jj(a - B)dx’}

1- Jwaexp[— J‘W(a - B)dx/}dx
0 x
B exp[—J:(ﬂ— a)dx’} )
) 1 - J:ﬁexp[— J: (B - a)dx’}dx

When the denominator is zero, M (x) approaches

M(x) =

infinity, which means breakdown occurs. Thus ioniza-
tion integrals can be defined as''' .

I, = Jaexp[— Jj(a-,@)dx”}dx (3

I, = J/Bexp[— J:(ﬁ—a)dx’}dx 4

The reverse bias at which either I, or I, equals
unity is the breakdown voltage. The larger I, or I, is,
the greater opportunity that breakdowns are trig-
gered. Hence I, and I, are viewed as the monitoring
indices for avalanche breakdowns''*'.

The ionization integrals (I, and I,) calculated
along each potential gradient path are commonly dif-
ferent from one another. In the simulation, the simu-
lator calculates ionization integrals along every poten-
tial gradient path that passes at least one node of the
simulation mesh within the device. By this mean,
breakdown voltages in different regions of the device
can be determined and the electric field distribution
throughout the device can be obtained.

2.1 Breakdown voltage and electric field distribution
control

As stated in section 1,in the planar APD struc-
ture shown in Fig. 1,the multiplication layer is formed
by diffusion or ion-implantation. The breakdown volt-
age is a function of the pn junction depth,which can
be adjusted in the fabrication process. Choosing a crit-
ical junction depth can reduce the breakdown voltage
to the minimum,e.g. ,a 2. 5pm junction depth yields a
minimum breakdown voltage of 54.3V, as Figure 3
shows.
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Fig.4 Electric field profile along the central axis at the mini-
mum breakdown voltage

The electric field distribution along the APD cen-
tral axis is calculated and shown in Fig. 4. The doping
level and thickness of the InP field control layer are
also key parameters in controlling the electric field,
and therefore should be selected carefully to meet the
design criterion. In this simulation work, the doping
level of the InP field control layer is set to 6 X 10'
cm * and the thickness is 0. 4um. As Figure 4 shows,
when the APD is biased at that breakdown voltage,
the electric field at the hetero-interface is approxi-
mately 110kV/cm, falling between 80 and 200kV/cm.
This configuration is beneficial for both higher detec-
tion efficiency and lower probability of tunneling
effects.

2.2 [Edge breakdown suppression using a cascade struc-
ture

Figure 5 (a) shows the fundamental APD struc-
ture with no edge breakdown-suppressing measures.
Its three-dimensional electric field distribution is
shown in Fig. 5 (d). Compared to the central electric
field of 5 X 10°kV/cm, an extremely high level of
peak electric field (E,..) at 6.7X10°kV/cm appears
at the edge region. The hole ionization integral ([1,)
can also be used to estimate the edge breakdown
probability. They should be kept as small as possible
in the peripheral region. The maximal I, for the fun-
damental APD is 2. 236, leading to a substantially
greater probability that edge breakdowns will happen
prior to central breakdowns when the photodiode is
working in the Geiger mode.

A conventional way to suppress edge breakdown
is to introduce one or more floating guard rings
(FGRs) around the active area. Figure 5 (b) shows its
structure. The spacing between the device central re-
gion and the guard ring is 3pm and the width of the
ring is 4um; the guard ring junction depth is 0. 4um
shallower than the central junction. The correspond-
ing electric field distribution is shown in Fig.5 (e).
Calculation shows that E,. is 6.4 X 10°V/cm and the
maximum /[, is 1. 791. This indicates that,compared to the
fundamental device, the FGR reduces the peak electric
field and the ionization integral in the edge region.

0 0 0
p'-InP p'-InP p'-InP
= 2r n-InP n-InP = 2F opp n-InP £ n-InP n-InP
24f 24f 24l
51 i-InGaAs 51 i-InGaAs 51 i-InGaAs
g 6 g 6 S 6p
2 gl n-inP S gl n-hpP Sgl n'-InP
10 1 1 1 1 1 10 1 1 1 1 1 10 1 1 1 1 1
0 10 20 30 4 50 60 0 10 20 30 4 50 60 0 10 20 30 40 50 60
Distance/pm Distance/pm Distance/pm
(a) (b) (©
8 5 g
62 Z 6>
= o Zrm S ~ &
5 4 8 - & 42
P 3 0z g 50 2
S 4 2.8 = 51 S 4 2 2
= 2 ~ Q ~ 3}
S 0E = E 03 05
32 £ 3 R E
é’ 04 § = 2 04 =
2 s 54 3 6 &
B W = = N

Fig.5 Different active area edge structures and their electric field distributions
(b), (e) Floating guard ring; (¢), (f) Double-cascade
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Table 1 Peak electric field ( E,.x) and maximum hole ioniza-
tion integral (I,) of different device edge structures
Central junction edge Peripheral junction edge
Structure E peak Maximum E peax Maximum
/(kV/cm) I, /(kV/cm) I,
Conventional 6.7%X10° 2.236
FGR 6.2Xx10° 1.791 6.4X10° 1.665
Double-cascade | 5.5%X10° 1.332 5.7X10° 1.466

In this paper, the cascade junction structure is
proposed and its effect is simulated and compared
with that of the FGR structure. Figure 5 (c) shows
the device structure with two junction cascades. The
central junction with a radius of 40pm is surrounded
by a shallower junction at its periphery. The peripher-
al junction is 4pm wide and 0. 4pm shallower than the
central junction. The three-dimensional electric field
distribution of this structure is shown in Fig.5 (f),
which justifies the fact that the outer shallower junc-
tion reduces the electric field at the edge of the cen-
tral junction. This is also verified by the result that
the maximal I, at the edge of the central junction is
reduced from the previous FGR value of 1.791 to
1.332,and E,. from 6.4 X 10° to 5.5 X 10°V/cm.
These results indicate that the junction cascade struc-
ture outperforms the conventional FGR when used
for suppressing edge breakdowns. The simulation re-
sults are summarized in Table 1.

3 Optimized multi-cascade structure

Figure 6 (a) shows a variation of the above doub-
le-cascade structure. The depth difference between
the central junction and the peripheral junction is re-
duced from 0. 4 to 0. Zum. Figure 6 (d) shows its clec-
tric field distribution. E ., and the maximum /, at the
edge of the central junction are further reduced to 5. 3
X 10°kV/cm and 1. 197, respectively. However, these
values at the edge of the peripheral junction increase
to 6.2 X 10°kV/cm and 1. 827. Thus, a smaller depth
difference between the two cascaded junctions yields
a weaker peak electric field and ionization integral at
the edge of the central junction at a cost of increased
breakdown probability at the edge of the peripheral
junction. This phenomenon suggests that by adopting
a smaller depth difference between neighboring junc-
tion cascades while increasing the number of cas-
cades, the edge breakdown suppression effect can be
further enhanced. Figure 6 shows the device edge
structure and corresponding electric field distribution
with two, three, and four junction cascades. An outer
junction is always 0.Z2pm shallower than its inner
neighbors for all these configurations.

The simulation results shown in Table 2 indicate
that the electric field and the ionization integral are

0 0 0
p'InP p'InP p'InP
g n-InP n-InP g n-InP n-InP g n-InP n-InP
24F 24k 4L
e i-InGaAs o i-InGaAs 9 i-InGaAs
=1 (=] (=]
Zof 39l 3¢
A sl e A gl n'-InP A gl n'-InP
1 0 1 1 1 1 1 1 O 1 1 1 1 1 ] 0 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Distance/pm Distance/pm Distance/pm
(@ (b) ©
R | 6 v; _ 6 v; _ ;
§ a2 8§ 42§ 4z
26 5 36 5 36 =
= 28 oS 282 © 28
=2 S T4 5 o4 b
5 0 = el 0 5 3 =
£ 8 &2 £0 5 &2 3
.2 N B8 =
$— — —
L 8% 4o 2%
m = N - SN
Vi, 40 ' Vg, 40 - '
6010 6010
(d (e) ®

Fig.6 Different cascade edge junction structures and their corresponding electric field distributions

(a), (d)

Double-cascade,structure Aj;(b),(e) Triple-cascade,structure B; (¢),(f) Quadra-cascade,structure C
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Table 2 Peak electric field ( E,.x) and maximum hole ioniza- 103
tion integral (I,) of the central and peripheral junction edges
for the double,triple,and quadruple cascade structures 107
Central junction edge Peripheral junction edge §
= -5
Structure Epeax Maximum E peax Maximum g 10
=
/(kV/cm) I, /(kV/cm) I, é 10
2-cascade 5.3x10° 1.197 6.2X10° 1.827 8
3-cascade 5.4X10° | 1.264 | 5.6X10° 1.443 107l
4-cascade 5.3%X10° 1.219 5.2X10° 1.201 b
10—8 1 1 1 1 1
0 10 20 30 40 50

significantly reduced at the peripheral junction edge
by the multi-cascade structures. Among them, the
quadra-cascade structure with a maximum I, of 1.22
is regarded as the optimized design with balanced per-
formance between the edge breakdown suppression
effect and fabrication complexity.

4 Experiment

Results on the double-cascade structure, or the
standoff structure, have already been reported in the
literature™® ! . Fabrication techniques such as multi-
step diffusion or ion-implantation can be used to form
the edge cascade pn junction. As adopted in this pa-
per,a convenient way is to etch the InP surface to
form the cascade recess before doping.

Figure 7 shows the simplified fabrication steps to
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Fig.7 Multi-cascade structure fabrication procedure

Reverse bias voltage/V

Fig.8 Dark current at room temperature of the typical 3-cas-
cade structure APDs with the junction depth of 2. 5pm

form the cascade junction. A SiO, mask is deposited
on the top surface of the InP substrate,then a window
for etching is opened by photolithography (a). A cer-
tain depth of the surface InP,which is exactly the val-
ue of the cascade step,is removed by ecither dry etch-
ing or wet etching (b). A similar process occurs in the
following steps with the only exception that the etch-
ing window is larger than the first one and forms a
second cascade (c,d). Either Zn diffusion or Be ion-
implantation can now be employed to form the p* re-
gion,using the deposited SiO, film as a doping mask
(e). The cascade edge pn junction forms according to
the surface structure. The above steps can be repeated
to form multi-cascade structures if required.

The dark current of the typical 3-cascade struc-
ture APDs at room temperature is shown in Fig. 8.
These devices all have a junction depth of 2. 5pm and
show very uniform breakdown characteristics. If the
criterion of the dark current level for breakdown is
set to be 107° A, the devices show breakdown voltages
of 53V approximately, quite close to the predicted
value of 54. 3V in Fig. 3. This result also justifies the
fact that uniform central breakdown occurs at the
breakdown voltage in the cascade structure APD,and
premature edge breakdown is suppressed. Better re-
sults are expected in the APDs with more cascade
steps.

5 Conclusion

A novel planar InGaAs/InP avalanche photodi-
odes structure is presented and simulated. The central
junction depth is carefully chosen to reduce the break-
down voltage, while the electric field at the hetero-in-
terface falls in the ideal range between 80 and 200kV/
cm. Furthermore, a cascade junction structure is pro-
posed at the edge of the central junction to maintain a
uniform breakdown voltage across the active area.
The cascade junction structure outperforms the con-
ventional floating guard ring structures in controlling
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