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ABSTRACT

A multi-mesa InGaAs/InP avalanche photodiode (APD) with the advantage of the completely restricted electric field is proposed. The surface
defects, which are the reasons for the sidewall leakage current generation in the mesa-structure APD, are theoretically studied, and then a
sidewall leakage current model is developed. The Silvaco Atlas device simulation tool is used to analyze the generation mechanism of the
sidewall leakage current, and the effects of different mesa structures on the sidewall leakage current of the APD are compared. The simulation
results show that the sidewall leakage current of the multi-mesa APD is about zero and is not affected by the terrace size, which can be

contributed by a very weak electric field at the sidewall.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0080656

I. INTRODUCTION

At present, there are two main types of avalanche
photodiode (APD) structures, including the planar structures
and the mesa structures. In the planar structures, the epitaxial
layer is deposited on a substrate highly doped by metal-organic
chemical vapor deposition (MOCVD), and the top contact layer is
formed by the Zn diffusion process. In the mesa structures, after
epitaxial growth, only the etching process is needed to form a mesa
structure, and the fabrication process is simple." In particular, in
a large-scale array APD, the planar structure has poor uniformity
and repeatability due to the diffusion process instability; in contrast,
the mesa structure has the advantages of good device uniformity,
repeatability, stability, and reliability, which can be contributed by
the simple etching process; thus, the mesa structure is more suitable
for large-scale APD arrays.

However, a relatively high dark current is a severe problem that
seriously affects device performance, thus limiting the large-scale
application of APDs with the mesa structure. The dark current of
the mesa-structure APD is mainly composed of two types of cur-
rent components: the bulk dark current and the surface leakage

current. The bulk dark current is mainly related to the material qual-
ity, while the surface leakage current mainly relies on the surface
process. The etching process is necessary to form a mesa struc-
ture, which results in a large number of defects on the APD surface
caused by dangling bonds, crystal defects, and impurities. These
surface defects cause surface leakage current, which significantly
increases the dark current in InGaAs/InP APD, especially at the side-
wall of the InGaAs layer. Therefore, passivation of the sidewalls is
particularly important in mesa-structure APDs. Accordingly, many
passivation materials, such as SizNy, SiO,, BCB, SU-8, and poly-
imide, have been explored. In particular, these materials have been
deposited on the surface of the mesa to reduce the surface leakage
current.”” However, these methods can reduce only some of the
surface defects but cannot eliminate the influence of surface defects
on the dark current.® According to Ref. 7, the dark current of the
mesa-structure APD is higher than that of the planar-structure APD,
mainly because of the insufficient passivation. Recently, many low-
dark-current InAlAs-based triple-mesa APDs have been reported,
which suppress part of the sidewall leakage current, thereby reduc-
ing the total dark current.” ! However, few studies have described
the generation mechanism of surface leakage current.'”

AIP Advances 12, 035336 (2022); doi: 10.1063/5.0080656
© Author(s) 2022

12, 035336-1

YLV ¥20T IdY €2


https://scitation.org/journal/adv
https://doi.org/10.1063/5.0080656
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0080656
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0080656&domain=pdf&date_stamp=2022-March-16
https://doi.org/10.1063/5.0080656
https://orcid.org/0000-0003-0335-4720
mailto:zhangjq@mail.xidian.edu.cn
https://doi.org/10.1063/5.0080656

AIP Advances

In this paper, a multi-mesa InGaAs/InP avalanche photodiode,
which has the advantage of the completely restricted electric field, is
proposed. The influencing factors of the surface leakage current are
studied, and the generation mechanism of sidewall leakage current
is explained in detail. In addition, the dark current in the APDs with
different structures is compared in the same active region and at the
same device thickness and doping concentration, and the contribu-
tions of the sidewall leakage current to the total dark current are also
obtained.

Il. DEVICE STRUCTURE AND SURFACE LEAKAGE
CURRENT MODEL

The schematic cross-sectional views of three mesa-structure
APDs, which have the same epitaxial layers in this work, are depicted
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in Fig. 1. On the InP substrate, the following layers are deposited
sequentially: the n-type InP contact layer, intrinsic Ings3Gaga7As
absorption layer, n-type InGaAsP grading layer, n-type InP charge
layer, intrinsic InP multiplication layer, p-type InP charge layer,
lightly doped edge-field buffer layer, and heavily doped p-type con-
tact layer. The detailed parameters for each layer are shown in
Table I. The presented multi-mesa APD contains four mesas, which
increase in size from the top to the bottom. The p-type contact layer
is the first mesa. The edge-field buffer layer and p-type charge layer
constitute the second mesa, and the careful design of the two lay-
ers can avoid the local breakdown at the mesa edge. The third mesa
contains the multiplication layer, n-type charge layer, grading layer,
and absorption layer. The n-type contact layer, which is mainly used
for electrode isolation between devices, represents the fourth mesa.
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FIG. 1. The schematic cross-sectional views of three mesa-structure APDs.
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TABLE . Structural parameters of three mesa-structure APDs.
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Thickness (pm) Doping concentration (em™)
p*-InP contact layer 0.5 1x10'
p~-InP edge-field buffer layer 0.5 5x 107
p-InP charge layer 0.1 3x 107
i-InP multiplication layer 0.16 1x 10"
n-InP charge layer 0.1 3% 10"
n-InGaAsP grading layer 0.05 1x 10"
i-Ing 53Gag.47As absorption layer 2 1x10%
n-InP contact layer 0.5 1x 107
Semi-insulation InP substrate 3 1x10"

Meanwhile, terraces are formed at the edge-field buffer layer and
multiplication layer, and they are denoted as the terraces 1 and 2,
respectively.

In the mesa-structure APDs, the dark current includes not only
the bulk dark current that is generated inside the device but also the
surface leakage current that is generated at the mesa edge. Therefore,
the dark current density of a mesa-structure APD is given by’

Ja % A = Jouik X A+ Jurs X Ps (1)

where J4 denotes the total dark current density, Jpux denotes the
bulk dark current density, and Js,s denotes the surface leakage cur-
rent density at the device sidewall; A represents the surface area
of the active region, and p is the perimeter of the sidewall. The
surface leakage current is essentially a type of surface recombina-
tion current caused by surface defects. Surface defects can form the
defect energy levels on the semiconductor surface, further generat-
ing surface charges or recombination centers, increasing the surface
recombination.

This paper mainly considers the surface leakage current gen-
erated at the sidewalls of the InP multiplication layer and InGaAs
absorption layer. In the mesa-structure InGaAs/InP APDs, the
InGaAs absorption layer occupies the largest sidewall surface. More-
over, InGaAs is a material with a narrow bandgap, and surface
recombination is more likely to occur in this layer. Accordingly,
the InGaAs absorption region is one of the main sources of the
sidewall leakage current in mesa-structure APDs.'* Although the
multiplication layer is InP, which is a wide-bandgap material, sur-
face recombination still exists in actual devices because the strongest
electric field of a device is the one in the multiplication layer. Hence,
the sidewall leakage current in the InP multiplication layer cannot
be ignored."”

In the fabrication process of mesa-structure APDs, etching is
required to form mesas. After dry etching, the device surface is dam-
aged, and defect energy levels are introduced, which increases the
surface recombination at the sidewalls and thereby increases the sur-
face leakage current. As reported in Ref. 16, when wet etching was
performed after dry etching, surface damage could be eliminated,
and a surface as that of the un-etched would be obtained. However,
an un-etched surface still has surface states caused by unsaturated
dangling bonds and point defects caused by impurities, vacancies,

and antisite atoms.'” The surface states can be reduced or even elim-
inated by saturating the dangling bonds conducting the passivation
and annealing processes.'® However, the point defects that origi-
nate from the InGaAs and InP themselves cannot be eliminated by
passivation,'” and they are the main reason for the surface leakage
current.

In the InGaAs/InP heterojunction avalanche photodiodes, the
epitaxial growth is usually along with the crystal orientation [100].
This is because of the sphalerite structure, such as that of InGaAs or
InP, where the crystal plane (110) is a cleavage plane and the crys-
tal plane (100) is perpendicular to the crystal plane (110). By using
the crystal plane (100) as an epitaxial growth plane, the crystal plane
(110) can be conveniently used as a cleavage plane. As for the InP
(110) surface, in Ref. 17, it was indicated that the properties of III-V
compound semiconductors were significantly affected by defects,
and the formation mechanism of point defects was studied by using
a scanning tunneling microscope (STM). It was concluded that the
thermal creation of P~ vacancies was the main formation mecha-
nism of surface defects, and the highest concentration of vacancies
is 5 x 10" cm™?. The work of Dow and Allen showed that the defect
energy levels formed by the P~ vacancy were close to the conduc-
tion band edge, and they were not deep levels but shallow donor
levels.”” In Ref. 21, it was demonstrated that surface charges caused
by P~ vacancies existed on the InP surface, and the charge on the
n-type doped InP surface was negative. This was because each P~
vacancy represented a positive charge center that formed the bound
energy level of electrons. These energy levels were located in the
forbidden band and captured electrons. The vacancies had a net
charge of at most one electron.”” When there were thermal excita-
tion or electric field, the electrons captured by the P~ vacancy defect
levels would be released into the conduction band within a cer-
tain thickness of the InP surface and would become free electrons,
making the n-type InP surface become the electron accumulation
layer."”

In Ref. 23, the interface state distribution of the Ing.s3Gag.47As-
oxide interface was measured by admittance spectroscopy, and two
main peaks were observed, one was close to the valence band
and another one was in the middle of the bandgap. The inter-
face state distribution was not affected by the passivation, surface
cleanliness, and annealing processes, so the surface defects origi-
nated from InGaAs itself. Reference 23 also explains that inherent
surface defects may be high-concentration vacancies at the surface.
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The defect energy levels caused by the vacancies denote deep donor
energy levels, and they act as recombination centers and affect the
surface recombination velocity. Thus, both the surface charge of the
InP sidewall and the surface recombination center of the InGaAs
sidewall increase the surface recombination rate, resulting in a large
sidewall surface leakage current.

The three mesa-structure InGaAs/InP APDs were modeled
by the Silvaco Atlas in which the numerical calculation is based
on a series of basic equations and physical models. For sim-
ulating the current-voltage (I-V) characteristics of the APD,
the physical models, including the basic drift-diffusion model,
generation-recombination model, tunneling model, and impact ion-
ization model, were applied. The generation-recombination pro-
cesses included four generation-recombination mechanisms: Auger,
radiation, Shockley-Read-Hall (SRH), and surface generation-
recombination. On the other hand, the tunneling process included
indirect trap-assisted tunneling (TAT) and direct band-to-band tun-
neling (BBT). For more specific information on the above models,
see Refs. 24-27 and the Silvaco Atlas user manual.”®

In Silvaco, the surface recombination rate is defined as**

pn—n;
E-E
Tsp[n + 1 exp(‘k—TT

Rsurf = E )] , ()

)] + Tan[p + mi exp( Bz

where n; denotes the intrinsic carrier concentration; n and p are the
electron concentration and hole concentration in a device surface,
respectively; E; and Er are the intrinsic Fermi level and recombi-
nation center level, respectively; k denotes the Boltzmann constant;
and T is the lattice temperature in degrees Kelvin. 7y, and 75, are the
hole lifetimes and electronic lifetimes due to the surface recombina-
tion, and they are, respectively, related to the recombination velocity
for the hole and electron. The surface charge density and surface
recombination velocity are user-definable in the Silvaco Atlas.
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I1l. SIMULATION RESULTS AND DISCUSSION

A. Surface leakage current at sidewall
of double-mesa APD

The traditional double-mesa APD represents the simplest
mesa-structure APD in which, as the reverse bias voltage increases,
the electric field at the sidewall stays almost the same as that in the
center. Although the fabrication process is simple because there is
no diffusion process, the sidewall surface leakage current is large
due to the strong electric field at the sidewall. Therefore, the side-
wall leakage current of a double-mesa APD was first studied for
understanding the generation mechanism of the sidewall leakage
current.

First, the sidewall leakage current of the InGaAs absorption
layer was ignored, and only the sidewall leakage current in the InP
multiplication layer was considered. The reverse I-V characteris-
tic that varies with the surface charge density of the multiplication
layer is shown in Fig. 2(a). As presented in Fig. 2(a), when the
surface charge of the multiplication layer was less than 7 x 10"
cm™2, the dark current changed slightly with the surface charge.
However, when the surface charge was larger than 7 x 10" cm™2,
the dark current increased significantly, and the increase was more
obvious at high reverse bias voltage. When the surface charge den-
sity of the multiplication layer was 5 x 10" cm™2, the dark cur-
rent changed slightly with the bias voltage in the range of 20-43
V. However, when the surface charge density of the multiplica-
tion layer was 1 x 10'> cm™ and the bias voltage was about 32
V, the dark current increased significantly. Thus, both the side-
wall electric field and the surface charge of the multiplication layer
are the main factors affecting the sidewall leakage current. There-
fore, the sidewall leakage current in the multiplication layer can be
decreased by reducing the surface defects or the sidewall electric
field.

The dark current that varies with the surface charge density of
the multiplication layer at a different reverse bias voltage is shown

2.5x10° (b)

2.0x10°

1.5x10°

1.0x10°

5.0x10™

0.0

5x10"  6x10"  7x10"  8x10" 9x10"  1x10"

Surface charge density (em?)

FIG. 2. (a) The reverse |-V characteristics of the double-mesa APD at a different surface charge density of the multiplication layer; (b) the dark current varies with the

surface charge density at a different reverse bias voltage.
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in Fig. 2(b). In Fig. 2(b), it can be observed that the increase in
the dark current with the surface charge density at the bias volt-
age of 0.95V, (here, Vi, denotes the breakdown voltage) was larger
than that at the bias voltage of 0.7V%,. Thus, the impact of surface
charge on the dark current at high voltage was much larger than
that at low bias voltage, further indicating that part of the surface
charge of the multiplication layer participated in impact ionization.
At the bias voltage of 0.95Vy,, when the surface charge density of
the multiplication layer was larger than 7 x 10" cm™2, the dark cur-
rent increased significantly. However, at the bias voltage of 0.9Vy,,
only when the surface charge density was larger than 8 x 10" cm™,
the dark current increased obviously. Thus, at different reverse bias
voltages, only when the surface charge density was larger than a cer-
tain value, the dark current changed significantly. This was related
to the sidewall electric field of the multiplication layer, namely, the
stronger the electric field was, the higher the impact ionization rate
was. Therefore, even a slightly lower surface charge density would
also have a great effect on the dark current.

Similarly, the sidewall leakage current in the multiplication
layer was ignored, and only the sidewall leakage current of the
absorption layer was considered. The reverse I-V characteristics at
a different surface recombination velocity of the InGaAs absorption
layer are presented in Fig. 3(a). In Fig. 3(a), it can be seen that when
the APD was not punch-through (here, it means the bias voltage
less than 16 V), the dark current did not change with the surface
recombination velocity. This was because the absorption layer was
not depleted, and there was no sidewall electric field at the absorp-
tion layer. However, when the APD was penetrated, the dark current
increased with the surface recombination velocity. Thus, it can be
obtained that when the sidewall of the absorption layer is depleted,
the sidewall leakage current can be decreased by reducing the surface
defects of the absorption layer. Accordingly, if the zero sidewall elec-
tric field in the absorption layer can be achieved by optimizing the
APD structure, the sidewall leakage current in the absorption layer

103
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can be avoided. The dark current change with the surface recombi-
nation velocity of the absorption layer at the bias voltage of 0.9V,
is displayed in Fig. 3(b). The results showed that when the surface
recombination velocity was smaller than 1 x 10’ cm/s, the dark cur-
rent increased slowly, but the dark current increases rapidly at the
surface recombination velocity of larger than 1 x 10° cm/s.

In summary, the sidewall leakage current in the multiplication
layer is related to the surface charge and sidewall electric field. A
part of the surface charge participates in impact ionization. When
the surface charge of the multiplication layer is more than 7 x 10"
cm™ and the bias voltage exceeds 32 V, a sidewall surface leakage
current will be generated, and it will have a significant contribution
to the total dark current. The sidewall leakage current in the absorp-
tion layer depends on the surface recombination center. When the
sidewall of the absorption layer is depleted, the sidewall leakage cur-
rent increases with the surface recombination velocity, showing a
significant increase at the surface recombination velocity of more
than 1 x 10 cm/s.

B. Dependence of surface leakage current at sidewall
of mesa-structure APD

In an actual device, defects are often randomly distributed onto
the device surface, so the surface charge of the multiplication layer
and the surface recombination center of the absorption layer will
simultaneously affect the sidewall leakage current. In further analy-
sis, the surface charge density of the multiplication layer and surface
recombination velocity of the absorption layer were, respectively, set
to1x 10" cm™?and 1 x 10* cm/s.

The dark current in different structure APDs is presented in
Fig. 4. The dark current when the surface factors at the sidewall were
and were not considered is shown in Figs. 4(a) and 4(b), respectively.
In Fig. 4(b), the dark currents of the three APDs are almost the same,
which indicates that the mesa structure type does not affect the bulk

(b)
-9 L
il
<
=
D
E
=
]
=
-10
S10
./-/
aaal i s 2 aaaal 2 A s s aaaal 2 A A A 224
10’ 10° 10 10°

Surface recombination velocity (cm/s)

FIG. 3. (a) The reverse |-V characteristics of the double-mesa APD at a different surface recombination velocity of the absorption layer; (b) the dark current varies with the

surface recombination velocity at the bias voltage of 0.9V\,,.
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dark current. This result was caused by the same active regions in the
three APDs. On the contrary, in Fig. 4(a), the dark currents of the
three APDs are different; namely, the dark current of the double-
mesa APD is the highest and that of the multi-mesa APD is the
lowest. These results demonstrate that APD structure has a great
impact on the sidewall leakage current, thereby affecting the total
dark current. This can be explained by the sidewall electric field.

The sidewall electric fields of the three APDs are extracted at
several different reverse bias voltages. Figure 5 shows the electric
field distribution of the APDs at 10 and 46 V bias voltage. Due to the
strong sidewall electric field of the multiplication layer in the double-
mesa APD, as depicted in Fig. 5(b), the surface charge participates
in impact ionization, which increases the dark current significantly
when the bias voltage is larger than 32 V. When the bias voltage is
about 10 V, the sidewall of the absorption layer in the double-mesa
APD is depleted, as depicted in Fig. 5(a), so the surface recombi-
nation in the absorption layer also increases the dark current. Due
to a weaker sidewall electric field of the multiplication layer in the
triple-mesa APD, as depicted in Fig. 5(b), the contribution of the
sidewall leakage current in the multiplication layer to the dark cur-
rent is small even at high reverse bias voltage. However, there also
exists some sidewall electric field in the absorption layer at a bias
voltage of about 10 V, as depicted in Fig. 5(a), so the sidewall leak-
age current of the absorption layer is the main part of the sidewall
leakage current in the triple-mesa APD. It should be noted that the
terrace width of the triple-mesa APD is 5 ym. As the sidewall elec-
tric field of the multiplication layer in the multi-mesa APD is the
lowest not enough to cause the impact ionization and the sidewall
of the absorption layer has not been depleted at a high reverse bias
voltage, as depicted in Fig. 5(b), the sidewall leakage current in the
multi-mesa APD is almost zero.

To sum up, compared to both the double-mesa APD and the
triple-mesa APD, the multi-mesa APD has the advantage of almost
completely restricting the electric field, which makes the sidewall
electric field very weak. Therefore, even if there exist surface defects,

ARTICLE scitation.org/journall/adv

the sidewall leakage current can be neglected, thus achieving a low
dark current. By comparing the dark current of the multi-mesa APD
and the planar APD, we found that they were almost the same. This
is because the application of the selective doping technology in the
planar APD also restricts the electric field to the device center.

C. Effect of terrace size on surface leakage current
at sidewall in mesa-structure APD

The triple- and multi-mesa APDs can restrict the electric field
to the device center due to the existence of the terrace. Therefore,
the effect of the terrace width on the dark current was studied. The
surface charge density of the multiplication layer and the surface
recombination velocity of the absorption layer were, respectively, set
to7 x 10" cm™ and 1 x 10* cm/s.

At the bias voltage of 0.9V}, the total dark current and the bulk
dark current in the triple-mesa APD vary with the terrace width,
as shown in Fig. 6(a). As presented in Fig. 6(a), the bulk dark cur-
rent increased slightly with the terrace width. However, the total
dark current decreased significantly with the increase in the ter-
race width, which indicated that the terrace width of the triple-mesa
APD mainly affected the sidewall leakage current. This is related to
the sidewall electric field of the device. The extracted sidewall elec-
tric field distribution at a different terrace width at the bias voltage
of 0.9V, is presented in Fig. 6(b). When the terrace width is less
than 4 ym, the sidewall leakage current decreases with the reduc-
tion in the sidewall electric field of the multiplication layer. When
the terrace width is larger than 4 ym, the sidewall electric field
in the multiplication layer is already low not enough to make the
surface charge cause impact ionization, thereby not generating a
significant sidewall leakage current in the multiplication layer. The
sidewall leakage current is mainly originating from the absorption
layer.

For the triple-mesa APD, the smaller the terrace size is, the
higher the dark current will be. In addition, both the absorption layer

107 107
(2) b)
10° F Double-mesa APD 105 F Double-mesa APD
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and the multiplication layer contribute to the sidewall leakage cur-
rent. When the terrace size is more than 4 ym, the sidewall leakage
current in the multiplication layer can be negligible, but there is still
some sidewall leakage current in the absorption layer. However, the
dark current of the multi-mesa APD is not affected by the terrace
size because the sidewall leakage current in the multi-mesa APD is
zero.

IV. CONCLUSION

The surface charges in the InP multiplication layer, and the sur-
face recombination centers in the InGaAs absorption layer, resulting

from the intrinsic semiconductor defects, are the main reasons for
the generation of the sidewall leakage current in the mesa structure
APDs. Parts of the surface charge participate in impact ionization,
and when the surface charge and reverse bias voltage are large
enough, the sidewall leakage current in the multiplication layer will
be generated. If the sidewall of the absorption layer is depleted, the
sidewall leakage current in the absorption layer will increase with
the surface recombination velocity, showing a significant increase
at the surface recombination velocity of more than 1 x 10° cm/s.
Based on this, the dark currents of APDs with different structures
are compared, and the contribution of the sidewall leakage current
to the total dark current is discussed. It is found that the structure

AIP Advances 12, 035336 (2022); doi: 10.1063/5.0080656
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type has a great impact on the sidewall leakage current. This impact
is the highest in the double-mesa APD and the lowest in the multi-
mesa APD. Finally, the influence of terrace size on the dark current
is studied. The research results show that the terrace size signifi-
cantly affects the sidewall leakage current of the triple-mesa APD,
but the dark current of the multi-mesa APD stays unchanged with
the terrace size.
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