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This paper describes a guardring-free planar InAlAs/InGaAs avalanche photodiode (APD) by computational simula-
tions and experimental results. The APD adopts the structure of separate absorption, charge, and multiplication (SACM)
with top-illuminated. Computational simulations demonstrate how edge breakdown effect is suppressed in the guardring-
free structure. The fabricated APD experiment results show that it can obtain a very low dark current while achieving a
high gain×bandwidth (GB) product. The dark current is 3 nA at 0.9Vbr, and the unit responsivity is 0.4 A/W. The maximum
3 dB bandwidth of 24 GHz and a GB product of 360 GHz are achieved for the fabricated APD operating at 1.55 µm.

Keywords: avalanche photodiode, planar, gain×bandwidth product, dark current

PACS: 85.60.Gz, 73.40.Kp, 81.15.Hi DOI: 10.1088/1674-1056/ace61b

1. Introduction

Avalanche photodiodes (APDs) are key components in
the receiver of optical fiber communication system because
they have internal gain to improve the sensitivity and dy-
namic range.[1–4] They can provide at least 10 dB higher sig-
nal to noise ratio than PIN photodiodes. InP was initially
used as the avalanche material, since the APD epitaxial struc-
ture operating in the 1.3–1.6 µm band was grown on an InP
substrate.[4,5] However, In0.52Al0.48As (InAlAs), which is also
lattice-matched with InP, is more suitable as the avalanche
materials than InP, because the carrier ionization rate ratio
k is lower than that of InP. InAlAs-APDs can obtain higher
gain×bandwidth (GB) product and lower excess noise factor.
The bandgap width of InAlAs is also higher than that of InP,
which is beneficial to reduce the tunneling dark current of the
APD,[6–8] and the temperature stability of the InAlAs-APDs
has been strengthened due to the lower temperature depen-
dence of the multiplication process.[9,10] The vertical illumi-
nated structure APD can achieve optical coupling relatively
easily, and it is not affected by the polarization during the
absorption of optical signals.[11,12] Therefore, various vertical
illumination InAlAs high-speed APDs have been extensively
reported recently. However, most of the reported results are
based on the multi-mesa structure, and the dark current of this
structure is relatively large.[4,5,8,9,13–15]

In this paper, we propose a guardring-free planar InAlAs-
APD with vertical top-illuminated SACM structure that can
be fabricated by the selective Zn-diffusion process similar to

the fabrication of conventional InP-APD.[16–18] The dark cur-
rent is 3 nA at 0.9Vbr, and the unit responsivity is 0.4 A/W.
The maximum 3 dB bandwidth of 24 GHz and a GB prod-
uct of 360 GHz are simultaneously achieved for the fabricated
InAlAs-APD. These characteristics demonstrate the potential
of the planar InAlAs-APD for optical communication system.
Compared with mesa-type APD reports, their dark currents are
relatively large due to the surface effect at the mesa sidewalls
and with that a higher noise.[3,7,19,20] The dark current of Nada
M, etc. has reached 100 nA, which will lead to relatively large
noise in the actual use of the device.[20] Compared with other
planar APD reports, the results of this device show significant
improvement of GB while keeping a low dark current.[4,21,22]

2. Design of device structure and fabrication
APD was designed in the lattice-matched In-

GaAs/InAlAs/InP epitaxial material system. The epitaxial
structure and the cross-section of the APD are shown in Ta-
ble 1 and Fig. 1, respectively. It is grown by metal organic
chemical vapor deposition (MOCVD) on a semi-insulating
(SI) InP substrate. From the top P-contact diode and incident
light window, follows a 1 µm InP cap layer. An InGaAsP
grading layer is inserted to reduce hole pile-up between a low
bandgap In0.53Ga0.47As (InGaAs) absorption layer and a wide
bandgap InP cap layer. The thickness of the InGaAs absorp-
tion layer is 600 nm. The InAlAs avalanche layer thickness
of 100 nm is determined to maximize the GB product, while
the dark current can also be maintained at a relatively low
level simultaneously. The design of the charge layer is the
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key to adjusting the internal electric field of the APD.[5] Here,
the thickness is set to 50 nm, and the doping concentration
is 9×1017 cm−3. The p+ active region is achieved by Zn
selective thermal diffusion in the undoped InP cap layer. A

Ti/Pt/Au P-contact is achieved by a photolithographic lift-off
process. An AuGeNi/Au N-contact is evaporated on the same
side of the substrate. A silicon nitride (SiNx) passivation layer
covers the whole APD surface.

Table 1. The epitaxial structure of SACM InGaAs/InAlAs/InP APD.

Layer Material Type Doping (cm−3) Thickness (nm)
Cap InP nid undoped 1000
Grading Ga0.149In0.851As0.327P0.673 nid undoped 10

Ga0.286In0.714As0.619P0.381 nid undoped 10
Ga0.412In0.588As0.886P0.114 nid undoped 10

Absorption In0.53Ga0.47As nid undoped 600
Transition In0.53Ga0.35Al0.12As nid undoped 33

In0.53Ga0.23Al0.24As nid undoped 33
In0.52Ga0.12Al0.36As nid undoped 33

Charge In0.52Al0.48As p+ 9×1017 50
Avalanche In0.52Al0.48As nid undoped 100
Buffer In0.52Al0.48As n+ 5×1017 200
Contact InP n+ 5×1018 600
Substrate InP S.I S.I

InGaAlAs nid transition

InP n+

InP SI substrate

Incident light

InGaAs nid absorption

GaInAsP nid grading

Zn diffuse P+ region

InP nid cap

SiNx

P contact

InAlAs p+ charge

InAlAs nid avalanche

N contact
InAlAs n+

Fig. 1. Schematic 3D and cross-section of the top-illuminated APD.

Selective diffusion or ion implantation is required to con-
fine the active area of the planar SACM APD. A spherical or
cylindrical boundary will be formed at the edge by diffusion
or ion implantation in planar APD as is shown in Fig. 1 and
its curvature is greater than that of the central boundary. A
higher local electric field will be formed at the diffusion edge
boundary due to the curvature effect. For the traditional InP
SACM APD, its p–n junction is realized by Zn diffusion, and
the boundary of diffusion is the p–n junction of APD. When
the APD is operating, the electric field in the p–n junction is
the largest to generate avalanche gain. The electric field at
the edge boundary is greater than that at the center boundary
due to the curvature effect, so it will cause the p–n junction
to breakdown earlier at the edge boundary than at the center
boundary.[16–18] Serious APD edge breakdown leakage will
even make the APD unable to work. Therefore, a guard ring

is necessary at periphery of the APD to reduce the edge pre-
mature breakdown effect in traditional InP SACM APDs.[23]

For the planar InAlAs SACM APD, the true p–n junction is
located in the InAlAs avalanche layer, and the p–n junction
is formed by epitaxy on a large plane. The electric field is
the largest in the InAlAs avalanche layer in order to generate
avalanche gain.[4,22] Figure 2(a) shows the two-dimensional
electric field distribution of the guardring-free InAlAs planar
structure using drift-diffusion model by computational simu-
lation. The electric field intensity distributions are extracted
along the grading and avalanche layer in the horizontal of the
structure as shown in Fig. 2(b). It is found that the electric field
in InAlAs p–n junction under the diffused active region is the
largest when the device is biased, and it is lowered toward the
periphery of the junction owing to the distance from the diffu-
sion. The boundary of the Zn diffusion is in the grading layer.
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Although the electric field at the diffusion edge boundary in
the grading layer will be greater than that at the diffusion cen-
ter boundary due to the curvature effect, the electric field here
is much lower than that at the InAlAs avalanche layer, which
is the true p–n junction. We confirmed that the strongest elec-
tric field is not applied at the Zn diffusion edge where edge
breakdown is inclined to occur, because the p–n junction is
formed at the hetero-interface between the InAlAs avalanche
layer. So no special guard-ring design is needed to suppress
the edge breakdown effect.
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Fig. 2. The simulated two-dimensional electric field distribution (a) in
horizontal along the grading and avalanche layer (b) and in vertical with
different densities (c).

The results of adjusting the internal electric field distribu-
tion of the device vertical direction by charge layer with dif-
ferent densities are shown in Fig. 2(c). It can be seen from
the figure that the electric field decreases in the absorption re-
gion and increases in the multiplication region with increas-
ing the charge density. High electric field (> 900 kV/cm) is

achieved in the 100 nm avalanche region which is needed for
the impact ionization, while the electric field remains quite low
(< 200 kV/cm) in the absorption region to avoid the tunnel-
ing dark current, when the doping concentration of the charge
layer is 9×1017 cm−3.

It is critical to calculate the band energy profiles result-
ing from device design, in order to predict device performance
and thus be able to adjust the layer thickness and doping pro-
files of APD structures. Band energy distribution calculations
have been performed for various applied bias voltages using
1D Poisson, drift-diffusion. Figure 3 depicts the calculated
band energy curves without bias voltage (a) and at the 90%
breakdown voltage (b). In the absence or with a small bias
voltage, the electrons generated in the absorber will not be
able to overcome the barrier of the charge layer to reach the
n-contact. However, with the increase of the bias voltage, the
potential barrier will be reduced, and the photogenerated elec-
trons can flow into the avalanche layer to generate gain, which
can be collected by the external circuit.
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Fig. 3. Calculated band energy profile of the APD without bias voltage
(a) and at 90% Vbr (b).

3. Characteristics and discussion
Figure 4 is the dark current, photocurrent and operation

gain versus reverse bias of a 15 µm diameter device at room
temperature. The photocurrent and gain curves are under dif-
ferent incident light powers at the wavelength of 1.55 µm. The
breakdown voltage (Vbr) is defined as the bias voltage at which
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the dark current is 100 µA.[24] The Vbr is 26 V while the corre-
sponding dark current is around 3 nA at 0.9Vbr. The low dark
current is mainly due to the planar structure and the precisely
designed charge layer to adjust the electric field. The punch-
through voltage (Vpt) is 8 V, and the photoresponsivity at this
bias can be defined as unity gain. The responsivity at unity
gain is 0.4 A/W with different incident light power and the
corresponding external quantum efficiency (η) is 32%. The
measured responsivity is consistent with the calculated results
of the 600 nm InGaAs epitaxial absorption layer.

It can be seen that all measured operational gains degrade
significantly when the applied bias voltage exceeds Vbr. This
is due to the sharp increase in dark current, which accounts
for the majority of the total current measured. Furthermore, it
can be clearly seen that the maximum operating gain grad-
ually decreases with increasing incident light power. This
phenomenon is mainly caused by the space charge screening
(SCS) effect. Photogenerated carriers will increase with the in-
crease of incident light power. The photogenerated electrons
are injected into the multiplication layer under high electric
field to induce impact ionization. A large number of holes ion-
ized in the multiplication layer accumulate at the heterojunc-
tion due to the slow drift speed, which reduces the net electric
field and multiplication gain in the multiplication layer.
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Fig. 4. The dark current, photocurrent and operation gain versus reverse
bias of a 15 µm diameter device at room temperature.

Figure 5 shows the 3 dB optical to electrical (OE) re-
sponse frequency characteristics of the fabricated APD device.
It can be seen from Fig. 5(a) that the 3 dB bandwidth of the de-
vice is 1 GHz near Vpt, and sharply increases with the increase
of the bias. As shown in Fig. 5(b), when the bias voltage is in-
creased to 11 V, the 3 dB bandwidth of the device reaches the
maximum value of 24 GHz. In addition, the bandwidth begins
to slowly decrease as the voltage continues to increase, which
is mainly determined by the GB product limitation. As shown
in Fig. 5(c), the APD device can sustain the 3 dB bandwidth
of approximately 12 GHz near the Vbr.
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Fig. 5. The 3 dB OE response frequency characteristics of the APD.
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Fig. 6. The high-frequency response versus multiplication factor.

The high-frequency response versus multiplication gain
is shown in Fig. 6. The multiplication factor gain in the fig-
ure is the result when the incident light power is 10 µW. The
3 dB bandwidth is low at unity gain and increases dramatically

with gain. This is because the electric field in the absorption
region is weak when the device is just punched through, and
the photogenerated carriers do not reach their saturation drift
velocity. As the voltage increases, the electric field in the ab-
sorption region gradually increases, the carrier drift velocity
reaches saturation, and the 3 dB bandwidth reaches the maxi-
mum value of 24 GHz. The measured capacitance is 0.17 pF
and the parasitic resistance is 50 Ω, so the maximum band-
width is limited by both the RC time constant and the carrier
transit time of the depletion layer. The 3 dB bandwidth of the
device can be sustained at 12 GHz for a multiplication gain
between 6 and 30, and then the GB product reaches 360 GHz.

4. Conclusion
In summary, a guardring-free planar structure In-

GaAs/InAlAs SACM-APD with top-illuminated is designed
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and fabricated. Through selective Zn diffusion to fabricate
planar structure and precise charge layer design to adjust the
internal electric field of the APD, the internal electric field of
the device can be effectively confined inside the active region,
which greatly suppresses the premature edge breakdown ef-
fect and reduces the dark current. By utilizing an absorption
of 600 nm InGaAs and a multiplication of 100 nm InAlAs,
the dark current at 0.9Vbr is reduced to 3 nA and the unit re-
sponsivity achieves 0.4 A/W. The maximum 3 dB bandwidth
of 24 GHz and a GB product of 360 GHz are also achieved for
this APD operating at 1.55 µm. It should be emphasized that
the demonstrated device has an active area diameter of 15 µm.
Such large active area diameter provides greater alignment tol-
erance for fiber coupling compared with using a waveguide
structure.
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