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Abstract

We calculated the correlation between the doping concentration of the charge

layer and the multiplication layer for separate absorption, grading, charge, and

multiplication InGaAs/InAlAs avalanche photodiodes (APDs). For this pur-

pose, a predictable program was developed according to the concentration and

thickness of the charge layer and the multiplication layer. We also optimized

the design, fabrication, and characteristics of an APD for 20 Gbps application.

The punch-through voltage and breakdown voltage of the fabricated device

were 10 V and 33 V, respectively, and it was confirmed that these almost

matched the designed values. The 3-dB bandwidth of the APD was 10.4 GHz,

and the bit rate was approximately 20.8 Gbps.
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1 | INTRODUCTION

Avalanche photodiodes (APDs) have been used in appli-
cations for optical communication, three-dimensional
image sensors, defense, and science. APDs are one of the
preferred devices in optical fiber communication systems,
where the optical fibers have high sensitivities and high
bandwidths [1–3]. Specifically, APDs operating in the
1.55 μm spectral range are essential for high-speed long-
distance optical communication. Because of the internal
gain of APDs, they are better for practical applications
than PIN photodiodes in terms of sensitivity [4,5]. InP
has been used as a multiplication material in separate
absorption, grading, charge, and multiplication (SAGCM)
photodiode structures, whereas InGaAs has often been
used as an absorption material [6,7]. In the absorption
layer, the optical signal is absorbed to form electron–hole
pairs. Low-noise APDs require large differences in the

ionization rates of electrons (α) and holes (β). Because
the bandgap of aluminum InAlAs is larger than that of
InP, its excess noise is lower, and its gain bandwidth is
higher [8–11]. Furthermore, InAlAs has much a lower
temperature dependence in terms of its tunneling current
and ionization process compared with InP [12–14].
Hence, InAlAs, which uses electrons as its charge car-
riers, is a more suitable multiplication material than InP,
which uses holes [15,16]. APDs provide improved sensi-
tivity through their internal gain using the multiplication
effects of the elements they contain, and they are pre-
ferred in long-distance optical communication despite
the difficulty of the design process [17,18].

In this study, we designed and fabricated a high-gain
and high-speed 20-Gbps APD based on InGaAs/InAlAs
at an operating wavelength of 1.55 μm. The influences of
the multiplication thickness, doping concentration
(in the selected layers), and optical characteristics of the
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SAGCM-structure InGaAs/InAlAs APD were investi-
gated. Additionally, the manufacturing process and elec-
trical and radio frequency (RF) characteristics of the APD
device were measured and analyzed.

2 | AVALANCHE PHOTODIODE

2.1 | Simulation

Many available software packages can simulate semi-
conductor devices. However, very few of these provide
guaranteed comprehensive access to the entire system
and extensive user control [16]. Therefore, a program
was produced according to the theory presented in Ma
et al. [19].

Using the specific parameters presented in Table 1,
Figure 1 depicts a schematic and electric field profile
based on Gauss’s law for electromagnetics. Herein, the
values ε0 = 8.85 � 10�14 F/cm, εInAlAs = 12.7, and
εInGaAs = 13.9 were applied. According to Gauss’s law,
the total electric field is proportional to the total electric
charge enclosed by the surface, where the proportionality
constant is expressed as the permittivity (ε0) in free space.
This law can be expressed as an equation using the fol-
lowing integral and differential equations [20]:

þ
surface

ϵ0E �dA¼
ð
ρ �dV ,5�ϵ0E¼ ρ: ð1Þ

The impact ionization ratios for electrons (α) and
holes (β) are important for optimizing the noise perfor-
mance of an APD. To minimize the excess noise factor
(F), the APD can be amplified using a carrier with a
higher ionization coefficient. In terms of McIntyre’s
theory for band-to-band ionization, F is given for the case

in which the primary carriers injected into the avalanche
are electrons. The factor k is equal to β/α [21–23].

F¼M 1� 1�kð Þ M�1ð Þ
M

� �2( )
: ð2Þ

In an InGaAs/InAlAs APD that operates under
reverse bias voltage and has a PIN structure, the punch-
through voltage (Vph) and breakdown voltage (Vbr) are
important design parameters. This is because these values
are closely related to many structural variables, such as
the thickness of each layer, carrier composition, and
function abruptness and curvature. Therefore, the
accurate interpretation of Vph and Vbr values is rele-
vant to the design of the structural variables in the
InGaAs/InAlAs APD. This also implies that, in addi-
tion to these two voltages, other dependent variables
are available in the design process. The approximated
DC avalanche gain factor M(V) can be expressed as
follows [16]:

M Vð Þ¼ 1

1� Ðω0 α �exp Ðωx β�αð Þdx0dx : ð3Þ

Assuming that the electric field is constant through-
out the InAlAs multiplication layer, the expression for M
(V) can be approximated as follows:

TAB L E 1 Equation of electric field and voltages used in

Figure 1

Electric field Expression

EM1 (q�N1�d1)/(εInAlAs�ε0)
Em2 (q�N2�d2)/(εInAlAs�ε0)
Em3 (q�N3�d3)/(εInGaAs�ε0)
EM2 EM1 + Em2

EM3 EM2 + Em3

V1 (EM1�d1)/2
V2 V1 + (Em2�(2d1 + d2)/2)

V3 V2 + (Em3�(2(d1 + d2) + d3)/2)

F I GURE 1 Schematic of the separate absorption, grading,

charge, and multiplication (SAGCM) avalanche photodiode (APD)

and its electric field profile according to the voltage in each region
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M Vð Þffi 1� β=αð Þ
exp d1 � β�αð Þ½ �� β=αð Þ : ð4Þ

As seen in this equation, M(V) has an important cor-
relation with the thickness d1 of the InAlAs multiplica-
tion layer, in which the electron amplification is
generated. Although there are some differences in the
definition of “breakdown” in the literature, we herein
consider it is as the breakdown voltage at which the value
of M(V) exceeds 100. Using the calculated M(V), the
thickness of the InGaAs absorption layer (1.0 μm) was
fixed, and the doping concentration of the p-InAlAs
charge layer was adjusted. Figure 2 shows the correlation
between the multiplication layer and the voltage. The
optimal multiplication layer thickness is 0.16 μm,
the doping density of the charge layer is 3.5 � 1012 cm�2,
and the k value is 0.3.

2.2 | Device structure and fabrication

APDs can be fabricated according to two structure types:
planar structure and mesa structure. Mesa-structure
APDs are widely used because they have the advantages
of simplicity and reproducibility in terms of manufactur-
ing. However, the surface electric field of mesa-structure
devices includes large surface leakage currents and insta-
bilities. Conversely, planar-structure devices have low
dark currents and high reliability because their surface
electric field is lower than that of mesa-structure devices.
However, the manufacturing process of planar-structure
APDs is more complex, and their uniformity is worse
because of the diffusion process [1].

Figure 3 shows a cross-section of a front-side illumi-
nated SAGCM InGaAs/InAlAs APD with a
250 μm � 330 μm mesa structure grown by metal organic
chemical vapor deposition on a semi-insulating InP sub-
strate. A 0.1 μm n-doped InP buffer layer was first
formed, followed by a 0.25 μm undoped InGaAs etch stop
layer, a 0.4 μm n-doped InP contact layer, a 0.2 μm n-
doped InAlAs buffer layer, a 0.16 μm undoped InAlAs
multiplication layer, and a 0.035 μm p-doped InAlAs
charge layer with a doping concentration of
1.0 � 1018 cm�3. Then, a 0.05 μm undoped InAlGaAs
grading layer was introduced to reduce the accumulation
of electrons and holes at the potential barriers along the
heterointerfaces. Furthermore, a 1.0 μm undoped InGaAs
absorption layer, a 0.05 μm undoped InAlAs spacer layer,
a 0.3 μm p-doped InAlAs window layer, and a 0.1 μm p-
doped InGaAs contact layer were added. Table 2 shows
the details of the fabricated structure.

The mesa-structure APD was fabricated by a mix of
dry and wet etching. This combination was essential to
producing a mesa-type device. Because wet etching does
not cause surface damage, the APD has low dark currentF I GURE 2 InGaAs/InAlAs mesa-structure simulation

F I GURE 3 (A) Cross-sectional view of the InGaAs/InAlAs separate absorption, grading, charge, and multiplication (SAGCM)

avalanche photodiode (APD). (B) Top view of the fabricated device
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characteristics. For the mesa structure, the total-etch
depth of the n-type InP contact layer was approximately
1.9 μm. A reactive-ion-etching dry etching process was
used to precisely control the depth of the mesa structure
and the size of the device (250 μm � 330 μm). After the
dry etching, the primary circular mesa-active region
(40 μm diameter) for the n+-InP contact layer and sec-
ondary circular mesa-active area (45 μm diameter) for
the semi-insulating InP substrate were defined using an
HBr-based isotropic wet etching solution (HBr:H2O2:
H2O = 16:4:100) [24]. A 3 μm-wide p+-InGaAs circular
contact ring (35 μm diameter) was formed on the front
surface of the sample by selectively etching InGaAs from
InP using a solution of H3PO4:H2O2:H2O (1:1:10). After
the mesa etch, a polyimide film was used in the passiv-
ation process to reduce the dark current and minimize
the parasitic capacitance. Thereafter, the passivation was
selectively removed to obtain p- and n-metal contacts.
Finally, SiNx was deposited in a layer of thickness of
200 nm over the entire surface of the APD as an anti-
reflection coating.

3 | MEASUREMENT RESULTS

The photocurrent level was measured as a function of
the applied bias voltage. Measurements were obtained
under both photoincidence and dark conditions at
each bias voltage. Figure 4 shows the I–V and M–V

characteristics of the fabricated APD. The Vph and Vbr

were 10 V and 33 V, respectively. The value of M
progressively increased to approximately 100 around the
breakdown voltage, whereas unintended breakdown,
such as edge breakdown, was not observed. The esti-
mated responsivity at the integration gain was 0.8 A/W
(at 1.55 μm). The APD exhibited a low dark current
density of 2 � 10�6 A/cm2 at a bias voltage of 31.3 V
(0.95 Vbr) for M = 10.

We mounted the fabricated device on an optical
receiver module along with a transimpedance amplifier
and measured the RF performance. Figure 5A shows a
photo of the fabricated TO can-type ROSA, and
Figure 5B shows the device assembled on the evaluation
board for measuring the RF characteristics [25,26]. The
ROSA was manufactured using a TO-46 header and an
LC receptacle, and a flexible print circuit board was
used to connect the evaluation board to the TO can
using pins.

TAB L E 2 Designed avalanche photodiode epistructure

parameters

Material
Thickness
(μm) Type

Doping
concentration
(cm�3)

InGaAs (contact) 0.100 p+ 1 � 1018

InAlAs (window) 0.300 p+ 1 � 1018

InAlAs (spacer) 0.050 Undoped –

InAlGaAs (grading) 0.050 – –

InGaAs
(absorption)

1.000 Undoped 2 � 1015

InAlGaAs (grading) 0.050 – –

InAlAs (charge) 0.035 p 1 � 1018

InAlAs
(multiplication)

0.160 Undoped

InAlAs (buffer) 0.200 n+ 1 � 1018

InP (contact) 0.400 n+ 1 � 1018

InGaAs (etch stop) 0.250 Undoped –

InP (buffer) 0.100 n –

InP (Sub) � S.I. –

F I GURE 4 I–V and M–V characteristics of fabricated

avalanche photodiode (APD)

F I GURE 5 (A) InGaAs/InAlAs avalanche photodiode (APD)

TO can-type ROSA and (B) flexible PCB ROSA module mounted on

an evaluation board for measurement
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The frequency response was measured using an
Anristu VNA (MS46122B) by driving the lithium nio-
bate (LiNbO3) MZ modulator. The laser source was a
tunable laser diode operated at 1.55 μm. Figure 6 shows
the frequency response and eye diagram measurement
results for the designed and fabricated APD ROSA
module with a 0-dBm optical pumping power. The
frequency response of the APD ROSA was 10.4 GHz,
whereas the bit rate had a value of approximately
20.8 Gbps.

4 | CONCLUSION

We fabricated a 20 Gbps InGaAs/InAlAs APD for use in
the photoelectric conversion receiver of a Gbps-class
communication waveform shaping module system.
Through optimization of the structural design of the
mesa-type APD, Vph and Vbr were predicted according to
the thickness of the multiplication layer and doping con-
centration of the charge layer, after which they were vali-
dated through device fabrication. At room temperature,
Vph and Vbr were 10 V and 33 V, respectively, and a low
dark current level of 2 � 10�6 A/cm2 was observed at
M = 10. Additionally, it was confirmed via measure-
ments from the APD ROSA module that the RF response
was greater than 10 GHz, and the bit error rate was
20 Gbps at a wavelength of 1.55 μm.
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