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Лавинные фотодетекторы на основе InGaAs/InAlAs, 
интегрированные с волноводными структурами 
«кремний на изоляторе»
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Выполнено моделирование лавинных фотодиодов на основе InGaAs/InAlAs, оптическая связь которых 
с волноводными структурами «кремний на изоляторе» осуществлялась посредством убегающих волн, про-
ходящих через связующий слой бензоциклобутена. Для передачи света из волокна к кремниевому волно-
воду использован кремниевый соединитель на основе дифракционной решетки на волокне. При моделиро-
вании проводилась оптимизация эффективности оптической связи для различных толщин слоя бензоци-
клобутена, параметров слоя InP и ширины кремниевого волновода. Результаты моделирования показали 
достижимость эффективности детектирования 96,7% в условиях толщины кремниевого волновода 2 мкм 
и размера фотодетектора 40 мкм при значении произведения усиления на полосу пропускания 135 ГГц  
на длине волны 1550 нм.

Ключевые слова: кремний на изоляторе, лавинный фотодетектор, убегающие волны, бензоциклобутеновое свя-
зующее.
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We simulated an evanescently coupled InGaAs/InAlAs avalanche photodetector integrated on silicon-on-
insulator waveguide circuits using benzocyclobutene as the bonding layer. A silicon fiber-grating coupler is 
adopted to couple light from the fiber to the Si waveguide and light can finally be absorbed in the absorption 
region. Simulations around improving the optical coupling efficiency with different device dimensions such 
as different benzocyclobutene bonding thicknesses, different InP layer parameters and different silicon 
waveguide widths were carried out. The simulation result shows a detection efficiency of 96.7% for 2 μm silicon 
waveguide device with a photodetector length of 40 μm which can get a gain-bandwidth product of 135 GHz  
at 1550 nm.
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1. INTRODUCTION
Over the past fifty years, avalanche photodetector 
(APD) that converts optical signals into the electri-
cal domains for further signal processing and data 
manipulation has been widely used in business, mil-
itary and scientific research. In recent years, the 
motivation to research APD comes from the optical 
communication. Because of the internal gain, APD 
can achieve higher sensitivity than PIN photodetec-
tor [1–3] and is mainly used for the detection of weak 
signal in long distance optical fiber communication. 
The InAlAs material is lattice matched with InP and 
has a low ionization coefficient ratio αp/αn of 0.3–0.4 
under the electric field of 400–650 KV/cm [4]. Nowa-
days, almost all the high speed APD uses InAlAs ma-
terial as the multiplication layer.

Silicon is transparent at the optical communi-
cation wavelength and can be used as an excellent 
wave guiding material due to its low loss. Besides, 
the large index contrast of silicon with silicon diox-
ide cladding layer of the silicon-on-insulator (SOI) 
circuits results in highly confined optical modes. 
At present, researches on silicon photonics [5–10] 
have been focused on realizing various components 
of photonic integrated circuits, including active pho-
tonic devices such as lasers [11], modulators [12], and 
photodetectors (PDs) [13] as well as passive wave-
guide devices based on the processed SOI platform. 
However, the huge optical loss is the main restric-
tion of the overall performance of the photonic chip. 
Integrating an APD instead of a PIN PD onto the SOI 
circuits is one way to solve the problem. Moreover, 
the research on integrated APDs can be of great sig-
nificance in the quantum communication [14, 15].

The InGaAs/InAlAs APDs integrated on the 
SOI circuits haven’t been reported to the best of our 
knowledge. High gain-bandwidth (GB) product of 320 
GHz of the III–V waveguide APD was achieved, how-
ever the efficiency was only 16% [16]. A higher ef-
ficiency of 94% using the antireflex coating was ob-
tained with a GB product of 110 GHz [17]. The Ge/Si  

waveguide APD with a GB product of 105 GHz and 
a primary responsivity of 0.8 A/W equivalent  to 
an efficiency of 64% was also demonstrated for the 
advantage of complete compatibility with CMOS 
processes [18]. All of the results above were ob-
tained at the wavelength of 1550 nm. The dark cur-
rent of the Ge/Si APD was higher compared with  
InGaAs/InAlAs APD and the absorption coefficient 
of germanium drops rapidly beyond 1550 nm inhibit-
ing its application for L band. Growing high-quality 
pure Ge film on Si was also a key challenge because 
of the lattice mismatch. In this paper, we present the 
simulated optimizations of an evanescently coupled 
APD integrated on SOI with the benzocyclobutene 
(BCB) bonding method [19–22]. The strong optical 
modes confinement of the silicon waveguide on the 
SOI and the large coupling efficiency between the 
APD absorption layer and the silicon waveguide 
result in a high efficiency of the integrated APD.  
The simulation result shows an efficiency of 96.7% 
and a GB product of 135 GHz for the 2 μm silicon wave-
guide device with a PD length of 40 μm at 1550 nm.  
The factors that affect the light coupling efficiency 
such as silicon waveguide width, BCB bonding thick-
nesses and InP layer parameters are optimized. 

2. DEVICE STRUCTURE DESIGN
Figures 1a, b show the schematic of the cross section 
view and side view of the integrated APD. A silicon 
fiber-grating coupler with a ridge silicon waveguide 
is used to realize the light coupling from fiber to 
the silicon ridge waveguide. The silicon grating 
layer is designed with a top silicon layer thickness  
of 340 nm and an etching depth of 200 nm. For 
340 nm top silicon layer of the SOI waveguide, the 
grating can be etched deeper, which will not bring 
great reflection. Then, more light can be diffracted 
out from the waveguide. A BCB bonding method 
is adopted to accomplish the integration of the 
unprocessed III–V epitaxial film and the SOI. 

Fig. 1. The cross section view (a) and side view (b) of the integrated APD. The APD is stacked on top of the BCB bonding 
layer, which is used to accomplish the integration of the Si waveguide and the APD.
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coefficient ratio of InAlAs can effectively reduce the 
excess noise and improve the response speed of the de-
vice. Besides, its wide bandgap can restrain the tun-
neling current. Therefore, a 150 nm non-intentionally 
doped In0.52Al0.48As layer is used as the multiplication 
layer. The grading layer is used to improve the band-
width performance caused by the big bandgap differ-
ence as well as reducing the reflection caused by the 
large refractive index difference of the absorption 
layer and the multiplication layer. And a charge layer 
is taken to control the electric field distribution of the 
multiplication layer and absorption layer.

Light in fiber is first coupled into the silicon 
waveguide, then is coupled gradually upwards and is 
finally absorbed by the absorption layer. The optical 
field distribution of the simulation result of the de-
vice with a final BCB thickness of 100 nm and a sili-
con waveguide width of 2000 nm is shown in Fig. 2.

3. SIMULATIONS AND DISSCUSIONS
The simulations were conducted at 1550 nm. The 
simulated device structure began with an InP layer 
thickness of 250 nm. On this layer an InP waveguide 
was used to couple light in the silicon waveguide into 
the photodetection region as shown in Fig. 3. The InP 
waveguide had an initial width (WInP) and length 
(Lw) of 2 and 14 μm. At the end of the InP waveguide 
followed an InP trapezoidal taper to help light in the 
InP waveguide dispersed uniformly among the whole 
detection width range. The InP taper had a length (Lt)  
of 6 μm with width from 2 to 5 μm. Light out from 
the fiber was first diffracted into the silicon grating  
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Fig. 2. (a) The lateral optical field distribution of the simulation result of the device, (b) the cross section of the optical field 
distribution in the Si waveguide, (c) the cross section of the optical field distribution at the detection region of 5 μm, (d) 
the cross section of the optical field distribution at the detection region of 40 μm.

The epitaxial layer structure of the avalanche photo- 
detector

Function Compound n d, μm

substract i-InP 3.146 500

Buffer layer i-InP 3.146 0.1

p-contact p+-InGa0.53As0.47 3.56 0.08

p+-InP 3.146 0.2

Grading i-InGa0.11As0.25P 3.26 0.02

Cladding i-InGa0.34As0.73P 3.44 0.02

Absorption i-InGa0.53As0.47 3.56−i0.086 0.2

Graded layer i-InGaAlAs 3.3 0.03

Charge p-In0.52Al0.48As 3.23 0.06

Multiplication i-In0.52Al0.48As 3.23 0.15

n-contact n+-In0.52Al0.48As 3.23 0.01

Etch-stop n+-InP 3.146 0.01

Matching layer n+-InGaAsP 3.41 0.32

The III–V epitaxial structure is grown on an InP 
substrate. The APD structure utilizes a separate ab-
sorption, grading and multiplication structure and the 
epitaxial layer structure parameter is shown in Table. 
A thin InGaAs absorption layer and InAlAs multiplica-
tion layer can reduce the carrier transit time and multi-
plicative noise of the device, which can get a high speed 
and high response of APD. In the simulation, a 320 nm 
n+-InGa0.3As0.64P layer is used as the light matching 
layer. A non-intentionally doped In0.53Ga0.47As is de-
signed to be the absorption layer. The low ionization 
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Fig. 3. The cross section view (a) and side view (b) of the starting integrated APD structure with an InP waveguide layer.
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Fig. 5. The absorption efficiency curves of the device with 
different InP stripe waveguide lengths Lt (1 – 10, 2 – 12, 
3 – 14, 4 – 16, 5 – 18 μm). 
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Fig. 4. The absorption efficiency curves of the device with 
different InP stripe waveguide widths WInP (1 – 1.5, 2 – 2, 
3 – 2.5 μm). The absorption region starts at the location  
of 70 μm.
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Fig. 6. The absorption efficiency curves of the device with 
InP layer thickness dInP of 0 (1), 50 (2), 100 (3), 150 (4), 
200 nm (5).

Fig. 7. The absorption efficiency curves of the device with 
BCB thicknesses dBCB of 50 (1), 100 (2), 150 (3), and  
200 nm (4). 
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coupler and could finally spread steadily in the Si 
waveguide after propagating a distance. The light 
in the silicon bus waveguide was evanescently cou-
pled into the active region like a direction coupler. 
The light was absorbed evenly along the absorption re-
gion which could improve the response of the device 
and the power characteristics of the device. Simula-
tions of the coupling efficiency of the integrated APD 
with different InP guiding layer structures, differ-
ent BCB thicknesses and different silicon waveguide 
widths were conducted. The simulated device length 
of the absorption region (LPD ) was 55 μm. 

Figures 4 and 5 showed the absorption efficiency 
of the device with different InP waveguide widths 
WInP and lengths Lt. Figure 4 indicated that the InP 
waveguide widths had very small effect on absorp-
tion efficiency of the device with an InP waveguide 
layer thickness dInP of 250 nm. Light oscillated be-
tween the InP waveguide and the silicon waveguide. 
Figure 5 showed that the InP waveguide with a 12 μm  
length got the highest efficiency of 53% with a de-
vice length LPD of 55 μm which was 51, 50.7, 52.5, 
50.7, and 51.6% for 10, 13, 14, 16, and 18 μm length 
device respectively. On this basis, simulations with 
different InP layer thicknesses were conducted.

Figure 6 showed the absorption efficiency curve 
of the device with different InP thicknesses. The ab-
sorption efficiency of the device increased with dInP 
getting smaller. The device achieved an efficiency of 
96.7% without InP layer which was 95.7, 80.8, 70.7, 
60.2, and 52.5% for 50, 100, 150, 200, and 250 nm 
dInP device. The simulation result showed that the 
InP guiding layer could be removed.

Then, different BCB thicknesses (dBCB) of 50, 100, 
150, and 200 nm were simulated. The simulation re-
sults presented that the thinner the BCB thickness 
was, the faster the light was absorbed when the BCB 
thickness was more than 100 nm. Light in the silicon 
waveguide could be absorbed faster for 50 nm BCB 
thickness device at the starting of the absorption re-
gion than the 100 nm BCB thickness device. The 100 nm  
BCB thickness device could absorb light fast after a 
detection length of 20 μm. The detailed absorption ef-
ficiency of the device with different dBCB was shown 
in Fig. 7. Device with the dBCB of 50, 100, 150, and 
200 nm could get an efficiency of 96.7, 99.4, 93.0, and 
62.1% at the detection location of 55 μm respectively. 
Considering the coupling efficiency and the difficulty 
of the bonding process, the dBCB of 100 nm was used. 

Finally, the simulation of the integrated PD 
getting rid of the InP layer with different silicon 
waveguide widths was conducted. The absorption 
efficiency curve of the device with different silicon 
waveguide widths of 450 nm, 1 and 2 μm was shown 
in Fig. 8. The coupling between the silicon waveguide 
and the detection region almost made no difference 
for devices with different silicon waveguide widths. 
It indicated that the coupling was no longer limited 

by the light mode in the silicon waveguide which 
should match the light mode of the InP waveguide. 
Considering the low loss property of the wide silicon 
waveguide, the silicon waveguide width we used was 
2 μm. The final coupling efficiency of the device was 
96.7 and 99.4% with a detection length of 40 and  
55 μm respectively. To achieve a tradeoff between ef-
ficiency and bandwidth, we chose a final PD length 
of 40 μm. The GBP of the device is given as the form

1
2

,
( )p n av

M B
Nπ α α τ

=

where N is the function of αp/αn and ταν is the average 
transit time of electron and hole [23]. The calculated 
GBP of the device was 135 GHz. The calculated GBP 
of the device was 135 GHz.

To obtain a high performance APD, the InP layer 
thickness dInP and the BCB bonding thickness dBCB 
were the main factors that affected the efficiency of the 
device. The InP waveguide width WInP and length Lt 
had small influence on the coupling efficiency. The de-
tection efficiency of the 40 μm long device with a BCB 
thickness of 100 nm and a silicon waveguide width of 
2 μm was 96.7% when the InP layer was removed. The 
theoretical GBP of the integrated PD was 135 GHz.

4. CONCLUSION
We present an evanescently coupled waveguide APD 
integrated on the 2 μm silicon waveguide. A final device 
structure is designed with a BCB bonding thickness of 
100 nm. The InP guiding layer is removed. The final 
high detection efficiency and GB product are 96.7% 
and 135 GHz for device with the length of 40 μm at the 
wavelength of 1550 nm. The integrated avalanche pho-
todetector is promising to be used in the silicon pho-
tonic chip and the quantum communication.

Please replace the last paragraph as the correc- 
ted one.
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Fig. 8. The absorption efficiency curves of the device with 
different silicon waveguide widths (1 – 450 nm, 2 – 1 μm, 
3 – 2 μm) after the InP layer had been removed.
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