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Polarization-Selective and Wide-Angle Photodetector Based on
Resonant Waveguide Grating
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Abstract A polarization-selective photodetector with high performance is necessary for polarization sensitive
systems. A hybrid integrated photodetector is proposed by integrating a silicon resonant waveguide grating with an
InP/InGaAs PIN photodetector. The resonant waveguide grating is designed using rigorous coupled-wave analysis
method. Parameters of the hybrid integrated photodetector are optimized by finite difference time domain method.
The simulated results indicate that the proposed photodetector exhibits high quantum efficiency, large incident angle
tolerance, and polarization selectivity in a broad spectral range. which can be used in polarization sensitive systems.
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1 Introduction
Polarization-selective (PS) photodetectors have been
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widely used in polarization sensitive systems
integrated devices can be used as polarization-selective
photodetectors, such as metal grating®, photonic
crystal™, and so on. However, some disadvantages exist
in conventional polarization-selective photodetectors. For
example, metal grating photodetector needs high cost;
photonic crystal photodetector needs elaborate fabrication.
These disadvantages restrict further applications of
polarization-selective photodetectors.

In recent years, resonant waveguide grating (RWG)
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has emerged as a significant functional device for
photonic integrated circuits due to its unique properties

and structural simplicity™ Several functional

components have been reported using silicon RWG
structures, such as angular bandpass filters'®,
broadband

polarizing beam splitter™

reflective  mirrors'” , broadband non-

! and optical sensors™ . Silicon
RWG exhibits great advantage in terms of loss,
polarization sensitivity and reflection over metal grating
and multi-layer stacks. Therefore, silicon RWG is a
better candidate for polarization selection component for

photodetectors. However, the reflectivity of silicon
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RWG is typically sensitive to the incident angle
order to achieve high efficient photo detection, we
should enhance the angle tolerances of the incident
light.

Silicon is an excellent material for passive
components. However, it is not very suitable for the
application of active components because of the intrinsic
limit. That is to say, silicon is an indirect bandgap
material, which cannot be directly used in detection and
generation of light at communication wavelengths (1. 3 ~
1.5 pm). Compared with silicon materials, M-V
semiconductor materials behave much better in active
functional devices™'. Currently. the hybrid integration
of Si/llI-V semiconductor materials is a practicable
solution by integrating silicon passive photonics with
[I-V semiconductor materials for optical devices™ .
In this paper, we propose a new type of
photodetector by integrating silicon resonant waveguide
grating with InP/InGaAs PIN photodetector structure,
which has polarization selectivity and large incident
angle tolerance. We design a resonant waveguide
grating structure by using rigorous coupled-wave
analysis ( RCWA ) method™ ' and modelling
method””. Finite difference time domain ( FDTD)
method is used to evaluate the behavior of the hybrid
After

photodetector achieves high quantum efficiency from 1.4

integrated photodetector. optimization, the
pm to 1.6 pm for TM-polarized light. Compared with
traditional  photodetectors, the new type of
photodetector is more compact and has wider-angle. It
can be used for polarization photo detection with higher

integrated level in polarization sensitive systems.

2 Structure and Design

Figure 1 is the schematic diagram of the hybrid
integrated photodetector structure. The device consists of a
silicon resonant waveguide grating, a benzocyclobutene
(BCB) and an InP/InGaAs PIN

photodetector. The hybrid integrated photodetector is
p electrode

bonding layer,

p-InGaAs layer
n electrode
BCB

/N

Fig.1 Schematic diagram of the hybrid integrated
photodetector structure

bottom-incident type. That is to say, the incident light
couples into the PIN photodetector absorption layer
through the RWG and the BCB bonding layer. Figure 2
is the schematic diagram of the RWG, which consists of
a silicon layer and a silica layer. With special design of
the RWG structure, the resonant grating will exhibit
selection for TM- and TE-polarized light at wide
incident angle operating in broadband.

Fig.2 Schematic diagram of RWG

In our simulation, the thicknesses of the silicon
grating layer and the silica grating layer are denoted as
t, and t,, respectively. The grating period is P, the
grating duty cycle is f;, the angle of the desired
transmission range is §. The thicknesses of the BCB
bonding layer and the i-InGaAs absorbing layer are
denoted as tyy and t,, respectively. The refractive
indices of the amorphous silicon (a-Si) and the silica
layer are ny =3.48 and n, =1.48 (atA = 1550 nm),
respectively.

In order to combine high efficiency transmission and
wide incident angle in broadband, the desired angle of
the transmission range should satisfy the folowing
relation™

A
n, +sing
According to the Eq. (1), if we choose the desired

~p<=*, D)
ny

angle of the transmission range as 30°, the grating period
P will be limited in the range from 0. 78 pm to 1. 407 pm.
In the following discussion, we choose the grating
period P as 0.85 pm. It means that the first order
diffraction light could propagate in the RWG structure.
Physically, there will be two propagating resonant
modes excited in grating layer. The two modes will
interfere with each other. The phase difference of the
two different modes could be changed with the thickness
of grating layer. In the PS-RWG structure, the silicon
grating with high transmission could be designed for the
normal-incident TM-polarized light and high reflection
for the normal-incident TE-polarized light.

According to the modelling theory proposed by Botten
et al.™, the thickness of the amorphous silicon grating
layer ¢, could be calculated by
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where n.; and n.; are effective refractive indices of two
modes for TE- or TM-polarized light (at A = 1550 nm).
The thickness of silicon grating layer ¢, ranges from
124 nm to 303 nm. In order to design a polarization-
selective ~ RWG with
transmission, we choose the depth of the silicon grating
layer ¢, as 220 nm. We calculate the spectrum of this
structure for both TE- and TM-polarized light at normal
incidence using RCWA method. As a result, the
thickness of silica grating layer and the duty cycle for
the RWG are obtained at ¢, = 200 nm and f, = 0. 28,
respectively.

We investigate the spectrum responses of the RWG

structure wide  angular
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structure for different incident angles at the wavelength
ranged from 1.4 pm to 1.6 pum for TE- and TM-
polarized light using RCWA method. The results are
shown in Fig. 3. Figure 3 (a) is the transmission
spectrum of TM-polarized light while Fig. 3(b) is the
reflection spectrum of TE-polarized light. From the
simulation result, we can see that the angular
bandwidth is 40° ranging from - 20° to 20° for TM-
polarized light. On the other hand., the angular
bandwidth is 20° ranging from — 10° to 10° for TE-
polarized light. We obtain that the transmission for TM-
polarization is larger than 87 % with the incident angle
ranging from 0° to 20°, while the reflection for TE-
polarization is larger than 76 % with the incident angle
ranging from 0° to 10°.
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Fig.3 Spectrum responses of the PS-RWG structure for different incident angles at the wavelength range from 1.4 pm to
1.6 pm for TM- and TE-polarized lights. (a) Transmission spectrum for TM-polarized light; (b) reflection spectrum
for TE-polarized light

3 Results and Discussion

The parameters of the hybrid integrated photodetector
are shown in Table 1. Our InP/InGaAs PIN photodetector
structure is similar to the PIN photodetector structure in
Ref.[12]. In order to improve the quantum efficiency of
the hybrid integrated photodetector, we will optimize the
the thicknesses of the BCB bonding layer tyy and the i-
InGaAs absorbing layer t,, .
Table 1 Parameters of the hybrid integrated photodetector

Structure Thickness /nm Index
InP n contact layer 300 3.17
InGaAs etch layer 40 3.56
InP spacer layer 470 3.17
InGaAs absorbing layer tan 3.60 —10.0965
InP spacer layer 240 3.17
InGaAs p contact layer 200 3.56
BCB bonding layer tpen 1.54
Silicongrating layer 220 3.48
Silica grating layer 200 1.48

We simulate the quantum efficiency of the hybrid
integrated photodetector by FDTD method, as shown in

Fig. 4. We investigate the quantum efficiency as a
function of the thickness of i-InGaAs absorbing layer for
different BCB thicknesses. We can see that the quantum
efficiency spectrum has a resonant trend, which is
caused by phase-matching of different order modes in

PIN waveguide and the transmission mode inthe RWG.
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Fig.4 Quantum efficiency of the hybrid integrated

photodetector as a function of the thickness of the
i-InGaAs absorbing layer
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The quantum efficiency has some peaks with the
thicknesses of i-InGaAs absorbing layer of 200, 400,
600 nm, respectively. From the simulation result, we
can see that we could choose the thicknesses of the BCB
bonding layer and the i-InGaAs absorbing layer as tq; =
150 nm and ¢, = 600 nm, respectively, to obtain a high
quantum efficiency.

In order to investigate the effect of the incident
angle, we simulate the quantum efficiency of the hybrid
integrated photodetector at different incident angles for
TM-polarized light at the wavelength of 1550 nm by
FDTD method. The result is shown in Fig.5. From this
figure, one can see that when the incident angle of TM-
polarized light varies from — 30° to 30°, the quantum
efficiency reaches 70 % with a flat top angular response.

We simulate the optical field intensity distributions in
the hybrid integrated photodetector for TM- and TE-
polarized light by FDTD method, as shown in Figs.6(a)
and (b), respectively . Figure 6(a) presents that
there is a high transmission for TM-polarized light.

This phenomenon is caused by resonant waveguide
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Fig.5 Quantum efficiency of the hybrid integrated
photodetector as a function of the incident angle
simulated by FDTD method
grating. Optical absorption can be observed in the i-
InGaAs absorbing layer. Meanwhile, the TE-polarized
light is reflected by the resonant waveguide grating
structure, as shown in Fig.6(b). The simulated results
show that the resonant waveguide grating exhibits
excellent polarization selection for TE- and TM-
polarized lights at normal incidence.
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Fig.6 Optical field intensity distribution of the hybrid integrated photodetector for two different polarized lights at the
wavelength of 1550 nm. (a) TM-polarized light; (b) TE-polarized light

Finally, we also simulate the optical wavelength
response of the designed hybrid integrated photodetector
for TM-polarized light at different incident angles using the
same method, as shown in Fig. 7. From this figure, we
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Fig.7 Quantum efficiency of the hybrid integrated
photodetector as a function of wavelength for TM-
polarized light at different incident angles

can see that the quantum efficiency of the photodetector is
about 70 % at different incident angles in a broad spectra
range (from 1.4 ym to 1.6 pm) for TM-polarized light.

4 Conclusion

In conclusion, we have designed a hybrid integrated
photodetector, which has selectivity for two different
polarized lights. We investigate the effects of different
parameters of the structure on the quantum efficiency of
the hybrid integrated photodetector. The simulation
results show that the hybrid integrated photodetector
has polarization detection ability with large angular
tolerance in a wide optical spectral range. This
integrated photodetector could be used for polarization
detection in optical polarization sensitive systems.
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