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ABSTRACT

In this paper, we propose a broadband-tunable resonant-cavity-enhanced photodetector (RCE-PD) structure with double
high-index-contrast grating (HCG) mirrors and numerically investigate its characteristics. The detector is designed to
operate at 1550-nm wavelength. The detector structure consists of a top InP HCG mirror, a p-i-n photodiode embedding
multiple quantum wells, and a Si HCG mirror formed in the Si layer of a silicon-on-insulator wafer. The detection
wavelength can be changed by moving the top InP HCG mirror suspended in the air. High reflectivity and small
penetration length of HCGs lead to a narrow absorption linewidth of 0.38 nm and a broad tuning range of 111 nm. The
peak absorption efficiency is 76-84% within the tuning range. This broadband-tunable and narrow-absorption-linewidth
RCE-PD is desirable for applications where selective wavelength demultiplexing is required. Furthermore, the fact that it
can be fabricated on a silicon platform offers us a possibility of integration with electronics.

Keywords: Wavelength division multiplexing, photodiode, HCG, WDM

1. INTRODUCTION

Tunable photodetectors with narrow spectral linewidth, large tuning wavelength range, and small footprint are attractive
device in applications where capability of wavelength-selective light detection is desirable. For example, in the
wavelength division multiplexing-passive optical network (WDM-PON), such a tunable photodetector can be employed
in the receiver site of passive broadcasting, i.e., optical network units (ONUSs), providing new WDM-PON design
possibilities. Portable compact spectrometer is another application of interest.

So far, various tunable photodetector structures have been reported™. Among them, the resonant-cavity-enhanced
photodetector (RCE-PD) structure is most suitable for a narrow spectral linewidth, thanks to inherent resonance property
in RCE-PD ", As illustrated in Fig. 1, a typical RCE-PD structure consists of two reflectors and an absorption region
situated between them. The light absorption in the absorption region is greatly enhanced only at wavelength of resonance
in the optical cavity defined by two reflectors. Compared to conventional p-i-n photodiodes, p-i-n RCE-PDs may have
higher absorption efficiencies at resonance as well as faster intrinsic response. Absorption efficiency measures the
fraction of absorbed light flux over incident light flux. In the beginning research on RCE-PDs, most research efforts have
been focused mainly on static wavelength selectivity and related applications, e.g., in "%*2. Then, several approaches
for gaining tunable wavelength selectivity have been investigated, using a micromachined movable aluminum mirror ),
the quantum confined Stark effect with an air-semiconductor interface as a mirror " "l and a movable distributed Bragg
reflector (DBR) 1. To get a narrow spectral linewidth, both reflectors of a RCE-PD need to have a sufficiently high
reflectivity. In this respect, a movable DBR approach is ideal. So far, experimentally reported tuning range from the
movable DBR approach is 75 nm with a spectral linewidth of 4 nm-6 nm !,

In recent years, high-index-contrast subwavelength gratings (HCGs) have received great attention for theirs high,
broadband, and polarization-selective reflectivity for normal incident light ™. HCGs, a membrane layer with one- or
two-dimensional periodic perforations, are typically made of semiconductor or dielectric material surrounded by low
refractive index medium 145, ;15;. Due to excellent reflecting characteristics and other novel functionalities, HCGs become
an attractive candidate to replace DBRs for an integrated optics e.g. lasers, filters, waveguides, and sensors ™!, Recently,
we have shown that a tunable vertical-cavity surface-emitting laser (VCSEL) ,which has a similar cavity structure as
RCE-PDs, can have a tuning range as large as 100 nm by employing a high-index-contrast subwavelength grating (HCG)



as a movable reflector ™. This motivates the work in this paper. We would like to learn what benefit can be gained by
employing HCGs in RCE-PDs.

In this paper, we suggest a tunable RCE-PD structure with double HCGs operating at 1550-nm wavelength. The
proposed PD structure is a hybrid structure combining InP material with Si wafer. The movable HCG is made of InP and
the other fixed HCG is made of Si. The tuning range, peak absorption efficiency, spectral linewidth, and polarization
selectivity are numerically investigated and discussed.
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Figure 1. Model of the RCE-PD in which an absorption layer is sandwiched between 2 reflectors.

2. DEVICE STRUCTURE AND SIMULATION METHOD
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Figure 2. Schematic cross-sectional profile of the proposed tunable RCE-PD with HCGs

As shown in Figure 2, the proposed RCE-PD structure consists of a top n-type InP HCG, a IlI-V p-i-n diode, and a
bottom Si HCG formed in the Si layer of a silicon-on-insulator (SOI) wafer. There is an air gap between the InP HCG
and the 111-V diode and a SiO2 gap between the 111-V diode and the Si HCG, as shown in Figure 3. Both HCGs are
surrounded by low refractive index materials. The light is vertically incident to the top InP HCG mirror. By applying a
voltage between the tuning contact and the p-contact, the top InP HCG region can be pulled downward, decreasing the
thickness of the air gap underneath the InP HCG mirror. In this way, the resonance wavelength, i.e., detection
wavelength can be shifted to shorter wavelengths.
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Figure 3. The RCE-PD optical path length design

To maximize the absorption efficiency, the reflectivity of a light incident mirror, R, should be lower than that of the
bottom mirror, Ryoom SO that the following relation is satisfied [10]:

Rip = Ruotom® - 1)

where « is an absorption coefficient and d is the absorption layer thickness, respectively. By numerical simulations with
the above relation as the initial guess, the reflectivity values of the top and bottom gratings are designed. The
combination of the top InP HCG with 62% duty cycle, 480-nm thickness and 720-nm period, and a A/4-thick air gap
gives a reflectivity of 99.15 %; the thickness of the air gap is designed to produce a destructive interference between
reflected light from the HCG and InP/air interface. The combination of the bottom Si HCG with 66% duty cycle, 500-
nm thickness and 730- nm period, and a A/2-thick SiO2 gap gives a reflectivity of 99.92 %. The thickness of the SiO2
gap is designed to produce constructive interference. The p-i-n diode embedding five 6.6-nm-thick quantum wells (QWs)
is 2.75)-thick. The absorption coefficient of QWs and HCG top mirror are assumed 0.01 cm-1 and 4.31x10° cm-1,
respectively. The refractive indices were 3.1661 for InP, 3.4000 for QWs, 1.4700 for SiO,, and 3.4770 for Si.

bottom

To numerically estimate the absorption efficiency, the transfer matrix method (TMM) and the rigorous coupled wave
analysis (RCWA) method are combined to calculate the field distribution and Poynting vector. First, the Fresnel
reflection and transmission amplitudes of a HCG are calculated by using the RCWA method, and then in the TMM, the
HCG is treated as an interface by using the Fresnel amplitudes.

In the TMM method, the absorption coefficient appears in the propagation constant of moving-upward or moving-
downward field components, i.e., E* or E". However, the amount of absorption is influenced by |[E*+E|°. To correctly

consider this standing wave effect in all layers, the effective absorption coefficient of each layer is calculated as follows
[17].

_ OCJ. abs _layers E+ + E_‘Zdz (2)
) Jabs_layers E+ i +‘E7‘2d2

aeff

where o is a material absorption coefficient, E*(E") is transverse components of the forward(backward) electric field.
The integrations are performed within the layer of consideration.

Then, the amount of light absorption in QW layers are calculated by subtracting the out-coming flux from QWs, from the
incoming flux into QWs 121,

3. RESULTS AND DISCUSSION



Results on the HCG mirror design are presented in Figure 4. The incident electric field is TM-polarized. In this paper, we
call polarization perpendicular to the grating grooves as TM polarization, while the parallel one, as TE polarization.
Figure 4(a) and 4(b) show the reflectivity and phase of the bottom Si HCG alone are compared with those of the bottom
Si HCG with a SiO, gap layer. As shown in Fig. 4(a), the composite reflectivity of the bottom Si HCG with a SiO, gap is
higher than that of the Si HCG alone, due to the constructive interference. In this way, we can get the target reflectivity
of the bottom mirror. The slope of reflection phase is not considerably influenced by this constructive interference, as
shown in Fig. 4(b). Knowing this phase slope is important, since it determines the effective phase penetration length into
the mirror, Leg ;

oy, .
et s =a_l';,'(| =12) ®)

where y denotes a phase shift due to light penetrating into the HCG and § = 2nz/A. The L¢ influences the effective total
cavity length. On the other hand, as shown in Figure 4(c), the composite reflectivity of the top InP HCG with an air gap
layer is lower than the top InP HCG alone, due to destructive interference. As a result, we have shown that it is possible
to have a bit lower than 99% reflectivity by incorporating an air gap spacing to get a destructive interference as can be
seen in Figure 4. Using the equation (3), assuming that the reflection phase varies linearly with frequency ™, the
effective optical length for the top mirror and bottom mirror was 3.55A and 1.14A, respectively. From Eq. (4), the
wavelength spacing, called the free spectral range (FSR), between adjacent resonant peaks was 104 nm.

212
R=
2n(L + Leﬁ 1 + Leff,z)

(4)

where n is a refractive index, L is cavity length, and Le; are the effective optical length of the mirrors. The analytical
result differs a bit with 111 nm in the numerical result because the reflection phase of the composite mirrors is not
entirely linear.
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Figure 4. (a) Reflectivities and (b) reflection phases of the bottom Si HCG alone (black line) and the bottom Si HCG + SiO,
gap (red line). (c) Reflectivities and (d) reflection phases of the top InP HCG alone (black line) and the top InP HCG +
air gap (red line).



From the numerical simulation, it is possible to have the absorption efficiency stays between 76% and 84% across the
tuning range. This mean 76% to 84% of the input power are absorbed into the quantum well. The rest of the power is lost
into other absorbing layers. The variation of the absorption efficiency at different wavelength seen in figure 5(a) can be
explained by changes in effective cavity length which shift the position of the field maxima. These changes cause from
physically moving the top mirror and change of phase slope of both mirrors at the off-centred wavelength.

In our RCE-PD structure, a spectral linewidth less 0.38 nm across the tuning range can be achieved. This value is
considerably smaller than the previously reported value of 1.7 nm . Typically, the spectral linewidth of lasers in the
WDM system is approximately 0.08 nm at 10 Gbps modulation speed. Thus, the spectral linewidth of our detector can
safely receive the 10-Gbps modulation signal.
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Figure 5. Tuning result of the RCE-PD (a) absorption efficiency as a function of wavelength (b) absorption linewidth as a
function of wavelength and (c) wavelength tuning as a function of air gap spacing.

Light detection in our RCE-PD structures is polarization-selective, thank to the polarization dependence of HCGs. As
shown in Figs. 4(c) and 6, the top HCG with an air gap has higher reflectivity for TM-polarized field over tuning
wavelength range, compared to the TE-polarized field. Thus, only TM-polarized signal will be detected with high
suppression ratio over TE-polarized signal. This property is desirable for polarization-selective applications.
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Figure 6. Reflectivity plot from the top composite mirror of TE polarized incident wave.



4. CONCLUSION

We have numerically demonstrated that it is possible to design a tunable RCE-PD with two HCG mirrors so as to
provide broad tuning range, high absorption efficiency, and narrow spectral linewidth. The peak absorption efficiency
can be as high as around 80%. The tuning wavelength range is 111 nm which is the same as the FSR of our device. This
large FSR is attributed to the small penetration length of HCGs. Thanks to the high reflectivity of HCGs, the spectral
absorption linewidth is smaller than 0.38 nm across the tuning range. The light detection is polarization selective due to
polarization-selective reflectivity of HCGs. The hybrid approach proposed can remove the need of GaAs/AlGaAs DBR
for RCE-PDs at 1550 nm wavelength. facilitate the processing in thcombining proposed combination of 2 materials
system could enable us an integration of the optoelectronic devices to the silicon platform for more efficient circuit

design.
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