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1. Introduction

High speed!"), high quantum efficiency, narrow spectral line-
width?®! and broad wavelength-tuning rangel*”! are the
critical performances for a photodetector applied in dense
wavelength division multiplexing (DWDM) systems'®!. Due to
the limitation of inherent efficiency bandwidth product, tradi-
tional normal-incidence photodetectors cannot achieve high
speed and high quantum efficiency simultaneously. The reso-
nant cavity enhanced photodetector (RCE-PD) can break this
restriction by inserting the absorption region into the Fabry-
Perot (F-P) resonant cavity[g’”]. However, the absorption effect
will reduce the quality factor of the resonator, so that the spectral
linewidth of the RCE-PD will be broadened. For a conventional
RCE-PD, the spectral linewidth is commonly wider than 20 nm,
which is inapplicable for DWDM systems.

In order to narrow the linewidth of the photodetector, we
either filter the incident light by using an external filter or inte-
grate the filtering cavity!'? with a photodiode. The external filter
will increase the complexity of the optical system, so that several
integrated parallel-mirrors multi-cavities resonance enhanced
device structures were proposed’*'*. But, there are optical
coupling problems among these cavities. The decoupling condi-
tion exists, but it is very harsh, which requires higher fabrication
precision. The multi-cavities structure still behaves like an RCE-
PD with filtering effects, and its wavelength-tuning range is lim-
ited by the spectral response envelope of the RCE-PD.
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We designed a tunable wavelength-selective quasi-resonant cavity enhanced photodetector (QRCE-PD) based on a high-
contrast subwavelength grating (SWG). According to simulation results, its peak quantum efficiency is 93.2%, the 3 dB band-
width is 33.5 GHz, the spectral linewidth is 0.12 nm, and the wavelength-tuning range is 28 nm (1536-1564 nm). The QRCE-PD
contains a tunable Fabry-Perot (F-P) filtering cavity (FPC), a symmetrical SWG deflection reflector (SSWG-DR), and a built-in
p-i-n photodiode. The FPC and the SSWG-DR form an equivalent multi-region F-P cavity together by multiple mutual mirroring,
which makes the QRCE-PD a multi-region resonant cavity enhanced photodetector. But, QRCE-PD relies on the multiple-pass
absorption enhanced effect to achieve high quantum efficiency, rather than the resonant cavity enhanced effect. This new
photodetector structure is significant for the application in the dense wavelength division multiplexing systems.

Keywords: photodetector; quasi-resonant cavity; subwavelength grating; ultra-narrow linewidth.

With the rise of the planar dielectric materials subwavelength
grating (SWG)!'®?), the integration, miniaturization, and ad-
vancement of optoelectronics is promoted by combining functional
SWG optical elements with optoelectronic devices. People can
design SWGs to form a specific phase distribution condition, to
control the incident light, and thus to realize the transmission,
reflection!"” "), resonance®”), deflection!*"??), focusing!***, split-
ting'*>?°!, polarization, etc. All of these extraordinary features are
significant for integration and application with optoelectronic devi-
ces in the field of optoelectronics and optical communica-
tions!' 7,

In this paper, we proposed a new decoupling method, a tunable
wavelength-selective quasi-RCE-PD (QRCE-PD) based on high-
contrast SWG, which is composed of InP/InGaAs materials and
operates at a 1550 nm long wavelength, as shown in Fig. 1. This
photodetector contains a tunable F-P filtering cavity (FPC)!'%, a
symmetrical SWG deflection reflector (SSWG-DR)212227] apd
a built-in p-i-n photodiode. According to the simulation results,
the QRCE-PD can obtain a peak quantum efficiency of 93.2%,
a 3 dB bandwidth of 33.5 GHz, a spectral linewidth of 0.12 nm,
and a tuning range of 28 nm simultaneously.

2. Structure Design of QRCE-PD

For the design of the FPC, it is necessary to achieve narrow line-
width and high reflectivity at oblique incidence. The FPCs we
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Fig. 1. (a) Schematic structure and (b) schematic layout of the QRCE-PD.

designed are made of two distributed Bragg reflector (DBR) mir-
rors. The DBR mirror contains three pairs of InP/air quarter-
wave stacks!'"), There is an InP cavity layer with a thickness of
two effective wavelengths between the two DBRs. There are two
tuning electrodes deposited on the cavity layer, which can be
tuned by using carrier injection and thermal effects. The FPC
is designed by using TFCalc software. As shown in Fig. 2, owing
to the high-contrast refractive index of InP/air (3.167 and 1, sep-
arately), our designed FPC has an ultra-narrow linewidth
of 0.12 nm and achieves > 97% reflectivity at > 3° oblique
incidence.

For the built-in photodiode, in order to pursue a higher fre-
quency response speed, we temporarily ignore the quantum
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Fig. 2. Reflectivity of the FPC as a function of wavelength at normal incidence
(black solid line] and as a function of incident angle at the 1550 nm wavelength
(red dash dot line).
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Table 1. Layer Structure of the Embedded p-i-n Photodiode.

Name Material Doping (cm™3) Thickness (nm)
P layer InGaAsP 3% 10® 300
Absorption layer InGaAs 1% 10% 400
Spacing layer InGaAsP 2% 10" 1500
N layer InP 3% 10 300

efficiency and adopt the absorption layer thickness of only
400 nm. The layer structures used in this paper are given in
Table 1. At —3 V bias, the 3 dB bandwidth of the device can reach
33.5 GHz.

With respect to designing a functional SWG optical element,
it is a common way to arrange grating bars or blocks with appro-
priate phase and diffraction efficiency to form a specific phase
profile. Herein, a grating reflector with 3° deflection angle is
designed and simulated by using COMSOL Multiphysics, whose
reflectivity is 97%, as shown in Fig. 3(a). The structure param-
eters of this grating are shown in Fig. 3(b), and its thickness
is fixed at 0.5 pm. Then, we mirrored this grating horizontally
to form the SSWG-DR. The SSWG-DR has an inclined-ridge
reflection phase plane, which makes it equivalent to an
inclined-ridge reflector.

The design of our QRCE-PD is based on InP/InGaAs materi-
als for long wavelength devices and uses an InP/air gap structure
and hollow InP/air grating structure. The main challenge in the
fabrication of our device is the selective etching of the air gaps
and the hollow InP/air SWG. The hollow grating structure
was realized many times by the research team of Chang-
Hasnain!”'®'"). The multi-gap DBR was realized by our lab
in 2004, So, we believe that our QRCE-PD can be realized.
Referring to the schematic layout shown in Fig. 1(b), we will
firstly fabricate the typical p-i-n photodetector mesa and cover
it by photoresist. Then, two holes will be opened at both sides of
the mesa and extended vertically down to the InP cavity layer of
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Fig. 3. (a) Electric field intensity distribution and (b) structure parameters of
the SWG reflector.
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the FPC by standard photolithography and nonselective acid
etching. Tuning electrodes will be deposited into the two holes
by the electron beam vapor deposition method. Next, another
two holes will be opened at both sides and extended down to
the InP substrate by the same method. Selective lateral etching
into the InGaAs sacrificial layers around these two holes will be
carried out with selective etchant to form air gaps. Finally, we
will define the grating by electron beam lithography (EBL)
and form the hollow grating by the same selective etching.

3. Theoretical Model of QRCE-PD

The FPC, combined with the SSWG-DR, constitutes an
inclined-ridge resonant cavity. Then, the p-i-n photodiode is
embedded in it to form the QRCE-PD. In Ref. [25], the authors
demonstrated that the inclined-ridge cavity is a multi-region F-P
resonant cavity. QRCE-PD adopts this inclined-ridge resonant
cavity structure but uses FPC instead of a bottom mirror.
Figure 4(a) shows the equivalent inclined-ridge cavity structure
of the QRCE-PD. By using the same method as in Ref. [25],
QRCE-PD can be equivalent to a multi-region F-P cavity by
multiple mutual mirroring. Figure 4(b) depicts the mirroring
schematic diagram of region 1, in which the actual and equiv-
alent optical paths are both shown, and an equivalent F-P cavity
is clearly presented. The equivalent F-P cavities of other regions
can also be presented in the same way.

Figure 5 shows the equivalent multi-region F-P cavity struc-
ture of the QRCE-PD. The conclusions from Ref. [25] indicate
that the optical path and width of each region are determined by
the cavity length H and deflection angle 8. Therefore, the num-
ber of resonant regions contained in a QRCE-PD depends on its
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Fig. & (a) Equivalent inclined-ridge cavity structure of the QRCE-PD and
(b) schematic diagram of forming region 1 by multiple mutual mirroring.

Vol. 20, No. 3 | March 2022

=
[—

|
| Region |
| m |

[E—
[ —

Fig. 5. Equivalent multi-region F-P cavity structure of the QRCE-PD, which
forms a multi-region RCE-PDs structure together with a built-in photodetector.

H and 6. Of course, the size and material of the embedded p-i-n
photodiode also affect the optical structure within the cavity,
thus affecting the distribution of resonant regions. Here, the cav-
ity parameters of our designed QRCE-PD are also shown in
Fig. 4(a). Its effective cavity length H.g is 10.65 pm.

In any region of QRCE-PD, a photodetector, which is placed
in an F-P cavity, is a typical RCE-PD. For a conventional RCE-
PD, as employed from Ref. [10], under the assumption that all of
the photo-generated carriers contribute to the detector current,
the quantum efficiency 5 could be expressed as

_ (4 Re™) A =R)(1 —e*)
T 1-2RRye cos(p) + R Rye 2’

(1)

where Ry, R, are the reflectivity of the top mirror and end mirror,
respectively, ¢ is the total phase shift caused by the optical path
of the resonant cavity, and a and d are the absorption coeffi-
cient and thickness of the active layer. The # is enhanced and
maximized when ¢ =2nz (n=1, 2, 3, --- ) and R, = Rye 2%,
Similarly, in the resonant cavity enhanced (RCE) structure of
the QRCE-PD, the top mirror is the FPC and the end mirror
is the mirror image of the FPC, which means R, = R;. Thus,
the only way to maximize 7 is to make R, equal zero. In this case,
the RCE structure of QRCE-PD degenerates into a conventional
photodetector without interface reflection, and thus Eq. (1) can
be simplified as

n=1-e" ()

Fortunately and coincidentally, in the equivalent multi-region
E-P cavity of the QRCE-PD, the ideal reflectivity of the FPC at
the operating wavelength is zero, and the incident light will pass
through the absorption layer several times when in any region.
In region m, the incident light will propagate through the
absorption layer 4m times, which means that the d-thick
absorber acts like a 4md-thick absorber. So, the quantum effi-
ciency in region m is

Ny = 1— e4mad' (3)

The total quantum efficiency of the QRCE-PD should be the
weighted average of the quantum efficiency of each region,
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n=kim +kn + ... +kptim (4)

where k,, is the ratio of the incident optical power in the region
m to the total incident optical power.

4, Simulation Results and Discussions

We simulated the spectral response of the QRCE-PD mentioned
above by using the wave optics mode of COMSOL Multiphysics,
which is based on the finite element method (FEM). In Fig. 6(a),
the normalized electric field intensity distribution is shown, and
the regions of our designed QRCE-PD are also identified. We
know that the electric field intensity in the FPC is much stronger
than that in the absorption cavity, which is consistent with the
actual situation, because, in the absorption cavity, the incident
light is absorbed in large quantities, while in the FPC the inci-
dent light is resonated and filtered.

Under the assumption that all of the photo-generated carriers
contribute to the detector current, the spectral responses of a
p-i-n photodetector, an RCE-PD, and our QRCE-PD are simu-
lated and shown in Fig. 6(b). For comparison, all three devices
use the same active photodiode, which is mentioned above. The
quantum efficiency of the p-i-n photodetector is only 18.9%.
The peak value of the RCE-PD is near unity, but its spectral line-
width at full width at half-maximum (FWHM) is 15.9 nm. As
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Fig. 6. (a) Normalized electric field intensity distribution and region distribu-
tion of the QRCE-PD. (b) Simulated spectral response of QRCE-PD, conven-
tional RCE-PD, and p-i-n photodetector.
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Table 2. Theoretical Parameters of Each Absorption Region.

Region m Width (pam) k., N

1 112 0.067 0.663
2 2.23 0134 0.887
3 3.33 0.201 0.962
4 443 0.267 0.987
5 551 0.332 0.996
Total width 16.62 Total 5 0.950

expected, the QRCE-PD not only achieves a quantum efficiency
of 93.2%, but also has the same linewidth (0.12 nm) as the FPC.
In Table 2, we list the theoretical parameters of each region
derived from Ref. [27] and Eq. (3), such as width, k,,, and #,,.
Then, we can obtain the theoretical total quantum efficiency
according to Eq. (4). It is 95.0%, which is higher than the actual
total quantum efficiency. By comparing the simulation results to
the theoretical values, we consider that the main factors that
affect the quantum efficiency are the leakage of light incident
from the SSWG-DR and the FPC.

However, the peak wavelength of QRCE-PD is not 1550 nm,
but shifts to 1548.45 nm unexpectedly. We consider that this oft-
set is caused by the layer structure of the inserted photodiode,
which changes the reflectivity of the top mirror of the FPC
and leads to the offset of the resonant filtering center of the
FPC. But, the offset can be eliminated by adjusting the reflectiv-
ity of the bottom mirror of FPC or by tuning the equivalent
cavity length of the FPC. Changing the reflectivity of the
bottom mirror needs to redesign the DBR; instead, adjusting
the refractive index of the cavity layer of the FPC can change
the equivalent cavity length to tune the peak wavelength.
Under the assumption that the refractive index tuning is not lim-
ited, the QRCE-PD can obtain a wavelength-tuning range of
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Fig. 7. Spectral response of QRCE-PD when tuning the refractive index of the
cavity layer of the FPC.
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Fig. 8. Frequency response of the embedded p-i-n photodiode at -3 V bias.

28 nm (1536-1564 nm) on the premise that the quantum effi-
ciency is higher than 80%, as shown in Fig. 7. The wide
wavelength-tuning ability proves that the interpretation of the
offset is reasonable. The distribution of the peak wavelengths
does not conform to the spectral response envelope of the
RCE-PD, which indicates that high quantum efficiency is not
the result of the RCE effect, but relies on the multiple-pass
absorption enhanced effect. That is why our device is named
the QRCE-PD.

These results also verify that the FPC and the absorption cav-
ity are decoupled and relatively independent. The FPC selects
the wavelength, narrows the linewidth, and is tunable by carrier
injection or thermal tuning. For the coupling of the incident
light, the narrow linewidth also limits the incident angle varia-
tion. From Fig. 2, we know that the coupling efficiency will
decrease dramatically when incident angle is larger than about
0.5°. Referring to previous experimental work on a tunable
FPC!*] the fabrication imperfection only shifts the central
wavelength, and the effect on coupling efficiency and spectral
linewidth is slight. Within the effective wavelength-tuning
range, the spectral linewidth keeps narrow and stable, which
is only slightly wider than the designed value. Furthermore,
we can also design an additional circuit to feed the generated
photocurrent back to the tuning circuit to stabilize the FPC.
As for SSWG-DR, referring to Ref. [16], SWG has large fabrica-
tion imperfection tolerance. Besides, the wide wavelength-
tuning range indicates that the SSWG-DR still performs well
under the wavelength offset, because the wavelength-shift is also
a kind of fabrication imperfection for an SWG. For the entire
QRCE-PD, it is only needed to ensure that multiple mutual mir-
roring could be realized so that the QRCE-PD has good toler-
ance of fabrication imperfection.

The frequency response performance of the p-i-n photodetec-
tor used in this paper is simulated by Silvaco ATLAS software.
The mesa diameter of this device is 32 pm. The result is shown in
Fig. 8, where the 3 dB bandwidth is 33.5 GHz under a reverse
bias of 3 V. The bandwidth is mainly limited by the resistance-
capacity time constant. Since the spectral absorption and photo-
electric conversion of semiconductor devices are two relatively
independent physical mechanisms, and there is currently no

Vol. 20, No. 3 | March 2022

Table 3. Performance Parameters of Different Long Wavelength Devices.

Taper Multi-cavities

Parameter RCEM  cavity™ RCEM™! QRCE
Absorber thickness (nm) 300 300 350 400
Linewidth Theoretical - - 05 0.12
(om] Experimental >60 08 075 -
Tuning range  Theoretical - - - 28
(m) Experimental - 10.2 - -
Quantum Theoretical - - 80% 93.2%
officleney  pyperimental 59%  70% 70% -

method to fully simulate the QRCE-PD device, we believe that
it is reasonable to consider the optical response and frequency
response of QRCE-PD separately. Therefore, in the future, the
light detection part in QRCE-PD can be replaced by devices with
higher response speed, such as the uni-traveling carrier
photodetector.

In Table 3, for comparing the spectral response with our
QRCE-PD, we list some performance parameters of several dif-
ferent long wavelength devices from references, such as quan-
tum efficiency, spectral linewidth, and wavelength-tuning
range. From this table, the device with the RCE structure!'"
can raise the quantum efficiency and narrow the linewidth
slightly. But, for pursuing an ultra-narrow linewidth, an ultra-
thin absorber is needed in a high-quality resonant cavity, which
is at the expense of the frequency response. As for the multi-
cavities RCE-PD structure, there is a coupling problem between
these cavities, and the decoupling condition is harsh, which is
not conducive to wavelength tuning. The taper cavity structure
is a way to decouple by setting a taper absorption cavity, but it
suffers from the high light leakage and high fabrication diffi-
culty. Our QRCE-PD structure is a new decoupling method that
overcomes the disadvantages of the above structures we men-
tioned. For long wavelength devices, although the implementa-
tion scheme of QRCE-PD presented in this paper is challenging,
its fabrication feasibility can be optimized.

5. Conclusion

In conclusion, we have proposed a tunable, high speed, high
quantum efficiency, and ultra-narrow linewidth QRCE-PD with
SWG, which can be equivalent to multi-region RCE-PDs by
multiple mutual mirroring. The QRCE-PD structure is a new
type of photodetector structure, whose most significant advan-
tage is that it can greatly relieve the mutual restriction among
quantum efficiency, response speed, and spectral linewidth.
This structure can not only be applied to the DWDM system,
but also provides a reference for the design of photodetectors
with similar performance requirements in other optical fields.
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