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Abstract: An optical coupler is a key input/output (I/O) device in a photonic integrated circuit
(PIC), which plays the role of light-source import and modulated light output. In this research, a
vertical optical coupler consisting of a concave mirror and a half-cone edge taper was designed.
We optimized the structure of mirror curvature and taper through finite-difference-time-domain
(FDTD) and ZEMAX simulation to achieve mode matching between SMF (single-mode fiber) and the
optical coupler. The device was fabricated via laser-direct-writing 3D lithography, dry etching and
deposition on a 3.5 um silicon-on-insulator (SOI) platform. The test results show that the overall loss
of the coupler and its connected waveguide at 1550 nm was 1.11 dB in transverse-electric (TE) mode
and 2.25 dB in transverse-magnetic (TM) mode.
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1. Introduction

As the core device of the next-generation photoelectric transceiver module, the photon-
integrated chip has advantages in power consumption, integration, cost and other aspects
and gradually developed into the application of photon computing, biosensing and other
fields. Effectively coupling optical signals from external fibers to waveguides of optical
chips has always been one of the key research directions in the field of optoelectronic hybrid
integration and optical packaging [1-3].

Although the active or passive waveguide devices based on the metastructure and the
metasurface can effectively realize the mode separation or conversion of optical signals on
the chip, SSC plays an indispensable role in the input and output of optical signals on the
optical chip I/O port [4-6]. The main function of SSC is to realize the input of optical signals
with different polarization states and reduce the insertion loss at the port. The mainstream
SSC mainly has two categories: end coupler (EC) and grating coupler (GC). According to
the current PDK provided by various foundries, the edge coupler has a typical insertion
loss of about 1.5 dB [7-9]. At the same time, because the edge coupler can be coaxially
coupled with fiber or FA (fiber array), it is easier to obtain a small-size package, which is
used as a more mainstream SSC solution in high-speed transceiver modules. In recent years,
the ECs based on a metasurface-grating structure have also achieved small insertion losses;
because of the small feature size that this type of coupler has, it has a high requirement
for the minimum machining line width of the lithography equipment, and thus it has not
been applied in large-scale industrialization. The end face of EC is located on the side
wall of the edge of the chip, so it is difficult to test the optical parameters by means of the
end coupling for wafer-level testing before slicing. The optical coupling test of the optical
fiber and optical chip in the vertical direction is mainly realized by GC. Since the GCs
produced in general are composed of waveguide grating and the waveguide connected
behind it, the coupling efficiency is mainly related to the grating period, the diffraction
angle and the polarization state of the light source. For GCs, the typical insertion loss is
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about 1.7-3.2 dB. Low coupling efficiency and strong polarization correlation are the main
factors restricting the performance of grating couplers. In the process of optical coupling,
it is often necessary to design corresponding grating structures for TE/TM-mode light
sources, or to realize polarization separation by designing two-dimensional bidirectional
grating [10,11]. However, considering the application requirements of package coupling,
it is difficult to realize the low difference coupling between the external light source and
the optical chip in the vertical direction of two polarization states by using the single GC
without changing the coupling position and coupling angle.

In this paper, a vertical optical coupler for matching a single-mode fiber to a waveguide
at the 1550 nm band was designed. The vertical edge coupler was composed of a concave
mirror and half-cone structure, equipped with the advantages of vertical coupling and
low insertion loss. The device was fabricated on a 3.5 um device layer of SOI through
laser-direct-writing 3D lithography, inductively coupled plasma (ICP) dry-etching and
film-coating. A schematic diagram of the vertical optical coupler is shown in Figure 1a;
it consists of a half-cone coupler connected to the waveguide and a concave mirror. The
curvature radius of the concave mirror is 35 pm, and the end face of the coupler is a half-
cone structure with a radius of 3.5 ym. The function of the concave mirror is mainly used to
change the transmission light path and the molding of the mode spot. The half-cone coupler
could accept the mode spots reflected by the horizontal concave lens, and the design of the
semi-conical structure on the thick-silicon layer further increases the coupling tolerance.
The type of laser-direct-writing machine used to realize the 3D lithography is PM100 from
4PICO, which has a single spot-scanning speed of 300 mm/s. Considering the grayscale
photoresist in the lithography process and the anisotropy of Si in the etching process, we
chose the SOI substrate with a device layer of 3.5 um for device manufacturing to ensure
the line-width change in the process of micromachining. The SOI of the silicon device layer
with a thickness of more than 2 pm is commercially available in research institutions, such
as VIT [12] and CEA-LETI[10,13].

(a) (b)

Figure 1. Demonstrated fiber coupling structure: (a) schematic diagram of vertical optical coupler
and (b) 45-degree view of the SEM image after ICP etching.

2. Design and Simulation of 3D SOI Vertical Coupler

Before the fabrication of the device, the optical simulation was carried out by using
Lumerical FDTD software, and the 3D structure was designed and optimized. The half-
cone coupler was gradually reduced from a semicircle with a curvature radius of 3.5 um to
a strip waveguide with a cross-sectional area of 2 pum x 1 pm. The length of the half-cone
coupler is 55 um. We set the light source as a TE/TM fundamental-mode Gaussian light
source with a wavelength of 1550 nm and MFD of 6 pm to couple it with the end face of
the half-cone coupler. The simulation result is shown in Figure 2a. By setting monitors in
each section of the half-cone coupler, we found that the electric field distribution of both
the TE and TM fundamental modes show a semicircular morphology during transmission.
It can be concluded that, different from the invert edge coupler, which amplifies the pattern
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spots through the tip waveguide, the half-cone coupler is a type of adiabatic device, and
the mode profile distribution of it is mainly determined by the external profile of its section.
In contrast, the widely used inverted-tapered-edge coupler achieves slab amplification and
low insertion loss through tip waveguides and cladding devices, and the end-face size of
the cladding is basically the same as that of the single-mode fiber.

(a)

Figure 2. Simulation of the designed 3D vertical optical coupler: (a) mode field distributions of
half-cone coupler; (b) mode field distributions of incident light field reflected by concave mirror.

The concave mirror is designed by using ZEMAX software, and the curvature radius
of the concave mirror is optimized. As shown in Figure 2b, when the horizontal distance
between the mirror and the end face of the half-cone EC is set to 10 um and the mirror
curvature radius is 35 um, the light reflected by the mirror forms an elliptical spot at the
end of the edge coupler. The size of the spot is about 6.2 pm x 3 pm, which basically
matches the optical mode field of half-cone coupler simulated by FDTD.

The coupling efficiency of the half-cone coupler at different wavelengths is also simu-
lated by using FDTD. Figure 3 shows that the coupling efficiency is highest at 1550 nm and
is higher than 76.5% (1.16 dB) over the entire simulation wavelength range (1450-1650 nm).
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Figure 3. Coupling efficiency of 3D half-cone coupler corresponding to different wavelengths.
The coupling efficiency of the 3D coupler was simulated by using the sweep function

of FDTD. As shown in Figure 4a,b, the coupling efficiency of the half-cone coupler is the
highest when in the TE polarized mode, which is 84.5%, and it is 83.5% in the TM po-larized
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mode. For the designed 3D half-cone coupler, the simulation results show that although
there is a certain mismatch between SMF with MFD of 6 um and the section size of the
edge coupler, the design of the 3D half-conical structure enables the vertical edge coupler
to achieve a high coupling efficiency and a large coupling tolerance at the wavelength of
1550 nm. The 3 dB tolerance of the half-cone coupler in the horizontal direction is at least
greater than 9 pm (£4.5 pm), and the 3 dB (50.12%) tolerance in the vertical direction is at
least greater than 5 um, as shown in Figure 4.
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Figure 4. Simulation of the misalignment tolerance of vertical optical coupler: (a) alignment tolerance
in vertical direction and (b) alignment tolerance in horizontal direction.

3. Micro-Fabrication of 3D SOI Vertical Coupler

As mentioned above, referring to the thick silicon process of the VIT and CEA-LETI
platform, and considering the compatibility with the CMOS process, we chose an SOI
with a 3.5 pm device layer to manufacture the device. The completed vertical optical
coupler manufacturing process is shown in Figure 5a. First, a grayscale photoresist PR1
for laser-direct-writing lithography was spin-coated on the surface of the SOI wafer, and
the photoresist was baked at 150 °C. Then, a grayscale image file corresponding to the 3D
object was imported into the PM100 lithography machine to complete the 3D exposure.
Similar to the 3D-printing equipment, the machine mainly realizes 3D processing through
the grayscale map layout in BMP format. In the process of lithography, the light source
distributes the exposure power by recognizing the grayscale value of each pixel in the
image, so as to realize the 3D exposure of grayscale photoresist. The design of the gray
layout directly determines the quality of device manufacturing. Figure 5b is the grayscale
layout file that was designed by us. After exposure, the wafer was rapidly developed
with MF-319 developer solution. After hot-baking, a 3D photoresist sacrificial layer was
obtained. In the next step, by setting the appropriate gas ratio and power, we used ICP
equipment to etch the SOI with the 3D photoresist sacrificial layer and over-etched it to the
silica layer. The device structure of the half-cone coupler and concave mirror was obtained
on the device layer. The SEM image of the device layer after etching is shown in Figure 1b.
In order to further increase the reflection efficiency of the concave mirror, the Ti/Ag metal
layer was selectively plated on the surface of the concave mirror through one-step exposure
and metal-sputtering. Finally, a layer of SiO; was deposited on the surface of the device
through the plasma-enhanced chemical vapor deposition (PECVD) process as the cladding
layer of the device. The optical microscope image of the manufactured 3D vertical optical
coupler is shown in Figure 5c.
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Figure 5. Micromachining steps of vertical optical edge coupler: (a) the process flow diagram, (b) gray
layout image, and (c) a view of the object under optical microscope.

4. Testing and Analysis

The coupling efficiency of the manufactured 3D vertical optical coupler was tested.
As shown in Figure 6, we assembled a set of optical coupling test systems, including a
fiber-coupled laser at a wavelength of 1550 nm, single-mode fiber patch cable, polarization
controller, large-area detector and several fixed fixtures. First, the light emitted from the
laser is adjusted by a polarization controller. Then, the transmitted light passes through
a single-mode fiber and exits at the tip of the tapered bare fiber. The MFD of the tapered
fiber is 6 pm. During the dynamic coupling process, the tapered fiber always maintains
a fixed inclination angle with the mirror, and the end face of the taper fiber should be as
close to the concave mirror as possible. In order to reduce reflection and stray light at the
end face of the half-cone coupler during coupling, a refractive index matching liquids with
a refractive index of 1.43 was used to wrap the end face of the edge coupler, the concave
mirror and the tip of SMF. The output power on one side of the waveguide was received by
a large-area detector, and the ratio of the output power obtained from the waveguide was
the coupling efficiency that we focused on.
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Figure 6. Testing system of 3D vertical optical coupler: (a) schematic diagram of optical fiber coupling

test system and (b) top-view micro image of CCD.

Coupling tolerance tests are mainly performed on horizontal planes parallel to the
SOI substrate. In this plane, the conical fiber moves in the radial and parallel directions
of the half-cone edge coupler, which we define as the X and Y directions, respectively.
The overall coupling efficiency of the coupler and its connected waveguide is obtained by
dynamic coupling, which is 77.5% and 59.5%, respectively, in the TE and TM mode, and the
corresponding loss is 1.11 dB and 2.25 dB. Although there is a gap between the actual test
loss and the simulation structure, high coupling efficiency and polarization insensitivity
are achieved by using a single device without changing the angle of the coupler. As shown
in Figure 7c,d, the measured coupling efficiency was normalized to obtain the tolerance
distribution. The 3 dB (50.12%) coupling tolerance of the vertical coupler was about 3.0 pm
(1.5 um), which was significantly different from that of the half-cone coupler. According
to the coupling theory, in addition to the misalignment between the light source and the
energy center of the edge coupler, the relative angle between the axial of tapered fiber
and the edge coupler will also greatly affect the coupling efficiency. The concave mirror
obviously increases the angle change in the dynamic coupling process, which may be the
reason why the 3 dB coupling tolerance of the vertical optical coupler is relative.
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Figure 7. Misalignment tolerances of vertical optical coupling: (a) the coupling efficiency in the X
direction; (b) the coupling efficiency in the Y direction, (c) normalized insertion loss in the X direction,
and (d) normalized insertion loss in the Y direction.

5. Conclusions

The 3D vertical coupler manufactured using laser-direct-writing lithography and
the MEMS process showed high coupling efficiency for both TE and TM light sources.
Although the maximum coupling efficiency of the coupler for the TM light source was
somewhat different from the design value, the coupler realized polarization-insensitive
optical coupling in the vertical direction. The 3 dB coupling tolerance is slightly lower than
that of the grating coupler. Later, we plan to further improve the coupling efficiency and
coupling alignment tolerance of the coupler by further optimizing the curvature of the
mirror. To sum up, the abovementioned characteristics of the coupler give it considerable
application potential in wafer-level testing, co-packaged optics (CPO) and 3D optical
packaging.

Author Contributions: Conceptualization, S.Y.; investigation, S.Y. and X.L.; writing—review and
editing, S.Y. and X.L.; funding acquisition, C.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Natural Science Foundation, China, grant number
(No. U20A6004).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon request.

Conflicts of Interest: The authors declare no conflict of interest.



Micromachines 2023, 14, 1268 8of8

References

1. Pavesi, L.; Lockwood, D.J. Silicon photonics III. Top. Appl. Phys. 2016, 119, 1-50.

2. Chrostowski, L.; Hochberg, M. Silicon Photonics Design: From Devices to Systems; Cambridge University Press: Cambridge, UK,
2015.

3. Blum, R. Integrated silicon photonics for high-volume data center applications. Opt. Interconnects 2020, 11286, 141-149.

4. Meng, Y, Liu, Z; Xie, Z.; Wang, R.; Qi, T.; Hu, E; Kim, H.; Xiao, Q.; Fu, X.; Wu, Q.; et al. Versatile on-chip light coupling and (de)
multiplexing from arbitrary polarizations to controlled waveguide modes using an integrated dielectric metasurface. Photonics
Res. 2020, 8, 564-576. [CrossRef]

5. Shen, B.; Wang, P; Polson, R.; Menon, R. Integrated metamaterials for efficient and compact free-space-to-waveguide coupling.
Opt. Express 2014, 22, 27175-27182. [CrossRef]

6. Li, Z.; Kim, M.-H.; Wang, C.; Han, Z.; Shrestha, S.; Overvig, A.C.; Lu, M.; Stein, A.; Agarwal, A.M.; Loncar, M.; et al. Controlling
propagation and coupling of waveguide modes using phase-gradient metasurfaces. Nat. Nanotechnol. 2017, 12, 675-683.
[CrossRef] [PubMed]

7. Mu, X,; Wu, S,; Cheng, L.; Fu, H. Edge couplers in silicon photonic integrated circuits: A review. Appl. Sci. 2020, 10, 1538.
[CrossRef]

8.  Novack, A, Streshinsky, M.; Ding, R; Liu, Y.; Lim, A.E.-].; Lo, G.-Q.; Baehr-Jones, T.; Hochberg, M. Progress in silicon platforms
for integrated optics. Nanophotonics 2014, 3, 205-214. [CrossRef]

9. Siew, S.Y,; Li, B.; Gao, F; Zheng, H.Y.; Zhang, W.; Guo, P; Xie, S.W,; Song, A.; Dong, B.; Luo, L.W,; et al. Review of silicon
photonics technology and platform development. J. Light. Technol. 2021, 39, 4374-4389. [CrossRef]

10. Rahim, A,; Spuesens, T.; Baets, R.; Bogaerts, W. Open-access silicon photonics: Current status and emerging initiatives. Proc. IEEE
2018, 106, 2313-2330. [CrossRef]

11.  Cheng, L.; Mao, S.; Li, Z.; Han, Y.; Fu, H.Y. Grating couplers on silicon photonics: Design principles, emerging trends and practical
issues. Micromachines 2020, 11, 666. [CrossRef] [PubMed]

12.  Delrosso, G.; Bhat, S. Development and Scalability of a 2 Tb/s Dala Transmission Module Based on a 3 pm SOI Silicon Photonics
Platform. In Proceedings of the 2020 22nd International Conference on Transparent Optical Networks (ICTON), Bari, Italy, 19-23
July 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1-5.

13. Carpenter, L.G.; van Niekerk, M.; Begovi¢, A.; Sundaram, V.S.; Deenadayalan, V.; Palone, T.; Fanto, M.; Preble, S.; Baiocco, C.;

Leake, G.L.; et al. Towards low propagation losses in active photonic multi-project wafer runs. In Integrated Photonics Research,
Silicon and Nanophotonics; Optica Publishing Group: Washington, DC, USA, 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1364/PRJ.384449
https://doi.org/10.1364/OE.22.027175
https://doi.org/10.1038/nnano.2017.50
https://www.ncbi.nlm.nih.gov/pubmed/28416817
https://doi.org/10.3390/app10041538
https://doi.org/10.1515/nanoph-2013-0034
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JPROC.2018.2878686
https://doi.org/10.3390/mi11070666
https://www.ncbi.nlm.nih.gov/pubmed/32650573

	Introduction 
	Design and Simulation of 3D SOI Vertical Coupler 
	Micro-Fabrication of 3D SOI Vertical Coupler 
	Testing and Analysis 
	Conclusions 
	References

