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ABSTRACT 

Achieving low-loss waveguide routing with arbitrary configuration is crucial for both classical and quantum 
photonic applications. To manipulate light flows on a chip, the conventional wisdom relies on waveguide bends 
of large bending radii and adiabatic mode converters to avoid insertion losses from radiation leakage and modal 
mismatch, respectively. However, those structures usually occupy large footprints and thus reduce the integration 
density. To overcome this difficulty, this work presents a fundamentally new approach to turn light flows 
arbitrarily within an ultracompact footprint. A type of “photonic welding points” joining two waveguides of an 
arbitrary intersecting angle has been proposed and experimentally demonstrated. These devices with a footprint 
<4 μm2 can operate in the telecommunication band over a bandwidth of at least 140 nm with an insertion loss <0.5 
dB. Their fabrication is compatible with photonics foundry processes and does not introduce additional steps 
beyond those needed for the waveguides. Therefore, they are suitable for mass production of PICs and will enhance 
the integration density to the next level.  
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1. INTRODUCTION 

Along with the great progress of information technologies, photonic integrated circuits (PICs) are playing crucial 
roles in computation and communication tasks, and will replace their electronic counterparts at some occasions. 
However, a major issue in the development of PICs is the limited integration density because the sizes of most 
photonic devices are tens of micrometers. Inverse design has been proven to be an effective method to reduce the 
feature size of photonic integrated devices. Previously demonstrated devices include polarization rotator [1], 
polarization beam splitter [2], wavelength demultiplexer [3], reflectors [4], and cloaking [5], all of which have a 
footprint only at the micrometer scale. To date, the efforts have been made on reducing the sizes of individual 
devices. Reduction of the footprint of PIC interconnection, which is of equal importance, is yet to be demonstrated.  

Here, we adopt an inverse-design method to design a new type of structures, namely the “photonic welding 
points,” for connecting two waveguides with an arbitrary bending angle on a chip. The feature sizes of these 
photonic welding points are all within 4 µm2, which are about two orders of magnitude smaller than conventional 
waveguide bends. The insertion loss from both simulation and measurement results maintains below 0.5 dB in the 
wavelength range of 1440–1580 nm. Such photonic welding points have many distinct advantages. First, unlike 
the electrical welding points which may introduce an additional insertion loss due to impedance mismatch for 
high-frequency signals, such photonic welding points are free from this problem, and thus can be safely employed 
in PICs for high-frequency applications. Second, the structures are optimized only through engineering the shape 
of the borders, which can be described by a continuous and differentiable function. Such structures with gradually 
varying borders can be fabricated with high fidelity and also introduce minimal scattering loss to the transmitting 
light. Third, the fabrication process of the photonic welding points is CMOS compatible and requires only one 
step of lithography and etching. Therefore, the demonstrated photonic welding points can be employed as a 
standard module in photonic integrated circuitry for boosting the density of photonic integration to the next level. 

2. DEVICE DESIGN METHOD 

In the conventional wisdom, two waveguides can be joined by a waveguide bend to change the propagation 
direction of light as shown in Fig. 1(a), where the gray part denotes SiO2 and the purple part denotes silicon. The 
photonic welding point realized within a small area as shown in Fig. 1(b) is expected to connect waveguides with 
negligible insertion loss and crosstalk. We take the photonic welding point shown in Fig. 1(c) as an example to 
explain the design process. The devices are designed on a silicon-on-insulator (SOI) platform with 220-nm Si layer 
on 3-µm buried oxide. We draw a small rectangle with orange dashed line as shown in Fig. 1(c) to indicate the 
design optimization region of the photonic welding point. Two continuous lines AB and CD, which are determined 
by the green discrete dots, delineate the borders of the photonic welding point structure, where the purple region 
denotes silicon unetched and the white region denotes silicon fully etched. The position of each discrete dot is 



described by the radial and angular coordinates (ri and θi). The final ri and θi are determined after several rounds 
of greedy optimization [6].  

Without loss of generality, we designed the photonic welding points for connecting two 0.5-μm-wide 
waveguides with the bending angle of 30°, 60°, 90°, 120°, and 150°. Figure 1(d) shows the structures connected 
by the optimized photonic welding points in the green regions. Figure 1(e) shows the simulated electric field |E| 
profiles of the fundamental transverse-electric (TE0) mode at 1.55 μm transmitting through the photonic welding 
points, which clearly indicate that light is confined tightly in the photonic welding points, thus avoiding the bending 
loss caused by small bend radii. The uniform intensity patterns in the output waveguide also prove no crosstalk 
introduced by the photonic welding points. Figure 1(f) shows the structures of conventional waveguide bends 
connecting the two waveguides, with the inner radius of the waveguide bend 0.15 μm to maintain the same 
footprint of the corresponding photonic welding points. For light in the communication band around λ = 1.55 μm, 
the waveguide bend with inner radius ~λ/10 will inevitably introduce a large insertion loss due to the modal 
mismatch and sharp bending. Figure 1(g) shows the simulated electric field |E| profiles of the TE0 mode at 1.55 
μm transmitting through the waveguide bend, which clearly indicate the leakage of light from the waveguide bend. 
The intensity oscillation of light as seen in the output waveguide indicates that the light is not pure TE0 mode 
anymore. Figure 1(h) shows the normalized spectra of transmission through the photonic welding points and 
waveguide bends, where the blue solid lines represent transmission from the photonic welding points and the red 
dashed lines represent transmission from the waveguide bends. A comparison between the blue solid and red 
dashed lines concludes that the waveguide bends will introduce significantly higher insertion loss, which is 
proportional to the bending angle, but the photonic welding points can avoid this loss and transport light from one 
waveguide to the other with any bending angle. 

 

 
Figure 1. Design process and simulation results. (a) Schematic of the conventional waveguide bend for connecting two nonparallel waveguides. 
R is the inner radius of the waveguide bend. (b) Schematic of the photonic welding point for connecting two nonparallel waveguides. (c) Top 
view of the photonic welding point. (d) Optimized structures of photonic welding points connecting two waveguides with the bending angle of 
30°, 60°, 90°, 120°, and 150°. (e) Simulated electric field profiles of the TE0 mode at 1.55 μm transmitting through the photonic welding points. 
(f) Schematic of waveguide bends connecting two waveguides with the bending angle of 30°, 60°, 90°, 120°, and 150°. The inner radius of all 
waveguide bends is 0.15 μm. (g) Simulated electric field profiles of the TE0 mode at 1.55 μm transmitting through the waveguide bends. The 
purple arrows indicate the light input and output directions. (h) Normalized transmission spectra of photonic welding points (blue solid lines) 
and waveguide bends (red dashed lines) connecting two waveguides with the bending angle of 30°, 60°, 90°, 120°, and 150°. The scale bars 
in all figures in (d)–(g) represent 1 μm. 

 

3. EXPERIMENTAL RESULTS 

The devices of photonic welding points and waveguide bends were fabricated on a SOI wafer with 220-nm Si 
device layer on 3-μm buried oxide. The upper panel of Fig. 2(a) contains optical microscope images of devices for 
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characterizing the insertion loss of photonic welding points connecting waveguides with the bending angle of 30°, 
60°, 90°, 120°, and 150°, and the lower panel contains the corresponding scanning electron microscope (SEM) 
images zoomed in at the joint, all of which have a footprint less than 4 μm2. The upper panel of Fig. 2(b) contains 
optical microscope images of devices for characterizing the insertion loss of waveguide bends connecting two 
waveguides with the bending angle of 30°, 60°, 90°, 120°, and 150°, and the lower panel contains the SEM images 
zoomed in at the joint. Figure 2(c) plots the normalized transmission spectra of a single photonic welding point 
and a single waveguide bend. It is clear that the two types of spectra (measured and simulated) agree with each 
other. The insertion loss of the photonic welding points all maintains <0.5 dB in the entire wavelength range of 
1440–1580 nm, while that of the waveguide bends increases with the bending angle and can reach up to 3.0 dB. 

 
Figure 2. Device images and measurement results. (a) Optical microscope and SEM images of the fabricated devices for measuring the 
transmission loss of photonic welding points connecting two waveguides with different bending angles. (b) Optical microscope and SEM 
images of the fabricated devices for measuring the transmission loss of waveguide bends connecting two waveguides with different bending 
angles. The scale bars represent 40 μm in all optical microscope images and 1 μm in all SEM images. (c) Experimental and simulated 
normalized transmission spectra of single photonic welding point and waveguide bend for connecting two waveguides with different bending 
angles. Blue solid lines represent the experimentally measured results, and red dashed lines represent the simulated results. 
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