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In this work, we present an ultra-compact (3.7 µm x 3.7 µm) inverse designed 3-output Red, Green, Blue 

(RGB) splitter based on 200 nm thick and 400 nm wide AlN waveguides. The device is encapsulated between 

an upper and lower SiO2 cladding and the simulated insertion loss is within 2 dB per channel. We 

additionally introduce a fabrication-ready version of the device, featuring a doubled-sized footprint (5.2 

µm x 5.2 µm) and enlarged feature dimensions. We believe that this work could pave the way for ultra-

compact and low-loss spectrometers enabling new applications in augmented reality or biosensing. 

Introduction 

Wavelength Division Multiplexing (WDM) is a critical function in modern integrated photonics. 

Conventional methods using Arrayed Waveguide Gratings (AWGs) or multi-mode interferometers (MMIs) 

have been demonstrated for broadband WDM [1]. However, despite their efficiencies, these methods lead 

to several hundred µm-long devices, which is an obstacle to tight integration. Alternatively, inverse design  

methods move beyond intuitive geometric shapes to find complex non-periodic structures. This efficient 

exploitation of the available space results in highly performant nanophotonic devices [2, 3]. In this work, 

we are going exploit such methods to enable ultra -compact WDM. 

The visible wavelength region is of growing interest as it opens a wide range of new possibilities such as 

augmented reality [4], LIDAR [5] or sensing [6]. Aluminium nitride (AlN) is an excellent material due to 

its wide transparency window and high refractive index (~2.03). These characteristics enable the fabrication 

of waveguides with small dimensions while maintaining high mode confinement, which results in small 

devices. In addition, AlN’s large bandgap (6.2 eV) [7] makes the material useful for operations in the UV. 

Furthermore, its other properties such as its electro-optic [8] and non-linear [9] coefficients enable more 

complex functionalities. In our previous work, we demonstrated preliminary losses as low as 1.5 dB/cm at 

633 nm on a 147 nm thick AlN slab waveguide [7]. In this study, we propose simulated AlN-based ultra-

compact and low loss RGB splitters using inverse design on a 200 nm thick platform. 

 

Designs and simulations 

The waveguide is sandwiched between a thermal bottom SiO2 layer and a plasma-enhanced chemical vapor 

deposited (PECVD) SiO2 cladding. The main waveguide has a thickness of 200 nm and a width of 400 nm, 

which makes it single mode at a  wavelength of 660 nm . The thickness was fixed for the fabrication run 

whereas the width was selected as a tradeoff between single mode conditions, low propagation loss and 

mode confinement. The refractive indices values for AlN were obtained from ellipsometry measurements 

fitting the ellipsometric data with a Cauchy model. We performed similar measurements for SiO2 and we 

used the Sellmeier model to deduce the refractive index. Figure 1 shows the E-field intensity profile of the 

TE00 mode at 520 nm and the initial conditions of the entire device. Since the simulations were carried out 

in 2D-FDTD, the effective index values at 450, 520 and 630 nm were entered in the algorithm, which were 

respectively 1.84, 1.79 and 1.72. The optimisation region was defined within a  3.7 µm x 3.7 µm area and 

used a mesh size of 10 nm. In addition, a  smoothing filter was applied on the polygons in the optimisation 

area with minimum radius of 100 nm. While increasing the mesh size to 20 nm would significantly reduce 

the simulation time, this would come at the cost of lower accuracy, especially when it came to small feature 

size in this case. Moreover, the 100 nm filter radius dictates the dimensions of the final features. The smaller 

the optimisation region, the harder it is for the algorithm to find a solution for all three wavelengths with a 

large filter radius, and therefore the filter radius must be adapted to the surface’s constraints. 



 
Figure 1: (a) Eigenmode expansion simulation of the E-field intensity inside the AlN waveguide at 520 nm. 

(b) Top view of the 2D-FDTD initial conditions for the inverse designed RGB splitter. The simulation region 

is slightly larger than the optimisation area 

The final step before starting the optimisation process was to define the initial guess for the geometry, 

which consisted in initialising the initial variables within the optimisation domain. This guess is usually set 

as a matrix of 0s or 1s, corresponding to the refractive index of the SiO2 cladding and to the effective index 

of the fundamental TE00 mode in the AlN waveguide respectively. The optimisation procedure was 

managed by the LumOpt Python module, utilizing its built -in TopologyOptimization2D framework and the 

ScipyOptimizers implementation (specifically, the L-BFGS-B method). Based on the user-defined initial 

conditions, the optimiser executed coupled forward and adjoint simulations to efficiently compute the 

multi-wavelength gradient-field simultaneously for all three channels. This gradient information was then 

used by the optimisation algorithm to iteratively update the device’s shape, minimising the figure-of-merit 

(FOM), which was defined here as the loss of the TE00 mode for each channel. 

  

 

Figure 2: (a) Iterations of the optimisation region. (b) FOMs plotted with the number of iterations. The 

orange, green and red curves correspond to the wavelengths 450, 520 and 630 nm. The blue curve is the 

sum of all FOMs. (c) Sparse perturbation gradient fields (d) Combined forward fields for all three channels 

at the last iteration. 

 

In Figure 2a the evolution of the device in the optimisation area is presented. The AlN and SiO2 materials 

are respectively illustrated in yellow and blue. The green pixels in the 3rd and 100th iterations have values 

ranging from 0 and 1. Figure 2b shows the total and channel FOMs with the iterations. In the greyscale 

phase, the pixels were allowed to vary continuously between the permittivities of SiO2 and AlN, resulting 



in the visible continuous evolution in the first 119 iterations in Figure 2b. From the 119th iteration, the 

optimiser initiated the binarization of the pixel values to converge on the final solution, causing oscillations 

in the FOMs as can be observed in Figure 2b. The optimisation stopped when the change in the FOM value 

between 2 adjacent iteration went below the threshold, here 10-5. We can observe that the optimiser 

successfully minimised the FOM for each channel, even though the red channel proved to be more difficult  

to optimise, which should be due to the small size of the optimisation region. 

Once the optimisation stopped, the device’s final geometry was extracted and imported into a varFDTD 

simulation (2.5D-FDTD). Figures 3a&b respectively show a 3D view of the RGB splitter and the simulated 

transmission spectrum. The insertion loss for each channel is circa 0.5 dB for the blue and green channels 

and 2 dB for the red channel. On top of that, the device presents a 3 dB bandwidth of 25 to 40 nm. In Figure 

3c are shown the electric field profile red, green and blue wavelengths propagating from the input 

waveguide through the optimised geometry and to their assigned output channel. Since the red wavelength 

exhibited the weakest mode confinement, it then necessitated a larger optimisation region and larger 

waveguides to further reduce the insertion loss. 

 
Figure 3: (a) 3D view of the RGB splitter. (b) Transmission spectrum of the device (c) Electric field profile 

of the device plotted with varFDTD for each channel . 

 

Device fabrication with larger feature size 

Despite the good performance of the found device, most of the etched polygons in the optimisation area  are 

only 70 nm large, which can cause challenges for the fabrication in the cleanroom. Indeed, for a 200 nm 

thick AlN platform, a feature size of at least 130 nm is recommended to avoid the resist falling during AlN-

etching. Therefore, we first increased the filter radius to 200 nm. Since the optimiser could not find a proper 

solution for all three channel in the 3.7 µm x 3.7 µm optimisation region  with such a large radius, we made 

the device twice as large: 5.2 µm x 5.2 µm. To further improve the red channel, we also increased the width 

of the waveguide to 600 nm. Figure 4a presents the enhanced device with larger features, Figure 4b shows 

its transmission spectrum and Figure 4c shows the microscope image of a manufactured RGB splitter based 

on 400 nm wide waveguides. The insertion loss of the red channel is still around 2 dB but all channel have 

significantly larger 3 dB bandwidth with respect to the previous device: 70 nm for the blue channel and 

more than 300 nm for the red channel. This is caused by the larger filter radius of the polygons in the 

optimisation region.  



 
Figure 4: (a) 3D view of the new device. (b) Associated transmission spectrum. (c) Manufactured device. 

 

Conclusion 

We demonstrate with simulations ultra-compact and low-loss 3-channel inverse-designed WDMs in the 

visible range (400-750 nm) based on 200 nm thick AlN platform. The simulated on-chip loss range between 

2 and 0.4 dB for a footprint of 3.7 µm x 3.7 µm and 5.2 µm x 5.2 µm for feature sizes of 70 and 130 nm 

respectively. The fabrication ready 5.2 µm x 5.2 µm device could pave the way for ultra -compact 

spectrometers and accelerate applications in biosensing and augmented reality. 
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