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Abstract 

In this Letter, we report a tailored 532/1064-nm demultiplexer based on a multimode 

interference (MMI) coupler with an efficiency of 100%. The device structure is designed 

according to the self-imaging principle, and the propagation and the wavelength division 

performance are simulated by the beam propagation method. The demultiplexer is fabricated in 

a y-cut LiNbO3 crystal by femtosecond laser direct writing (FLDW) combined with the ion 

implantation technique. The end-face coupling system is used to measure the near field intensity 

distribution, and the spectra collected from the output ports are obtained by spectrometers. The 

simulated and the experimental results indicate that the customized demultiplexer in the LiNbO3 

crystal presents excellent wavelength division performance operating at 532 nm and 1064 nm. 

This work demonstrates the application potential of FLDW technology for developing 

miniaturized photonic components and provides a new strategy for fabricating high-efficiency 

integrated wavelength division devices on an optical monocrystalline platform. 

In recent years, the integration of waveguide devices on an optical monocrystal chip has 

attracted increasing interest [1]. As a crystalline material, lithium niobate (LiNbO3) has been 

widely used in fabricating integrated optical devices such as beam splitters [2], optical switches 

[3], electro-optical modulators [4,5], and optical resonators [6,7] due to its good physical and 

chemical stability, low-optical loss, high-electro-optical coefficients, and excellent nonlinear 

optical properties [8,9]. An optical waveguide, which is one of the fundamental elements of 

integrated optics, can be used to combine with other devices with different functions or designs 

[10]. Among the several ways to fabricate optical waveguides in optical materials, the 

irradiation of swift heavy ions is a powerful and effective technique with many advantages 

including the reduced irradiation fluences, large refractive index modification, and faster 

fabrication processing [11]. In addition, femtosecond laser direct writing (FLDW) shows great 

potential due to the unique features of flexible 3D micro-/nano-fabrication configurations and 

efficiency, and ease to use [12,13]. By using ion implantation combined with FLDW, several 

photonic devices have been proposed, such as Q switched lasers based on the ridge waveguide 

[14], beam splitters [15,16], photodiodes [17], and quantum nano-devices [18]. 

A demultiplexer often plays a key role in the integrated optical circuit as a special beam splitter, 

which is always applied to realize wavelength division [19]. Based on different platforms, 
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several devices have been designed to perform this function including Y-branch devices [20], 

Mach–Zehnder interferometers [21,22], multimode interference (MMI) couplers [23,24], 

arrayed waveguide de-multiplexers [25], and angled MMI-based de-multiplexers [26,27]. 

Additionally, with the MMI structure, the device shows several outstanding advantages 

including a simple and compact structure, good fabrication tolerance, and ease to achieve 1 × N 

splitting [28]. However, the operating wavelength of most demultiplexers introduced in 

previous works is concentrated in the infrared spectral range. In addition, most of them are 

fabricated by way of UV lithography combined with ion beam etching [29], a focused ion beam 

[30], or electron-beam lithography [31–33], which are relatively complicated compared to 

FLDW. In this work, we have fabricated an MMI-based demultiplexer by FLDW combined 

with swift carbon ion irradiation in a y-cut LiNbO3 crystal with the working wavelength at 

532/1064 nm. The device structure has been designed and the distribution of the output optical 

field performances has been theoretically simulated by the beam propagation method (BPM). 

The near-field distribution and the spectra collected from the output ports have been obtained 

by the CCD camera and spectrometers, respectively. Excellent single-mode distribution and 

wavelength division features for the tailored demultiplexer have been demonstrated at 

wavelengths of 532 nm and 1064 nm. 

As shown in Fig. 1, the wavelength demultiplexer consists of three parts: an input port (Port 1), 

two output ports (Port 2, Port 3), and an MMI coupler. The demultiplexer based on the MMI is 

designed by the self-imaging effect, which exists in the multimode waveguide. According to 

the self-imaging principle [34], the incident laser propagates along the waveguide direction, 

and the image can be reproduced by the interference between waveguide modes at specific 

locations (periodic intervals). The periodic properties of imaging depend both on the input field 

and the MMI structure, which can be defined as the beat length Lπ of the two lowest-order 

modes:  

 

where β0 and β1 are the propagation constants of the two lowest-order modes, neff is the effective 

index of the waveguide in the interference region, and We is the effective width of the 

multimode interference region, which is similar to the width of the MMI structure. Here, λ is 

the free-space wavelength of the input field. 
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Fig. 1. Schematic illustration of the demultiplexer based on the MMI structure. (a) Micrograph 

of the output port region; (b) micrograph of the MMI coupler region; (c) micrograph of the 

input port region. (d) Schematic diagram of the designed demultiplexer. The input port is Port 

1, the output ports are Port 2 and Port 3, and the mid part is the MMI coupler. (e) Schematic 

illustration of the laser-coaxial end-face coupling system. 

For the input light fields at different wavelengths, they possess different beat lengths. When the 

length of the multimode waveguide is an even/odd multiple of the beat length, a direct/mirrored 

single image will be symmetrically formed on both sides of the center of the MMI waveguide 

structure. According to this principle, a suitable length of the MMI structure can realize 

wavelength division of the input fields, the length LMMI can be calculated as  

 

where q is a positive odd integer, and 𝐿𝜆𝜋 is the beat length corresponding to the wavelength λ. 

In this case, the input and output ports should be located at ±𝑊𝑀𝑀𝐼/6 from the center of the MMI 

coupler by the restricted interference mechanisms [34]. 

The demultiplexer is fabricated on a y-cut LiNbO3 crystal with a size of 10 × 10 × 2 mm3, which 

is optically polished. An ion implantation layer with a depth of 10 µm is formed on the x–z facet 

by swift heavy C5+ ion beam irradiation with an energy of 16 MeV, a fluence of 3 × 1014 

ions/cm2, and an incident angle of 7°. The ion beam is generated by the 3-MV tandem 

accelerator at Helmholtz-Zentrum Dresden-Rossendorf, Germany. In the projected range of the 

incident C5+ ions, a positive index well in the near-surface region and a negative optical barrier 
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at the end of the incident ion track have been formed during the irradiation, which is similar to 

the previous report [35]. Therefore, a low-loss planar waveguide with a typical “well + barrier” 

index distribution will be formed through the ion implantation, and the width of the guiding 

region is approximately 6 µm. Then, the device is fabricated by using an amplified Ti:sapphire 

laser system (Astrella, Coherent Inc., USA), which generates a laser beam with a 1-kHz 

repetition rate, 40-fs pulse width, 6-mJ pulse energy, and the center wavelength at 800 nm. The 

pulse energy can be adjusted by a wall pilot motorized attenuator and the sample is placed on a 

six-dimensional motorized stage. Figures 1(a)–1(c) illustrate the micrographs of the input ports, 

the MMI coupler, and the output port. During the fabrication process, the energy of the laser is 

set to 41 µJ, and the speed of the motorized stage is set to 0.1 mm/s. The sides of the waveguide 

and the MMI structure have been direct written through moving the sample as the designed 

configuration. A slight modification of reducing the refractive index would be induced at the 

direct writing regions. Finally, a square cladding waveguide has been formed. 

The BPM is used to simulate the propagation of the input field inside the waveguide. Here, we 

build a 3D model according to the structure shown in Fig. 1(d). To facilitate subsequent 

femtosecond laser processing and waveguide characterization, the input port is designed to be 

tapered, which will also improve the coupling performance. The WMMI, W1, and W2 values are 

set to be 36 µm, 7 µm, and 12 µm, respectively. The X is set to be 6 µm, two monitors are 

placed at ±X to detect the changes of the input field intensity. According to the principle of 

birefringence, the incident fields with linearly polarization states (i.e., TE and TM; TE, the 

electric field is parallel to the z axis; TM, parallel to the y axis) correspond to ne and no within 

the crystal, respectively. For the y-cut LiNbO3, the ne is 2.234 at the wavelength of λ1 = 532 nm 

and the no is 2.232 at the wavelength of λ2 = 1064 nm. Obviously, the 𝑛𝜆1𝑒 and 𝑛𝜆2𝑜 are 

approximately equivalent, and it can be calculated that 𝐿𝜆1𝜋≈2𝐿𝜆2𝜋 by Eqs. (1) and (2) under 

this circumstance. Due to the value difference of 𝑛𝜆2𝑒 (∼2.156) and 𝑛𝜆1𝑜 (∼2.323), it is 

inaccessible to realize a compact-size and high-performance device with the 532-nm laser at 

TM polarization and the 1064-nm one at TE polarization. Thus, we fix the length LMMI to be 

7350 µm, and Gaussian beams at wavelengths of λ1 = 532 nm (TE polarization) and λ2 = 1064 

nm (TM polarization) are used as the laser source. Figures 2(a) and 2(c) illustrate the 

propagation of the input field in the simulation structure. In Fig. 2(a), the incident laser field is 

the fundamental mode of the Gaussian beam at 532 nm (TE), and is reproduced near Port 3 and 

output along the waveguide Port 3. Figure 2(b) shows the changes of the field intensity in the 

direction of the two monitors, with most of the laser is coupled into Port 3. The propagation 

loss is calculated to be 0.17 dB/cm according to the simulation results. In Fig. 2(c), the input 

field is the fundamental mode of the Gaussian beam at 1064 nm (TM), and is reproduced near 

Port 2 and output along the waveguide. Similarly, the specific distribution of the field intensity 

can be seen in Fig. 2(d). In this case, most of laser is coupled into Port 2, and the propagation 

loss is calculated to be 0.27 dB/cm. 
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Fig. 2. (a) and (c) Simulations of the input fields propagating in the waveguide under the 

operating wavelength at 532 nm and 1064 nm, respectively. (b) and (d) Intensity of the optical 

field at the lines of two monitors under the operating wavelength at 532 nm and 1064 nm, 

respectively. 

Then, we studied the transmission performance of the fabricated structure. A laser-coaxial end-face 

coupling system has been used to measure the intensity distribution of the output optical field, as 

shown in Fig. 1(e). Two CW lasers at wavelengths of 532 nm and 1064 nm are tuned for coaxial 

incidence by a plane mirror and a beam splitter prism. Two half-wave plates are used to adjust the 

polarization of the incident laser. Then the beam is coupled into the incident waveguide through the 

microscope objective (40×, N.A. = 0.65) and the output laser is finally imaged on the CCD camera 

through an imaging objective (50×, N.A. = 0.42). Figure 3 shows the images captured by the CCD, and 

the output modal profiles are shown to exhibit single-mode features. When the 532-nm and 1064-nm 

lasers are incident at the same time, the two laser beams can be observed on the CCD as shown in 

Figs. 3(a) and 3(b), which correspond to the positions of the output Port 3 and Port 2, respectively. 

Figures 3(c) and 3(d) exhibit the 2D and 3D profiles of the laser intensity distribution when the applied 

incident laser is at 532 nm, and the output laser beam is located at Port 3. Similarly, if the incident laser 

is at 1064 nm, the output laser will be located at Port 2, as depicted in Figs. 3(e) and 3(f). These results 

are consistent with the previous simulation conclusions, and can prove that this device realizes the 

function of 100% separation of the 532-nm and 1064-nm lasers with polarization dependence. The 

insertion loss of this designed structure is calculated to be 7.5 dB and 10.8 dB at the wavelength of 532 
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nm and 1064 nm, respectively. The relatively large losses are mainly caused by the fabrication error at 

the connection parts of the device and the coupling losses. 

 

Fig. 3. Intensity distribution of the output optical field measured by the CCD. (a) and (b) 2D 

and 3D images corresponding to the simultaneous coaxial input of 532-nm (TE) and 1064-nm 

(TM) laser; (c) and (d) 2D and 3D images when the incident field is only a 532-nm (TE) laser; 

(e) and (f) 2D and 3D images when the incident field is only a 1064-nm (TM) laser. 

The optical spectrum is further measured by two fiber spectrometers: the NOVA-EX and the NIR2500 

based on one Y-branch optical fiber probe. Figure 4 illustrates the spectra at the position of Port 2 and 

Port 3 when applying incident lasers at different wavelengths, separately. As the green and brown lines 

show in Fig. 4, a spectral signal at 532 nm has been detected in the position of Port 3 when the incident 

laser is at 532 nm. However, there is no significant signal near the Port 2 when we measured through 

changing the position of the fiber probe. The red and orange lines depict that a spectral signal can be 

found at 1064 nm only in the position of Port 2 when the 1064-nm laser was applied. When the 532-

nm and 1064-nm lasers are incident at the same time, two spectral signals at 532 nm and 1064 nm can 

be detected at the positions of Port 2 and Port 3 separately, which is shown by the cyan line and the 

blue line. The results measured by the spectrometers verify that the wavelengths of the laser output 

collected from the two ports in different cases are in accordance with the previous simulation and 

coupling results. It can be found that excellent wavelength division performance has been achieved by 

comparing the intensity of the spectra in different output ports with the same incident optical field in 

the above cases. 
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Fig. 4. Spectra at the positions of Port 2 and Port 3 with different incident lasers. 

In conclusion, we report a tailored 532/1064-nm wavelength demultiplexer based on an MMI 

coupler, which is fabricated by FLDW in a y-cut LiNbO3 crystal based on C5+ ions implantation. 

According to the self-imaging principle, the dimension of the device is designed with a compact 

size. The results of the theoretical simulations and the experimental investigations show that 

the demultiplexer achieves a nearly 100% efficient wavelength division performance with a 

polarization dependence at the operating wavelengths. By optimizing the size of the structure 

and processing parameters, the insertion loss of the device can be further reduced. Due to the 

specificity of the operating wavelength and the nonlinear characteristics of the crystal, this 

tailored structure also has the potential to work as an active device for second harmonic 

generation with pumping by a pulsed 1064-nm laser. It is worth noting that a wide range of 

operating wavelengths can also be achieved by changing the crystals and parameters of the 

structure. Thus, it shows great potential that our design and processing methods can be applied 

to the fabrication of on-chip demultiplexer devices in the future. 
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