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Abstract: With a high-resolution characterization setup, waveguide modes are clearly observed in 
near-field radiation patterns of SiNx nano-antennas. This phased array has uniform emission 
throughout the antenna within 3dB bandwidth of 120 nm from 785-905 nm. © 2023 The Author(s) 

 
1. Introduction 
The chip-scale optical phased arrays (OPAs) have found many applications of wireless optical communications and 
light detection and ranging (LiDAR) [1-3]. Silicon nitride (SiNx) nanophotonic phased arrays can work in wide 
wavelength range [4-7] and accommodate high on-chip optical power [8]. Beam steering on SiNx OPA has been 
demonstrated by phase modulated antennas [9], wavelength tuning [10, 11], and optimized cladding [12-14]. 
However, optical radiation properties within the whole OPA aperture have not been clearly investigated for SiNx 
nanophotonic phased arrays so far, which play critical roles of OPA outcoupling efficiency, beam steering angle, 
resolution, etc. In this work, we use a high-resolution imaging setup to characterize the near- and far-field radiation 
patterns on SiNx OPA and uniform emission is experimentally validated in wide wavelength range from 785 nm to 
905 nm. 

2.  Device Structure and Characterization Setup 

In Fig. 1(a), a 32-channel SiNx phased array is fabricated, and a 5-order cascaded 1×2 multimode interferometer 
(MMI) splitter tree is employed in the OPA to split the input laser into 32 waveguides with 550-nm width and 300-
nm thickness. The MMI waveguide is 3.3-μm wide and 12-μm long with the input/output waveguide width of 1.1 
μm and the gap of output waveguide of 1.1 μm. The antenna array pitch is 4.5 μm and the antenna is 146 μm long, 
as shown by scanning electron microscopy (SEM) images in Fig. 1(b)-(d). The grating periods and grating tooth 
width are modified to form a circle spot in the far-field projections as discussed in [15]. A high-resolution imaging 
system is constructed to characterize the near- and far-field radiation patterns of the OPA chip. In Fig. 1(e) of near-
field imaging mode as demonstrated in [16-17], the chip is magnified by the lens set with the microscope objective, 
L1, L2, and L3, and finally imaged on a high-resolution CMOS camera. Then the system with resolution as high as 
9000 × 5064 is achieved for imaging the radiation patterns outcoupled from OPA chips. Alternatively, in Fig. 1(f), 
the far-field radiation patterns in the Fourier space are directly imaged to the camera by objective, L1, and L3 with 
L2 lens removed. This setup can be used to observe the far field of the phased array directly on the back focal plane  

 
Fig. 1. (a) Image of the chip-scale OPA from an optical microscopy. Dashed red block shows the optical 

aperture with OPA antennas. (b)-(d) SEM images of the grating antenna array from the opening window with 32 
antennas (b), 4 antennas (c) and 1 antenna (d), respectively. (e)-(f) The sketch of the high-resolution imaging 
setup, configured as a near-field imaging mode in the real space (e), and configured as a far-field imaging mode 
in the Fourier space (f). 
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of a high-numerical aperture (NA) microscope objective, wherein each coordinate (sinθ, sinψ) corresponds to a 
unique direction of OPA emission. An objective lens with a NA = 0.55 and angular radius of ~30° is used to 
observe the far-field patterns of the OPA chips to measure the wide-angle beam steering. A polarization 
controller is used to adjust the polarization of the laser coupled on the chip. Both TE and TM polarization can be 
transmitted by the OPA as mentioned in our previous work [4-7]. Only TE polarization is presented in the 
following results. 

3.  Experimental Results and Discussion 

Fig. 2(a), Fig. 2(b) and Fig. 2(c) presents the near-field radiation images of a 146 μm × 146 μm phased array at 
different wavelengths of 785 nm, 850 nm, and 905 nm, respectively. We can find uniform emission throughout the 

 
Fig. 2. Characterization results of OPA device. (a)-(c) High-resolution near-field patterns at different wavelengths 

of 785 nm, 850 nm, and 905 nm, respectively. (d)-(f) Far-field radiation patterns at different wavelengths of 785 nm, 
850 nm, and 905 nm, respectively.  

 
Fig. 3. The beam steering angles of main grating lobe (a) and the beam divergence angle (b) at different 

wavelengths in the θ direction. (c) The measured main-lobe loss versus different wavelengths. (f) Measured and 
theoretical ψ-direction profiles of Fig. 2(d)-(f). 
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146-μm long antennas for all these three wavelengths. And 32 waveguide modes propagating in antennas are clearly 
identified in high-resolution near-field radiation patterns (only 25 antennas are shown in each image since the chip 
size of CMOS camera is not large enough to capture all 32 antennas in the array direction, ψ). The corresponding 
far-field radiation patterns are shown in Fig. 2(d)-(f), with 0-order main lobe and +1-order/-1-order grating lobes 
captured, when wavelengths of 785 nm, 850 nm, and 905 nm are coupled on the chip.  

The beam steering angle θ follows the grating diffraction equation, sinθ=neff -λ/Λ, as mentioned in [4-5,7], and theoretical 
results are provided in Fig. 3(a). Experimental results for steering angle θ versus wavelength from 650 nm to 980 nm 
are also presented in Fig. 3(a). There is an obvious beam steering upon wavelength tuning in in the θ direction from 
+8.5° (at 785 nm) to -7.3° (at 905 nm). The beam divergence angles ψFWHM at θ depicted in Fig. 3(b) have good 
agreement with theoretical diffraction limit, ψFWHM≈0.886λ/Ndcosψ. The losses of the main-lobe beams are 
measured for 650-980 nm wavelengths and about 120 nm 3 dB bandwidth from 785 nm to 905 nm is marked in Fig. 
3(c) and the corresponding beam steering angles are from +8.5° (at 785 nm) to -7.3° (at 905 nm) as shown in Fig. 
3(a). The ψ-direction profiles of main lobe and grating lobes at wavelengths of 785 nm, 850 nm, and 905 nm, 
respectively, are shown in Fig. 3(d). The position of grating lobes can be calculated by the equation: ψ’=±sin-1(λ/d). 
The measured positions are well consistent with the theoretical calculations. The minor differences of <0.2o are 
mainly due to the measurement errors. And the beam divergence angles ψFWHM of the main lobes also match closely 
with theoretical predictions based on the previous diffraction equation ψFWHM≈0.886λ/Ndcosψ. 

4.  Conclusion 

In conclusion, we have characterized the radiation properties of a 146 μm × 146 μm SiNx nanophotonic phased 
array, with the help of a high-resolution imaging setup for near- and far- field radiation patterns. It is validated that 
the OPA has the uniform emission throughout the whole antenna within its 3dB bandwidth of ~120 nm from 785 nm 
to 905 nm and demonstrates beam steering angles θ of +8.5° to -7.3° upon wavelength tuning from 785 nm to 905 
nm. All 32 antennas in the OPA aperture are presented to radiate uniformly in high-resolution near-field radiation 
images. 
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