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S1 Fabrication of VCSEL
(1) Thickness and topography of the AlN insulating layer and the electroplated copper
The thickness and topography of AlN have also been our concern in the fabrication of VCSEL. The AlN thickness is about 75 nm. Figure S1(a) shows the 10 × 10 μm2 AFM image of AlN, which has a small RMS with 777.6 pm. It indicated that the surface is uniform and flat of the AlN layer.
The thickness and compactness of copper layer are important to the heat dissipation of VCSEL. A proper thickness of copper is needed to provide good support for the epilayers and be a heat sink to conduct the heat. For our VCSEL, the thickness of copper plate is generally 200~300 μm. As shown in Fig. S1(b), the thickness of copper plate in this study is about 205 μm. The cross-section SEM image illustrated in Fig. S1(c), exhibits good compactness without cracks or voids between the copper and Cr/Au layer, which ensures the heat dissipation performance of VCSEL.
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Fig. S1 (a) 10 × 10 μm2 AFM image of AlN layer. The cross-section SEM image of (b) copper plate and (c) VCSEL
S2 Cavity Control of VCSEL
The short cavity length is realized by using a combination of ICP (fast thinning) and CMP (slow thinning). 
(1) ICP thinning. After laser lift-off, the n-face epilayer of the sample was first smoothed by CMP. Then, the epilayer was thinned by ICP etching. Subsequently, the epilayer thickness was thinned and precisely controlled again by CMP.
(2) CMP thinning. The alkaline polishing solution was used to oxidize GaN to Ga2O3, which is easier to polish. Then, the thickness of epilayers can be precisely controlled by adjusting the sample rotation speed, the impressed pressure on the sample, and the component of the polishing solution (as shown in Fig. S2(a)). It is worth noting that the CMP process needs to be accompanied by a thickness measurement of epilayer (Thin-film interferometry method) until reaches the target thickness. By this method, a smooth surface with RMS less than 300 pm can be obtained as shown in Fig. S2(b).
For stress control, the stress in the epilayer is released and became small after laser lift-off, as demonstrated in our previous work [1]. It thus, has little effect on the subsequent CMP process.
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Fig. S2 (a) Schematic of the CMP process (b) 10 × 10 μm2 AFM image of the epilayer surface after CMP
S3 Measurement of Cavity Length 
To obtain a precise value of cavity length, the Confocal Laser Scanning Microscope (CLSM) and Stylus Profiler were used to observe and measure the thickness of the cavity, as illustrated in Fig. S3.
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Fig. S3 (a) CLSM image and (b) Stylus Profiler measurement result image of VCSEL
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