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This document provides supplementary information to “End-fire injection of light into high-Q silicon 
microdisks,” https://doi.org/10.1364/OPTICA.5.000612.

In the main manuscript, we have fabricated waveguide connected microdisks (WCMs) and demonstrated their potential in high efficiency coupling and high Q factors. In the supplemental information, we will show the details of simulation results and experimentally recorded reflection spectra with different conditions e.g. waveguide width, connection angle, and transfer process of external nanoparticles.  
1. Simulation results for WCMsTo distinguish the excited resonant modes and understand the experiment results, we have calculated the reflection spectrum using three-dimensional full wave calculation with finite difference time domain method (Lumerical FDTD). Figure S1 is the comparison of experimental data and the numerically calculated results. While slight difference can still be seen, most of the experimentally recorded reflection can peaks be one-to-one correspondence with the numerical calculations. The tiny difference is caused by the material dispersion of silicon. In our simulation, the material dispersion is taken from the conventional model implemented in the software, which shall be slightly different from the real dispersion value of silicon on insulator (SOI) wafer.  Figure S1(b) shows the corresponding field distributions (|Hz|) at resonant peaks marked as 1-10 in Fig. S1(a). While the incident light is injected into cavity along the radial direction, the injected light can still be efficiently coupled into quasi-WGM modes. From the numerical calculation, we find that all the peaks are corresponding to resonant modes within WCMs, consistent with our reversal prediction from WCM laser well. 

Fig. S1 (a) The comparison of experimental and simulated reflection spectra of WCM. (b) The corresponding field distributions of modes 1-10 marked in (a). 
2. Comparison with ADMTo illustrate the advantages of our design in the fabrication tolerance, we have also simulated the coupling efficiency tolerance of the traditional add-drop microdisk (ADM) resonator for a direct comparison. By calculating the effective refractive index neff of waveguide mode in the vertical direction, we have simplified the systems into a two-dimensional (2D) model and calculated the 
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coupling efficiency with a finite-element method (COMSOL 3.5a). Here the calculated neff = 2.8246. All the numerical results are shown in Fig. S2. Compared with WCM, the coupling efficiency of ADM is extremely sensitive to waveguide width w and the gap g between waveguide and cavity. Taking w = 550 nm as an example, a 100-nm (from 100 nm to 200 nm) change in gap size leads to 59% decrease in coupling efficiency (from 0.989 to 0.399).This value is 59 times than that of WCM (from 0.52 to 0.5148). Then we set g = 160 nm, the coupling efficiency varies from 0.941 to 0.256 with w from 450 nm to 700 nm, which is 11 times than WCM (from 0.52 to 0.4554). In addition, the 2D simulation don’t consider the vertical scattering loss at cavity sidewall, so the coupling efficiency for 3D simulation should be smaller than the above results in Fig. S2. Therefore, by comparing the results in the main text and the results here, it is easy to conclude that the WCMs have much better tolerance in fabrication deviations and thus can be easily achieved. 

Fig. S2 (a) The schematic picture of the ADM configuration. (b)The TE mode coupling efficiency of the traditional add-drop microdisk as a function of waveguide width (w) and the gap (g) between waveguide and cavity. 
3. The limitation factor of coupling efficiency in WCMs

Fig. S3 (a) The calculated TE mode reflection spectra of 340-nm SOI. (b) The TM mode reflection spectra of 340-nm SOI. In our experiment, the top silicon thickness of the SOI wafer is 220 nm. With a 2D mode analysis, the effective refractive index of TE mode is about neff = 2.8246. According to our numerical calculations, the coupling efficiency is dependent on the refractive index of microdisk. Larger neff can leads to stronger light confinement and results in higher coupling efficiency. To verify the possibility of extremely high coupling efficiency, we have studied the WCMs with another commercial SOI wafer, whose top silicon layer is 340 nm in thickness. All the simulation parameters are the same as Fig. S1, except for the thickness of top silicon. Figure S3 is the calculated reflection spectra. For TE mode in Fig. S3 (a), the maximum of reflection peak is about 0.303, which corresponds to 55% coupling efficiency. This value is 10% higher than the TE polarized coupling efficiency with 220-nm SOI. To further improve the efficiency, we have also calculated the reflection for TM mode in 340-nm SOI. The results are shown in Fig. S3 (b). We can see the reflection intensity is holistically higher than TE mode. The peak value is 0.56, corresponding to 75% coupling efficiency. This value 

is already good enough and the coupling efficiency of WCM could be further improved with suitable top silicon thickness. 
4. The optical setup for WCM reflection measurement.

Fig. S4 (a) The fiber-grating based optical setup for WCM reflection measurement. (b) Photograph of the fiber-grating coupler. The red solid and dashed arrow are the input and output light, respectively. In our project, we use a fiber-grating based optical setup to measure the reflection of WCM. The corresponding schematic picture is shown in Fig. S4. A C-band tunable laser is injected into/out the waveguide through a single-mode fiber and 1D grating coupler (see grating details in Fig. S5 (a)). The polarization of input light could be modulated by a polarization controller. Then the TE mode light propagates along the waveguide and couples into the cavity. When the light is on resonance, the reflected signal could drop out and be detected by a PD. The solid and dashed arrow in Fig. S4 (b) are the input and output light, respectively. 
5. The detailed transmission spectra of waveguide, Y-
splitter.

Fig. S5 (a) and (b) are the SEM pictures of grating coupler and Y splitter used in our project, respectively. (c) and (d) are the zoomed-in version. 

Fig. S6 The normalized transmission spectra of grating coupler in (a) and Y-splitter in (b). IG is the normalized propagating loss trough two grating couplers. Ic is the reflected intensity of WCMs I2to1 and I1to2 is the normalized loss of two grating couplers and a Y-splitter.  
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Figure S5 depicts the 1-D focused grating coupler and Y-splitter used in our experiment. The grating coupler could support TE polarized light interconnection with single-mode fiber and on-chip waveguide. The Y-splitter is used to export the reflected signal from the cavity. After carefully adjusting the fiber position, we could obtain the highest fiber-to-waveguide and waveguide-to-fiber coupling efficiency. As the waveguide sidewall is very smooth, the propagating loss is neglected in our project. In other words, IG in Fig. S6 (a) is the normalized transmission loss of two grating couplers. And I2to1 and I1to2 is the normalized loss of two grating coupler and a Y-splitter, where 2to1 and 1to2 means the reverse direction of the incident power. The reflected signal along the connected waveguide contains two coupling processes, i.e. the light coupling from waveguide to cavity modes and output coupling of the cavity modes. As these two processes are time-reversal, the coupling efficiency is calculated with the square root of the reflectance. Then we could calculated normalized reflectance of the WCMs as R(dB) = IC-I2to1+IG-I1to2, where IC is the measured reflection of WCMs. As a result, the total coupling efficiency of WCMs are obtained with √10 / .  
6. SEM images of the WCMs with different waveguide 
width and tilt angle 

 Fig. S7 (a) (b) and (c) are the SEM pictures with different waveguide width w. (d) (e) and (f) are the corresponding grating loss (IG), Y-splitter loss (I1to2, I2to1), and the reflection intensity (IC) of WCMs, respectively. In the main manuscript, we have shown the dependence of reflection spectrum on the waveguide width w and tilting angle θ. Here we show their corresponding SEM images. The experimental results are summarized in Figure S7 and Figure S8. In Figure S7 (a), (b) and (c), we can see that the waveguide width has been significantly increased from 450 nm to 650 nm. The corresponding grating loss (IG), Y-splitter loss (I1to2, I2to1), and the reflection intensity (IC) of WCMs are shown in Fig. S7 (d), (e) and (f), respectively. Then we could obtain the coupling efficiency as a 

function of w, whose results are shown in Fig. 3(a) in the main manuscript. In Figure S8 (a), we have vertically shifted the waveguide position by 0 nm, 200 nm, and 500 nm, respectively. The corresponding tilt angles are 0º, 2.3º, and 5.74º. Figure S8 (b) depicts the reflection intensity of WCMs with various tilt angle θ. The corresponding grating coupler loss and Y splitter loss are shown in Fig. S8(c). Then we obtain the coupling efficiency of WCMs as a function of tilt angle θ, which is shown in Fig. 3(b) in the main manuscript. 

 Fig. S8 (a) The SEM images of WCMs with various tilt angle θ. (b) and (c) are the detailed transmission spectra of the WCMs, grating and Y splitter. 
7. The formation of high-Q EIT modes 

 Fig. S9 The formation of high-Q EIT modes. (a) The reflection spectra with various refractive index perturbation Δn. (b) Mode distributions of mode-A and mode-B marked in (a). Here the 1-μm-diameter refractive index perturbation are located along cavity boundary at θ=0, 2π/3, and 4π/3, respectively. In the main manuscript, we have mainly used EIT modes to detect tiny temperature change and nanoparticles. To confirm the EIT modes in WCM resonator, we use a 2D FEM modal to simulate the reflection spectra and the resonant modes as a function of local refractive index perturbation Δn. As mentioned in the main manuscript, we have employed three 1-μm-diameter circle perturbation along the cavity boundary at θ=0, π/3, and 2π/3, respectively. Here, we set R = 5 μm, neff = 2.8246, and w = 550 nm. 
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All the results are summarized in Figure S9. With the variation of 
Δn, we can see that two modes gradually approach one another. When two modes overlap, a sharp peak can be clearly seen. Figure S9 (b) show the corresponding mode distribution of high-Q and low-Q modes marked in Fig. S9 (a). The high-Q factor makes WCM sensitive to the environment variation. 
8. Nanoparticles transfer to WCM resonator 

 Fig. S10 Nanoparticle transfer process to WCM sensor. 

 Fig. S11 (a) The microscope images of the 3 detected particles. Number 1-3 corresponds to the transfer order. (b) The detailed SEM images of the labelled nanoparticles in (a). We use a pick-and-place method to transfer the detected nanoparticle to a WCM. Figure S10 shows the transfer process. A tapered fiber is manipulated by 3D control platform and used to pick up a nanoparticle. Then the particle is placed onto the cavity and pushed to adhere on the boundary. By measuring the resonant wavelength difference, single nanoparticle sensing has been demonstrated. Then, we use the above method to successively transfer 3 nanoparticles on the cavity (in Fig. 5(d) of the main manuscript), where number 1-3 corresponds to the transfer order. At position-1, the nanoparticle is attached on the cavity sidewall. At position-2, the particle is on top surface of the cavity, which is about 200 nm away from the boundary. And at position-3, the particle is about 220 nm away from the cavity sidewall. The SEM images in Fig. S11 (b) show the details of the labelled nanoparticles, which are about 500 nm in diameter. The three bonding events are confirmed with the one-by-one resonant wavelength shift in reflection spectra (shown in Fig. 5(d)). 
9. Fabrication of high quality WCMs without electron-
beam lithography 

 Figure S12: The schematic picture of fabrication process of high quality WCM with shadow mask method. As mentioned in the manuscript, the size parameters of WCMs are all above 500 nm. As a result, it is possible to fabricate high quality WCMs with standard method instead of electron-beam lithography. Here we take the shadow mask method as an example to illustrate this possibility. In principle, the surface roughness plays an essential role in high quality microdisks and microrings. In this experiment, we utilize the silica microtoroid as a mask to fabricate high quality microdisk. Due to the reflow process, the surface of silica microtoroid is atomically flat. As illustrated in Figure S12, by using the anisotropic etching, the surface roughness of microtoroid can be perfectly inherited by the silica microdisk. To generate the WCM, a tapered fiber has been used to form the waveguide. An example of top-down fabricated WCM is shown in Figure 13(a). Figure S13 (b) shows the high resolution SEM image near the cavity boundary. It is easy to see that the morphology of tapered fiber and microtoroid is well replicated in silicon. Even though the scale bar is as small as 100 nm, no obvious boundary roughness can be observed. The granular roughness both on the silicon and silica surface is the deposited Au film, which is used to enhance the sample conductivity for clear SEM images. Therefore, it is easy for us to know that high quality WCMs can be simply fabricated without E-beam lithography. This can be an essential step for future applications. 

 Figure S13: The top-view SEM images of high quality silicon WCM. (a) Conventional SEM image. (b) High resolution SEM image. While the scale bar is as small as 100 nm, no cavity roughness can be seen. Note that the grains in (b) are caused by the deposition of Au before the SEM measurement. 
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