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Supplementary Table 1. Lasers based on guiding surface wave modes. 

Gain medium (method) Top-down  
fabrication 

Waveguide mode 
(guiding structure) FWHM Year Ref. 

CdS nanowire 
(CVD) No Hybrid plasmonic 

(CdS-MgF2-Ag film) 0.5 nm 2009 [1] 

InGaN@GaN nanowire 
(plasma-assisted MBE) No 

Hybrid plasmonic 
(GaN-SiO2-Ag film) 0.5 nm 2012 [2] 

GaN nanowire 
(MOCVD) No Hybrid plasmonic 

(GaN-SiO2-Al film) 0.8 nm 2014 [3] 

ZnO nanowire 
(VLS technique) No Hybrid plasmonic 

(ZnO-LiF-Ag film) ~1 nm 2014 [4] 

MAPbI3 nanowire 
(solution growth) No Hybrid plasmonic 

(MAPbI3-MgF2-Ag film) 5.2 nm 2016 [5] 

ZnO nanowire 
(hydrothermal method) 

No Plasmonic 
(ZnO-Al film) 

0.2 nm 2016 [6] 

CdSe nanosquare 
(CVD) No Hybrid plasmonic 

(CdSe-MgF2-Au film) 0.7 nm 2017 [7] 

DCM doped PMMA 
(top-down fabrication) Yes Hybrid plasmonic 

(DCM-Al2O3-Ag film) 1.8 nm 2017 [8] 

GaAs nanowire 
(MBE) No 

Plasmonic 
(GaAs-Au VG channel) ~1 nm 2017 [9] 

CsPbBr3 nanowire 
(CVD) 

No Hybrid plasmonic 
(CsPbBr3-SiO2-Ag film) 

0.7 nm 2018 [10] 

IR-140 doped PMMA 
(top-down fabrication) Yes LRSPPa) 

(IR-140-Ag DFBb) grating) 0.2 nm 2018 [11] 

MAPbI3 microplate 
(solution growth) No Hybrid plasmonic 

(MAPbI3-SiO2-Au film) ~2 nm 2018 [12] 

ZnO waveguide 
(top-down fabrication) Yes 

Plasmonic 
(ZnO-Al layer) 1.4 nm 2018 [13] 

ZnO nanowire 
(hydrothermal method) 

No 
Hybrid plasmonic 

(ZnO-graphene-Al2O3-Ag 
film) 

0.5 nm 2019 [14] 

CsPbBr3 crystals 
(solution growth) No Hybrid plasmonic 

(CsPbBr3-pNE-Au film) 0.2 nm 2021 [15] 

CsPbBr3 quantum dot 
(solution growth) No 

Hybrid plasmonic 
(CsPbBr3-PVP-Ag 

nanowire) 
0.4 nm 2021 [16] 

MAPbBr3 nanowire 
(solution growth) No Hybrid plasmonic 

(MAPbBr3-MgF2-Ag film) ~1 nm 2021 [17] 

R6G doped SU-8 
(top-down fabrication) Yes 

BSW 
(R6G-dielectric multilayer) 0.02 nm 2022 

This 
work 

a) LRSPP, long-range surface plasmon polariton 

b) DFB, distributed feedback  
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Supplementary Table 2. On-chip WGM lasers based on dye-doped polymers. 

Gain medium 
(method) 

Waveguide 
mode 

Guiding structure 
thickness Diameter Threshold Pulse duration 

of pump laser Year Ref. 

BEH-PPV Photonic 
mode NA 100 μm 10 μJ/mm2 10 ns 1998 [18] 

R6G doped 
SU-8 

Photonic 
mode 48 μm 

(trapezoid) 
round-trip 

length 292 μm 
25 μJ/mm2 5 ns 2005 [19] 

R6G doped 
PMMA 

Photonic 
mode 1 μm 40 μm 2.5 μJ/mm2 15 ns 2010 [20] 

PM597 doped 
resist 

Photonic 
mode 1 μm 47 μm 12 μJ/mm2* 5 ns 2011 [21] 

PM597 doped 
PMMA 

Photonic 
mode 

~1 μm 50 μm 0.3 μJ/mm2 20 ns 2015 [22] 

R6G doped 
SU-8 

Photonic 
mode 12 μm 300 μm 0.2 μJ/mm2 10 ns 2015 [23] 

R6G-doped  
TZ-001 

Photonic 
mode 30 μm 220 μm 9.3 μJ/mm2 5 ns 2017 [24] 

R6G doped 
SU-8 

Photonic 
mode 30 μm 220 μm 2.5 μJ/mm2 5 ns 2018 [25] 

R6G doped 
SU-8 

Photonic 
mode 

0.24 μm 
(at the cutoff of the 

photonic mode) 
100 μm 100 μJ/mm2 0.5 ns 2023 

This 
work 

R6G doped 
SU-8 

BSW mode 0.14 μm 100 μm 6.7 μJ/mm2 0.5 ns 2023 This 
work 

*The pumped spot size is assumed to be 50 μm  
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Optical properties of the Rhodamine 6G laser dye 

Supplementary Figure 1 displays the absorbance spectrum of the Rhodamine 6G (R6G) dye in 

ethanol/SU-8 solution having a dye concentration of 0.2 mM and the photoluminescence (PL) 

spectrum of the cured R6G-doped (1 mM) SU-8 polymer layer having a thickness of 520 nm on 

quartz. The peak of absorbance of the R6G dye is located at about 532 nm, and a PL peak is observed 

which is located at approximately 560 nm. The lasing band observed in the R6G-doped SU-8 ring 

lasers is also highlighted, with a roughly centered wavelength of 580 nm. 

 

Supplementary Figure 1. Absorbance spectrum of the R6G dye (0.2 mM) in ethanol/SU-8 solution 

and the PL spectrum of the R6G-doped SU-8 polymer layer on quartz.  
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Design of the dielectric multilayer sustaining the Bloch surface waves (BSWs). 

The dielectric multilayer sustains BSW modes at wavelengths of the lasing band from R6G-doped 

SU-8 ring lasers. In this work, a BSW platform consisting of five pairs of alternating TiO2 (high 

refractive index, n = 2.31) and SiO2 (low refractive index, n = 1.46) layers was designed for the 

wavelength of 580 nm. The layer respective thicknesses d are calculated based on the equation26:  

d = 
λ

4n cos θ
 (S1), 

where λ is the designed wavelength, n the refractive index, and θ the refraction angle of light within 

the TiO2 and SiO2 layers, respectively. According to this equation, the thicknesses of TiO2 and SiO2 

layers are 71 and 154 nm, respectively, which are designed at refraction angle θ of 50° within the 

SiO2 layer (thus, the refraction angle of light within the TiO2 layer is 29°). Supplementary Figure 2 

displays the BSW dispersion diagram of the TiO2/SiO2 multilayer having respective thicknesses of 

71 and 154 nm with a SU-8 layer on the top of the multilayer. The forbidden band of the TiO2/SiO2 

multilayer is displayed, and the wavelength range corresponding to the lasing band of the R6G-

doped SU-8 ring lasers is also indicated. In Supplementary Figure 2, the BSW modes of the 

multilayer with different SU-8 top layers are located in the forbidden band, and, furthermore, all of 

the BSW modes having wavelengths located in the lasing band can be obtained when the thickness 

of the planar SU-8 layer is less than 200 nm. Accordingly, it suggests that the designed dielectric 

multilayer indeed sustains BSW modes for the range of wavelengths of interest. 
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Supplementary Figure 2. The BSW dispersion diagram of the TiO2/SiO2 multilayer with respective 

thicknesses of 71 and 154 nm without (0 nm, blue) and with (100 and 200 nm, red and green, 

respectively) a top SU-8 polymer layer.  
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The effect of the ridge width on the photonic, the hybrid plasmonic, and the BSW mode 

The effect of the ridge width on the optical characteristics of the photonic, the hybrid plasmonic, 

and the BSW mode are also investigated. Supplementary Figures 3a–c display the calculated real 

part (Supplementary Figure 3a) and imaginary part (Supplementary Figure 3b) of the mode effective 

indices (neffective + ikeffective) and the confinement factor (Supplementary Figure 3c) of the guided 

photonic, the hybrid plasmonic, and the BSW mode as a function of the ridge width. Here, the 

thicknesses of the ridge waveguides are set to be 240/140/140 nm, which support photonic/hybrid 

plasmonic/BSW mode, respectively. In Supplementary Figures 3a–c, the neffective, keffective, and the 

confinement factor of these three guided modes all exhibit a weak dependence when the ridge width 

is larger than 1 μm. When the ridge width is further decreased, they demonstrate different behaviors. 

For the photonic mode, a mode cutoff, where the confinement factor drops rapidly, can be observed 

when the ridge is smaller than 700 nm. For the hybrid plasmonic mode, on the other hand, good 

optical confinement over the ridge width is obtained. Furthermore, for the BSW mode, the 

confinement factor starts to decrease rapidly when the ridge width is smaller than 800 nm, and the 

keffective (corresponding to propagation loss) increases from 10−4 to10−3. In Supplementary Figure 3b, 

an important feature worth noticing is revealed: the BSW mode experiences smaller propagation 

loss (keffective) than the hybrid plasmonic mode for a range of the ridge width from 0.5 to 2.5 μm, 

indicating an important advantage of the BSW-based devices for long-range light propagation. 
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Supplementary Figure 3. Optical characteristics of photonic (d = 240 nm), hybrid plasmonic (d = 

140 nm), and BSW (d = 140 nm) modes as a function of the SU-8 polymer ridge width w. (a, b) The 

(a) real part and (b) imaginary part of the mode effective indices (expressed by neffective + ikeffective). 

(c) The confinement factor. The BSW platform comprises five TiO2/SiO2 pairs having respective 

thicknesses of 71 nm/154 nm. 
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Supplementary Figure 4. Cross-sectional SEM image of the dielectric multilayer fabricated on a 

silicon substrate. The dielectric multilayer serving as the BSW platform comprised five pairs of 

alternating TiO2 and SiO2 layers having respective actual thicknesses of 82 and 170 nm.  
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The effect of the ridge oblique sidewall on the optical characteristics of the BSW mode 

Since the R6G-doped SU-8 polymer ridge shows non-vertical sidewalls in SEM and AFM images, 

the effect of the oblique sidewall using mode analysis was investigated. Supplementary Figures 5a 

and 5b show the AFM images of the R6G-doped SU-8 ridges of the BSW ring cavity (d = 136 nm 

and w = 1.5 μm) and photonic ring cavity (d = 240 nm and w = 1.5 μm), respectively, and their 

height profiles are displayed in Supplementary Figure 5c. From the AFM results, the sidewall angle 

of the ridge of the BSW ring cavity is about 16.8°, and that of the photonic ring cavity is about 42°. 

Accordingly, the simulation models are adjusted to investigate the sidewall effect on the optical 

characteristics of the guided modes. 

Supplementary Figures 6a–c display the calculated neffective (Supplementary Figure 6a), keffective 

(Supplementary Figure 6b), and confinement factor (Supplementary Figure 6c) of the BSW mode 

as a function of width with vertical (red line) and non-vertical (blue line) sidewalls. The SU-8 ridge 

thickness is 140 nm. In Supplementary Figures 6a–c, the oblique sidewall has almost no effect on 

the neffective of the BSW mode. In contrast, the keffective and the confinement factor of the BSW modes 

are slightly influenced by the small ridge width. Such an increase in the keffective and decrease in the 

confinement factor suggest that the propagating light tends to leak into the substrate due to less 

optical confinement. However, for a SU-8 polymer ridge having a width larger than 1.5 μm, the 

propagation loss of the BSW mode (keffective < 10–4) is still significantly lower than those of the 

hybrid plasmonic mode (keffective ~5×10–3).  
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Supplementary Figure 5. AFM images of the R6G-doped SU-8 ridges of (a) BSW ring cavity with 

d = 136 nm and w = 1.5 μm and (b) photonic ring cavity with d = 240 nm and w = 1.5 μm. (c) The 

magnified height profile along the solid lines. 

 

Supplementary Figure 6. Optical characteristics of BSW modes as a function of the SU-8 polymer 

ridge width w with vertical (red line) and non-vertical (blue line) sidewalls (d = 136 nm). (a, b) The 

(a) real part and (b) imaginary part of the mode effective indices (expressed by neffective + ikeffective). 

Inset in figure a: the calculated electric field distributions of the BSW modes for d = 136 nm and w 

= 1.5 μm. (c) The confinement factor. The BSW platform comprises five TiO2/SiO2 pairs having 

respective thicknesses of 71 nm/154 nm.  
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Supplementary Figure 7. Schematic representation of the experimental setup for laser performance 

measurement. A nanosecond (ns) pulsed laser having a wavelength of 532 nm was used as the pump 

light. The pump light was focused on the microring cavities using a 20× objective lens with a 

numerical aperture (NA) of 0.45. For laser performance measurements, the ring cavities were 

optically pumped and their emissions collected by the same 20× objective lens. The emitted light 

was then split by a 50:50 beam splitter and either collected into a charge-coupled device (CCD) 

camera using a tube lens for optical image observation or collected using a 10× objective lens and 

guided into the spectrometer using an optical fiber for spectral analysis. For leakage radiation 

microscopic measurements, the leakage radiation from the sample back (substrate side) was also 

collected with an oil immersion objective lens having a numerical aperture of 1.4. A band-pass filter 

with a central wavelength of 580 nm and a full width at half maximum (FWHM) of 10 nm was used 

to only filter out the leakage radiation light from the stimulated process. Then, the leakage radiation 

was transmitted through a tube lens and split by a 50:50 beam splitter. The leakage radiation was 

then either captured by a CCD camera for optical image observation or collected using a convex 

lens to produce a back focal plane (BFP) image on a CCD camera (corresponding to the Fourier 

transform of the direct plane image). By analyzing the BFP image of the BSW lasers, the wave-

vector information (e.g., the effective refractive index) of the lasing mode was then obtained. 
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Supplementary Figure 8. The magnified emission spectra of BSW lasers having (a) d = 136 nm, 

w = 1.5 μm, and D = 50 μm and (b) d = 136 nm, w = 1.5 μm, and D = 30 μm. Note that the 

FWHMs are slightly larger than the spectrometer spectral resolution.  
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Discussion of the group index of the BSW lasers 

The group index ng of the BSW lasers is theoretically calculated from the BSW dispersion diagram 

(Supplementary Figure 9a) and is compared to the experimentally determined value. Here, the BSW 

dispersion was obtained using the mode analysis. The group index is defined as the ratio of the 

velocity of light in vacuum (c) to the group velocity (vg) for the BSW mode. The group velocity vg 

is expressed by: 

vg= 
dω
dk

 (S2), 

which can be directly obtained from the slope of the BSW dispersion. Accordingly, the group index 

ng of the BSW laser is calculated to be 1.83 from the definition ng = c/vg, and this value agrees well 

with the experimentally determined group index of 1.82. 

For comparison purposes, the group index ng of the photonic lasers is also theoretically and 

experimentally investigated. First, the dispersion diagram of the SU-8 polymer ridge on a quartz 

substrate is calculated using the mode analysis, as displayed in Supplementary Figure 9a. According 

to the definition, the group index ng of the photonic lasers is estimated to be 1.72. On the other hand, 

to determine the group index ng experimentally, photonic lasers (d = 520 nm) with different 

diameters ranging from 30 to 100 μm were optically pumped, and their lasing mode spacing Δλ 

versus the inverse of the cavity dimension 1/(πD) is plotted in Supplementary Figure 9c. From the 

linear dependence between Δλ and 1/(πD), the group index ng of the photonic lasers is estimated to 

be 1.70 using the theoretical prediction Δλ = λ2/(πDng). Note that this value agrees well with the 

theoretical value, and is different from that of the BSW lasers (Supplementary Figure 9b). According 

to the investigation of the group index, lasing from the BSW lasers shows distinguishable 

characteristics from the photonic lasers, confirming that the lasing action of the BSW lasers is based 

on the stimulated emission of a BSW mode. 
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Supplementary Figure 9. The investigation of group index. (a) The BSW dispersion diagram of 

the TiO2/SiO2 multilayer having respective thicknesses of 82 and 170 nm with a 136-nm-thick top 

SU-8 polymer ridge (with non-vertical sidewall, blue). The dispersion diagram of the SU-8 polymer 

ridge on a quartz substrate (having a thickness of 520 nm and non-vertical sidewall in green) is also 

displayed. (b, c) Mode spacing analysis of the (b) BSW lasers and the (c) photonic lasers (d = 520 

nm) as a function of their cavity dimensions. The mode spacing is inversely proportional to the 

diameter of the ring cavity. 
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Supplementary Figure 10. Measured threshold values of the ring cavities having different 

diameters D on quartz substrate (photonic lasers). (a) Thickness d = 290 nm, (b) d = 310 nm, and 

(c) d = 520 nm for a width w = 1.5 μm. Note that three photonic lasers with thicknesses of 290 nm 

(D = 30 and 50 μm) and 310 nm (D = 30 μm) did not lase.  
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Detailed discussions about the verification of the BSW lasing 

To investigate the complete BSW modes, the modes sustained by the proposed BSW laser structure 

have been comprehensively investigated. In the following simulation results, the BSW laser 

structure geometry was obtained from SEM images of the fabricated devices, which comprises five 

pairs of alternating TiO2 and SiO2 layers having respective thicknesses of 82 and 170 nm (as the 

BSW platform), and a R6G-doped SU-8 ridge having a thickness of 136 nm (as the top guiding 

structure with the oblique sidewall) lying onto the surface of the BSW platform. 

Since the width of the ridge waveguide is greater than or equal to 1.5 μm, the higher-order 

BSW modes indeed exist in the structure and they are investigated using mode analysis. 

Supplementary Figures 11a–c show the calculated real parts (Supplementary Figure 11a) and 

imaginary parts (Supplementary Figure 11b) of the mode effective indices (expressed by neffective + 

ikeffective) and the confinement factor (Supplementary Figure 11c) of the guided zero-order, first-

order, and second-order BSW modes within the R6G-doped SU-8 ridge as a function of the width 

w for a thickness d of 140 nm. Both the neffective and the confinement factor decrease while the keffective 

increases with increasing order of the mode for the BSW mode (for w = 1.5 µm, the keffective of the 

fundamental mode increases by 5 times and 30 times for the first- and second-order modes, 

respectively), implying that the higher-order BSW modes possess less optical confinement and 

higher propagation losses. Therefore, the higher-order BSW modes are too leaky to be sustained as 

the lasing mode, while the fundamental BSW mode should be the natural mode for lasing in the 

BSW lasers. 
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Supplementary Figure 11. Optical characteristics of the higher-order BSW modes as a function 

of the SU-8 polymer ridge width w with non-vertical sidewalls (d = 136 nm). (a, b) The (a) real 

parts and (b) imaginary parts of the mode effective indices (expressed by neffective + ikeffective). (c) 

The confinement factor. (d–f) Calculated electric field norm distributions of the (d) zero-order, (e) 

first-order, and (f) second-order BSW mode for w = 1.5 μm. Here, the BSW platform is set to 

comprise five TiO2/SiO2 pairs having respective thicknesses of 82 nm/170 nm according to SEM 

images.  
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The internal modes are Bloch waves which exist within a periodic multilayer structure27. The 

characteristics of these modes are that their maximum electric field distributions are mainly located 

in the center of the multilayer (Supplementary Figure 12), implying the electric energy of such mode 

is confined at locations far away from the top fluorescent material (R6G-doped SU-8 polymer ridge). 

Thus, the coupling to internal modes is weak in the BSW laser structure. Moreover, the overlap 

between the electric field distribution of the internal modes and the R6G-doped SU-8 polymer (as 

the gain medium in this study) is also very small. Therefore, the optical feedback for such a mode 

is inadequate so the lasing action based on the stimulated emission of an internal mode should not 

be possible in BSW lasers. 

 

Supplementary Figure 12. The calculated one-dimensional electric field distributions for the 

representative internal modes of the BSW platform with a SU-8 polymer thickness of d = 136 nm.  
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Investigation into the BSW lasing mode by leakage radiation microscopy 

The BSW lasing mode was investigated by leakage radiation microscopy28. The sample was firstly 

prepared by depositing a dielectric multilayer (BSW platform) comprising five TiO2/SiO2 pairs 

having respective thicknesses of 82 nm and 170 nm on a 100-μm-thick quartz substrate. Then, R6G-

doped SU-8 polymer ring cavities were fabricated onto the surface of the BSW platform through 

the top-down photolithography described in the Methods section. When the sample was optically 

pumped by the ns pulsed laser using the conventional microscopy configuration (Supplementary 

Figure 7), the leakage radiation from the sample was collected simultaneously with an oil immersion 

objective lens having a numerical aperture (NA) of 1.4. A band-pass filter with a central wavelength 

of 580 nm and a full width at half maximum (FWHM) of 10 nm was placed in the optical path after 

the oil immersion objective lens to filter out the leakage radiation light from the stimulated process 

only. Then, the leakage radiation is transmitted through a tube lens and split by a 50:50 beam splitter. 

On one side of the beam splitter, the leakage radiation was captured by a CCD camera for optical 

image observation. On the other side, a convex lens was used to collect the radiation light to produce 

a back focal plane (BFP) image on a CCD camera (CS505MU, Thorlabs, Inc.), which is the Fourier 

transform of the direct plane image. By analyzing the BFP image of the BSW lasers, the wave-

vector information (e.g., the effective refractive index) of the lasing mode can then be obtained.  

Supplementary Figure 13 shows the BFP images of the BSW laser having a diameter D of 100 

μm (d = 136 nm and w = 2.5 μm) obtained below (Supplementary Figure 13a) and above 

(Supplementary Figure 13b) the lasing threshold. Several rings are observed, and each ring 

corresponds to a leakage radiation mode from the BSW laser. The effective refractive index (neffective) 

of the mode can be expressed by NA in the BFP image and is derived by the relation: 

neffective = NA in the BFP image  = 1.4 × 
Rmode

Redge
 , (S3)  

where Rmode is the radius of the ring, Redge the radius of the edge of the BFP image, which 
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corresponds to the NA of the oil immersion objective lens used in the setup (NA = 1.4). In 

Supplementary Figure 13a, the inner ring (NA = 1.06) corresponds to the BSW mode sustained by 

the bare multilayer (without top R6G-doped SU-8 polymer ridge), and the outer rings should 

correspond to multilayer modes, including the internal modes and the BSW-guided modes within 

the SU-8 ridge waveguide. When the pump energy density increases above the lasing threshold of 

the BSW laser (Supplementary Figure 13b), all of the rings in the BFP image become brighter, and 

a very bright ring is observed with NA ~1.32 to 1.4, which can be attributed to the leakage radiation 

of the lasing emissions. Note that the NA value of the lasing emission agrees well with the calculated 

neffective of the BSW mode (neffective = 1.36, as seen in Supplementary Figure 15c). According to these 

results, the lasing mode of the BSW lasers is confirmed to be indeed the BSW mode. 

 

Supplementary Figure 13. BFP images of the BSW laser having a diameter D of 100 μm (d = 136 

nm and w = 2.5 μm) obtained (a) below and (b) above the lasing threshold using leakage radiation 

microscopy. 
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Supplementary Figure 14. The analysis of the Qleak-surr of the BSW ring cavities at different 

wavelengths. The (a) real part and (b) imaginary part of the mode effective indices at wavelengths 

of 575 (black), 580 (red), and 585 nm (blue). (c) The simulated surrounding losses (defined as Qleak-

surr) of the BSW modes using mode analysis (diameter independent results). The BSW platform 

comprises five TiO2/SiO2 pairs having respective thicknesses of 82 nm/170 nm. Although the Qleak-

surr of the BSW ring cavities exhibits weak wavelength dependence (lower propagation loss for 

shorter wavelength due to higher optical confinement), a strong dependency with the ridge width is 

observed.  
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Supplementary Figure 15. Effect of surface roughness on the mode effective index for different 

ridge widths. (a–c) The calculated electric field norm distributions of the BSW modes (d = 136 nm) 

for (a) w = 1.5 μm, (b) w = 2 μm, and (c) w = 2.5 μm. (d–f) The calculated electric field norm 

distributions of the BSW modes (d = 136 nm) for (d) w = 1.5 μm, (e) w = 2 μm, and (f) w = 2.5 μm 

when surface roughness was introduced (root-mean-square roughness was set to 10 nm, a value 

corresponding to a tradeoff between computing time and mesh size). The BSW platform comprises 

five TiO2/SiO2 pairs having respective thicknesses of 82 nm/170 nm. The real and imaginary parts 

of the mode effective indices (expressed by neffective + ikeffective) are indicated in the figure. The 

simulated increase in keffective due to roughness are 5.1×10–5, 4.8×10–5, and 3×10–6 for the ridge 

widths w of 1.5, 2, and 2.5 μm, respectively. The increased losses are attributed to scattering, and 

the scattering losses become larger with decreasing width of the ridge.   
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Detailed discussions about the Qleak of the BSW ring cavities 

The Qleak of the BSW ring cavities for the ridge with non-vertical sidewalls as a function of width 

for different diameters were simulated, using eigenfrequency analysis for an axisymmetric model, 

and compared the results with the Qleak-surr, as displayed in Supplementary Figures 16a–d. The Qleak 

values are found to be independent of the ridge width for the BSW ring cavities having large widths. 

Once the ridge width decreases such that the value of Qleak-surr is reduced to be comparable to that 

of the Qleak, Qleak starts to decrease with a similar trend than that of the decrease in the Qleak-surr for 

small ridge widths. This behavior can be understood from the simulated electric field norm 

distributions for the WGM resonances of the BSW ring cavities having various diameters and ridge 

widths, as shown in Supplementary Figures 16e–h. For the case that the ridge width is large enough 

(i.e., w = 2.5 μm), the WGM modes in the BSW ring cavities are readily supported by the ring cavity. 

Note that these distributions of the WGM modes are pushed outward in the radial direction, and the 

distribution becomes smaller with decreasing diameter due to the effect of the curvature. When the 

ridge width further decreases from w = 2.5 μm, the WGM modes are still supported by the ring 

cavity and the distributions remain the same. In this case, the Qleak is independent of the ridge width, 

suggesting that the Qleak is evaluated by only considering the WGM mode distribution in the 

eigenfrequency analysis. When the ridge width is decreased until the inward ridge edge becomes 

close to the WGM mode distribution, then the Qleak-surr becomes comparable to the Qleak. A further 

decrease in the ridge width results in a mode distribution with an electric field distribution similar 

to that of a guided BSW mode within a ridge waveguide (see Supplementary Figures 16i and 16j), 

and the Qleak is found to be similar to the Qleak-surr for small ridge widths. According to these results, 

we conclude that the simulated Qleak using eigenfrequency analysis for an axisymmetric model 

corresponds to the Qleak-surr only when the mode distributions are the same, that is, the WGM mode 

distributions as obtained by eigenfrequency analysis become similar to the distributions for the 

mode analysis. 
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Supplementary Figure 16. The detailed investigation of the Qleak of the BSW ring cavities with 

various diameters and ridge widths. The BSW platform comprises five TiO2/SiO2 pairs having 

respective thicknesses of 82 nm/170 nm. (a–d) The comparisons between the simulated Qleak-surr of 

the BSW modes using mode analysis (diameter independent results) and the simulated Qleak of the 

ring laser cavities having diameters of (a) D = 100 μm, (b) D = 75 μm, (c) D = 50 μm, and (d) D = 

30 μm obtained by eigenfrequency analysis for an axisymmetric model. (e–h) The calculated electric 

field norm distributions for the BSW ring laser cavities with (e) D = 100 μm, (f) D = 75 μm, (g) D 
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= 50 μm, and (h) D = 30 μm obtained by eigenfrequency analysis for an axisymmetric model. Left: 

the distributions for the ridge width w = 2.5 μm; middle: the distributions for ridge width at which 

the Qleak-surr is approximately equal to Qleak; right: the distributions for the ridge width w = 1 μm. (i) 

The calculated electric field norm distribution of the BSW mode for d = 136 nm and w = 1 μm using 

mode analysis. (j) The calculated electric field norm distributions of the ring laser cavities (d = 136 

nm, w = 1 μm) for D = 100 μm (left) and D = 30 μm (right), respectively, using eigenfrequency 

analysis for an axisymmetric model. 

 

From the above investigation, it is concluded that Qleak and Qleak-surr give similar results when 

the BSW ring cavities possess the same distribution as simulated in an axisymmetric model 

(eigenfrequency analysis) and straight waveguide model (mode analysis). Thus, we assumed that 

the lateral radiation leakage due to curvature should be almost zero (1/Qleak-curv ≈ 0). To verify this 

assumption, a simulation model combined with effective index method (EIM) and two-dimensional 

(2D) eigenfrequency analysis (COMSOL software) is employed to simulate the Qleak-curv
29, as 

displayed in Supplementary Figures 17a–c. In this model, a 2D structure of a BSW ring cavity is 

divided into two regions, including the BSW platform without (bare, blue) and with (ridge, red) a 

136-nm-thick top SU-8 polymer ridge (Supplementary Figure 17a). The effective indices of these 

two regions are calculated using the mode analysis, as displayed in Supplementary Figure 17b. Note 

that the lateral radiation leakage due to the effect of curvature is only related to the effective 

refractive index (neffective) difference between such two regions. It is also noted that the effect of the 

oblique sidewall has been taken into account in the mode analysis (regarding the Qleak investigation 

for the SU-8 polymer ridge with vertical sidewalls, see Supplementary Figures 17d–f). 

Supplementary Figure 17c shows the simulated Qleak-curv of the BSW ring cavities (d = 136 nm, w = 

1.5 and 2.5 μm) for different diameters. The Qleak-curv values of the BSW ring cavities are relatively 

high (Qleak-curv ≥ 1011), suggesting that the lateral radiation leakage due to curvature can be neglected. 



27 
 

Based on these investigations, the light leakage to the surrounding is indeed a dominant loss for our 

proposed BSW ring cavities. 

 

Supplementary Figure 17. Investigation into the Qleak-curv of the BSW laser ring cavities having 

various diameters. (a, b) Schematic representations of the 2D eigenfrequency analysis for simulating 

the Qleak-curv: (a) top view and (b) cross-sectional view of the simulation model for calculating the 

effective indices for bare (blue in figure a) and ridge (red in figure a) regions. The BSW platform 

comprises five TiO2/SiO2 pairs having respective thicknesses of 82 nm/170 nm. (c) The simulated 

Qleak-curv of the BSW ring laser cavities (d = 136 nm, w = 1.5 and 2.5 μm) having various diameters. 

(d, e) The comparisons between the simulated Qleak-surr of the BSW modes using mode analysis 

(diameter independent results) and the simulated Qleak of the ring laser cavities having diameters of 

(d) D = 100 μm and (e) D = 30 μm obtained by eigenfrequency analysis for an axisymmetric model. 
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Here, the sidewall of the SU-8 polymer ridge width is vertical. (f) The simulated Qleak-curv of the 

BSW ring laser cavities (d = 136 nm, w = 1.5 and 2.5 μm with vertical sidewall) having various 

diameters.  
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Supplementary Figure 18. AFM images of the R6G-doped SU-8 ridge of the ring cavity onto the 

surface of the BSW platform with the corresponding root means square (RMS) roughness: (a) ridge 

width w = 1.5 μm, (b) w = 2 μm, and (c) w = 2.5 μm. RMS roughness was calculated for the indicated 

areas.  
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Investigation of multilayer design for the BSW laser 

From the dispersion diagram of the BSW mode (Supplementary Figure 2), one can assume that the 

BSW mode wavevector will become larger when designing the multilayer for a red-shifted 

forbidden band. Also, a BSW mode in the lasing band could still be sustained within a SU-8 polymer 

ridge waveguide having a smaller thickness by increasing the degree of confinement of the BSW 

mode. To investigate this behavior, we calculated the BSW dispersion diagram of the TiO2/SiO2 

multilayer having the respective thicknesses of 71 nm/154 nm (original design) for a SU-8 layer on 

the multilayer top including the case of a smaller thickness of 100 nm (Supplementary Figure 19a). 

For comparison purposes, the BSW dispersion diagrams for the red-shifted forbidden band with 

different TiO2/SiO2 multilayers (two additional designs with thicknesses of 78 nm/170 nm and 89 

nm/194 nm, which are designed at wavelengths of 640 and 730 nm, respectively, based on the 

equation S1) having a top 100-nm-thick SU-8 layer were also computed (Supplementary Figure 

19b). In Supplementary Figure 19a, a smaller thickness of the SU-8 polymer layer results in less 

optical confinement (as displayed in Figures 1a–c), and the dispersion diagram exhibits smaller 

wavevectors kx. As shown in Supplementary Figure 19b, when the forbidden band of the TiO2/SiO2 

multilayer redshifts, the dispersion of BSW modes red-shift simultaneously, implying larger 

wavevectors kx for the BSW modes in the lasing band (at approximately 580 nm) of the R6G-doped 

SU-8 ring lasers (see inset of Supplementary Figure 19b). To further characterize the optical 

properties of these BSW modes, we calculated (Supplementary Figures 19c–e) using mode analysis 

the mode effective indices, the confinement factors, and the electric field norm distributions of these 

BSW modes sustained within the SU-8 polymer ridge (d = 100 nm, w = 2.5 µm) lying onto the 

surface of different TiO2/SiO2 multilayers. It is found that, when red-shifting the forbidden band of 

the designed multilayer, the neffective increases while the keffective decreases, suggesting a better-

supported BSW mode as expected from the dispersion diagram. However, the confinement factor 

(defined as the ratio between the electric energy in the SU-8 ridge and the total electric energy of 
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the mode) decreases when the forbidden band of the designed multilayer was red-shifted. We 

attribute this behavior to a broadening of the fields in the top SiO2 layer underneath the SU-8 

polymer ridge (see Supplementary Figures 19c–e), which will likely result in decreased optical 

feedback provided for the WGM resonance, especially for small ring diameters resulting in a 

significant curvature effect. 

To clarify possible improvement in the BSW laser design, we investigated the quality factors 

of the BSW ring cavities (d = 100 nm, w = 2.5 μm) for very large diameters by using 2D guiding 

structures (for which the curvature effect is neglected), and a relatively small diameter of D = 30 

μm onto the surface of different BSW platforms. For the case of very large ring diameters, the effect 

of the curvature can be neglected so that the leakage-related quality factor Qleak can be estimated by 

only considering the quality factor Qleak-surr, which is related to the leakage of light to the surrounding 

(Supplementary Figure 19f). For the small diameter, the effect of curvature should be taken into 

account so that the quality factor (Qleak) is evaluated using the eigenfrequency analysis for an 

axisymmetry model (Supplementary Figure 19g). As expected, the Qleak values for the BSW ring 

cavities with large diameters increase with red-shifting the forbidden band of the designed 

multilayer due to smaller keffective. However, the Qleak values for the BSW ring cavities with a small 

diameter show a maximum when the BSW platform consists of five TiO2/SiO2 pairs having 

respective thicknesses of 78 nm/170 nm, which is attributed to a tradeoff between the decrease in 

keffective and confinement factor. In summary, the quality factor of the BSW ring cavity can indeed 

be improved by red-shifting the forbidden band of the multilayer, thus suggesting an improved 

lasing performance even when the thickness of the SU-8 ridge becomes small. 
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Supplementary Figure 19. Investigation into the multilayer design of the BSW laser with a smaller 

thickness of the SU-8 polymer layer. (a) The BSW dispersion diagrams of the TiO2/SiO2 multilayer, 

having respective thicknesses of 71 and 154 nm with a 136-nm-thick (black) and a 100-nm-thick 

(blue) top SU-8 polymer layer. (b) The BSW dispersion diagrams of the TiO2/SiO2 multilayers 

having respective thicknesses of 71 nm/154 nm (blue), 78 nm/170 nm (red), and 89 nm/194 nm 

(green) with a top 100-nm-thick SU-8 layer. The forbidden bands of the TiO2/SiO2 multilayers are 

displayed, and the interested wavelength (580 nm) corresponding to the center of the lasing band in 

the R6G-doped SU-8 ring lasers is also indicated. Inset in figure b: The magnified graph of the 

dispersion diagrams showing larger wavevector kx when designing the multilayer for a red-shifted 

forbidden band. (c–e) The calculated electric field norm distributions of the BSW modes sustained 

within the SU-8 polymer ridge (d = 100 nm, w = 2.5 µm with non-vertical sidewall) onto the surface 
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of TiO2/SiO2 multilayers having respective thicknesses of (c) 71 nm/154 nm, (d) 78 nm/170 nm, 

and (e) 89 nm/194 nm using mode analysis. The real and imaginary part of the mode effective 

indices (expressed by neffective + ikeffective) and confinement factor (CF) are indicated in the figure. (f, 

g) The simulated Qleak of the BSW ring cavities (d = 100 nm, w = 2.5 μm) for (f) very large diameters 

(for which the curvature effect can be neglected) and (g) a small diameter of D = 30 μm onto the 

surface of different multilayer using the eigenfrequency analysis for an axisymmetry model. 

 

In the following, the above strategy was applied to fabricate BSW lasers with improved 

performance. The effect of the multilayer design was investigated on the BSW ring lasers with a 

thickness of 136 nm and improved performance in terms of the lasing threshold for small ring 

diameters was demonstrated. Supplementary Figure 20a shows the calculated BSW dispersion 

diagram of the TiO2/SiO2 multilayers having respective thicknesses of 71 nm/154 nm (original 

design) and 89 nm/194 nm, both with a SU-8 layer thickness of 136 nm. As seen in the previous 

section, the wavevector kx for the BSW modes increases with red-shifting the forbidden band of the 

multilayer, and an increase in neffective and a decrease in keffective are observed (see Supplementary 

Figures 20b, c). Note that the value of the confinement factors slightly decreases, indicating that this 

multilayer design should benefit the BSW ring lasers even for small ring diameters. 

To clarify the possible improvement, the Qleak of the BSW ring cavities (d = 136 nm, w = 2.5 

μm, D = 30 μm) onto the surface of multilayers designed with different forbidden bands were 

calculated using the eigenfrequency analysis for an axisymmetric model, as shown in 

Supplementary Figure 20d. The Qleak value is found to be optimized (Qleak ~16,000) when the 

multilayer consists of five TiO2/SiO2 pairs having respective thicknesses of 89 nm/194 nm. Next, 

the BSW ring cavities having diameters D in the range between 10 to 100 μm (thickness d = 136 

nm, width w = 2.5 μm) were fabricated onto the surface of the improved BSW platform (consisting 

of five pairs of TiO2 and SiO2 layers having respective thicknesses of 89 nm/194 nm). Then the 
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fabricated BSW lasers were optically pumped with a nanosecond laser to examine their lasing 

performances (Supplementary Figure 20e). The measured lasing threshold values of the BSW lasers 

having the large diameters of 50, 75, and 100 μm are approximately the same as the BSW lasers 

onto the original design multilayer (Figure 5a), implying that the lasing thresholds of the revised 

design should be limited by other losses than the leakage-related losses (losses from the effect of 

curvature and propagation) such as the surface scattering losses. Importantly, it is found that the 

lasing threshold value is significantly reduced to 33% of that of the original design for the BSW 

laser with a diameter of 30 μm, which is attributed to the decrease in leakage-related losses. 

Furthermore, the minimum diameter achieving lasing is shrunk to 20 μm (Supplementary Figure 

20e). According to these results, we confirmed that the lasing performance of the BSW lasers could 

be improved using a better design of the BSW platform. 

 

Supplementary Figure 20. Improved lasing performance for the BSW lasers in terms of the 

multilayer design. (a) The BSW dispersion diagrams of the TiO2/SiO2 multilayers having respective 
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thicknesses of 71 nm/154 nm (blue) and 89 nm/194 nm (red), both with a 136-nm-thick top SU-8 

polymer layer. (b, c) The calculated electric field norm distributions of the BSW modes sustained 

within the SU-8 polymer ridge (d = 136 nm, w = 2.5 µm with non-vertical sidewall) onto the surface 

of TiO2/SiO2 multilayers having respective thicknesses of (b) 71 nm/154 nm and (c) 89 nm/194 nm. 

The real and imaginary part of the mode effective indices (expressed by neffective + ikeffective) and 

confinement factor (CF) are indicated in the figure. (d) The simulated Qleak of the BSW ring cavities 

(d = 136 nm, w = 2.5 μm, D = 30 μm) onto the surface of different multilayer using the 

eigenfrequency analysis for an axisymmetry model. (e) The measured lasing threshold values of the 

BSW ring lasers (d = 136 nm, w = 2.5 μm) onto the surface of the original (blue circle) and improved 

(green ring) BSW platforms.  
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Coupling between a BSW ring laser cavity and a waveguide 

To demonstrate the possibility of using the BSW laser for optical integrated circuits, we have 

investigated the coupling between a BSW ring laser cavity and a waveguide using the finite-

difference time-domain (FDTD) technique (COMSOL software). As displayed in Supplementary 

Figures 21a and 21b, the simulation model is set to be composed of a curved waveguide (a fraction 

of the BSW ring laser cavity having a diameter of 30 μm) and a straight waveguide, and the smallest 

distance between them is defined as the coupling gap. A BSW mode is launched from one end of 

the input curved ridge waveguide and propagates along the tangential-direction. Some portion of 

the guiding BSW mode will couple to the adjacent waveguide and then propagates to the end of the 

output ridge waveguide. Then, the coupling efficiency is estimated as the ratio between the power 

at the output ridge and input ridge (Pout/Pin). Supplementary Figure 21c shows the simulated electric 

field norm distribution for the coupling between the SU-8 polymer ring cavity and the ridge 

waveguide, and the coupling efficiency for the BSW laser as a function of the gap is reported in 

Supplementary Figure 21d. The coupling efficiency increases with decreasing the gap, and a value 

of approximately 0.2% is obtained for a gap of 0.050 μm. Note that these results were almost the 

same as those obtained by lunching the BSW mode in the guiding slab and coupling to the SU-8 

polymer ring cavity. In addition, the estimated coupling efficiencies are of the same order than that 

of a structure realizing standard evanescent coupling30, thus suggesting the validity of our simulation 

model. Although the estimated coupling efficiency is relatively low, we believe that more efficient 

couplings between a BSW ring laser and a BSW waveguide can be obtained via improved coupling 

designs such as wrapped waveguide31. Accordingly, the applicability of the proposed BSW lasers in 

integrated optical circuits is established so that future applications of BSW lasers on a chip such as 

optical modulators and logic devices can be realized. 
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Supplementary Figure 21. Investigation into the coupling between a BSW ring laser cavity and a 

BSW guiding slab. (a, b) Schematic representation of the (a) coupling between a BSW ring laser 

cavity and a straight BSW waveguide, and (b) cross-sectional view of the simulation model. The 

width of the SU-8 polymer ridge is 1.5 μm. (c, d) The simulated (c) electric field norm distribution 

for coupling between the BSW ring laser cavity and the waveguide and (d) the estimated coupling 

efficiency as a function of the gap.  
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Photobleaching of the BSW lasers made of R6G-doped SU-8 polymer 

The photobleaching of the BSW lasers is investigated by continuously pumping laser devices and 

collecting their emission intensities. Photobleaching is a common photo-induced degradation for 

dye molecules. When exposed to intense light, the local heating near the dye molecules during 

pumping enables them to receive mobility and then react with the polymer matrix, the impurities 

(e.g., oxygen), or the other dye molecules, resulting in degradation of the fluorescent dyes19. 

Supplementary Figure 22 shows the normalized emission intensity of a BSW laser (D = 100 μm) as 

a function of the number of pump pulses. The emission intensity decreases to half of its initial value 

after approximately 20,000 pulses. Note that this lifetime is of a similar order of magnitude as that 

reported for R6G-doped SU-8 polymer lasers19,32. Although the photobleaching of dye-doped 

polymer restricts the lifetime of the proposed BSW laser, the fabrication method is simple, cheap, 

and rapid, making it suitable for large production. Furthermore, the photobleaching can be reduced 

by operating the laser at low temperature33, working under an inert atmosphere33 , or filling the free 

volume in the polymer host with additives (such as diphenyl thiourea34) could improve the 

photostability of such BSW lasers and make them more favorable in long-term applications. It is 

also noted that the R6G-doped SU-8 polymer was chosen as the gain medium in this study to provide 

a proof of concept for the BSW laser. We believe that the applicability of the proposed BSW laser 

can be drastically extended by employing an inorganic gain medium (e.g., Er-doped Si and GaN) so 

that the biosensing applications of the BSW lasers will be made possible.  
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Supplementary Figure 22. The normalized emission intensity of the BSW laser as a function of 

the number of pump pulses. The diameter of the BSW laser was 100 μm and the pump energy density 

10.9 μJ/mm2.  
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Environmental sensitivity investigation of the BSW lasers 

Before investigating the environmental sensitivity of the BSW lasers, we first investigated the 

interaction between the SU-8 polymer and toluene vapor using a quartz crystal microbalance (QCM) 

35 detection system to clarify the sensing mechanism for the SU-8 polymer. The well-known 

detection mechanism of QCMs relies on the shift of the resonance frequency of a quartz crystal 

resonator (QCR) upon deposition of a thin film on one of the sides of the quartz crystal. Transversal 

oscillation modes (e.g., breathing modes) are used to reduce interaction with the atmosphere just 

above the quartz crystal and thus realize a high-quality factor of resonance that enables high 

sensitivity to the thickness of deposited layers onto the quartz crystal. 

An R6G-doped SU-8 polymer layer was deposited onto the surface of a QCR with a nominal 

resonance frequency of 5 MHz (CRTM-1000, ULVAC). To ensure that the properties of the SU-8 

polymer layer are nearly identical to those of the BSW lasers, the same fabrication process was 

employed as for the BSW lasers, except for the presence of the photomask. Also, a bare QCR 

without a SU-8 polymer layer was prepared for comparison purposes. The QCRs were then 

subjected to toluene vapor by inserting them into a beaker containing liquid drops of toluene (the 

QCRs are not immersed in toluene and the beaker is sealed to reach saturated toluene vapor) and 

their resonance frequencies were monitored and converted to a change in thickness using the 

parameters for a carbon layer. Supplementary Figure 23a displays the observed change in the 

thickness of the QCRs without and with the SU-8 polymer layer when exposed to toluene vapor. In 

the presence of toluene vapor, the estimated thickness of the SU-8 polymer-coated QCR increased 

to approximately 35 Å within 300 s. In contrast, the thickness on the bare QCM remained the same. 

This result confirms that the SU-8 polymer interacts with toluene vapor. This interaction shown in 

Supplementary Figure 23a could be related to the condensation and sorption of toluene on the 

surface and/or diffusion of toluene molecules into the SU-8 polymer (swelling). Because a change 

in the thickness is not observed on the bare QCR (negligible condensation and sorption on the metal 
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surface of the bare QCR) and the relatively large change in the estimated thickness of the SU-8 

polymer recovers (complete recovery is not reached due to the limited testing time) when the SU-8 

polymer-coated QCR is removed from the toluene vapor, we infer that both sorption of toluene 

vapor and sorption followed by swelling should be the possible contributions when SU-8 polymer 

is exposed to toluene vapor. 

To fully rule out any effect of condensation on the SU-8 polymer, the QCM system was 

connected to a water chiller that was used to control the temperature of the QCRs (the temperature 

was set to 12°C). The temperature-controlled QCRs were then exposed to toluene vapor to observe 

the condensation of toluene gas molecules onto the surface of the QCRs, as shown in Supplementary 

Figure 23b. Here, the experiment was conducted in a glove box with low humidity (relative humidity 

of 20%) to avoid the condensation of the water vapor. In Supplementary Figure 23b, the QCR 

sample with the SU-8 polymer layer shows a response to toluene vapor at the initial stage (room 

temperature). After turning on the cooling system, the estimated thickness of the QCR with the SU-

8 polymer layer still increases at a constant rate and saturates to approximately 10 Å in 350 s, and 

then a sudden increase occurs at about 630 s. Because this sudden increase was not observed for the 

QCR with the SU-8 polymer layer in the absence of toluene vapor at a low temperature (see inset 

of Supplementary Figure 23b), we attribute this response to the condensation of the toluene gas 

molecules (we could also confirm condensation of toluene on the bare QCR). It is noted that the low 

increase rate at the initial stage should correspond to the sorption of toluene vapor or sorption 

followed by swelling of the SU-8 polymer. According to these results, we could confirm that the 

sensing mechanism of the proposed BSW lasers should be related to the effect of sorption or sorption 

followed by swelling of the SU-8 polymer ridge. 
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Supplementary Figure 23. The change in the thicknesses of QCRs without (bare QCR in red) and 

with a SU-8 polymer coating (SU-8 polymer coated QCR in blue) in response to toluene vapor. (a) 

Responses to toluene and recoveries at room temperature. (b) Response to toluene when the 

temperature of the QCR is controlled (note the slow increase rate attributed to sorption of toluene 

vapor or sorption followed by swelling, and the fast rate attributed to condensation). Inset: the full 

response of QCRs with a SU-8 polymer coating in the absence (red) and presence (blue) of toluene 

vapor. 

 

The environmental sensitivity of the proposed BSW lasers is then investigated by monitoring 

the lasing wavelength in the presence of toluene vapor. The experimental details are described as 

follows. First, the BSW laser sample was placed inside a chamber connected to a cylinder with its 

gas valve closed. A droplet of 50 μL toluene was added inside that cylinder beforehand. After 

optically pumping the BSW laser sample, the system was maintained with the valve closed for 60 

min to obtain saturated vapor of toluene, and then the BSW laser sample was optically pumped 

again to check the stability of the structure. Next, the gas valve was opened so that the saturated 

vapor of toluene started to diffuse into the chamber. Once the toluene molecules reached the BSW 

laser, they could just sorb onto the surface or sorb and then diffuse into the R6G-doped SU-8 

polymer ridge and thereby swelled the structure. Then, the emission spectra of the BSW laser as a 

function of time were collected for studying the sensitivity of the BSW lasers (Figure 6b). 
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Because the sensing mechanism of the proposed BSW lasers should be related to the sorption 

of toluene vapor or sorption followed by swelling of the SU-8 polymer ridge, both the sorption and 

the swelling effect are theoretically investigated. For the sorption effect, it is assumed that a toluene 

layer (n = 1.50) is deposited onto the surface of the SU-8 polymer ridge. On the other hand, for the 

swelling effect, the increase in both the ridge size and refractive index of the SU-8 polymer ridge is 

assumed. Supplementary Figure 24a displays the simulated wavelength shifts of the BSW ring lasers 

with an additionally deposited toluene layer (n = 1.50, considering only the sorption of toluene vapor) 

onto the surface of the SU-8 polymer ridge. For comparison purposes, the simulated wavelength 

shifts of the photonic laser (d = 520 nm) with a toluene layer are also displayed (Supplementary 

Figure 24b). Supplementary Figures 24c,d display the simulated wavelength shifts of the BSW ring 

lasers with respect to the increase in the ridge size (with constant refractive index) and the increase 

in the refractive index of SU-8 polymer ridge (with constant ridge size), respectively. Again for 

comparison purposes, the simulated wavelength shifts of the photonic laser (d = 520 nm) with 

respect to the increase in the ridge size (with constant refractive index) are also displayed 

(Supplementary Figure 24e). In these investigations, the eigenfrequency analysis for an 

axisymmetric model was utilized. It is found that when the toluene layer is deposited onto the surface 

(sorption) and the ridge size or refractive index of the SU-8 polymer increases (swelling), the 

resonant wavelength of the BSW ring laser red-shifts linearly. Because the refractive index of the 

deposited toluene layer is close to that of the SU-8 polymer, both the sorption and swelling effect 

(considering the increase in the ridge size Δa, as displayed in Supplementary Figure 24c) exhibit 

similar wavelength shifts for the BSW ring lasers. The deposition of the toluene layer of 0.14 nm 

(Supplementary Figure 24a) and the increase in the ridge size of 0.1 nm (Supplementary Figure 24c) 

or a change in the refractive index of 0.00023 (Supplementary Figure 24d) corresponds to a 0.05 

nm wavelength shift, which is of the same order as the observed wavelength shift in Figure 6b. 

Regarding the investigation of the swelling effect, it should be noted that the simulated values for 

the changes that can explain the lasing shifts are of the same order than those measured for the 
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swelling of non-baked SU-8 polymer36. It is also worth mentioning that the increase in the ridge 

thickness contributes 97% of the wavelength shift, whereas the change in the ridge width contributes 

only 3%, thus indicating a high sensitivity of the BSW mode due to its evanescent nature. Note that 

when the deposition of the toluene layer or the ridge size increases, the resonant wavelength of the 

photonic laser red-shifts linearly, but the amount of the wavelength shifts is just 12 % compared to 

that of the BSW laser. According to these investigations, we conclude that, although it is difficult to 

distinguish between the sensing mechanisms including the sorption of toluene vapor and the 

sorption followed by the swelling effect of the SU-8 polymer, a high sensitivity for the BSW lasers 

could still be obtained. 
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Supplementary Figure 24. The simulated wavelength shifts of (a) the BSW ring lasers and (b) the 

photonic ring lasers (d = 520 nm) with additionally deposited toluene layer (n = 1.50, considering 

only the sorption of toluene vapor) onto the surface of the SU-8 polymer ridge. (c, d) The simulated 

wavelength shifts of the BSW ring lasers with respect to (c) the increase in ridge size Δa and (d) the 

increase in refractive index Δn (assuming the absorption of toluene vapor without a change in size), 

simulated separately. (e) The simulated wavelength shifts of the photonic ring lasers (d = 520 nm) 

with respect to the increase in ridge size Δa. The ring diameter for both BSW laser and photonic 

laser is 100 μm. The BSW platform comprises five TiO2/SiO2 pairs having respective thicknesses 

of 82 nm/170 nm. 
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