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when the water was replaced by lemon juice, demonstrating the increased refractive index
change. The contribution of the mode radius can be ignored because the change was small in
comparison with the radius (110 pm) of the microcavity. The alternate and repeated lasing
spectra were recorded as statistical results of the standard deviations of the lasing wavelength
shifts, as shown in Fig. 7(b). The insets show the error ranges of lasing wavelength shifts
corresponding to both liquid environments. Considering the linear relationship between the
bulk refractive index and resonance wavelength shift, which has been demonstrated before
[36, 37], by linear fitting the lasing wavelength shifts of both environments, the BRIS was
estimated to be 75 nm/RIU. Compared to the BRIS of QDs-embedded PS microsphere-based
sensor [26], which is two times higher than that of our device, the refractive index and
distribution of organic dye is not enough to move the confinement of the mode energy closer
to the surface of a micro-ring resonator. Meanwhile, the thicker SU-8 core layer polymer
suppressed the radiation of the mode. In order to further improve the BRIS of laser-based
refractive index sensor, the polymer core-layer with low refractive index could be spin-coated
to enhance the interaction between the mode and solution needed to measure due to the large
energy leakage. The minimum detectable refractive index change (DL) can be estimated to be
4 x 10~* RIU, which is limited by the wavelength pitch between two adjacent CCD pixels in
the system. The realization of the SU-8 polymer micro-ring laser-based refractive index
sensor with a micrometer-sized footprint thereby demonstrates its feasibility in remote
environmental, chemical, bio-chemical, and biological sensing.
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Fig. 7. (a) Lasing spectra of the R6G-doped SU-8 polymer micro-ring laser in water and lemon
juice. (b) The inset depicts the lasing peak shifts as a linear function of refractive index change.

In order to demonstrate the versatility and reusability of our micro-ring cavity platform,
the R6G-doped SU-8 polymer was removed and R6G-doped TZ-001 polymer was deposited
on the same micro-ring host. TZ-001 polymer with refractive index of 1.78 is an exotic
polymeric material that has not been extensively investigated. Moreover, TZ-001 micro-lasers
with user-defined edge profiles can be mass-produced rapidly and economically by ink-jet
printing technique [38], a promising technology to generate a large quantity of micro-laser
sensors to the market. The R6G-doped TZ-001 polymer layer with thickness of approximately
0.5 um thus was spin-coated on the micro-ring resonator host to demonstrate its detection
capability for surrounding environmental media.

Figure 4(b) shows the lasing spectral characteristics of R6G-doped TZ-001 polymer laser-
based refractive index sensor under an aqueous environment. The FWHM was measured to be
0.054 nm, and the corresponding Q-factor was calculated to be 1.1 x 10%. Compared to the
case of SU-8, the decreased Q-factor was mainly attributed to the larger scattering loss and
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absorption loss of TZ-001 polymer laser. The FSR was estimated to be 0.275 nm, which is
smaller than that of SU-8, due to the higher refractive index of TZ-001 polymer. Considering
the immiscibility between the TZ-001 and water, the 0.5 um-thick TZ-001 polymer layer was
preserved in an agueous environment. The thinner TZ-001 polymer layer in comparison with
SU-8 was fabricated due to the brittle property of thick TZ-001 film.

The lasing threshold was measured to be 15.5 pJ/mm?, which is 1.67 times greater than
the measurement in air, and 6.15 times greater than that of SU-8 in water, as shown in Fig.
5(b). The significantly increased lasing threshold was attributed to the absorption loss caused
by some cracks in the resonator surface. Similarly, the variations of lasing spectra were
collected in a 0 to 270 s time scale to observe photostability of R6G-doped TZ-001 polymer
laser-based refractive index sensor in an aqueous environment and the pump energy intensity
of 96 wJ/mm?. The time interval was 30 s, as shown in Fig. 6(c). The high pump intensity was
used to increase mode visibility, while mode number tended to increase. The zoomed-in
lasing spectra in Fig. 6(d) shows that the SNR of lasing peak gradually decreased with the
increase of sampling time, the position change of lasing peak however was maintained within
less than 0.011 nm. The quick attenuation rate of R6G-doped TZ-001 polymer laser in water
has enforced the use of low-pump intensity to excite the laser.

When the water was replaced by lemon juice, a redshift of 0.047 nm was recorded from
TZ-001 laser-based refractive index sensor, as shown in Fig. 8(a). Compared to SU-8, the
smaller wavelength shift was mainly caused by larger refractive index and lower Q-factor of
cold cavity for the TZ-001. By fitting the wavelength shifts using linear model, the sensitivity
of R6G-doped TZ-001 polymer micro-ring laser-based refractive index sensor was calculated
to be 3 nm/RIU, as shown in Fig. 8(b). The DL was estimated to be 1 x 1072 RIU due to the
limitation of spectrometer resolution (0.03 nm). Compared to the polymer-embedded micro-
capillary laser-based optofluidic refractive index sensor [27], the TZ-001 sensor has
comparable sensitivity and DL. The demonstration of both dye-doped SU-8 and TZ-001 has
exhibited the flexibility, robustness, and ease of use of our sensor platform for remote
refractive index sensing.

1400

TZ-001
— \Water
1350 f—— emon juice

prys = Experiment
— Linear fitting

e i

< 1300 | 3 nm/RIU b
= 0.047 nm °F

£ 00 04 ( 08 )1.2 16
= An (x107ZRIU

& 1250

c

1200

1150

2 2 1 2 2
593.5 594.0 594.5 595.0 595.5 |
Wavelength (nm)

Fig. 8. (a) Lasing spectra of the R6G-doped TZ-001 polymer micro-ring laser in water and
lemon juice. (b) The inset shows the lasing peak shifts as a linear function of refractive index
change.

4. Conclusions

In this paper, we successfully demonstrated the versatility and robustness of the dye-doped
polymer laser-based remote refractive index sensing platform. The simplicity of polymer
deposition process and chemical resistance of patterned fused-silica substrate guaranteed the
reproducibility and reusability of refractive index sensors. The comparisons of lasing spectral
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characteristics show that the R6G-doped SU-8 micro-ring laser operating in the aqueous
environment has narrower line widths and larger FSR than TZ-001. The lasing thresholds of
both micro-scale lasers immersed in the water were measured to be 2.52 puJ/mm? and 15.5
wJ/mm?, respectively. The characterization of lasing spectra of both micro-ring lasers within
the different time intervals verified their reliable photostability as refractive index sensors. By
repeatedly changing between the water and lemon juice, the sensitivity and DL of R6G-doped
SU-8 polymer laser-based refractive index sensor were estimated to be 75 nm/RIU and 4 x
10 RIU, respectively. Similarly, the sensitivity and DL of R6G-doped TZ-001 polymer
laser-based refractive index sensor were estimated to be 3 nm/RIU and 1 x 1072 RIU,
respectively. Therefore, the simple realization of polymer WGM micro-ring lasers-based
refractive index sensors demonstrate their flexibility and potential use in remote
environmental, chemical, bio-chemical, and biological sensing. The choice of the free-space
optics measurement setup demonstrated in our work has paved a way towards realizing true
remote sensing technology [39].
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