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the SU-8 polymer microring laser had good photostability.
Detailed studies in Fig. 6(b) using the lasing peak at 589.12 nm
as the spectral marker exhibited a total spectral shift of less
than 0.011 nm even under an extremely high pump intensity.
Temperature sensing by the R6G-doped solid-state poly-
mer microring laser was achieved by measuring the lasing
peak shift that resulted from the TO and TE effects of the
resonator materials, as explained in the following equation:

ey

where D is the diameter of the polymer microring resonator
and n.r is the effective refractive index of the polymer

Pump intensity (pJ/mm?)

FIG. 6. Lasing spectra collected under
different time intervals for the R6G-
doped (a) SU-8 polymer microring
laser and (c) TZ-001 polymer micror-
ing laser. Expansion of the lasing spec-
tra at approximately 589.12nm for (b)
SU-8 and at approximately 597.9 nm
for (d) TZ-001.

microring resonator. dn.;=dT and %fj—? denote the TO coeffi-
cient and the TE coefficient of the resonator material, respec-
tively. During the experiment, the hot plate temperature was
changed from 31 °C to 43 °C, which covers the physiological
temperature range of 35°C to 42°C. As illustrated in Fig.
7(a), a 0.92nm blue-shift in the lasing peak was observed
when the temperature increased from 39 °C to 43 °C, which
is mainly attributed to the negative TO coefficient of the
polymer SU-8 (~—3.5 x 10~*K~")** because the TE coeffi-
cient of the solid SU-8 material (~10"°K~")* is negligible
compared to the TO coefficient.

By linearly fitting the experimental data, the sensitivity
of the temperature sensor was determined to be 0.2286 nm/°C
[Fig. 7(b)]. Compared to the previous ring resonator-based
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FIG. 7. (a) Lasing spectra of the R6G-doped SU-8 polymer microring laser
at 39°C and 43 °C. (b) The inset depicts the lasing peak shifts as a linear
function of temperature.

temperature sensors,”*w’25 the sensor reported in this work

has a higher temperature sensitivity while avoiding the use of
cumbersome and delicate fiber taper or waveguide coupling
(see Table SI in supplementary material). The sensitivity
of the temperature sensor in our work was significantly
enhanced because the optical mode distribution was largely
confined in the approximately 30 um height of the SU-8 core
layer of the polymer microring resonator. Compared to
the passive silicon ring resonator-based temperature sensor
reported by Kim ez al.,'”” the SU-8 polymer microring laser-
based temperature sensor was three times more sensitive and
its linewidth was twice as narrow. Theoretically, the tempera-
ture resolution could be improved to 6 times that of the sili-
con resonator (i.e., ~1.67 x 1073 °C). However, in practice,
due to the limitation of the spectrometer resolution, the detec-
tion limit of this temperature sensor was estimated to be
approximately 0.13 °C. The realization of the SU-8 polymer
microring laser-based temperature sensor with a micrometer-
sized footprint thereby demonstrates its capability for high-
sensitivity temperature sensing.

As a significant advantage, the chemical robustness of
the fused-silica resonator host platform guarantees its versatil-
ity with functional polymer materials with different refractive
indices. In the design and fabrication of miniaturized polymer
resonator devices, optical polymer materials with high refrac-
tive indices are always selected to create a large contrast in
the refractive index. This is one reason we employed polymer
TZ-001, which has a high refractive index of 1.78, as a gain
carrier. Furthermore, as a hyperbranched polymer, the studies
in this work could advance the knowledge of the physical and
mechanical properties of TZ-001.

Figure 4(b) depicts the lasing spectral characteristics of
an R6G-doped TZ-001 polymer microring laser. The FWHM
is similar to that of SU-8, but the FSR is smaller due to the
higher refractive index of TZ-001. Based on the FSR, the
radius of the R6G-doped TZ-001 polymer microring laser
was estimated to be 110.5 ym, indicating that the TZ-001
layer (0.5 um) was significantly thinner than SU-8 as a result
of the need to deposit the brittle TZ-001 under a higher spin-
speed than SU-8 to avoid potential cracks that may occur
during low-speed deposition.

Similarly, the lasing threshold was measured to be
9.28 uJ/mm” [Fig. 5(b)], which suggests that the TZ-001
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polymer microring laser had a lower Q-factor than SU-8.
This was mainly attributed to the large scattering loss result-
ing from the brittle TZ-001 core layer polymer. The photo-
stability of the lasing spectra was observed at different time
intervals under a pump intensity of 140 ,uJ/mmz [Fig. 6(c)].
Figure 6(d) indicates that a redshift of approximately
0.02 nm occurred from Os to 270 s time intervals. This might
be caused by photobleaching resulting from the large pump
intensity applied.*® The R6G-doped SU-8 polymer microring
laser clearly had better photostability than TZ-001.

Figure 8(a) indicates that the lasing peak blue-shifted by
0.182nm upon increasing the temperature from 39°C to
41°C. The sensitivity of the temperature sensor was deter-
mined to be 0.0858 nm/°C by linear fitting [Fig. 8(b)]. This
value was nearly one-third the sensitivity of SU-8 (see Table
SI, supplementary material). The temperature resolution was
estimated to be 0.35 °C. For TZ-001, the above experimental
results demonstrated its low TO coefficient (physical prop-
erty) and the versatility of our chip-scale sensing platform.

In our work, a high-sensitivity temperature sensor based
on an R6G-doped SU-8 WGMs polymer microring laser has
been developed, and its properties were characterized by a sim-
ple free-space optics measurement setup. To demonstrate the
versatility of our sensing platform and to further understand
the physical and mechanical properties of thehyperbranched
TZ-001 polymer, R6G-doped TZ-001 as an alternative core
layer material was chosen for deposition on the microring
resonator host wafer. Based on the experimental results, the
R6G-doped SU-8 polymer microring laser had a lower lasing
threshold and better photostability compared to TZ-001, which
illustrates the capability of the R6G-doped SU-8 polymer
microring laser to act as a high-performance sensing element.
Lastly, the sensitivities of the temperature sensors of both poly-
mer microring lasers in the range 31-43 °C were determined
to be 228.6 pm/°C and 85.8 pm/°C, respectively, and the tem-
perature resolutions were estimated as 0.13°C and 0.35°C,
respectively.

Several advanced features based on these proof-of-
concept temperature sensors are worthy of further investiga-
tion and development. First, we will incorporate encapsulation
layers to create highly photostable optofluidic microring laser
temperature sensors.>’ In addition, we will incorporate highly
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FIG. 8. (a) Lasing spectra of the R6G-doped TZ-001 polymer microring
laser at 39 °C and 41 °C. (b) The inset shows the lasing peak shifts as a linear
function of temperature.
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reliable photonic waveguides with a high degree of freedom
on the same chip.** Once the compatibility of this sensor
with liquid environments is demonstrated in our future work,
the rapid and simple implementation of these polymer-
coated temperature sensors will further expand their adapt-
ability in temperature sensing applications, particularly in
cellular thermometry.

See supplementary material for the fabrication methods
of polymer microring lasers and the description of free-space
optics measurement setup.
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