Generation of low-threshold optofluidic lasers in a stable

Fabry-Pérot microcavity

Tingting Zhang, Chunhua Zhou, WenjieWang" and Jingdong Chen

Key Lab of Advanced Transducers and Intelligent Control System of Ministry of Education,

Taiyuan University of Technology, 79 Yingze Street, Taiyuan 030024, P. R. China

“wangwenjie@tyut.edu.cn

Abstract

We present the generation of optofluidic lasers in a Fabry-Pérot (FP) microcavity with low pumping
threshold. The FP microcavity is constructed with one micro-concave mirror and another planar mirror
facing each other to form a stable cavity. The two mirrors are coated with dielectric layers with
reflectivity >99.9%. Laser behaviors are tested with gain medium, Rhodamine 6G (R6G), dissolved in
ethanol and ion water, respectively; a lowest pumping threshold as small as 0.13 pJ/mm? is achieved in
the ethanol solution, corresponding to a theoretically calculated quality value Qo about 4x10°.
Meanwhile experimental results demonstrates that the lowest concentration of dye medium that can

emit laser signal in the FP microcavity is 3 uM.
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1. Introduction

Through the integration of microfluidics and optics, the field of optofluidics has emerged,
which has shown large potential for optical devices and has already enabled a broad optical
toolbox for lab-on-a-chip system[1]. Optofluidic dye lasers, as one of the promising
technology, are of particular interest because of their dynamically tunable emission
spectrum[2], various integrations with microfluidics, and great potential of applications in
bio- and chemical sensing[3]. Various optical cavities have been explored for laser resonating,
such as Fabry-Pérot (FP) cavity[4-6], distributed feedback grating[7-9], optical ring
resonator[10-12], droplet[13, 14] and 3D optofluidic waveguide combined with FP cavity[15].
Among them, FP cavity has good compatibility with microfluidics, which can function both
as sensing cavity and fluidic channel. Moreover, FP cavity provides bulk interaction of
electromagnetic fields with the gain medium in the whole space, which can, on one side,
improve the detection sensitivity, such as by eliminating the background fluorescence signal
resulting from the un-interacted gain medium with the evanescent filed in optical ring
resonator, meanwhile improve the utilization efficiency of solution and decrease the detection
volume of analyte; on the other hand, enable the whole body detection, which is particularly
useful for cell detection[16]. However, FP cavity usually suffers from tilt loss with light
oscillating at a divergence angle in the cavity and easily escaping out; as for fiber-based FP
cavity, precise alignment process is hard to be realized in microfluidics, thus resulting in low
cavity quality factor (Q) and low laser threshold in optofluidic application[5, 17, 18].
Substantial efforts have been made in micro-fabrication of curved cavity with essential space
confinement of light, such as wet etching method that can fabricate cylindrical and spherical
concave surfaces in silicon[19-21]. CO, laser ablation is another useful technique to create
micro-concave surface at the tip of fibers or on planar fused silica substrates with variable
radius of curvature and surface roughness as small as 0.2 nm, as reported[22-24].

Here, we report the generation of low-threshold optofluidic laser in a FP microcavity
consisting of one planar and one concave mirror. The concave mirror is fabricated using the
method of CO, laser ablation and subsequent dielectric coating. Gain medium, Rhodamine 6G
(R6G), is dissolved in different solutions, with a lowest pumping threshold as small as 0.13
pd/mm? being obtained in the ethanol solution. The corresponding quality value (Q factor) of
the microcavity is estimated to be approximately 4x10°. The lowest concentration of the dye
medium that can emit laser signal in the FP microcavity is 3 uM.

2. Experimental setup

The concave micro-structure was fabricated on the optically polished surface of a fused silica
substrate using an RF-pumped CO, laser[24]. A typical concave structure is shown in Fig. 1(a)
with inset showing the 3D SEM (scanning electron microscopy) image and curve 1
representing the 1D concave profile. The 1D concave profile can be approximated using a



Gaussian function (curve 2) with parameters t (depth), d (effective width where the radius of
curvature along the profile is positive), and r (the minimum radius of curvature of the concave
profile). Curve 3 depicts the distribution of radius of curvature along the concave profile with
a minimum value r located at the bottom of the concave structure. Thus concave profile near
the bottom can be approximated using a circular distribution with radius r, as shown in curve
4; correspondingly the 3D concave structure can be approximately treated as an spherical
structure with radius r along the bottom of the structure. In the experiment, typical parameter
range of the micro-concave structures are t (8~13 um), d (85~105 um), and r (150~400 um).
An atomic force microscopy was used to investigate the surface roughness of the concave
structure, where an average surface roughness rms (root mean square) of 2.5 nm over an area
of 4 um? can be achieved, indicating that low roughness surface is obtained using CO, laser
ablation in our experiment. Subsequent dielectric coating with maximum reflectivity > 99.9%
at center wavelength 600 nm was layered on the fused silica substrates with concave
structures and those with planar surface only; such high reflectivity of the mirrors guarantees
high finesse of the FP microcavity.
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Fig 1. (a) A concave micro-structure. Inset: 3D SEM (scanning electron microscopy) image; curve 1:
experimentally measured 1D concave profile; curve 2: Gaussian fit of the concave profile; curve 3:
radius of curvature of the concave profile; curve 4: circular fit of the concave profile with radius r. d is
the effective width where the radius of curvature along the concave profile is positive. (b) Schematic
depict of the FP microcavity and microfluidic channel. L is the cavity length. (c) Experimental setup for
optofluidic laser generation in the FP microcavity.

The FP microcavity is constructed with one planar and one concave mirror facing each
other using a copper of thickness 30 um as the spacer, as schematically illustrated in Fig. 1(b).
L is the cavity length which equals to the thickness of the spacer plus the depth of the concave



mirror. As discussed previously, the concave mirror can be approximately treated as a
spherical mirror with radius r near the bottom, thus when the cavity length L is set to be less
than the minimum radius r of the concave mirror, the titling loss of the cavity will be
minimized and a stable planar-to-concave laser cavity can be constructed, resulting in a stable
laser mode in all dimensions[25]. Based on the above properties of the mirrors and the FP
cavity, high Q factor of the microcavity and low pumping threshold of optofluidic lasers are
expected.

A fluidic channel can be formed simultaneously, as shown in Fig. 1(b), where the solution
of gain medium injected by a syringe pump can flow through at a velocity of 3 mm/s. The
experimental setup for laser generation in the microcavity is depict in Fig. 1(c). A pulsed laser
(532 nm wavelength, 5 ns pulse width, 20 Hz repetition rate) is normally incident into the FP
microcavity through the planar mirror with a focal spot size of 100 um. The pump energy can
be varied using a neutral density attenuator. Dye emission signal in the cavity is collected
from the end of the concave mirror with an optical fiber and then sent to a spectrometer
(Horiba 320).

3. Results and discussion
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Fig 2. Laser spectrum distribution with R6G dissolved in ethanol (a) and ion water (c), respectively, in
a FP microcavity with the corresponding pumping density 0.17 pJ/mm? and 1.3 wJ /mm?, and FSR 3.37
nm and 3.72 nm. (b) and (d) plot the spectrally integrated emission intensity of the resonance laser
signals from 580 nm to 630 nm as a function of the pump density, with the gain medium dissolved in



ethanol and ion water, respectively; correspondingly, the linear fit shows a pumping threshold of 0.13
) /mm? and 0.45 wd /mm?, respectively.

First, the laser behavior of R6G dissolved in ethanol with a concentration of 1 mM was tested.
Fig. 2(a) shows the laser emission spectrum of the FP cavity at pump density of 0.17 pJ/mm?
with resonance peaks centered at A, =597nm. The free spectrum range (FSR) of the cavity in
wavelength is FSR=AA=4 —1,=3.37 nm, corresponding to a cavity length
L =44, /(2nAL) =39 um, close to the nominal spacer's thickness (30 um) plus the concave
depth (9.2 um), provided that the refractive index of the ethanol solution is n=1.362.
Spectrally integrated emission intensity of resonance signals from 580 nm to 630 nm as a
function of the pump density is displayed in Fig. 2(b), where the corresponding linear fit
shows that the lasing threshold in the FP cavity is approximately 0.13 pJ/mm?. The threshold
value is actually pretty low, to our best of acknowledge, among the FP cavities developed now,
and even is comparable with that of the optofluidic optical ring resonators that usually exhibit

very high Q value (>10° and low laser threshold (~ 0.09 wJ/mm?)[10].
The lasing behavior of the cavity system for a given dye concentration can be described

with a parameter y(1), the minimum fraction of the excited molecules,
7(1): O_a(ﬂ*L)(l_F Qabs] (1)

Oe (lL) Qo

where o, and o, represent the absorption and emission cross section, respectively; A, is

the emission wavelength; Q. is the Q factor related to the dye absorption, i.e.,
Qaps =2m/(A4 nro,(4.)), where n and n; denotes the refractive index of the solvent and
the total concentration of dye molecules, respectively. Q, is quality factor of the empty
cavity when the cavity is filled with solvent in the absence of dye, which is determined by the
geometrical loss of the cavity and the absorption loss of the solvent. According to the
three-level model at steady state, y is directly related to the pump threshold 1y, . After a

straightforward derivation, 1, is obtained as
hcAt B(1+C)
= X
O7raa0aldp p  1-BC
where At (5 ns), q(0.9), 7.4 (5 ns), and A, (532 nm) represent the pulse width, quantum

yield, radiative lifetime and pump wavelength, respectively, in our experiment;
B=0o,(4 )/ o.(4) and C=Q,,/Q,. For laser emission in the FP cavity with R6G

dissolved in ethanol solvent, if we take A4, =597 nm, n=1.362, c,(4, )=15x10" cm?
o(4,)=10"° cm? and laser threshold 14, =0.13 pJ/mm?, then the estimated Q, is 4x10°.
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Then, we test the laser performance of the same cavity with R6G dissolved in the solvent
of ion water. The concentration of R6G is the same as that in ethanol solvent. One typical
spectrum with the pumping density at 1.3 pd/mm?is shown in Fig. 2(c) where the lasing
wavelength is centered at Ay =615nm with FSR=3.72nm. The results indicate that a
red-shift of wavelength about 18 nm occurs in the case of ion water solution. Accordingly, the



dependence of the integrated spectrum intensity on the pump density is plotted in Fig. 2(d),
with a corresponding linear fit showing a laser threshold of 0.45 pJ/mm?. Those results
indicate that a higher loss happens when we exchange the solvent from ethanol to ion water,
thus an more intense pump density is required for lasing; meanwhile the lasing wavelength
will red-shift to the place where the absorption loss of the dye molecular is smaller. The
higher loss will result in a smaller quality factor Q, of the microcavity, which is may due to a
relatively larger absorption loss of the water solvent and smaller refractive index of ion water.
If we take A, =615 nm, n=1.3, o,(4 )=0.5x10" cm? o,(4, )=0.7x10"® cm? then the
estimated quality factor Q is 1.3x10°.
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Fig 3. Intensity dependence of the resonant signals on the wavelengths in ethanol solutions dissolved
with different concentrations of R6G as 1mM, 0.1 mM , 0.01 mM, 5 uM, and 3 pM, respectively.

High Q-value resonance cavities have wide applications in sensing, such as optofluidic
lasing in biological sensing. To explore the minimum concentration of gain medium in
solution that can generate laser emission signal in the FP microcavity, we measured the laser
spectrum of the FP cavity with R6G dissolved in ethanol at different concentrations 1 mM,
0.1 mM, 0.01 mM, 5 uM, 3 uM, as depict in Fig. 3. With the decrease of dye concentrations,
i.e. an increase of Q. , the central wavelength of the emission from 597 nm shifts to 560
nm, which is the wavelength that corresponds to the maximum fluorescence emission (o, ) of
R6G. As discussed in equations (1) and (2), when Q. >>Q,, the laser threshold and
emission wavelength is mainly determined by 1/o,, thus the laser emission will shift
gradually to the shorter wavelength. When we reduce the concentration of R6G in ethanol to 2
uM, the lasing oscillation cannot be motivated, which means that the gain obtained from the
dye medium in the FP cavity cannot compensate for the cavity loss any more. This results is
similar to that in the optofluidic ring resonator where the lowest detectable concentration of
dye molecular is 2 uM[10]. If much lower concentration of gain medium excepted to be
detected, higher Q value of optofluidic cavities has to be pursued.



4. Conclusion

In summary, we have demonstrated the laser generation with low pumping threshold in an FP
microcavity, which is formed by one planar and one concave dielectric-coated mirror. A
threshold value as low as 0.13 pJ/mm? has been observed experimentally, corresponding to an
estimated quality factor Q,of the microcavity 4x10°. The lowest concentration of dye
molecular that can generate laser signal in the FP microcavity is about 3 uM, comparable with
the results in optofluidic ring resonator.
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