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ABSTRACT

The success of ocean observation relies on effective monitoring technologies with increased
functionalities, minimized size, and reduced cost, which can only be achieved through the
development of new technologies. Opto-microfluidics has been increasingly recognized as
powerful technologies to realize miniaturized devices for environmental monitoring, biological
analyses, and chemical syntheses. By combining microfluidics and optics technologies, roomful
laboratory equipment can be integrated into a palm-size chip with merits of versatile
functionalities, compactness, minimized waste, and low cost. These opto-microfluidic systems
are promising for applications in ocean observation.

In this study, opto-microfluidic devices for monitoring salinity and temperature of liquids
are proposed and demonstrated with ultrafast laser fabrication and two-photon polymerization
techniques. By applying femtosecond lasers as powerful tools to achieve laser microfabrication
with unprecedented high precision and quality, a Mach-Zehnder interferometer (MZI) has been
fabricated and integrated into a microchannel as a miniaturized opto-microfluidic system. When
saline solution or sea water is introduced to the microchannel, different phase shifts in the MZI
can be resulted, which allow determination of the salinity and temperature of the solution from
output optical spectra and intensities of the MZI corresponding to different phase shifts. The
sensitivities of salinity and temperature have been found to be 215.744 nm/RIU and 0.519 nm/°C
for the opto-microfluidic systems developed in this study, respectively. The results demonstrate
the practicability of opto-microfluidic devices for real-time salinity and temperature monitoring
of sea water in harsh environment.
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Introduction

Temperature and salinity measurement are important parameters for monitoring ocean currents,
weather, iceberg floating, and oil pollution, which are very important for fishing, ecology,
navigation, and human health. Various mechanical and electronic gauges are fabricated using
different techniques to achieve synchronous parameter measurements. For example, the
conductivity, temperature, and depth sensor (CTD) is a popular electronic instrument to measure
the physical properties of seawater [1]. The huge volume of testing equipment increases the
energy consumption and cost. Optical fiber sensors to simultaneous measure temperature and
salinity of seawater are reported [2-4]. The advantages of flexibility and low fabrication cost
attract significant attention. However, low salinity sensitivity of fiber sensors poses a major
challenge for applications. Therefore, design and fabrication of inexpensive, high-sensitive,
miniaturized, and real-time sensors for oceanographic measurements are the most pressing
demands.
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Opto-microfluidics is a kind of novel diagnostic technique which integrates optical components
and microchannels on a palm-size chip to realize one or several measurements. The significant
advantages of opto-microfluidic sensors are portability, efficiency, sensitivity, versatile
functionalities, compactness, minimized waste, and low cost. Opto-microfluidics has been
increasingly recognized as powerful technologies to realize environmental monitoring, biological
analyses, and chemical syntheses.

In this paper, we report a waveguide-Mach-Zehnder interferometer (MZI) based opto-
microfluidic device for simultaneous monitoring temperature and salinity of seawater. By
applying femtosecond lasers microfabrication in the photoresist material, a Mach-Zehnder
interferometer (MZI) has been fabricated and integrated into a microchannel as a miniaturized
opto-microfluidic system. When saline solution or sea water is introduced to the microchannel,
different phase shifts in the MZI can be induced, which allows determination of the salinity and
temperature of the solution from output spectra and light intensities of the MZI corresponding to
different phase shifts.

Materials and Methods

Figure 1 illustrates a typical microfabrication system with a femtosecond laser which is used in
this study. The Ti: sapphire femtosecond laser with wavelength and repetition rate of 800 nm and
80 MHz, respectively, is focused on a sample by an objective lens (20x 0.46 NA). A variable
attenuator, consisting of a half wave plate and a polarizer, is placed in the path of the beam to control
and continuously adjust the output power of the laser. A shutter triggered by a computer program is
used to control the exposure time of the sample to laser irradiation. A power meter monitors the
change of the laser power in real time through a beam splitter. A glass substrate covered with dried
photoresist material SU-8 (Microchem®) is placed on the XY motion stages. By moving the
translation stages (X, Y, Z directions) programmed by the computer, thereby adjusting the focal
points in 3D, the desired features are fabricated. After exposure by the laser, a development process
is used to wash away any unhardened material with one or more solvents (generally ethanol), leaving
only the created microstructures on the substrate (Figure 2).
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Figure 1 Schematic illustration of a microfabrication system with a femtosecond laser
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Figure 2 Schematic illustration of 3D microfabrication with two-photon polymerization technique

Mach-Zehnder interferometer (MZI) is a device to detect the relative phase shift variation
between two beams which are usually split from a single source. In opto-microfluidic devices, a
MZI structure is typically integrated into an optical waveguide as shown in Figure 3. The signal
is first coupled into the waveguide, and then split into two arms. One arm is a reference arm to
compare the phase difference, and the other arm is used to sense the phase changes due to the
variation of surround environmental parameters such as temperature [5,6], concentration [7,8],
and refractive index [9].

Reference arm

Lightin Ny Light out
d
Microchannel
N2
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Figure 3 Schematic illustration of an opto-microfluidic MZI

The output light intensity can be expressed as follow:
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I =1,+1,+21,1, cos(5p) (1)
where | is the output intensity, 11 and I, are the beam intensities, and Jg is the phase difference of
the two beams.

The phase difference is
_ 27r(n1; n,)d @)
where d is the length of the microchannel, 1 is the light wavelength, ny and n, are the refractive
index of the two paths, respectively.

op

In this design, discontinuous cores are first produced with the photoresist of SU-8 2 (n=1.575 @
1550 nm) by femtosecond laser, then the cladding is exposed with the photoresist of SU-8 3050
(n=1.55 @1550 nm) by UV light. A Polydimethylsiloxane (PDMS) layer with a microchannel
covers the substrate as shown in Figure 4. A taped SMF couples the light into the core. When
beams transmit into the gap from the core, part of light is recoupled into the core, and the other
part is scattered into cladding (Figure 5). If the size of core is smaller than the core diameter of
the single-mode fiber (10.0 m corning® SMF-28e), a SMF is used to collect the light comes out
from the core and the cladding to generate interference. The length of the gap between the cores
is Iy and the sensing arm is d. Figure 5 (b) presents a near field image of the transmission light in
which the bright dot in the middle is the light comes from the core, while the long bright line is
the light comes from the cladding.
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(c) (d)
Figure 4 (a) A photo of a waveguide-MZI based opto-microfluidic chip. (b) A photo of discontinuous cores with a
gap length of 35 pm. (c) Waveguide structure. (d) Cross section of the chip.
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Figure 5 (a) Schematic of MZI with symmetrical core. (b) The near field image of the transmission light.
In this case, the Equation (2) changes to

_ 272'(neff —co " et a1 )d _ 272Aneff d (3)
A A
where nest-co IS the effective RI of the core, nerci is the effective RI of the cladding, Anes is the RI
difference of core and cladding, and d is the length of the chip.
When the phase difference satisfies the condition:

op=2mr 4)
where m is the order of the MZI, the attenuation peak or valley wavelength Am can be expressed
An,d
as: =— 5)
m

Liquids with different RIs can be injected into the microchannel. As a result, the effective
refractive index of the cladding varies accordingly. However, the effective refractive index of the
SU-8 core is hardly affected by the liquid. Therefore, Equation (5) can be shown as:
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L N (Ang d+6ng 1) Ang . d Sng | ong 4 |
noome e m m  m  Ang, d
where Sn, |\ =N 4 —Ny o, dis the length of the chip, and | is the length of the microchannel.

If the environmental temperature of the waveguide rises, both the effective refractive indices of
the cladding (SU-8-3050) mode and the core (SU-8 2) mode change to different extents (net)
due to the fact that SU-8-3050 and the SU-8 2 are made of different solvents. The attenuation
peak wavelength shift oimis:

eff ,n eff ,n

(6)

eff ,n

_ (Aneff T + 5neff T )d Aneff T d _ 5neff T d

) = — = 7
Aot = A = A - - - (7)
where SNy 1 = (% _an )T
' dT core dT cladding
dn/dT is the thermo-optic coefficient of the material.
Therefore, the shift in the peak wavelength can be expressed as:
dn dn dn dn
(AT e ™ AT i’ T e~ T g
5ﬂ,m-|- — core Cladding T — core claading -I- (8)
’ m Aneff T

Results and Discussion

A chip with a gap length of 200 pm is used to simultaneous sense the refractive index and
temperature of the saline solution. The core size is 4.15 pm>3.20 pm, and the cladding size is
9.88 um>125 m. The sensing arm is 24.29 mm and the length of the microchannel is 16.00 mm.
Figure 6 shows the transmission spectrum with salient interference patterns. The chip is first
placed on a small hotplate, and heated gradually. Transmission spectra are recorded and
compared. Figure 7 presents the peak shift (red shift) at different temperatures. The temperature
sensitivity is 0.519 nm/°C. Keeping the temperature of hotplate at 35°C, saline solutions are
infused into the microchannel one by one. Figure 8 shows the dependence of the peak shift on
refractive index /salinity. The salinity sensitivity is -215.744 nm/RIU.
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Figure 6 Transmission spectrum at the room temperature.
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Figure 7 (a) Transmission spectra at different temperatures. (b) Dependence of the peak shift on temperature.
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Figure 8 Dependence of the peak shift on refractive index/salinity.

In the case of simultaneous variations in both temperature and salinity, the total wavelength shift
can be expressed as:

AL =0.519AT —215.744An
where AT is the change of the temperature, and 4n is the change of the refractive index.
In order to prove the validity of the chip, water samples are applied to the chip: melted iceberg
water, pond water, and seawater. Distilled water is first infused into the chip for reference, and
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then water samples are injected into the microchannel. Figure 9 describes the experimental
results. The RI of iceberg is about 1.3347 which is a bit higher than DI water which is caused by
the contamination of the sea water. The RI of the pond is 1.3360. The RI of seawater is about
1.3393. By calculation [10], the salinity is about 32.578%o0 which is reasonable for the seawater.
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Figure 9 Refractive index measurements for different water samples.

Conclusions

In summary, we have successfully designed and fabricated an opto-microfluidic MZI sensor
based on waveguide with discontinuous core. Simultaneous sensing of temperature and
refractive/salinity of salt solutions has been achieved. The temperature and refractive index
sensitivities are 0.159 nm/°C and -215.744 nm/RIU which are much higher than these of fiber
sensors (0.0102 nm/°C and 0.0165 nm/M in Ref.2, 0.029 nm/°C and 0.069 nm/ppt in Ref.4).
Different water samples are tested using this chip with good agreement, which demonstrates the
practicability of opto-microfluidic devices for in situ monitoring salinity and temperature of sea
water with high sensitivities and low cost.
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