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We present an all polymer asymmetric Mach—Zehnder interferometer (AMZI) waveguide sensor based on imprint-
ing bonding and laser polishing method. The fabrication methods are compatible with high accuracy waveguide sensing
structure. The rectangle waveguide structure of this sensor has three sensing surfaces contacting the test media, and its
sensing accuracy can be increased 5 times compared with that of one surface sensing structure. An AMZI device structure
is designed. The single mode condition, the length of the sensing arm, and the length deviation between the sensing arm
and the reference arm are optimized. The length deviation is optimized to be 19.8 um in a refractive index range between
1.470 and 1.545. We fabricate the AMZI waveguide by lithography and wet etching method. The imprinting bonding and
laser polishing method is proposed and investigated. The insertion loss is between —80.36 dB and —10.63 dB. The average
and linear sensitivity are 768.1 dB/RIU and 548.95 dB/RIU, respectively. And the average and linear detection resolution
of the sensor are 1.30x 10~ RIU (RIU: refractive index unit) and 1.82x 10~ RIU, respectively. This sensor has a fast and
cost-effective fabrication process which can be used in the cases of requiring portability and disposability.
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1. Introduction

Optical waveguide devices are commonly utilized

in modern sensing technology. They possess anti-
electromagnetic interference, simple structure, sensor minia-
turization, and multi-channel synchronous detection, making
them well-suited to multiple application environments such as
seismic exploration, environmental pollution, and medical di-
agnostics. Optical waveguide sensors can be divided by their
material into inorganic waveguide sensor and polymer waveg-
uide sensor categories. The inorganic waveguide sensors are
highly sensitive due to their inherently high refractive index
deviations, while polymer waveguide sensors have the advan-
tages of low cost, and easy modification as necessary; they are
also very useful in sensing applications that require portability
and disposability.[!]

Polymer optical waveguide sensors have several
main structures such as surface plasma resonance (SPR)
structures,!>%! grating structures,!”-8! micro-ring structures,
and MZI structures. The SPR structure comprises a com-
mercial chemical detection system based on prism-coupling
technology. It is disadvantaged by its sensitivity to tempera-
ture and test medium composition; its gold film also causes
optical loss. The grating period of the grating structure is very
short: on the order of only several hundred nanometers, but it

comes with stringent fabrication process and spectral analysis
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requirements. Longer grating periods are sensitive to temper-
ature and external stress.[°~!!] The radius of the micro-ring
structure is several tens of micrometers, i.e., it is attractive in
the sense of sensor miniaturization. The optical signal res-
onance phenomenon increases the equivalent contact length
of the waveguide and test medium significantly to ensure
sufficient sensitivity. It is challenging that high-precision fab-
rication process is necessary to control the coupling distance
between the micro-ring and straight waveguide, however. ']
Further, the micro-ring can lead to additional bending loss.
One branch waveguide serves as a sensing arm in the MZI
structure while a second branch is used as a reference arm.
By removing the upper cladding layer of the waveguide from
the sensing arm, the evanescent field of the light wave in the
core layer can be forced to contact the test medium.!'3! The
test medium has a fluctuating refractive index which influ-
ences the phase of optical fields between sensing and refer-
ence arms. The phase shift causes the output optical power
to fluctuate as well. The MZI structure is cost-effective and
easily fabricated; it does not require spectral detection and can
realize simultaneous multi-channel detection. !4

The MZI structure requires that the sensing window be
etched, followed by a careful process to align the waveguide
with lithography mask of the microfluidic layer. The AMZI
structure, a subclass of MZI structures, does not require the

alignment or etching processes. The microfluidic channel
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is integrated onto the waveguide in the AMZI sensor. Be-
cause the sensitivity is proportional to the length deviation of
waveguide branch, the length deviation can be introduced in
Y branches or MZI arms. Compared with the MZI sensor, the
AMZI sensor has low sensitivity, due to the length deviation
of Y branches. And longer length deviation means greater sen-
sitivity.

In the last decade, MZI waveguide sensor has made
In 2008, the MZI waveguide chemical sen-
sor with inverted ridge structure was presented by Shew et

much progress.

al.!">) They detected the antigen concentration by combin-
ing covalent bond with antibody as the sensitive layer of the
waveguide. The sensitivity of the sensor was 10~ 2g/ml. In
2011, Bruck et al. produced an inverted ridge MZI waveg-
uide sensor on the SiO; substrate, and the detection accuracy
of streptavidin could reached 0.1 pg/ml.!'%1 In 2012, Wang et
al. presented an improved sensing window with three sensing
surfaces, whose sensitivity could be enhanced by a factor of
2.8 in theory.!'”) In 2014, Ozhikandathil and Packirisamy!'8]
made a multiple Y-branch MZI waveguide sensor with mi-
crofluidic layer. This sensor was used for detecting the fluo-
rophore tagged recombinant bovine somatotropin, and the de-
tection limit of fluorophore tagged recombinant bovine soma-
totropin was 120 ng/ml. In the inorganic waveguide sensing
area, different kinds of waveguide structures were widely used
in the sensing area. In the polymer waveguide sensing area, the
three-sensing surface waveguide was rarely reported, because
the integration of polymer waveguides and microfluidic chan-
nels are usually integrated by spin-coating and plasma treat-
ment method. Spin coating would cover the waveguide, and
the plasma etching method would add additional process and
increase the surface roughness of the waveguide which would
reduce the waveguide sensor properties.!'* In addition, the
end face treatment of the integration device of the waveguide
and the microfluidic channels is another problem. Because the
thickness values of the waveguide and microfluidic channel in-
tegrated devices are usually larger than the blade depth of the
dicing saw. And the polishing parameters of waveguide mate-
rial and microfluidic channel material are usually incompatible
with each other.

In this study, an integration method of polymer rectan-
gle waveguide and polymer microfluidic channels is proposed
to create an all-polymer, rectangular AMZI waveguide with
three smooth surfaces. Instead of plasma treatment bonding
and dicing saw cutting, the imprinting method and laser cut-
ting method are introduced. The device has a higher sensi-
tivity than the polymer inverted ridge structure or polymer
rectangular waveguide structure with a single sensing sur-
face, and it can be fabricated quickly from low-cost material
(poly-methyl-methacrylate, PMMA), making it a promising
approach to new devices that are highly portable and dispos-
able.

2. Design and optimization
2.1. Material selection and single mode condition

SU-8 (Microchem Co., USA) polymer photoresist mate-
rial and the PMMA (poly-methyl-methacrylate) are selected as
the waveguide material due to the processability and smooth
surface of SU-8 and the low cost and adjustable refractive in-
dex of PMMA. [19:20]

The sensitivities of waveguides with different materials
matched are discussed. When PMMA is used as the substrate
and cladding material, SU-8 or high index PMMA can be se-
lected as the core material. The effective refractive index of
the waveguide is calculated using the effective refractive in-
dex method to compare the sensitivities of these two core ma-
terials. The wavelength of the optical field is 1550 nm. As
shown in Fig. 1, curves A (TEO mode) and B (TMO mode) are
the ratio of dNegr/dn. (Negr is the effective refractive index,
nc is the refractive index of the test medium) when SU-8 (re-
fractive index n=1.571) serves as the core layer and PMMA
(n = 1.495) is used as the substrate layer. The size of the core
is 2 pum %2 pm. C (TEO mode) and D (TMO mode) are the ratio
of dNeff/dn. when PMMA (n=1.495) is used as the core layer
and PMMA (n = 1.483) serves as the substrate layer. The size
of the core is 2 pmx2 pm. Under single-mode condition, E
(TEO mode) and F (TMO mode) are the ratio of dNeff/dnc
when PMMA (n=1.495) serves as the core layer and PMMA
(n = 1.483) is used as the substrate layer. The size of the core
is 5 umx35 pm. The sensitivity increases as dNeg/dn. in-
creases. Large variation in refractive index between the core
and the cladding enables higher sensing accuracy, so a waveg-
uide with SU-8 as the core facilitates higher sensitivity than
the waveguide with PMMA as the core.

The SU-8 2002 (n = 1.571) serves as the core material
in the AMZI sensor. The PMMA (n = 1.495) is used as the
substrate and micro reservoir material. The effective index
method is used to investigate the single-mode transmission
conditions of the SU-8 rectangular waveguide with an opti-
cal field wavelength of 1550 nm. As shown in Eq. (1), kg is
the vacuum wave number, N; is the effective refractive index
of the rectangular waveguide, nj—n4 are the refractive indice
of four regions in Marcatili’s method, and b is the thickness of
core layer. As shown in Fig. 2, Ej,, is the electric field of E,,,,
mode along the Y direction. Single-mode transmission can be
achieved when the core layer height and width are both 2 pum.
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Fig. 1. (color online) Schematics of cross section of waveguide (a) when SU-8 (n = 1.571) serves as the core layer and PMMA (n = 1.495)
is used as the substrate layer, (b) when PMMA (n = 1.495) serves as the core layer and PMMA (n = 1.483) is used as the substrate layer, (c)
when PMMA (n = 1.495) serves as the core layer and PMMA (n = 1.483) is used as the substrate layer; (d) variations of dNegr/dne with n.
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Fig. 2. (color online) Plots of effective refractive index versus SU-8
core layer thickness.

2.2. Waveguide contact method

In the AMZI sensor, it is assumed that ¢q is the input
optical field amplitude and @y is the optical field angular fre-
quency, and ¢; is the phase shift introduced by the 3-dB beam
splitter. The optical field is divided into two beams through

the Y branches, which are expressed as follows:

@(f)z%exmworfci), (i=1,2), @

where 6 and 6, represent the phase shifts, which are intro-

duced by the sensing arm and reference arm, respectively. The

output optical field intensity is

Jou =190 = Peos? { J262- L) + (62 80 .

In an ideal situation,

5 14cos(6,—6;) » 14 cos(AB)

Tou = o S22 — g2 SRR

2n
A

where Nggr is the effective refractive index, AL is the length

AO = 62 — 91 = x AL % Neff. (5)

deviation of two branches, and A is the light wavelength
(A = 1550 nm).
The sensitivity of the waveguide sensor can be expressed

_ Olow |’ mAL . (2mAL \ ONe
“ane a0 ) e ©

where S is the sensitivity of the sensor and 7. is the refractive

as

S

index of the test medium.

Assume that Negr, Negrp, and Negrs are the effective refrac-
tive indices of the rectangular waveguide structure with one
sensing surface contacting the test medium, the rectangular
waveguide structure with three sensing surfaces contacting the
test medium, and the inverted ridge waveguide structure re-
spectively. The curves of Negr1, Negr2, and Negr3 are obtained
as shown in Fig. 3. The proposed three-surface structure has a
considerably higher sensing sensitivity which is 5.5 and 5.24
times those of the other two structures, respectively.

2.3. Asymmetric Mach-Zehnder interferometer (AMZI)
design
According to the waveguide we designed, an AMZI struc-
ture is optimized due to its alignment-free property. Length
deviation is introduced in the straight waveguide branch of the
AMZI to improve its sensitivity. Compared with the length
deviation of an AMZI structure in which the length deviation

is introduced in Y branches, the length deviation introduced

124215-3
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in the straight waveguide branch is unlimited. It is necessary,
however, to ensure that for the length deviation introduced in

monotonically in the sensing range. Excessive length devia-
tion will increase the size of the device and its transmission

the straight waveguide branch, the output optical power varies  loss.
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Fig. 3. (color online) Relationshis between N and n, for (a) rectangular waveguide structure with one surface contacting the test medium, (b) optimization
rectangular waveguide structure with three surfaces contacting the test medium, (c) inverted ridge waveguide structure. (d) Schematic diagram of cross
section of rectangular waveguide structure with one surface contacting the test media. (e) Schematic diagram of cross section of rectangular waveguide
structure which has three surfaces contacting the test medium. (f) Schematic diagram of cross section of inverted ridge waveguide structure.

1.0 different values of length deviation L are shown in Fig. 4.
o The largest slope of the curve is situated at the effective re-
'é 0.8 fractive index. In a fixed sensing range, the L is determined
% 0.6 by the monotonicity and variation of output power. Output
= power variations determine the optimal value of L. As shown
;5; 0.4 in Fig. 4, the curve slopes are largest at the values of n. in a
g range of 1.470-1.545.
£ 0.2 We also explore an optical power measurement system
with the output optical power varying in a range of —70 dB—

0 I
1.35

145 150 155 0 dB. In a range of 10 um-20 pm, the variation of output
ne optical power reaches its maximum value, when L = 19.8 um
in the range of 1.470-1.545. As shown in Fig. 5, the curve of
normalized output optical intensity increases monotonically in

the range of 1.470-1.545. The structure can be designed in the

1.40

Fig. 4. (color online) Relationships between normalized output optical
intensity and refractive index of n. at different values of length devia-
tion L.

The curves of normalized output optical intensity with ~ same manner in other sensing ranges.
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Fig. 5. (color online) (a) Simulated optical field when AL is 19.8 um. (b) Normalized output optical intensity curve of sensor when
AL is 19.8 pm.
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The relationship between output optical power and nor-
malized output optical intensity is

Output = 10 x log(Iout /fin)- @)

Because the low bending loss of cosine curve,!?!! the cosine
and straight type of lines are introduced in the two arms of the
MZ structure. The cosine function is

¥ = acos <’§j) (8)

where a and b are the parameters, x is the direction of light
propagation in the waveguide, and y is perpendicular to x.
When length deviation L is 19.8 um, a = 126.8, b = 4000.

3. Fabrication and measurement

The fabrication process is as follows. The SU-8 2002
is spin-coated on the PMMA substrate (the thermal softening
temperature of the PMMA substrate is 115 °C) at a speed of
3000 r/min and pre baked at 65 °C for 10 min, and 90 °C for
20 min. Then the SU-8 is exposed to ultraviolet rays (ABM
Co. Inc., USA) at a wavelength of 360 nm for 7 s and baked at
65 °C for 10 min and 90 °C for 20 min. The SU-8 is developed
for 3 s in SU-8 developer and isopropanol. Then the waveg-
uide is post-baked at 65 °C for 10 min and 90 °C for 20 min.
The SEM photo of SU-8 waveguide core layer on PMMA sub-
strate is shown in Fig. 6. The photo of the lithography mask of
the AMZI waveguide is shown in Fig. 7.

The micro-reservoir layer is made on PMMA cladding
chip (the thermal softening temperature of the PMMA
cladding chip is 105 °C) by using CO; laser engraver (the cut-
ting speed of the CO; laser engraver is 100 mm/s, the power is
25 W).[22 The micro reservoir is a rectangular groove struc-
ture on the PMMA chip. There are two holes on the micro
reservoir. The micro-reservoir layer and the substrate layer
are bonded by the nano-imprinting lithography (the bonding
temperature at 110 °C, the imprinting pressure at 2 kg/cm?,

the imprinting time for 4 min). The packaging process has no
effect on the surface structure of the SU-8 waveguide due to
the high thermal softening temperature of SU-8. The end face
of the bonded device is cut by the CO; laser engraver (the cut-
ting speed of the CO; laser engraver is 15 mm/s, the power
is 30 W). The fabrication and packaging process are shown in
Fig. 8.

The schematic diagram and the photo of the AMZI rect-
angular waveguide sensor test system are shown in Fig. 9. The
liquid flows from the input tube to the micro-reservoir, and
flows through the output tube to the waste liquid bottle by the
peristaltic pump (BT100-1L, Longer Precision Pump Co. Ltd.,
UK). Before and after the measurement, the deionized water
is pumped into the micro-reservoir to clean it. The input op-
tical signal is generated by the tunable laser (TSL-510, San-
tec, Co., JPN @1550 nm) and coupled into the sensor by the
single mode fiber. The input optical power is 1| mW. The out-
put signal of sensor is coupled into single mode fiber. The
output optical fiber is connected to an optical power meter
(AQ6317C, ANDO Co., Japan). Optical powermeter collects
data and sends it to computer.

In order to verify the theoretical analysis of the output
power in the range of 1.470-1.545, several different refractive
index sucrose solutions are selected to test the sensor. Ben-
zaldehyde (n; = 1.545) and ethanol (n, = 1.362) are mutu-
ally dissolvable in the mixture. These two kinds of liquids are
mixed at different volume ratios to make mixtures with differ-
ent refractive indices. The refractive index of each mixture is
adjusted according to the following equation:

n?—1 _
n+2

2
ny—1

n%fl
n?+2

n%—l—Z7

1 +c ©
where ¢; and ¢; are volume fractions, and n; and n, are re-
fractive indices of benzaldehyde and ethanol. Relationships
between the refractive index of each mixture and volume frac-

tions are shown in Table 1.

Table 1. Relationship between the refractive index of analyte and volume fraction.

RIn 1.470 1.475 1.480 1.485 1.490 1.495 1.500 1.505

cl 60.6% 63.4% 66.0% 68.7% 71.4% 74.1% 76.7% 79.3%
2 39.4% 36.6% 34.0% 31.3% 28.6% 25.9% 23.3% 20.7%
RIn 1.510 1.515 1.520 1.525 1.530 1.535 1.540 1.545
cl 81.9% 84.5% 87.1% 89.7% 92.3% 94.9% 97.4% 100%
13 18.1% 15.5% 12.9% 10.3% 7.7% 5.1% 2.6% 0%

The insertion losses of the straight waveguide and MZ
device fabricated via thermal bonding and laser polishing are
5.9 dB and 7.1 dB, respectively. And the simulation and ex-
perimental results are shown in Fig. 10. The insertion loss
is between —80.36 dB and —10.63 dB. The variation tenden-

cies of the simulation and experimental results are similar to
each other, indicating that the fading region can be avoided
by the proposed design. The length difference is optimized
by the maximum output power difference between two inter-

val endpoints in a range of 0 um-20 wm, which means the
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largest average slop of the curve. The slope of the linear re-
gion (1.495-1.545) is 548.95 dB/RIU and the average slope of
the curve is 768.1 dB/RIU in the range of 1.470-1.545. The
resolution of the optical power meter is 0.001 dB. The aver-
age and linear detection resolution are 1.30x10~® RIU and
1.820% 1073 RIU, respectively.

5/30/2016
WD 18.8mm 10:12:13]

mmmm=  1um SKOEL
2.00kV LEI SEM

Fig. 6. SEM of SU-8 waveguide core layer with 2 umx2 pm dimen-
sions.
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Fig. 7. Photo of the lithography mask of the AMZI waveguide.
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Fig. 8. (color online) Fabrication and packaging process of AMZI rect-
angular waveguide sensor.
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Fig. 9. (color online) Schematic diagram and photo of AMZI rectangular waveguide sensor test system.
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Fig. 10. (color online) Experimental and linear fit output power curve
of the sensor with AL being 19.8 pum.

4. Conclusions and perspectives

In this paper, we present an all polymer AMZI waveguide
sensor by the high efficiency and low cost imprinting bonding
and laser polishing method. The waveguide of this sensor has
three sensing surfaces contacting the test medium to increase
the sensitivity. The length deviations between the sensing arm
and the reference arm are optimized. When the length devia-
tion is 19.8 um, the average sensitivity is 768.1 dB/RIU in a
sensing range of 1.470-1.545 and the average detection res-
olution is 1.3x107% RIU. This length deviation can reduce
the size and transmission loss. Because of the fast and low
fabrication process and the high sensitivity waveguide sensing
structure, this waveguide sensor has advantages in the case re-
quiring portability and disposability. In the following research,
this sensor would be surface modified.
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