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UV-LIGA interferometer biosensor based on the
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Abstract

SU-8 resist was used as a core/cladding waveguide material to fabricate a Mach–Zehnder interferometer (MZI) for biochemical sensing.
The refractive index of the SU-8 resist was fine-tuned with a�n of 0.004 for single-mode transmission. The UV lithography processes of
the SU-8 resist were also optimized to pattern the high resolution (1�m) and high aspect ratio (AR = 6) Y-branch structure of the optical
interferometer. Optical measurements reveal that the SU-8 MZI chip can efficiently transmit the NIR laser (λ = 1310 nm) with a total loss
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ess than 6 dB. When one branch of the MZI is in contact with the analyte, the interfered intensity stabilizes after the soaking tim
min. NaCl solution with a concentration of 10−9 g/l can be detected using the SU-8 MZI chip. In the future, the polymer MZI chip c
ass-produced by molding process (or the LIGA process). The low-cost, label-free, real-time and high-sensitivity MZI chip will ben
pplications related to biological, environmental and industrial detection.
2005 Elsevier B.V. All rights reserved.
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. Introduction

A biosensor is an analytical device that consists of a
iological recognition element and a signal transducer,
hich together relate the concentration of an analyte to a
easurable response. The bioactive component could be
n enzyme, an antibody, a cell, a tissue slice, a receptor
r nuclei acid. The transducer of a biosensor is employed

o convert the biological-recognition step into a signal
hat can be coupled to a microprocessor for control and
easurement[1,2]. Such devices are usually divided into

our categories—electrochemical, optical, piezoelectric
nd calorimetric. Optical biosensors are the most popular
ecause they provide the advantages of high sensitivity,

ast response time, in situ monitoring and the absence of
lectrical interference[3,4]. Among them, the SPR (surface
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plasmon resonator) biosensor is the most popular op
biosensor at present[5,6]. The sensitivity of the SPR
as high as 10−8 g/l, however, the detecting peripherals
the SPR sensor are quite complex and limit its rang
applications. Improving sensitivity is also an endless ta
because it relate to how early a disease is detected.

The optical interferometer is another high-sensitivity
vice, which can be used as a biosensor[7–9]. In a typica
configuration of the Mach–Zehnder interferometer (M
the guiding light is divided into two branches by means
Y-junction. If one branch is functionalized in a way that
alytic molecules can be adsorbed specifically on it, then
guided light in this branch will be phase-shifted by affec
its effective refracting index. A second Y-junction reco
bines the two branches, which then interfere with each o
The MZI thus converts the bio-recognition dependency
an intensity modulation. Due to the combination of inter
ometric detection and relatively long interaction length,
sensitivity of the MZI sensor is reported more than one o
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higher than that of the SPR sensor. The label-free MZI method
also provides a real-time measurement of the biochemical re-
action such as kinetic examinations of the antigen–antibody
reaction. Moreover, the peripheral of the MZI sensor can be
rather simple because the MZI chip itself exhibits very high
functionality.

Silicon oxynitride and silica are commonly used as the
core and cladding materials, which are patterned into the
waveguide structures by repeating deposition and plasma
etching[8]. Accordingly, the process time is long and the
fabrication cost is very high. In this work, an attempt is
made using the SU-8 resist to fabricate an MZI device for
bio/chemical sensing. SU-8 is a negative-tone, chemically
amplified resist that has been extensively used in MEMS ap-
plications[10]. Since the epoxy-based SU-8 resist has good
optical transparence[11], it is then used as the waveguide
materials in various integrated optical systems[12,13]. How-
ever, most of them are fabricated for multimode transmission
or straight single-mode waveguiding. In this work, single-
mode transmission with Y-junction component is required
for a high-sensitivity MZI sensor. The problems both in op-
tical characteristics and micromachining of the SU-8 resist
have to be overcome to meet the requirements for the MZI
sensor. Once the SU-8 MZI device has yielded the expected
performance, it can be mass-produced via polymer mold-
ing, or the so-called UV-LIGA process. The low-cost, high-
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Fig. 1. Simulated fields (a) and transmission efficiency (b) in the MZI chip.
The simulation was done based on the optical parameters designed in this
work.

balancing all the parameters, including the micromachin-
ing capability, the optical property of the polymer materi-
als, the optical coupling efficiency and the detection sensi-
tivity, an MZI device is designed as follows: an NIR laser
with a wavelength of 1310 nm is used as the guiding light.
The thickness and the width of the core are 6�m; the Y-
branch tip is 1�m wide; the �n between the core and
cladding is 0.004; and the interaction length of the MZI is
1 cm. An optical simulation tool of BeamPROP (Rsoft De-
sign Group, Inc., USA) was used to simulate the propagation
and transmission efficiency in the MZI chip. As presented in
Fig. 1, the designed MZI chip can guide the light efficiently
with a theoretical transmission efficiency of only around
0.4 dB. This MZI chip will be realized in the subsequent
steps.

3. Modification of refractive index

The refractive index of the waveguide materials must be
carefully controlled to provide single-mode, high-efficiency
light transmission. In particular, the�n of the core/cladding
materials is only 0.004 in this MZI design, the modulation and
control of the refractive index is very critical. In this work, the
refractive index of the SU-8 resist was accurately measured
u ith
a he
m e
a ade
t U-8
r ange
i time
ensitivity polymer MZI chip will benefit many applicatio
n biological, environmental and industrial detection in
uture.

. MZI design

In an optical waveguide, the light is guided in the core
otal reflection from the core/cladding interface. The m
umber (Nm) inside the waveguide can be calculated to

14]

m =
(

2πa

λ

)2n2
1 − n2

2

2
(1)

herea is the core dimension;l the wavelength;n1 andn2
he refractive indices of the core and cladding. In orde
chieve higher sensitivity of the MZI, a single-mode tra
ission is required. Accordingly, the core dimension (a) and

he�n (n1 − n2) must be small, which then raise difficult
n micromachining and material technology. Meanwhile,
ptical phase change (�φ) resulted from a change in the

ractive index at the waveguide surface can be express
9]:

φ = L
2π

λ

(
∂N

∂nc,eff

)
�nc,eff (2)

hereL is the interaction length;N the effective refractiv
ndex of the propagating mode;�nc,eff the change in the re
ractive index of the cover due to surface reactions. A
sing a prism coupler (Model 2010, Metricon, USA) w
resolution of 0.0005[15]. A quartz prism was used in t
easurement. As shown inFig. 2, the refractive index of th
s-lithographed SU-8 resist is 1.574. An attempt was m

o use UV radiation to alter the refractive index of the S
esist by the UV bleaching effect; however, no notable ch
n refractive index was observed even the UV exposure
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Fig. 2. Refractive index of the SU-8 resist after curing for 3 min at various
temperatures.

was extended. In contrast, the refractive index of the resist
declines consistently as the curing (hard-baking) temperature
increases (Fig. 2). The decreases in refractive index probably
because the molecular weight (M) of the resist increase after
thermal treatment, as indicated by Lorentz–Lorentz equation
[16]:

n2 − 1

n2 + 2
= N

3Mε
ρβ (3)

whereN is the Avogadro’s number,ρ the density,ε the permit-
tivity, andβ the mean polarizability of the molecules, which
is almost constant upon polymerization[16].

Fig. 2 also indicates that the refractive index of the re-
sist is about 1.570 after curing at 200◦C for 3 min. The�n
of the uncured/cured resist is approximately 0.004, meeting
the specification of the designed MZI chip. Optical mea-
surements (Fig. 3) also reveal that the refractive indices
remained constant when the resists were cured at 200◦C
for various times, suggesting that the modification pro-
cess is rather stable. Therefore, the uncured/cured SU-8 re-

F
t

Fig. 4. Transmission efficiency of the MZI chip vs. the tip size of the Y-
branch. The simulated fields at the Y-junction with a tip size of 1�m and
5�m are also presented in the figure.

sist were employed directly as the core/cladding materials
herein.

4. High-resolution UV lithography

In an MZI device, the light is split and recombined by the
Y-branch structure. The major constraint when designing Y-
junction is the transmission losses due to the minimum width
of the gap between the two branching waveguides (Y-branch
tip) limited by photolithography or etching processes[17].
As illustrated inFig. 4, the simulated transmission efficiency
through the MZI chip decreases consistently as the tip size
increases; the signal/noise ratio, or the detection sensitivity
will be degraded in consequence.

Fig. 5(a) presents the top view of the SU-8 Y-branch struc-
ture following conventional lithographic processes. The pat-
terned tip width is around 3.6�m, which is much larger than
the designed value (1�m) of the MZI device. The enlarged tip
results mainly from the Fresnel diffraction in contact print-
ing process, and the maximum diffraction error (MDE) can
be expressed as[18]:

MDE = (1 + 1.5ḡ)
√

λT

2

(
4

√
exp(b)

(
1 + a

4

)
− 1

)
(4)

whereT is the resist thickness; ¯g = g/T andg the gap be-
t n
c dent
p n
c and
t o the
e gher
r

ig. 3. Refractive index of the SU-8 resist after curing at 200◦C for various
imes.
ween mask and resist,a= AT andA the kinetic absorptio
oefficient of the resist, which is related to the time-depen
hotochemical reaction,b= BT andB the natural absorptio
oefficient of the resist matrix. Since the resist material
hickness are given in this work, the resist absorptance t
xposure source has to be minimized for achieving hi
esolution.
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Fig. 5. Optical photographs of the lithographed SU-8 Y-branch tip: (a) before and (b) after removing the high-energy irradiation in the exposure light source.

Fig. 6. SEM photographs of the lithographed SU-8 Y-branch tip. The thickness of the waveguide is around 6�m.

SU-8 resist is conventionally patterned by i-line
(λ = 365 nm) irradiation[10]. The resist is very transparent to
near UV (365–440 nm); however, its absorptance increases
markedly as the wavelength lower than 365 nm. In a con-
ventional Hg-lamp, the irradiating spectrum includes middle
and deep UV other than near UV. The high-energy irradiation,
which is strongly absorbed by the SU-8 resist, will degrade
the lithographic resolution of the SU-8 resist according to Eq.
(3). In this study, two dichromic mirrors were employed to
remove the high-energy photons (λ < 365 nm) from the Hg-
lamp source for achieving higher lithographic resolution. As
illustrated inFig. 5(b), the patterned tip size of the Y-junction
is about 1.2�m—much close to the target dimensions. SEM
photography (Fig. 6) also reveals that the micromachining
quality of the SU-8 Y-branch structure is rather good. The
deviation of the width of the waveguide is less than 0.5�m,
which will lead to a better transmission efficiency of the guid-
ing light.

5. MZI chip fabrication

The MZI chip was fabricated as illustrated inFig. 7, ac-
cording to the resist processes explicated above. First, a 6�m

thick SU-8 resist was spin-coated and floor-exposed on the
silicon wafer substrate. A second layer of SU-8 resist with the
same thickness was UV lithographed to fabricate the waveg-
uide structure with high resolution and high aspect ratio. Af-
ter that, the cladding resist was cured at 200◦C for 3 min,

Fig. 7. Fabrication processes of the SU-8 MZI chip.
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Fig. 8. Interfered intensity against soaking time when one branch of the MZI
is in contact with the NaCl solution (10−6 g/ml).

reducing its refractive index to about 1.570. A third layer
of SU-8 resist was then spin-coated, and floor-exposed as
the core layer of the waveguide. The spin speed was care-
fully controlled to minimize the thickness of the rib of the
core layer. Except for the standard resist processes, no extra
thermal treatment was applied to the core SU-8 layer, so its
refractive index will be around 1.574. Finally, a PDMS sheet
was applied on the top of the rib waveguide as a top cladding
layer. The PDMS cover was also machined to fabricate a
fluidic channel for transporting analyte in the subsequent ex-
periment.

6. Optical measurement

Once the MZI chip was fabricated, a non-polarized NIR
laser with a wavelength of 1310 nm (1 mW) was end-fire cou-
pled into the MZI chip through a single-mode optical fiber.
Using an IR CCD, the guiding light at the two branches and at
the exit of the MZI can be easily observed. Optical measure-
ments show that the total optical loss is about 6 dB, which is
higher than the theoretical loss as discussed previously. The
optical loss is composed of intrinsic and extrinsic loss. The
intrinsic loss is estimated around 4 dB since the absorption
loss of the SU-8 is about 1.36 dB/cm[11] and the waveguide
l lted
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Fig. 9. Interfered intensity of the MZI chip when one branch is soaked in
the NaCl solution at various concentrations.

versus soaking time when one branch of the MZI is in con-
tact with a NaCl solution (10−6 g/ml). In the first 60 s, the
intensity remains unchanged; perhaps, the solution does not
wet the waveguide surface. Thereafter, the intensity elevates
suddenly and saturates at about 250�W when the soaking
time exceeds 300 s. Although the water absorptance of the
epoxy-based SU-8 resist is rather low, it might result in a
background signal in the MZI sensor. We will try to mea-
sure the contribution from the swelling effect. However, the
background signal will be cancelled in the differential mea-
surement (such as MZI sensor) if the swelling is uniform and
stable.

Fig. 9 presents the interfered intensity of the MZI chip
when one branch is soaked in NaCl solutions of different con-
centrations. The data were obtained by averaging the output
intensity over a range of soaking times from 300 to 480 s. The
standard deviation of the measurement is also plotted in the
figure. As indicated inFig. 9, the output intensity increases
with the NaCl concentration (or refractive index), and a very
low NaCl concentration of 10−9 g/l can be detected using
the SU-8 MZI chip. In particular, a gap exists between the
interfered intensity of the DI water and the NaCl solution,
suggesting the potential for chasing higher sensitivity with
the MZI device.

Since the SU-8 MZI device performs well, some future
work will be done to yield the advantages of the polymer
M chip
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b us-
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ength is about 3 cm. The extrinsic loss, which mainly resu
rom optical coupling and waveguide imperfection, proba
ontribute the rest of the optical loss (∼2 dB). However, th
ransmission efficiency of the SU-8 MZI chip is good eno
or subsequent sensor applications.

In this investigation, NaCl solutions with various conc
rations were employed to test the performance of the
ensor. If the SU-8 MZI chip works well, it should detec
iny change in the refractive index of the NaCl solution w
ny of the various concentrations. The laser was end-fire
led into and out of the MZI chip. The interfered intens
as then measured using a photodiode and recorded
omputer.Fig. 8shows a typical curve of interfered intens
ZI sensor. The first task is to mass-produce the MZI
y the UV LIGA process. In fact, a Ni mold has been re
ated by electroforming from the SU-8 master. Prelimin
esults (Fig. 10) also show that the fine Y-branch struct
an be fabricated by micro hot embossing. The resolu
nd dimensions of the molded waveguide structure mee
pecification of the design but the surface quality mus
urther improved. Additionally, the bio-molecular probe w
e immobilized on the surface of the polymer waveguide

ng AAc (acrylic acid) as the linking layer[19]. The grating
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Fig. 10. SEM photographs of the (a) electroformed and (b) hot-embossed Y-branch microstructure.

or prism coupling will also be used to improve the coupling
efficiency of the MZI sensor.

7. Summaries

The negative-tone, epoxy-based SU-8 resist was used to
fabricate an MZI device for biochemical sensing. In order
to achieve higher detection sensitivity, a single-mode trans-
mission of the guiding light in the MZI chip is required. In
consequence, the waveguide dimension and the differential
of the core/cladding materials (�n) must be small, which
then raise difficulty in micromachining and material tech-
nology. In this study, the refractive index of the SU-8 resist
was stably controlled with a�n of 0.004 so that the un-
cured/cured resist could be used directly as the core/cladding
layer of the optical waveguide. The lithography processes
were also optimized to pattern the Y-branch structure with
high resolution (1�m) and high aspect ratio (AR = 6). Es-
pecially, two dichromic mirrors were employed to remove
the high-energy irradiation (λ < 365 nm) from the Hg-lamp
source for reducing the diffraction error and then achieving
higher lithographic resolution. Optical measurement results
show that the SU-8 MZI chip can efficiently transmit the NIR
laser (λ = 1310 nm). When one branch of the MZI is in con-
tact with the analyte, the interfered intensity stabilizes when
t tion
w he
S ill
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a hly
e
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dustrial Technology Research Institute at Taiwan for their
technical supporting on optical measurement of the materi-
als and the devices.
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