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Abstract: We report a simple and low-cost method to fabricate SU-8-based
polymer waveguide devices. The influence of hard-baking temperature on
SU-8 polymer treated with or without UV radiation was investigated in
detail. Based on these properties, the straight type, Y branch type, March-
Zehnder (M-Z) type and 1 x 4 splitter waveguides were successfully
fabricated. And a polymeric thermal-optic (TO) switch with M-Z type
waveguide was aso fabricated by this method. The device exhibits low
power consumption of less than 6.4 mW, fast rise time of about 149.3 us
and fast fall time of about 139.3 ps. The experimental results showed that
this method can bypass the need for complex lithography and provide high
resolution and fine waveguide quality desired for TO switches as well as
other planar lightwave devices.
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1. Introduction

Integrated optics and passive waveguides are increasingly being used in sensors applications
[1-3] and optical telecommunication systems such as switches, amplifiers, wavelength filters,
and splitters [4-6]. In the past two decades, various passive polymer materials have been used
to fabricate waveguide devices for bio-sensing and telecommunication applications because
of their low cost, high thermo-optic coefficients, and simple processing steps. Examples
include polyimide, polymethylmethacrylate (PMMA), polydimethylsiloxane (PDMS) and
epoxy novolak resin [7]. Among various polymer material, SU-8 is a promising candidate for
integrated optics in sensors and telecommunication applications and has been widely used in
polymer waveguide devices [8-11]. Besides being an epoxy-based negative photoresist with
high aspect ratio, good self-leveling capability and dimensional control, polymer SU-8 aso
play a key role in micro-electro-mechanica systems (MEMS), micro-optic-electro-
mechanical systems (MOEMS) and bio-micro-electro-mechanical systems (Bio-MEMS) [12—
14]. Moreover, it exhibits excellent optical properties, such as relative high refractive index
and low loss over a wide wavelength range [10]; thus it is a suitable materia for integrated
optical microcomponents, e.g., waveguide elements [9,15,16].

Single-mode and multi-mode polymer waveguide structures can be readily formed using
standard semiconductor fabrication technology. Several techniques have been reported for the
fabrication of polymer waveguides, including reactive ion etching (RIE), ion-implantation,
ultra-violet (UV) laser beam scanning, and electron-beam lithography [17]. However, these
techniques are high cost and often contain many complicated steps in the fabrication process.
Polymer planar waveguide technology tends out to be a cost effective technology. For the
fabrication of SU-8 waveguides, though the conventional UV photolithography and wet-
etching method can simplify the processing steps, this fabricating process is till relatively
complicated [16,18]. In fact, SU-8 is a photosensitive polymer, and its refractive index is
sensitive to the thermal UV processing parameters. The SU-8 polymeric waveguides can be
fabricated by thermal UV bleaching instead of wet-etching method.

Ong et al. [19,20] has fabricated the SU-8 waveguide by dual-UV exposure lithography
method, they altered refractive index of SU-8 photoresist by changing the preexposure baking

#201768 - $15.00 USD  Received 20 Nov 2013; revised 28 Jan 2014; accepted 4 Feb 2014; published 24 Feb 2014
(C) 2014 OSA 1 March 2014 | Voal. 4, No. 3| DOI:10.1364/OME.4.000509 | OPTICAL MATERIALS EXPRESS 510



time. Different from their work, we alter the refractive index by changing the hard-baking
temperature for the exposed and unexposed film. By this means, the refractive index contrast
can be adjusted with a wide range, and the waveguide fabricating process is relative simpler.
In this work, we bypass the need for complex lithography by utilizing a simple thermal UV
bleaching method to fabricate polymeric channel waveguides with a photosensitive polymer
SU-8. The influence of hard-baking temperature on SU-8 polymer treated with or without UV
bleaching were studied in detail, including the surface morphology and refractive index.
Fourier transform infrared spectroscopy was also introduced to analyze the effect of hard-
baking temperature on SU-8 polymer with or without UV bleaching. Finaly, the straight type,
Y branch type, March-Zehnder (M-Z) type and 1 x 4 splitter waveguides were successfully
fabricate by this method. And a polymeric thermal-optic (TO) switch with M-Z type
waveguide was also fabricated. The device presents a low power consumption and a fast
response time.

2. Experimental
2.1. Material

SU-8 2005 photoresist was used in this study. Example structure of a molecule with eight
epoxy groups as it might be present in the SU-8 2005 resin, and the structure of the monomer
unit is shown in Fig. 1. Each monomer unit has 8 functional groups (epoxy rings), giving the
commercial name of the chemical, the SU-8 [21]. SU-8 2005 has very high optical
transmission for the wavelength range above 360 nm, which makes it ideally suited for
imaging near vertical sidewallsin very thick films.

Fig. 1. The molecular structure of SU-8 monomer unit.
2.2. Thermal UV treatment and sample preparation

The films were prepared to measure the characteristics of SU-8 2005 polymer with or without
thermal UV treating process. The detailed fabrication process of the films is as follows.
Firstly, the SU-8 2005 polymer were spin-coated on the clean silicon substrates and pre-baked
at 65 °C for 15 min, 90 °C for 20 min in oven. Next, some of the coated wafers were exposed
to UV light from a mercury discharge lamp with a peak emission at 365 nm wavelength and
an irradiance of 15 mW/cm? for 15 s, and then the wafers with exposed and unexposed film
were post-baked at 65 °C for 15 min, 95 °C for 20 min. Finally, the wafers with exposed and
unexposed film were hard-baked at 95 °C,120 °C,140 °C, and 170 °C, respectively, for 10
min.
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3. Results and discussion
3.1. Surface morphology

The surface morphology of the sample was firstly examined using an OLY MPUS DSX500
optical microscope. As shown in Fig. 2(a), a group of waveguides could be identified from
the image. The three waveguides revealed the straight, the Y -branch and the middle sections
of the M-Z waveguides, which were induced by thermal UV bleaching method. The inset of
Fig. 2(a) is a magnified figure of the selected M-Z waveguide (in the middle). The surface
profile of the waveguide was also characterized with a CSPM 500 atomic force microscope
(AFM) operated in the contact mode. Figure 2(b) shows a 3D view of the waveguide surface.
The height profile of the white line in Fig. 2(c) shows that the decrease in the thickness of the
patterned areais about 400 nm [Fig. 2(d)].

Fig. 2. Surface morphologies of the sample. (8) Optical microscope image of the M-Z
waveguides, the inset is a magnified figure of the selected M-Z waveguide (in the middle); (b)
3D-AFM image of the waveguide surface; (c) 2D-AFM image of the waveguide surface; (d)
The height profile of the whiteline.

3.2. Refractive index

In the experiment, we also found that the thermal UV treating process not only slightly
reduced the thickness of the SU-8 film, but also changed the refractive index of the polymer.
As the hard-baking temperature increased, a significant change in the refractive index of the
polymer occurred in the exposed and unexposed films. The refractive indices of the films
were measured at 1550 nm wavelength using an M-2000 Ul variable angle incidence
spectroscopic ellipsometer. Figure 3 shows the indices of the exposed and unexposed films as
a function of hard-baking temperature. It is clear that, as the temperature increases, the
material refractive index decreases in the exposed region, while increases in the unexposed
region. This phenomenon can be indicated by the Lorentz-L orentz equation:

n-1 4zN
= , 1
n’+2 3Mepﬂ @)

where N is the Avogadro number, M is the molecular weight of the polymer repeat unit, € is
the permittivity of free space, p isthe density, and £ is the polarizability of the molecules

[19,20]. In the exposed film, with the increasing of hard-baking temperature, the degree of
cross-linking and polymerization become more and more thorough, and molecular weight M
of the polymer is aso increased [17,22]. According to Lorentz-Lorentz equation, the
refractive index n would be decreased. In the unexposed film, the molecular weight M was
almost constant, and the increases in refractive index is mainly due to the increase in the
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density p , which is caused by the further evaporation of the solvent [19,20]. However, In the

whole hard-baking process, the increase of the molecular weight occupies the main position,
so thereis a decrease in the exposed region and an increase in the unexposed region.
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Fig. 3. Curves of refractive indices of the exposed and unexposed films at 1550 nm wavelength
versus the hard-baking temperatures.

Fig. 4. The detailed reaction yielded by exposing and bard-baking the photosensitive polymer
SU-8 2005. (a) Illustration of the UV-induced reaction of SU-8 2005; (b) Illustration of the
temperature-induced reaction of SU-8 2005.

In fact, after pre-baking acids were formed during the UV exposure of the film, and they
catalyze cross-linking and polymerization of the film during the hard-baking process. The
detailed reaction yielded by exposing and hard-baking the photosensitive polymer SU-8 2005
to UV light have been illustrated in Fig. 4. Under catalyzing of the formed acid in the exposed
areas, the SU-8 polymer begin to cross-link and polymerize. Furthermore, with the hard-
baking temperature increasing, the degree of cross-linking and polymerization become more
and more thorough. This reaction can be monitored by IR spectroscopy. IR spectra of the
hard-baked samples with or without UV radiation at different temperature were taken on an
AVATAR 360 FTIR spectrometer in the 450-2150 cm™ interval. As shown in Fig. 5, IR
vibrations of epoxy ring give characteristic peaks at 1250, 830, and 915 cm™. The chain-
terminating group is involved in cross-linking and polymerization process of the polymer, and
its vibrations therefore can reflect the information about the state of the polymer. The peak at
915 cm ™ corresponds to stretching of CH, group on epoxy ring, and its intensity can be used
to reflect the degree of polymerization of the SU-8 polymer [21]. As shown in Fig. 5(a), with
the hard-baking temperature increasing on the exposed films, the intensity of the 915 cm™
peak becomes smaller and smaller and is amost completely absent at 170 °C. The
disappearance of the peak also clearly indicates that a amost thorough cross-linking of the
SU-8 polymer occurs. While the other two characteristic peaks of the epoxy ring, 830 and
1250 cm ™, correspond to symmetric and asymmetric stretching vibrations of C-O-C group in
mono-substituted epoxy rings, respectively. Both peaks remain constant in IR spectrum of the
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SU-8 layer up to much higher temperatures than the 915 cm™ peak [21]. However, with the
hard-baking temperature increasing on the unexposed films, the intensity of the three
characteristic peaks, 1250, 830, and 915 cm™, seem to not change [Fig. 5(b)]. It can be
explained that the SU-8 film can’t cross-link and polymerize without the catalyzing of the
formed acid, which is produced under the UV exposure.

Fig. 5. FTIR spectra of (a) exposed and (b) unexposed SU-8 2005 films at various hard-baking
temperatures.

3.3. Waveguide fabrication and application

Based on the above characteristics, a simple fabrication process was designed for fabricating
the polymeric channel waveguides using SU-8 2005 polymer. The detailed fabrication
process is shown in Fig. 6(a)-6(e). Firstly, SU-8 2005 was spin-coated on a silicon substrate
with a2.5 um of silicon dioxide layer at a spinning rate of 4000 r/min, and pre-baked at 65 °C
for 15 min, 90 °C for 20 min to form a 3 um film. Next, the coated wafer was exposed
through a photomask to UV light from a mercury discharge lamp with a peak emission at 365
nm wavelength and an irradiance of 15 mW/cm? for 15 s and post-baked at 65 °C for 15 min
then 95 °C for 20 min. After that, the sample was hard-baked at 170 °C for 10 min, then the
waveguides will be obtained easily. Finaly, 2 um poly-methyl-methacrylate (PMMA) was
spin-coated on them as the upper-cladding. To measure the waveguides performance, the light
beam (at 1550 nm) produced by a tunable semiconductor laser (TSL-210, Santec) was
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coupled directly into the input port by a standard single mode fiber (SMF), and the output
light beam was collected by alens and coupled into a detector. The near-field patterns can be
observed by an infrared charge-coupled device (CCD) camera and displayed on a video
monitor. A fiber-optic polarization controller was used to adjust the input polarization to TM.
Figure 7 shows the near-field guided-mode patterns of straight type, Y branch type, M-Z type
and 1 x 4 splitter waveguides. At the same time, cut-back measurements at 1550 nm were
made to measure the propagation loss of the waveguides. To increase the accuracy of the
measurement, several waveguides were measured at each length. The 5-um-wide straight
waveguide has a propagation loss of 1.76 dB/cm. And the loss calculated for Y-splits was
also obtained, which was about 0.22 dB/split.

Fig. 6. Fabrication process of waveguide device.

Fig. 7. Near-field guided-mode patterns. (a) straight type; (b) Y branch type; (c) M-Z type; (d)
1 x 4 splitter waveguide at 1550 nm wavelength.

After successfully fabricating the M-Z type waveguides, we evaporated 300-nm-thick
aluminium (Al) layer on top of upper-cladding via thermal evaporation to fabricate polymeric
thermal-optic (TO) switch. Then 8-um-width heating electrodes were patterned by
conventiona photolithography and wet etching method [Fig. 6(f)]. To measure the switch
performance, input power (1 mW@1550 nm) from the SMF was coupled into the switch. The
insertion loss was obtained to be less than 10.5 dB, including the coupling loss, transmission
loss and excess loss. When the driving power is applied on the heating electrode, the relative
output power is shown in Fig. 8. From this figure, we see that the switching power of the
switch was measured to be 6.4 mW, and the extinction ratio is roughly 18.9 dB. The insets of
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Fig. 8 show the near-field guided-mode of the device at 1550 nm wavelength under ON- and
OFF-state, respectively. Using a rectangular wave signal to drive the switch, the dynamical
performance was expressed by the rise and fall times of 149.3 ps and 139.3 ps, respectively,
asshownin Fig. 9.

Fig. 8. Measured curve of output power versus heating power. The insets show the near-field
guided-mode of the device at 1550 nm wavelength under (a) ON-state and (b) OFF-state.

Fig. 9. Switching response of the TO switch on a 0.2 KHz rectangular wave. The upper is the
driving voltage signal, and the lower is the switching response.

As a comparison, Table 1 shows the performances of this hybrid silica/polymer TO switch
and those of other reported all-polymer TO switches [23-25]. It is clear that, compared with
the other three kinds of switches, this fabricated switch possesses acceptable performances,
including both power consumption and response time. The reason can be explained as below.
First, the TO coefficient of the core polymer SU-8 is large, which is helpful to reduce power
consumption. Second, the thickness of the PMMA upper-cladding and silica under-cladding
are optimally decreased to the minimum value, which is helpful for heat releasing from the
heating electrodes to the silicon heat sink and shortening the response time. Moreover, the
silica under-cladding has a relative larger thermal conductivity, which is also useful for heat
releasing from the core to the silicon heat sink.
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Table 1. Comparisons among the perfor mances of this TO switch and those of other
polymer TO switches

References Material Power consumption Risetime Fall time
(mw) (Hs) (Hs)
Ref. 23 Polymer 75 320 400
Ref. 24 Polymer 1.85 300 700
Ref. 25 Polymer 13 459.3 465.5
This paper Polymer/Silica 6.4 149.3 139.3

4, Conclusions

In summary, a simple and low-cost method has been successfully used to fabricate polymer
waveguide devices. The influence of hard-baking on SU-8 polymer have been investigated in
detail by using image analysis, Fourier transform infrared spectroscopy and refractive index
measurement. The films treated with or without UV light showed sensitive to the hard-baking
temperature. With the increasing of hard-baking temperature, a significant change in the
refractive index and surface morphology occurs in the exposed and unexposed films. Based
on these properties, the straight type, Y branch type, M-Z type and 1 x 4 splitter waveguides
were successfully fabricated. And a polymeric TO switch with M-Z type waveguide was also
fabricated by this method. The device exhibits low power consumption of less than 6.4 mW,
fast rise time of about 149.3 ps and fast fall time of about 139.3 ps. The experimental results
showed that this method can bypass the need for complex lithography and therefore reduces
the number of processing steps. This method is also compatible with current silicon
microprocessing techniques and could be implemented into large-scale processing line.
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