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ABSTRACT A long-period waveguide grating (LPWG) was
demonstrated in a low-loss negative tone UV-sensitive epoxy
novolak resin polymer. The grating structure was fabricated on
top of the waveguide using a standard UV lithography process,
and no other subsequent process is required after the develop-
ment step. It is shown that with an appropriate design of the
structure a transmission peak at the desired wavelength can be
achieved. The LPWG exhibits an attenuation of −18 dB using
a grating length of 17 mm. The temperature sensitivity of the
LPWG is linear and is found to be ∼ 0.89 nm/◦C. A red shift
of the transmission peak wavelength was also observed and is
discussed.
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1 Introduction

Long-period gratings (LPGs) in optical fibers are
useful and versatile devices. Gain equalizers for broad-band
amplifiers [1] and band-rejection filters [2], and optical fiber
polarizers [3], have been demonstrated, as well as sensors
for strain, temperature [4, 5], and refractive index [6]. UV ir-
radiation is required to create an absorption defect due to the
photosensitivity of the fiber, resulting in the generation of
modulation gratings inside the fiber core. Because the fiber
is normally round in shape and made of silica, the struc-
tural flexibility of the final device is limited. To circumvent
the geometry and material constraints of an optical fiber,
long-period gratings have been implemented in planar opti-
cal waveguides recently [7], and LPGs can be fabricated in
different shapes with different waveguide materials.

Polymeric optical waveguides are attractive for telecom-
munication applications, because of their simple processing
steps and low production costs compared to silica-based mate-
rials. Polymer materials can be molecularly engineered [8, 9]
and fine tuning of the optical properties is possible. Also,
polymer waveguide devices can be integrated with other opti-
cal components on the same substrate to form new functional
planar lightwave circuits.
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The key requirements imposed on the polymer materi-
als are low losses, good processability, good adhesion to the
substrate, environmental stability, and long-term thermal sta-
bility. For these reasons, a negative tone epoxy novolak resin
(ENR) polymer (formally named NANOTM SU8 2000) from
MicroChem Corp. was chosen. ENR polymer is sensitive to
UV exposure, and no other subsequent process is required
after the development step. Other properties of ENR [10],
such as high refractive index (∼ 1.57 at 1.55 µm), large hard-
ness (∼ 0.3–0.6 G Pa), and high glass-transition temperature
(Tg > 200 ◦C) for fully cross linking make it attractive for
waveguide applications.

The long-period waveguide grating (LPWG) transmission
spectrum can be tailored [7]. However, the grating structures
were fabricated in the substrate by etching through a UV-
defined photoresist mask. This method involves many pro-
cessing steps and can lead to a long fabrication. In this work,
we report using a standard UV exposure technique to fabri-
cate the long-period gratings in a planar polymer waveguide.
A UV-sensitive polymer material with a high refractive index
is used as both the waveguide and grating layers. Double ex-
posure was used and no etching step is required; hence the
processing time is reduced. A chrome-plated amplitude mask
with designated patterns was used to define the channel width
and the grating periodicity. The performances of the LPWGs
were investigated as well as their temperature dependence.

2 Device fabrication

Figure 1 shows the schematic diagram of the fabri-
cation procedures for the polymeric LPWG devices. Negative
tone epoxy novolak resin polymer ∼ 2.5-µm thick was first
spun on thermally oxidized silicon wafers as the waveguide
layer, and a pre-exposure bake time of 5 min at 90 ◦C was ap-
plied to the samples. Channel stripe patterns were fabricated
in the waveguide layer by a standard UV lithography pro-
cess. After exposure through the photomask the samples were
developed for 15 s in propyleneglycol-monomethylether-
acetate (PGMEA) and then rinsed in fresh PGMEA again to
form the stripe waveguides. Next, the channel waveguides
were covered with ENR polymer again, and similar pre-
exposure, baking, and UV exposure conditions were used
to form the corrugated grating patterns on the top of the
channel waveguides. Finally, the samples were covered with
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FIGURE 1 Schematic diagram of the LPWG
fabrication procedures

FIGURE 2 SEM image of a 6-µm channel waveguide with grating patterns
on top

FIGURE 3 a SEM image of the cross section of a 6-µm-wide channel
waveguide with grating patterns on top and covered by an over-cladding;
b corresponding schematic diagram

an over-cladding layer of polymethylmethacrylate (PMMA)
with a thickness of ∼ 3 µm in order to protect the gratings, and
buried channel waveguides with long-period periodic struc-
tures on top were obtained. Figure 2 shows a scanning electron
microscopy (SEM) image of the LPWG viewed from the top
without the upper cladding. The channel is 6-µm wide and the
grating pattern appears on top of the waveguide; the peak-to-
peak grating height is ∼ 300 nm. The depth of the grating is
controlled by the spinning speed, and the grating periodicity
is controlled by the designed amplitude mask. Figure 3 shows
both the SEM image and the corresponding schematic dia-
gram of the cross section of the LPWG. It can be seen that the
waveguide cross section has been slightly modified due to the
stress induced by the over-cladding layer.

3 Results and discussion

3.1 Spectral response of LPWG devices

In order to characterize the LPWG device, ei-
ther an erbium-doped fiber amplifier (EDFA) operating
at the ∼ 1.5-µm-wavelength band or a broad-band super-
luminescent light-emitting diode operating at around the
1.3-µm-wavelength band was adopted. Both end faces of the
LPWG were butt coupled to single-mode optical fibers to en-
able light to be launched into and out of the device, and the
transmitted light was recorded using an optical spectrum an-
alyzer (OSA).

A normalized transmission spectrum of the LPWG is de-
picted in Fig. 4. As shown in Fig. 4a, a transmission peak of
∼ −13 dB at 1.5-µm wavelength was observed with a grating
period of 425 µm, corresponding to an attenuation of > 95%.
In Fig. 4b, a transmission peak of ∼ −18 dB at 1.3-µm wave-
length was observed with a grating period of 400 µm, corres-
ponding to an attenuation of > 98%. As shown in Fig. 4a, the
side lobe is ∼ −1.8 dB of the grating, and is prone to noise
resulting from the coupling condition of light into the LPWG
and losses induced by the fabrication process. To circumvent



TANG et al. Long period polymer waveguide grating device with positive temperature sensitivity 97

FIGURE 4 Transmission spectrum of LPWG at a 1.5-µm wavelength and
b 1.3-µm wavelength

this problem, both the coupling condition and the fabrication
process were optimized, and the side lobe can be minimized,
as shown in Fig. 4b. With an appropriate design of the struc-
ture, a transmission peak operating at the desired wavelength
can be achieved.

3.2 Thermal response of LPWG devices

The temperature dependence of the transmission
peak wavelength in a LPWG is due to thermal expansion and
thermo-optic effects. Mode coupling takes place at a peak
wavelength λp given by the phase-matching condition [2]

λp = Λ[Nw(λ)− Nc(λ)] , (1)

where Λ is the grating period and Nw(λ) and Nc(λ) are the ef-
fective indices of the waveguide mode and the cladding mode,
respectively. The value of Nw(λ) depends on the waveguide
and cladding refractive indices, while Nc(λ) depends on the
waveguide, cladding, and surrounding region indices [11]. By
differentiating (1) with respect to temperature (T ), the tem-
perature dependence of the transmission peak wavelength can
be expressed as [4]

dλp

dT
≈ Λ

[
dNw(λ)

dT
− dNc(λ)

dT

]
. (2)

Hence, dλp/dT can either be positive or negative, that is, the
transmission peak can be red shifted or blue shifted.

Application of LPG Temp. sensitivity Wavelength shift Temp. range
dλ/dT (nm/◦C) ∆λ (nm) ∆T (◦C)

LPWG [this work] ∼ 0.89 10.4 12
Gain-flattening filter [16] ∼ 0.46 35 76
Band-rejection filter [17] 0.63 37.8 60
Tunable filter [15] 0.8 50 60
Strain and temp. sensing [4] 0.28 36.4 130 TABLE 1 Comparison between thermal responses of

LPFGs and LPWGs

FIGURE 5 Dependence of LPWG transmission peak wavelength on tem-
perature

The thermal response of the LPWG was also characterized
by heating the sample from 24 ◦C to 36 ◦C with an incremen-
tal step of 0.2-mA current using a temperature-controllable
thermoelectric heater. The accuracy of the temperature meas-
urement is 0.1 ◦C, and it took about 10 min for the sample to
reach the desired temperature in each incremental step. Fig-
ure 5 shows the dependence of transmission peak wavelength
on temperature. The transmission peak wavelength shifts to-
ward longer wavelength as the temperature increases and is
linear, indicating that the thermally induced peak wavelength
exhibits a red-shift performance. A total of ∼ 10.4-nm peak
wavelength shift was obtained for such a small temperature
range, achieving a temperature sensitivity of ∼ 0.89 nm/◦C.
In Table 1, the thermal responses of Long Period Fibre Grat-
ings (LPFGs) and LPWGs are shown. The value for our
LPWG is higher than those reported for LPFGs using stan-
dard telecommunication fiber [5, 14], and is similar to those
reported using special fibers: the fibers were either recoated or
had polymer incorporated [15].

Polymer material generally shows a negative thermo-optic
coefficient. By using a Metricon 2010 prism coupler system,
the thermo-optic coefficients (dn/dT ) of ENR and PMMA
were measured. As shown in Fig. 6a and b, the values are
∼ −1.75 ×10−4 and ∼ −1.0 ×10−4, respectively. The value
for PMMA is very close to the value reported in the liter-
ature [12]. The effective refractive index of the waveguide
Nw(λ) is determined from the waveguide and the cladding
indices nw and nc, which means that Nw changes with nc.
When the cladding has a negligible thermo-optic coefficient,
the change in Nw due to thermally induced refractive-index
change in the cladding is negligible compared to that of the
waveguide. According to (2), a shift in transmission peak
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FIGURE 6 Variations in refractive index as a function of temperature meas-
ured at 1550-nm wavelength: a ENR polymer and b PMMA polymer

wavelength with respect to temperature can be determined
by the difference in the change of effective index due to the
thermally induced refractive-index changes of the material.
A reduction in the index difference, Nw − Nc, with respect to
temperature, will result in shifting to shorter wavelength upon
heating. By referring to [7], as the SiO2 cladding has a negli-
gible thermo-optic coefficient [13], the change in Nw depends
mainly on the thermally induced refractive-index change of
ENR. As dn/dT of ENR has a negative slope, a reduction of
Nw will result. Thus, a blue shift of the peak wavelength is
observed.

In this work, the PMMA polymer cladding has a higher
thermo-optic coefficient compared with that of SiO2; hence
the change in Nw of an ENR waveguide will not only be in-
fluenced by the thermally induced refractive-index change of
ENR, but also the index change of PMMA. This phenomenon
is similar to the reported result using polymer over-cladding
to reduce the change in effective index of the waveguide [13].
From (2) a red shift of the peak wavelength can be achieved
if the difference in the change of effective index of the wave-
guide and the cladding is expanded. Because the magnitude

of the effective index change of ENR is smaller than that of
PMMA, a red shift of peak wavelength was observed for the
LPWG.

4 Conclusions

In conclusion, LPWGs based on UV-sensitive ENR
polymer materials were demonstrated. Both the waveguide
and the grating layers use the same polymer material, and
the double-exposure process is relatively simple compared to
other fabrication methods. No other subsequent process such
as reactive ion etching is required, and the grating-fabrication
errors can be minimized. The LPWGs exhibit an attenuation
of ∼ −18 dB using a grating length of 17 mm and a peak-
to-peak depth of 300 nm. The temperature sensitivity of the
LPWGs is ∼ 0.89 nm/◦C and is higher than and similar to
the values reported for LPFGs using standard silica fibers
and special fibers, respectively. LPWGs are attractive, ex-
hibiting a relatively small size and a similar performance to
LPFGs, and will be useful for telecommunication and sensor
applications.
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