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Reducing the Thermal Dependence of
Silica-Based Arrayed-Waveguide Grating Using
Inorganic–Organic Hybrid Materials
Eun-Seok Kang, Woo-Soo Kim, Duk-Jun Kim, and Byeong-Soo Bae

Abstract—This study demonstrates the application of a temperature-independent arrayed-waveguide grating (AWG) using
a simple hybrid waveguide structure composed of silica core/inorganic–organic hybrid material overcladding layer. The thermooptic effect of the hybrid materials varies over a wide range of
temperature and provides athermal characteristics in an AWG.
The temperature dependence of the AWG was reduced through
the precision control of the thermooptic coefficient of the hybrid
pm C .
materials
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)

Index Terms—Arrayed-waveguide grating (AWG), athermal
waveguide, integrated optics devices, sol-gel hybrid materials,
thermooptic effect, wavelength-division multiplexing.

I. INTRODUCTION

D

UE TO its capability to increase the aggregate transmission capacity of a single-strand optical fiber, the arrayedwaveguide grating (AWG) multiplexer is considered a key component in the construction of a dense wavelength-division-multiplexing system [1]. However, an AWG made of silica is so
sensitive to the ambient temperature that the output wavelength
changes by as much as 0.0125 nm C. Thus, this condition
requires the use of temperature control units, such as heat or
Peltier coolers.
To eliminate the undesirable temperature dependence of the
AWG, the application of athermalization has been explored
[2], [3]. Athermalization leaves the characteristics of the AWG
device unaffected by ambient temperature variations. Among the
various approaches, a hybrid waveguide structure (silica core and
polymer overcladding), which can resist the thermooptic characteristics of the materials, is considered as the most attractive
method of athermalization due to its simple fabrication process
[4]. However, existing waveguide materials, such as silica and
over a wide
polymer, do not provide sufficient control of
range of temperature, resulting in a nonoptimized athermalization. Accordingly, the structure of the athermal AWG was
modified in order to optimize its athermal characteristics. For
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example, multiovercladding layers, specifically the combination
in the layers, were used to fabricate the athermal AWG
of
structure [5]. The research findings revealed that new waveguide
over a wide
materials that have the ability to control
range of temperature variations are required for designing and
producing a simple but effective athermal AWG structure.
Recently, an inorganic–organic hybrid material (HYBRIMER) derived from sol-gel and composed of silica and an
organic component was discovered as a promising alternative
material for an optical waveguide device.
In a previous study, we also presented the origin and wide
in a HYBRIMER through the variacontrollability of
tion of its structure [6], [7]. The previous study confirmed that
the HYBRIMER is a highly flexible choice for the design and
fabrication of thermooptic waveguide devices.
In this study, we demonstrate a silica-based athermal AWG
with a simple waveguide structure, consisting of silica core and a
HYBRIMER overcladding layer. The silica provides low optical
loss, while the variation of
in the HYBRIMER provides
the athermal characteristics to the AWG.
II. FABRICATION
In the fabrication of an athermal AWG, the determination of
the athermal condition should be considered first. The athermal
condition in the waveguide can be expressed as follows:
(1)
where
is the thermal expansion coefficient of substrate
is the effective refractive index of the waveguide. The
and
athermal condition is satisfied when the suitable effective refracare determined, thus compensating the
tive index and
thermal expansion term of substrate. Moreover, it is possible to
fabricate an athermal waveguide by modifying the overcladding
layer, since the overcladding layer affects both the effective reof the guided mode [5].
fractive index and the
To determine the composition of the HYBRIMER material
required for satisfying the athermal condition of the AWG,
the output central wavelength dependence on temperature was
of the overcladding
simulated. As shown in Fig. 1, the
layer is set as the only variable while the other parameters
are fixed. Fig. 2 also shows that, in most cases, the central
wavelength executes a U-shape variation as a function of
temperature, indicating a derivation from athermality at high
temperatures. This derivation is caused by the confinement
of the guided mode, which increases at higher temperatures
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Fig. 1.
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Cross section design of the silica-based athermal AWG.
Fig. 3. Variation of (a) refractive index and (b) dn=dT of HYBRIMER
(MPTMS/PFAS/ZPO) as a function of the concentration of PFAS.

III. CHARACTERISTICS

Fig. 2. Change of the center wavelength in AWG as a function of ambient
temperature and dn=dT of overcladding layer.

and triggers a refractive index change for both the core and
the overcladding layers. Consequently, the HYBRIMER over. In
cladding layer decreases the modification of the
addition, temperature dependence is known to be dramatically
of the overcladding layer is besuppressed when the
C and
C. Therefore,
tween
we determined the optical properties of overcladding layer
,
C at 1550 nm)
(
of an optical polymer is genfor a silica-based AWG. The
erally more negative than this calculated value. Consequently,
an athermal AWG with a multiovercladding layer structure
is required when a polymer serves as overcladding layer in
silica-based AWG. Furthermore, it is difficult to simultaneof an optical
ously modify both the refractive index and
of
polymer. On the other hand, the refractive index and
HYBRIMER can be varied over a wide range of temperature [7].
Thus, this study confirms that we can fabricate an athermal
AWG with a simple structure and a HYBRIMER overcladding
layer, in order to control its athermal characteristics.
To develop a HYBRIMER that satisfies the athermal condition, a coating solution was prepared by combining three precursors [methacryloxypropyltrimethoxysilane (MPTMS)/perfluoroalkylsilane (PFAS)/zirconium n-propoxide (ZPO)] through
the conventional sol-gel process. Applying the flame hydrolysis
deposition process on a silicon substrate, the prepared solution
was spin-coated at 1000 rpm for 30 s onto a 1 8 silica-based
AWG, which consisted of a silica core and a silica undercladding layer. The coated AWG was heat-treated at 150 C
for 5 h, and then scanning electron and optical microscopy
confirmed the presence of a thick ( 12 m) and homogeneous
HYBRIMER overcladding layer.

Refractive index measurements were carried out for the films,
using the prism coupling method. The prism coupler, equipped
.
with an autocontrolled hot stage, was used to measure
The flexible heater, which was thin enough not to affect the optical coupling between the prism and the film, was used to elevate the sample temperature. A film-type thermocouple was attached to the sample’s surface and the refractive index was measured over the temperature range of 30 C–100 C. Previous
publications can provide more details about this measurement
technique [6].
Fig. 3(a) and (b) shows the variation of the refractive index
as a function of concentration of
and the variation of
PFAS at an MPTMS : ZPO ratio of 1 : 0.2, respectively. It is
observed that both indicators gradually decrease as the PFAS
concentration increases. According to the Lorentz–Lorenz relation, the variation in the refractive index is related to changes
in density and polarization. Consequently, the refractive index
decreases with PFAS content due to the fluorine group in the
PFAS, which has low polarization.
in HYBRIMER
In previous studies, the variation of
was investigated, and was found to decrease with organic concan be explained in terms
tent [7]. Thus, the decrease in
of the desired organic content, since PFAS has a long organic
chain in comparison to other precursors. Finally, it can be seen
in Fig. 3 that the athermal HYBRIMER overcladding layer is
achieved when the PFAS content is set at 16.7 mol% (
,
C at 1550 nm).
Prior to the observation of the temperature dependence of
AWG, the wavelength-demultiplexing characteristics of AWG
were measured using the fiber coupling method. As designed,
the wavelength difference between neighboring channels,
specifically the channel spacing, was set at 1.6 nm, indicating
that the resultant AWG fulfilled its basic function. To investigate
the temperature dependence of the device, the AWG was placed
in a constant temperature chamber, and then the shift of peak
position was observed at the center output channel as a function
C
C . Fig. 4 shows the change in
of temperature
wavelength spectrum depending on temperature. As shown in
the figure, the insertion loss is 9 dB over the measurement
temperature. In a previous study, the AWG using the silica
dB [8].
overcladding layer showed an insertion loss of
Generally, the application of the HYBRIMER through a sol-gel
process leads to a high absorption loss at 1550 nm, caused by
the remaining hydroxyl group. As a result, the insertion loss
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the HYBRIMER overcladding AWG exhibits a reduced wavenm over
length variation depending on temperature (
pm C), in contrast
the range of measurement, that is
with a silica AWG, which exhibited a change of 0.0125 nm C.
This result is comparable to the athermal characteristics of an
AWG using a multiovercladding layer. In addition, Fig. 4 shows
that the measured athermal characteristic is similar to the simulated result. As expected, this indicates that the HYBRIMER
overcladding layer affects the temperature dependence of AWG.
In summary, the results of the study demonstrated that a HYBRIMER overcladding AWG with a simple structure, which
modification and refracwas fabricated by means of
tive index in the HYBRIMER overcladding layer, effectively reduced thermal dependence.
Fig. 4. Change of wavelength spectrum in the AWG using HYBRIMER
(MPTMS /PFAS /ZPO) overcladding layer as a function of temperature.

IV. CONCLUSION
In this study, we have demonstrated a silica-based AWG
that can reduce thermal dependence. The silica-based AWG
was made of a HYBRIMER overcladding layer using the
sol-gel process. The appropriate HYBRIMER that exhibits
can be easily obboth specific refractive index and
tained by manipulating its composition. Even though the
HYBRIMER overcladding AWG had a simple structure (silica
core/HYBRIMER overcladding), it showed good performance with
pm C over the temperature range of
C
C. Thus, this new method using HYBRIMER
materials offers a simple and easy way to fabricate an athermal
AWG, and other athermal devices.
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