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Owing to its compact footprint and superior filter properties, the Bragg grating filter is attractive for applications in
optical communications. In this research, we conducted a detailed analysis of the influence of Bragg grating parameters
on its functionality and experimentally validated our findings on a simple and low-cost polymer/silica hybrid waveguide
platform. The best extinction ratio of 26.3 dB is obtained when the period is 6.63 pm and the number of periods is 200.
The full width at half maximum of the grating is 0.35 nm at 1544.74 nm. Tuning efficiency reaches 29.6 pm/mW owing to
the high thermo-optical efficiency of the polymer. Finally, we measure the rise and fall times of the grating to be 280 ps.
The proposed grating shows great potential in flexible and reconfigurable optical networks.
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1. Introduction

Tunable optical filters, as the backbones of optical com-
munication networks, are highly demanded for wide appli-
cations such as reconfigurable wavelength (de)multiplexing,
tunable lasers as well as spectroscopic sensing.!!=3] Compared
with asymmetric Mach—Zehnder interferometers!* and micro-
ring resonator filters,’! waveguide Bragg grating (WBG), us-
ing periodic waveguide structure, reflects light at specific
wavelengths with the advantages of free spectral range (FSR)-
free, compact footprint and deep extinction properties.®”! Till
now, WBG filters have been demonstrated on many kinds of
material platforms such as silicon on insulator (SOI),®! sil-
ica on silicon,®! and polymer.!'! On the SOI platform, re-
searchers have successfully developed and verified a grating
filter based on cladding modulation. This device consists of
20 spectral notches with non-uniform spacing, where each
notch has a 3 dB bandwidth (AA3 4g) as narrow as 210 pm.[!!]
Similarly, subwavelength multimode waveguide Bragg grating
technology assisted by adiabatic directional couplers success-
fully constructs a narrowband silicon-based photonic filter, ul-
timately achieving excellent performance: A4z ¢4g of 0.51 nm
and an extremely high side-mode suppression ratio (SMSR) of
16.6 dB. Meanwhile, this device exhibits an infinite FSR in the
C-band.!"?! Regarding the polymer platform, researchers have
realized narrower bandwidths and higher SMSR by adopting
a two-stage cascaded Bragg grating structure. Experimental
verification shows that the device maintains a 20 dB band-
width of 1.0 nm and an SMSR of 35 dB over the entire wave-
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length tuning range.!'3] The high refractive index of silicon
makes its devices compact and suitable for large-scale inte-
gration, but low fabrication tolerance and coupling efficiency
limit its applications.!'*] Especially for Bragg gratings on the
SOI platform, the period is usually hundreds of nanometers.
Electron beam lithography or deep ultraviolet (UV) lithog-
raphy technologies are necessary for fabrication, which will
seriously increase the cost. Silica-based and polymer-based
planar lightwave circuit (PLC) technologies have similar re-
fractive indices and micrometer-scale waveguide geometries.
Waveguide devices of this size can be easily achieved through
traditional UV lithography, which will dramatically lower the
cost. Compared with silica, a high thermo-optic coefficient
(TOC) polymer-based PLC platform offers a low-cost, easy-
fabrication, and power-efficient platform for tunable optical

(151 Moreover, polymer is attractive in various sens-

S.[16

devices.
ing applications.!'®) However, due to the small period size,
polymer-based Bragg grating devices are difficult to fabricate.
In this paper, in order to satisfy the fabrication resolution,
we design and fabricate a high-order Bragg grating filter, so
that the period is up to several micrometers. We conducted
a detailed analysis of the influence of Bragg grating parame-
ters on its functionality and experimentally validated our find-
ings on a simple and low-cost polymer/silica hybrid waveg-
uide platform. The device is fabricated through traditional
low-cost UV lithography technology. The results for period
numbers N, = 100 and N, = 200 are compared with a period
length (A) of 6.63 um. The devices exhibit extinction ratios
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(ER) and 3-dB bandwidths (AA3 4g) of 8.67 dB/1.3 nm and
26.3 dB/0.35 nm at the transmission peaks (1) of 1544.22 nm
and 1544.74 nm, respectively. The tuning efficiencies are
27.4 pm/mW and 29.6 pm/mW. Finally, we measure the dy-
namic response of the Bragg grating. The rise and fall times
are 280 ps. The compact and high-efficiency Bragg grat-
ing shows potential applications in optical communication and
sensing systems. In optical communication systems, it can be
used as a tunable filter to dynamically adjust the central wave-
length and also be employed in wavelength division multiplex-
ing systems to achieve dynamic wavelength selection. In sens-
ing systems, gratings can utilize their characteristic of wave-
length varying with the external environment to realize high-
sensitivity sensing.

2. Design and simulation of WBG filter

The schematic of the proposed WBG is illustrated in
Fig. 1. There are several key parameters for the WBG, includ-
ing the width of units (W), the period length (A), the length
of the grating (L;), the length of the waveguide section of a
single grating (W>), the duty cycle of the grating (D), and the
thickness of the waveguide (H). The cross-section of the poly-
mer/silica hybrid waveguide is illustrated in Fig. 1(b). The ma-
terials for lower cladding, core layer, and upper cladding are

silica, SU-8, and polymethyl methacrylate (PMMA), whose
refractive indices at 1550 nm are 1.445, 1.58, and 1.476, re-
spectively. We coat an aluminum layer above PMMA as elec-
trodes to tune the central wavelength of the filter. The geom-
etry of the single-mode waveguide is 3 x 3 um?.[>!718] The
lower refractive index difference requires a wider waveguide
to confine light within the WBG region. Therefore, we intro-
duce tapers between single-mode waveguides and WBG re-
gions to reduce the loss caused by mode mismatch. As shown
in Fig. 1(c), the taper is expanded to 8 um (W) with a length
(Lp) of 150 um linearly. To increase coupling efficiency, we
introduce a 200-pm-length (L3) taper with a width of 16 um
(W3) at the edges of the chip.
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Fig. 1. (a) Schematic of the WBG. (b) Cross-section of the single-mode
waveguide. (c) Enlarged schematic of the taper structures.
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Fig. 2. (a) The fitting curve of reflectivity varying with W when N, = 100. (b) The fitting line between N, and A when W = 8 pum and
A = 1550 nm. (c) The fitting curve of transmission loss varying with i at 1535 nm when N,, = 100.

Key parameters of a Bragg grating are the central wave-
length (1), AA3 4g, and ER. Among them, the central wave-
length is related to the order of the grating (m), the grating
period length (A), and the effective refractive index (nes) of

the grating. There is an equation!!’]

ml = 2neffA. (1)

The effective refractive index is related to the core-layer ma-
terial used, the grating width, and the grating etching depth.
To simplify the process and address the issue of waveguide
rounded corners caused by wet etching, we adopt a fully
etched grating structure. Figure 2(a) shows the relationship
between the unit width (W;) and the reflectivity when the
number of periods (V) is 100. To ensure higher reflectivity

while maintaining a compact footprint, we choose a waveg-
uide with a unit width (W}) of 8 um. When the duty cycle (D)
of the WBG is determined to be 0.5, the relationship between
m and A at the central wavelength of 1550 nm is shown in
Fig. 2(b). In Fig. 2(c), we simulate the relationship between m
and the grating transmission loss at a non-central wavelength
(taking 1535 nm as an example) when the number of periods
is Np = 100. It is found that as m increases, the transmis-
sion loss of the grating increases. The reason is that as m
increases, the grating length increases, leading to additional
scattering loss.?’ Meanwhile, a smaller value of m ensures a
shorter grating length, thereby enhancing device integration.
However, due to fabrication limitations, a short grating length

makes the process difficult. Taking the trade-off between inte-
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gration and fabrication into account, we adopt the design pa-
rameters of the Bragg grating with m = 13 and A = 6.63 pm.
The key parameters used are summarized in Table 1.

Table 1. The key parameters of grating.

Period  Unit width Number of periods Order of grating Duty cycle
A) W) (NVp) (m) D)
6.63 um 8 um 100/200 13 0.5

Higher reflectivity corresponds to a larger ER. The reflec-

tivity (R) of the Bragg grating is determined by!!

B | k2| sinh?(sL)
~ s2cosh?(sL) + (AB/2)2 sinh?(sL)

(@)

Here, the parameter s represents the coupling mismatch pa-
rameter, and its expression can be written as

2
s Kz_(Af> . 3)

Here, x represents the grating coupling coefficient. For x,

there is also a formulal!®!

— 2(”cff1; Neff2) _ @

Here, netr; and negrp are the effective refractive indices of the
grating layer and the etched layer, respectively. Af is the
phase mismatch parameter, which can be calculated as

where A, represents the actual incident wavelength. When A;
satisfies the Bragg condition, A = 0. When the grating length
L is infinitely long, R decreases as A increases. When the
phase matching condition A = 0 is satisfied, the reflectance
tends to 1. Therefore, the maximum reflectance (Ry,x) is given

py!19]

Riax = tanh2(| K|L). 6)

Since k has been determined, Ry varies with L. As for the

key parameter AA; gg of the Bragg grating, it is expressed

pyl19]
24 [(xL\* [8L\’
Al @B = <7r> (n) . @)

Here, 0 represents the detuning parameter, reflecting the devi-

ation between A and A;. It can be expressed as

2 N
5= ”;e“ - /5‘ 8)
For ER, the following expression is used:!!"!
R
ER = 10logy, (R;) ©)

1 1 Here, R; and R, represent the peak reflectance and valley re-
AB = 2mnesy <M o }') ’ ) flectance in the reflection spectrum, respectively.
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Fig. 3. Transmission and reflection spectra of (a) N, = 100 and (b) N, =200 at A = 6.63 um. (c) The fitted line of reflectivity versus N, when

A =6.63 pm.

To determine the above parameters, we simulate the
reflection and transmission spectra of Bragg gratings with
N, = 100 and N, = 200 at A = 6.63 um by using the
finite-difference time-domain (FDTD) method implemented
in Lumerical software, as shown in Figs. 3(a) and 3(b). Ac-
cording to the simulation results, when N, = 100, at the cen-
tral wavelength of 1550 nm, the reflection and transmission are
63.3% and 7.9%, respectively. When N, = 200, the reflection
and transmission are 90.3% and 0.3%, respectively. As shown
in Fig. 3(c), we simulate the relationship between N, and re-
flectivity at the central wavelength under A = 6.63 um. As can
be seen from Fig. 3(c), the reflectivity increases from 35.7%

t0 99.5% as N, increases from 50 to 350. The reflectivity is
larger than 90.3% when N, > 200.

3. Device fabrication and characterization

The WBG is fabricated using conventional UV lithogra-
phy and wet etching processes based on the designed param-
eters. Optical microscope images of the fabricated WBG are
shown in Fig. 4. The A = 6.623 um, W; = 8.026 um, and
W, = 3.214 um of the WBG are measured. The measured re-
sults are consistent with the designed values. Subsequently,
to characterize the fabricated WBG, light emitted by a tunable
laser source (TSL-550, Santec Corporation, Japan) is intro-
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duced into the device through an edge-coupling system and
single-mode optical fibers. The polarization state of the light
is adjusted by a polarization controller. The output power is
monitored by an optical power meter (MPM200, Santec Cor-
poration, Japan).

(a)
A w, e
0l oo
10pm
(b)
lmm

Fig. 4. (a) Optical microscope image of WBG. (b) Optical microscope
1mage at transition section.
The transmission spectra of the fabricated WBG with

N, = 100 are shown in Fig. 5(a). We observe a resonance
peak at 1544.22 nm. The ER and AA;z gg of this resonance
peak are measured to be 8.67 dB and 1.3 nm, respectively.
The insertion loss is 18.4 dB (IL). This loss is jointly caused
by the edge coupler, the fully etched grating structure, and the
intrinsic absorption of the polymer. The loss of the straight
waveguide on the same chip is approximately 15 dB (IL;). The
transmission loss per unit length of the straight waveguide is
3.14 dB/cm (IL,).!""! Considering that the waveguide length
is ~ 2.5 cm (L), we can calculate the propagation loss of the
device waveguide according to

ILy;=L;-IL,, (10)

therefore, the propagation loss (IL3) caused by absorption is
7.85 dB. We can calculate the coupling loss of the waveguide
according to

ILy =1IL; —IL;. (11)

The coupling loss (IL4) is 7.15 dB. The transmission loss of
the grating region is calculated by

ILs =1Ly —IL;. (12)

The loss caused by the Bragg structure (ILs) is 3.4 dB. This
loss is attributed to the fully etched waveguide structure and
the high-order grating design. In the active region of the de-
vice, we fabricate aluminum electrodes using a vacuum de-
position process via thermal evaporation. The thickness of
the electrodes can be controlled by adjusting the deposited
aluminum amount and evaporation time. Subsequently, we
achieve precise electrode patterning using UV lithography and
wet etching techniques. When a voltage is applied to the elec-
trodes, the temperature of the core layer changes due to Joule

heating, which in turn alters the refractive index of the core
layer, enabling thermo-optic modulation. We measure the
current—voltage characteristic curve. As shown in Fig. 5(b),
after linear fitting, the resistance of the heating electrode is
calculated to be 101 Q. The transmission spectra varying with
voltage are shown in Fig. 5(a). It can be concluded that the
central wavelength exhibits a blue shift with increasing volt-
age, which is consistent with the negative TOC of polymers.
As shown in Fig. 5(c), it presents the linear fitting of the central
wavelength of the WBG under different powers. The tuning
efficiency of the WBG is —27.4 pm/mW.

Similarly, we also fabricate a Bragg grating with N, =
200, while the remaining parameters are kept identical to those
of the WBG with N, = 100. As shown in Fig. 5(d), the
transmission spectrum at N, = 200 is presented, with A be-
ing 1544.74 nm, A3 4g reaching 0.35 nm, ER approximately
26.3 dB, and insertion loss about 21.6 dB. Compared with the
WBG at N, = 100, although the central wavelength is almost
unchanged, it exhibits a narrower bandwidth and a higher ER.
Based on the test results, it is calculated that the WBG with
Np = 200 has a loss 3.2 dB higher than that with N, = 100,
which indicates that the trade-off between loss and ER should
be carefully optimized. As shown in Fig. 5(e), we change the
output voltage gradually from O to 5 V, continuously detect
the current variation, obtain the current—voltage characteristic
curve of this WBG, and calculate the resistance as 229 Q. As
shown in Figs. 5(d) and 5(f), transmission spectra of the WBG
with N, = 200 varying with voltage and the linear fitting of
heating power and central wavelength are presented. The tun-
ing efficiency of the WBG is —29.6 pm/mW. By comparing
the measurement results of the grating with N, = 100, we find
that when the electrode length is doubled, the measured resis-
tance doubles while the modulation efficiency remains nearly
unchanged. It can be concluded that the electrode design af-
fects the magnitude of the measured resistance but does not
affect the modulation efficiency.

To investigate the relationship between the central wave-
length and the period length, we fabricate and test WBGs with
Np = 100 and periods ranging from 6.59 pm to 6.69 um with
a step of 0.02 um. The spectra are shown in Fig. 6(a). The
Az gg of the transmission peaks for each period length are
identical. The ERs are all around 8 dB. The linear fitting be-
tween the period length and the central wavelength is shown in
Fig. 6(b). The interval of adjacent period lengths is 0.02 pm,
which results in a central wavelength shift of approximately
4.6 nm. We also fabricate WBGs with different numbers of pe-
riods (Vp) at a period length of 6.63 pm, as shown in Fig. 6(c),
with central wavelengths all around 1544.7 nm. Meanwhile,
in Fig. 6(d), we summarize the relationship between N, and
ER of the WBG order. When N, = 50, ER is only 5.56 dB,
while when N, = 200, ER reaches up to 37.31 dB. It has been
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verified that as N, increases, ER increases and the reflectance
at the central wavelength also increases, which is consistent
with the result in Fig. 3(c).

Finally, we test the response time of the WBG when
N, = 200. A 250 Hz square wave signal is input through a
signal generator (SDG6032X-E, Siglent), and a high-speed

photodetector is connected to the output end. Meanwhile,
the switching voltage is monitored using an oscilloscope. As
shown in Fig. 7, the oscilloscope traces of the input drive sig-
nal and the output optical signal show that the response has
a rise time (10%-90%) and a fall time (90%—10%), both of
which are 280 us.
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Fig. 5. (a) The normalized transmission spectrum with N, = 100 after applying a voltage of 0-2.5 V; (b) the voltage—current (U-I) characteristic
curve; (c) the thermal dependence fitting line of A and the heating power P; (d) the normalized transmission spectrum with N, = 200 after applying
a voltage of 0-5 V; (e) the voltage—current (U-I) characteristic curve; (f) the thermal dependence fitting line of A and the heating power P.
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Fig. 7. The dynamic response curve of the WBG when a 250 Hz square-wave signal is applied to the electrode.

Table 2. Comparison of performance metrics for WBG filters and sensor.

ER 348 Tunable Insertion loss
Ref. . Platform
(dB) (nm) efficiency (dB/mm)
91 128 09 —88pm/°C* - polymer/silica
[21] 13 0.6 —160pm/°C 1.2 polymer/silica
[22] - - —425 pm/mW - polymer
[23] 22-27 6-26 160 pm/mW 1.0 SOI
Ours 263 035 —29.6 pm/mW 4.83 polymer/silica

*Calculated; — Not mentioned

4. Discussion

Table 2 provides a comparison of performance metrics
obtained in the present work with those reported for state-of-
the-art WBG filters and sensors. In Ref. [9], a silica Bragg
grating is demonstrated with polymer cladding. The poly-
mer cladding improves the sensitivity to 88 pm/°C. To achieve
a higher sensitivity, a polymer-core grating is fabricated in
Ref. [21]. The sensitivity is twice that of a silica-core device.
The add-drop structure is compact and useful for on-chip char-
acterization. An impressive tuning efficiency of 425 pm/mW
is achieved with buried electrodes and air trenches in Ref. [22].
However, the sidewall grating exhibits degraded spectra with
significant noise due to waveguide sidewall roughness. On
the SOI platform, fine structure engineering and compact foot-
print are attractive for grating design. By optimizing the cor-
rugation depth, apodization strength, and grating length, the
highest ER of 27 dB is achieved at 2 um wavelength.[>3] The
WBG demonstrated in this work shows good performance in
the spectrum. However, our grating still suffers from relatively
high loss. To address this challenge, we propose that, com-
pared with the traditional fully etched grating, a sidewall grat-
ing structure can better preserve the continuity of the waveg-
uide core, allowing the optical field to remain confined within
the core region. This design significantly reduces scattering
loss in Bragg gratings. Therefore, optimizing the grating struc-
ture into a sidewall-type design may serve as a practical and

feasible solution.!”*! There is still ample room for improve-
ment in tuning efficiency via electrode design and optimiza-
tion. On the other hand, more complex grating designs, such
as apodized gratings, are necessary for better spectral perfor-
mance.

5. Summary

In conclusion, a high-order WBG filter is successfully
optimized and experimentally demonstrated on a low-cost
polymer/SiO, hybrid waveguide platform. The high order
of the grating enables a larger period and reduces fabrication
complexity. Using conventional UV lithography, the grating
with 200 periods exhibits an ER of 26.3 dB with a 3-dB band-
width of 0.35 nm at the central wavelength of 1544.74 nm.
Owing to the high TOC of the polymer core, the tuning ef-
ficiency reaches —29.6 pm/mW. The dynamic response is
280 ps. The proposed WBG shows great potential for appli-
cations in optical switches, wavelength-division multiplexing,
and sensing systems.
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