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Abstract: Bragg grating (BG) filters play important roles in integrated photonics such as signal
processing and optical sensing. In silicon-based counterpart photonic platforms, the application
of narrow-bandwidth (AA) filters is often restrained by fabrication limitations. In this study,
narrow-bandwidth BG filters based on Ge-Sb-Se chalcogenide materials are investigated. The
structure of the filter is designed by optimizing the grating period, corrugation height, and
grating number. The large corrugation of chalcogenide BG is more friendly and convenient for
manufacturing process. The symmetric and asymmetric corrugation filters are then fabricated and
characterized. Experimental results show a half-maximum bandwidth of 0.97 nm and 0.32 nm for
symmetric and asymmetric filters, respectively, which demonstrates excellent narrow-bandwidth
filtering performance of chalcogenide BG.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Bragg gratings (BGs) are fundamental building blocks used in wide-ranging applications, such
as optical communication [1,2], pulse shaping [3], photonic sensing [4,5], integrated microwave
photonics [6,7] and narrow-linewidth lasers [8,9]. BG filters with narrow bandwidth are the
subject of a long-term research direction, and significant efforts have been directed toward
developing Bragg structures in planar waveguides [10-20].

In BG filters, spectral modulation can be achieved by varying the effective refractive index
with different materials [21,22] or by modifying the grating geometry [15,16,18]. Over the
past decade, many designed geometries, fabrication methods, and applications of BG devices
on silicon-based materials have been investigated. The high-index contrast in silicon-based
BGs exerts a much stronger modulation effect than that in normal waveguides. However, the
achieved minimum grating corrugation is limited by the minimum feature size of the device.
To obtain a bandwidth below 1 nm, the required minimum corrugation can be as small as
10 nm [23], which is a huge manufacturing challenge. To overcome this limitation, the use
of chalcogenide glass (ChG) materials is promising [24,25]. ChGs have excellent properties,
including wide infrared transparency window, flexible refractive index, integration ability onto
different substrates without considering epitaxial lattice mismatch, and excellent infrared nonlinear
optical performance. These features render them attractive for all-optical signal processing [26],
chemical and biological sensing [27-29], and supercontinuum generation [30,31]. The reported
applications of chalcogenide BGs include optical interconnection [32] and strong photoinduced
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BGs [33] with AsySes or AsyS3, but there are few relevant studies on ChG BG filters in recent
years.

In this work, we propose and demonstrate an advanced BG filter by utilizing a high-index-
contrast and nontoxic Ge,gSbiaSegy (n=2.72 @1550 nm) platform. Adjusting the structure
parameters of the grating including grating period (A), corrugation height (AH), and number
of the grating period (V) enables to obtain a narrow-bandwidth filter. Using electron beam
lithography (EBL) exposure and plasma dry-etching technique, the high-quality narrowband
symmetric and asymmetric ChG BG filters are successfully prepared. The minimum feature size
reaches 160 nm, and the measured spectral bandwidth of the symmetric and asymmetric ChG
BG filter is as narrow as about 0.97 nm and 0.32 nm, respectively. Compared with silicon-based
counterparts, the relative smaller in refractive index in ChG enlarges the size of corrugation to
ease the manufacturing difficulty, and provides better tolerance for manufacturing errors, while
maintaining the narrow-band filtering effect. The research results demonstrate the feasibility of
narrow-bandwidth BG filter for ChG, paving the way for applications in photonic filters and
optical sensors.

2. Design of the BG filter

A BG filter has a periodic structure with modulation of the effective refractive index. Figure 1(a)
shows the schematic of a uniform grating in a strip Ge,gSb12Segy waveguide using symmetric
rectangular side-wall corrugations. Several important parameters including A, AH, and N are
used to determine the performance of the filter. The structure design starts by selecting the width
(W) and height of the ChG waveguide using MODE Solution software for the simulation. The
3D view of the proposed ChG grating and the cross-section view of the electric field of the
fundamental TE mode for the ChG waveguide are shown in Fig. 1(b), in which the height of the
GeysSbrSegqy waveguide is 300 nm. Figure 1(c) shows the effective indice at 1550 nm of TE,,
TMy, and TE;, TM; modes with different W,,, values. We can see that the width of the grating
filter is usually greater than 350 nm to support a fundamental mode but less than 800 nm to
avoid higher-order modes. The horizontal dotted line is the refraction index of the silicon oxide
(n=1.44), and the modes with refraction index greater than ng;p, are guided [34]. Here, we focus
on the TE mode operation because compared with the single-TM mode, the fundamental TE
modes are strongly confined in the Ge,gSb,Segq layer core, which is conducive to achieving a
narrow bandwidth. Meanwhile, too small size of the filter causes higher propagation loss due
to the strong interaction with sidewall of the waveguide, so the W,,, of the filter waveguide is
determined to be 600 nm.
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Fig. 1. (a) Top view of the BG. A is the grating period, AH is the corrugation height, and N
is the number of the grating period. (b) Schematic of BG. (c) Effective indice at 1550 nm of
the different TE/TM modes with the different ChG waveguide widths.
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The incident light of the BG is reflected in a particular wavelength, named Bragg wavelength,
and the grating period (A) is given as follows:

Ap = 2Ang, 1

where nf is the effective index of the grating, A is the Bragg wavelength of 1550 nm, and A
can be calculated from the equation.

The bandwidth (AA) is a major figure of merit for the BG filter. From coupled-mode theory
[35], the notch bandwidth can be theoretically estimated by:

A5° 2
A= T 2)
g L
where L is the length of the BG, « is the coupling coeflicient of the grating which can be explained
by the amount of the reflection per unit length, and n, is the group index. When the propagation
constant deviation AB=0, the rejection level (R) at the Bragg wavelength can be written as follows:

R = tanh®(xL), 3)

As shown in Egs. (2) and (3), A1 and R are determined by « and L, respectively. For a sufficiently
long grating, A1 is primarily determined by «. Thus, a nanoscale narrow-bandwidth filter requires
a weak refractive-index modulation. In BG filters, AH is related to the refractive-index modulation
[18], and the refractive-index modulation is commonly achieved by varying the refractive index
or the waveguide characteristics. Conventional silicon-based Bragg narrowband grating filters
require a 10 nm corrugation to accomplish a weak modulation due to the high-refractive-index
contrast in the silicon platform. For ChGs, narrow bandwidth and generously robust rejection
level can be determined by the grating parameters including N, AH, and A. Simulation results
show that N has a huge impact on the rejection level, AH influences the bandwidth and the
Bragg wavelength, and A affects the Bragg wavelength but has comparatively little effect on
the transmission spectra. Through simulation, the optimal parameters are obtained as follows:
N =1000, AH =160 nm, and A =395 nm.

Equation (3) clearly shows that R is proportional to L and L = NxA, consistent with the traits
shown in Fig. 2(a). Figure 2(a) also indicates that when N is larger than 1000, increasing N dose
not enhance the rejection level of the grating filter. The manufacturing error of grating leads to
intense propagation loss for large N, so N = 1000 is the trade-off between the manufacturing error
and rejection level of the grating. AH determines «, which greatly affects the filtering effect.
Figure 2(b) shows the simulated transmission spectra for different AH values varying from 120
nm to 180 nm with 10 nm interval, indicating that the bandwidth initially decreases and then
increases. The relative minimum bandwidth is found to reach 2 nm when AH is about 160 nm.
The simulated spectra for the gratings of six different A values (380 nm to 405 nm with 5 nm
interval) are plotted in Fig. 2(c), which shows the red-shifted Bragg wavelength with increased
grating period and is coincident with Eq. (1). The optimal bandwidth can reach 0.81 nm, and the
rejection level is 27 dB in the red dashed box, when N is 1000, AH is 160 nm, and A is 395 nm.
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Fig. 2. (a) Simulated transmission spectra of ChG grating filter with various lengths
(L=NxA). Fixed parameters: Wy,e =600 nm, A=395 nm, and AH = 160 nm. (b) Simulated
transmission spectra of ChG gratings with different corrugation heights. Fixed parameters:
Wye =600 nm, A=395 nm, and N=1000. (c) Simulated transmission spectra of ChG
gratings with different grating periods. Fixed parameters: Wy,, =600 nm, AH = 160 nm, and
N=1000.

3. Fabrication of the BG filter

Based on the designed structure, an integrated chalcogenide-grating filter is fabricated using the
following processes. The bottom substrate is a silicon wafer with a 2 pm-thick silicon dioxide
layer, onto which a 300 nm-thick Ge,gSbi,Se¢q film is thermally evaporated, followed by spin
coating a 200 nm-thick positive ARP6200 photoresist. Then, the structure pattern is transferred
using directing-writing 30kev EBL (Raith eLINE Plus). The etching process is explored with a
gas mixture of CHF3/CF, through inductively coupled plasma (ICP) etching (Oxford100), and
parameters including gas-flow rate, chamber pressure, and radio frequency power are investigated
(not shown here). Finally, the remaining photoresist is removed by oxygen-plasma cleaning with
a gas mixture of CHF3/A1/O, before placing in N-methyl-2-pyrrolidone and heating on a hot
plate.
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Fig. 3. (a) SEM image of GhG BG filter. (b) SEM image of the TE mode grating couple. (c)
Details of the BG filter geometry. (d) Measurement of the corrugation heights: H; =163.9
nm, Hy = 164.5 nm.
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Figure 3(a) shows the scanning electron microscopy (SEM) image of the chalcogenide BG
filter. The fully etched fiber-waveguide grating coupler is depicted in Fig. 3(b). It facilitates the
coupling light to the waveguide from an external fiber. The couplers achieve the optimal coupling
effect with a duty cycle of 0.715 and a period of 920 nm through simulation. Figures 3(c) and 3(d)
show the enlarged figures of the fabricated grating filter, the average value of the corrugation
height is measured to be 160 nm + 5 nm from multiple testing. The measurement results indicate
that the fabrication offset of the corrugation is about 10 nm compared with the simulation results.

4. Performance of the BG filter

Figure 4(a) shows the schematic of the experimental setup. The system contains a continuous-
wave tunable laser (Santac TSL-550) ranging from 1500 nm to 1630 nm. The light beam is
coupled into the filter through a single-mode fiber (SMF), and the output light is collected to a
low-noise power meter (Santec MPM210). Other auxiliary equipment includes the manual fiber
polarization controllers (Thorlabs FPS526), which are used to maintain the polarization state of
the fundamental TE mode light, and a CCD camera is used to monitor the position of the filter on
the three-axis translation stage.
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Fig. 4. (a) Schematic diagram of spectrum measurement experimental system. (b) AFM
image of 300 nm Ge-Sb-Se film. (c) Stitching error of the chalcogenide grating coupler.

Equation (2) shows that as N increases, AA should theoretically decreases. However, in
experimental test, AA broadens with increased grating length. The transmission spectra of the
grating filter with different N values (500, 1000, 2000, and 5000) is shown in Fig. 5. We observe
a slight decrease of power in the out-of-band transmission with increased N, which is caused
by the increased propagation loss with increased grating length. The figure indicates that when
N is 500, the transmission spectrum is clean, and when N is 1000, some irregular ripples are
found. With increased N to 2000, the bandwidth remains approximately the same as that when
N =1000, and the transmission spectrum has some erratic ripples. When N reaches to 5000,
the bandwidth increases and the noises become significant, which is far from the simulation.
Firstly, we consider that the roughness of the Ge-Sb-Se film is the main reason why the simulated
and measured spectra are different. After the surface roughness of the film has been measured
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for several times by picking different areas using atomic force microscopy (AFM), the surface
roughness is determined to be 0.347 nm (RMS), as shown in Fig. 4(b). Then, this assumption is

disproved by the low surface roughness of the film.
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Fig. 5. (a) Measured transmission spectra for ChG BGs with different N values. Fixed
parameters: Wy,, =600 nm, A=395 nm, and AH =160 nm. (b) Details of the transmission
spectra for different N values.

In fabrication process, 100 um writing field is used to pattern the BG. The designed BG is
much longer than 100 pm, and write field stitching is inevitable, which leads to the lateral and
longitudinal offsets. The BG is sensitive to the continuity of the structure, and the stitching error
has a negative impact on the performance of narrow-bandwidth BG filter [36]. Long BG will
increase the times of write field stitches, which explain well why the bandwidth increases and
the noises become significant when N reaches to 5000. The stitching errors are found in the
chalcogenide grating coupler (shown in Fig. 4(c)) and BG parts by SEM image, and we assume
that the stitching error is the main reason for the difference between the simulated and measured
spectra.

According to theoretical analysis and simulation results, AH determines the coupling coefficient
and the bandwidth. To prove the relation between AH and A4, and better understand the influence
of different AH values on the spectra, a couple of grating filters with N = 1000 and different AH
values ranging from 120 nm to 180 nm are fabricated (here, AH is the measured corrugation
height). The measured transmission spectra are shown in Fig. 6. With increased AH, the
transmission spectra are blue-shifted, and the experimental variation tendency of bandwidths is
consistent with the simulation results shown in Fig. 2(b). The best filtering effect occurs when
AH =160 nm.

Figure 7(a) shows the filtering effect of the symmetric BG filter based on the parameters
discussed above, with a bandwidth of 0.97 nm and a rejection level of 24 dB, through Lorentz
fitting. The narrow bandwidth below 1 nm is consistent with the previous simulation results. To
further reduce the filter bandwidth while keeping the same feature size, the single-side asymmetric
corrugation structure is implemented. With its characteristic size including A, AH, and N kept
unchanged, this geometry halves the effective index different An.y and consequently halves the
coupling coefficient « according to k=2An.z/Ag. Based on Egs. (2) and (3), the bandwidth
and rejection level decrease with decreased «. A single-side asymmetric BG filter is proposed,
as shown in Fig. 7(b). It has a bandwidth of 0.32 nm, which shows that the asymmetric filter
structure provides an evident bandwidth reduction compared with the regular filter geometry.
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Fig. 6. (a) Measured transmission spectra for BGs with different AH values. Fixed

parameters: W, =600 nm, A=395 nm, N =1000. (b) Details of the transmission spectra
for different AH values.
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Fig. 7. (a) The Lorentzian fit to the resonance peak indicates a symmetric BG filter with a
narrow bandwidth of 0.97 nm. The central wavelength of the symmetric BG is 1554 nm. (b)
The Lorentzian fit to the resonance peak indicates an asymmetric BG filter with a narrow
bandwidth of 0.32 nm. The central wavelength of the asymmetric BG is 1542 nm.

5. Conclusion

In conclusion, we propose and experimentally demonstrate a ChG BG filter. The ChG platform
could maintain the narrow-band filtering effect while providing better tolerance for manufacturing
errors. To obtain a narrow bandwidth, the optimal parameters of the BG filter are investigated
through simulation. With a minimum feature size of 160 nm in the capabilities of EBL, the
BG filter is fabricated through a single-etch step process, and the manufacturing error of the
corrugation is below 10 nm. The symmetric BG filter shows a bandwidth of 0.97 nm with a
strength of 24 dB, and the single-side asymmetric BG filter demonstrates better narrow-bandwidth
filtering performance with a bandwidth of 0.32 nm. The combination of the refractive-index
flexibility of ChGs and the structure-design diversity of BG filter enables the application of ChGs
in high-performance narrowband filters for integrated photonics.
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