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Abstract

Traditional tunable Bragg waveguide grating filters, which rely on thermo-optic or carrier
effects, often face limitations such as high energy consumption, low tuning efficiency, and
difficulty in achieving independent multi-parameter control. To overcome these bottlenecks,
this work proposes a novel optical waveguide filter based on the heterogeneous integra-
tion of silicon nitride and the phase-change material SbySe;. The device leverages the
substantial refractive index contrast between crystalline and amorphous states of Sb,Se;
to construct a programmable Bragg grating within the thin film layer. This is realized
through laser-induced phase transition method, enabling nonvolatile manipulation of the
light field. Simulation results indicate that the independent tuning of central wavelength
over 19.2 nm range was achieved by adjusting the grating width and ripple width simul-
taneously. Likewise, the extinction ratio could be independently controlled over 22.3 dB
through coordinated adjustments of the grating length and position shift. Beyond its tuning
capabilities, the proposed device theoretically exhibits exceptional performance characteris-
tics, including an ultra-low insertion loss of 0.1 dB and strong side lobe suppression. These
advantages highlight the potential of this approach to provide a low energy consumption,
multifunctional solution for integrated photonic devices, offering a promising pathway for
the next generation of programmable photonic integrated circuits.

Keywords: optical waveguide filter; Bragg waveguide grating; phase change material;
Sb,Ses; independent tuning

1. Introduction

The rapid growth of big data and artificial intelligence is causing wavelength division
multiplexing (WDM) systems to evolve from traditional fixed architectures toward dy-
namic resource allocation models [1-5]. Conventional photonic integrated circuits (PICs),
with their fixed functionality, struggle to meet the demands of flexible networking, such as
dynamic channel scheduling and elastic bandwidth adjustment [6,7]. In contrast, reconfig-
urable photonic integrated circuits (RPICs) introduce dynamic control mechanisms that
enable the flexible add—drop of wavelength channels, thereby significantly enhancing both
transmission efficiency and networking flexibility in WDM systems [8-11].
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At the heart of RPICs, integrated photonic filters play a crucial role in channel selec-
tion and wavelength routing. Various filtering structures have been proposed in recent
years, including arrayed waveguide gratings (AWGs) [12,13], Mach-Zehnder interferome-
ters (MZIs) [14,15], microring resonators (MRRs) [16,17], and Bragg waveguide gratings
(WBGs) [18,19]. Among these, WBG filters stand out due to their compact size, excellent
frequency selectivity, and high sensitivity to waveguide parameter variations, making them
a promising candidate for on-chip filtering solutions [20,21].

For reconfigurable BWG filters, the realization of tunable filtering responses is ex-
pected to address the critical demand of key WDM components, such as optical add—drop
multiplexers (OADMs) and photonic matrix—vector multipliers (PMVMs). Despite their
potential advantages, most reconfigurable WBG filters rely on thermo-optic or carrier dis-
persion effects for spectral tuning, which are often limited by low efficiency, high loss and
high energy consumption [22,23]. For instance, Cao et al. demonstrated a two-segment
filter using nonlinear super-silicon-rich nitride (USRN) with a tuning range of 69-106 nm
via the thermo-optic effect, but suffered from a high insertion loss of 6.35 dB [23].

To address these challenges, antimony selenide (Sb;Ses) has emerged as a promising
low-loss phase change material. Its significant refractive index contrast (An ~ 0.7) and
nonvolatility between crystalline and amorphous states make it particularly suitable for
reconfigurable photonic devices [24]. Integrating Sb,Ses with established silicon-based
photonic platforms offers the potential to realize high-performance, low-power, and dynam-
ically reconfigurable on-chip filters. For instance, Zhou et al. employed indium tin oxide
(ITO) as a top heater to control a phase change material, achieving a maximum stopband
center wavelength shift of 18 nm, yet independent tuning of the extinction ratio was not
possible [25]. Li et al. designed a phase-shifted Bragg grating incorporating two phase
change materials, allowing independent control of the band-stop wavelength (9 nm) and
extinction ratio (16.1 dB) [26]. However, extinction ratio tuning introduced bandwidth
changes, and the wavelength tuning range remained limited.

To address these issues, we propose a tunable optical waveguide filter based on low-
loss phase change material (SbySe3). The key waveguide structure is formed by depositing
an Sb;Ses layer on the top surface of silicon nitride (Si3zNy) wafer, and the corresponding
optical waveguide mode is generated by refractive index difference between the amor-
phous and crystalline states of the SbySes layer and its bottom unetched silicon nitride layer.
Using the laser-induced phase transition method, the phase state of Sb;Se; can be locally
modified, allowing the programmable construction of Bragg grating structures that can be
“written” or “erased” as needed. This approach enables dynamic and independent tuning
of both the center wavelength and the extinction ratio of the band-stop filter. Simulation
results show a center wavelength tuning range of 19.2 nm and an extinction ratio tuning
range of 22.3 dB, both of which can be independently controlled, demonstrating outstand-
ing tuning flexibility. Regarding specific applications, the independent tunability of the
proposed device allows for dynamic wavelength assignment in OADMs, while its inherent
nonvolatility supports in-memory computing architectures within PMVMs. Moreover,
the method simplifies the tuning process by eliminating complex electrode fabrication,
significantly enhancing the practical applicability of the filter in RPICs.

2. Device Structure and Principle

Figure 1a shows the schematic of our proposed optical waveguide filter. The device
consists of a Si3N, wafer with a top thickness of 300 nm and a Sb,Ses layer with a thickness
of 50 nm deposited on it. For this filter, input (output) waveguide is a typical strip waveg-
uide and the filtering region is patterned with periodic Bragg grating structure, where these
structures are defined via the laser direct writing technique on the Sb,Se3 layer. The grating
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has a period of A, and the total grating length L is designed as an integer multiple of this
period. This periodic modulation of the refractive index along the waveguide transmission
direction forms the fundamental mechanism for wavelength stopband filtering. Figure 1b
provides a top-down magnified view of the filter, highlighting key geometrical parameters.
The Bragg waveguide grating width is denoted by W, the ripple depth by Wy, the width of
individual ripple by 4, and the position shift of ripple on the upper and lower sides by S,
respectively. Note that these parameters define the grating profile and play a critical role in
determining the filtering characteristics of our proposed device.

Si Erase
sio, £\ .
Si;N, Cr Am o
Am-Sb,Se;
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Am: Amorphous
Cr: Crystalline

(@)

Figure 1. Device structure and key parameters. (a) Three-dimensional structure of our proposed
optical waveguide filter, where a 50 nm thick Sb,Sej; layer is deposited on a 300 nm think Si3N4 wafer.
(b) Top-down magnified view of the filter. Key structural parameters are labeled, e.g., grating period
(A), total grating length (L), grating width (W), ripple depth (W), ripple width (a), and position shift
(S), respectively.

As shown in Figure 1, the input and output waveguides are the strip waveguide,
and the key filtering structure uses the Bragg waveguide grating. Note that the whole
structure is fabricated via laser-induced phase transition method on the SbySe; layer with
its initial state of crystalline state (Cr-SbySe3). For the laser writing process, the designated
region of the SbySej layer changes from a crystalline state to an amorphous state (Am-
Sb,Se3), corresponding to the refractive index of SbySes decreasing from 4.012 (Cr-Sb;Se3)
to 3.245 (Am-Sb;Ses3) at the working wavelength of 1550 nm. In contrast, for the laser
erasing process, the low-refractive-index amorphous region reverts to the crystalline region,
corresponding to the restoration and resetting of the Sb,Ses film state. Among them, the
designated region is actually our designed device structure pattern. Using this method, we
can easily change the device structure even after it has been fabricated, which means the key
device structure parameters can be modified as needed. To achieve the filter function, we
employ the Bragg waveguide grating structure, and the wavelength will be reflected as the
Bragg reflection condition is satisfied. The Bragg reflection wavelength, Ag, is determined
by [27]

AB = 2negfA 1

where 714 is the effective refractive index of the waveguide and A is the grating period.
According to Equation (1) and flexibility of the laser-induced phase transition process on
the low-loss Sb,Se; layer, we can realize the dynamic adjustment of the central wavelength
and extinction ratio of the stopband filter, offering flexible and precise control over the
spectral response of the device.
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3. Results and Discussion

In this study, two key performance metrics were analyzed: extinction ratio (ER) and
insertion loss (IL), both expressed in decibels (dB). Extinction ratio quantifies the filtering
strength of the device and is defined as [28]

T

ER = 1010g10< ma") 2)
Tmin

where Thax represents the maximum transmittance within the passband, and T, de-

notes the minimum transmittance within the stopband. Insertion loss, on the other hand,

measures the optical power attenuation through the device and is defined as [28]

2
IL = —lOlogm( lf“tp‘“> 3)

Input

where Poutput and Prnpyt are the optical power at the output and input ports, respectively.
These metrics provide a quantitative basis for evaluating the spectral performance and
efficiency of the filter.

To assess the light field confinement and filtering performance of the device,
three-dimensional finite-difference time-domain (3D-FDTD) simulations were performed.
Figure 2 shows the electric field distribution of the input fundamental mode (TEy) for the
proposed filter. Unlike commonly used etched waveguide structures with optical modes
confined within the high-refractive-index etched waveguide regions, here we employ the
etchless waveguide structure and the optical mode is confined within the high-refractive-
index crystalline region of the Sb,Ses layer and its bottom unetched silicon nitride layer
shown in Figure 2. As a contrast, such optical mode will disappear as the refractive index
difference is not introduced in the Sb,Se; layer. Note that we use laser-induced phase
transition method to realize the phase transition between crystalline and amorphous states
of the Sb,Se; layer, which will be more flexible, convenient and cost-effective compared

with used electrode heating phase transition.
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Figure 2. Simulated electric field distribution (1El) of input TEy mode for the proposed filter.
Simulation shows the electric field distribution is within the high-refractive-index crystalline region
of the Sb,Se; layer and the underlying unetched silicon nitride layer. Black lines represent the
interfaces between different materials and waveguide materials are marked.

Figure 3 presents the calculated transmission and reflection spectra of our designed
optical waveguide filter. The Bragg grating in the SbySes layer was configured with the
following structural parameters: L = 150 pm, W = 900 nm, A = 400 nm, W; =400 nm,
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a=100nm, and S = 0 (setting it as the reference Bragg grating structure). Under these
conditions, the calculated transmission spectrum exhibits a central wavelength of 1576.5 nm
and a 3 dB bandwidth of 8.6 nm, with the reflection spectrum exhibiting identical char-
acteristics in terms of both central wavelength and bandwidth. Meanwhile, the width of
central flat region in reflection spectrum is affected by five structural parameters (L, W,
W1, a, and S). According to simulation results, the device reveals excellent performance,
with an ultra-low IL of approximately 0.1 dB, an ER reaching 26.1 dB, and side-mode
suppression ratio in the reflection spectrum of about 4.4 dB. The pronounced notch in
the transmission spectrum indicates that the Bragg grating effectively suppresses light at
specific wavelengths, confirming the filtering capability of the phase-change Bragg grating
formed by the laser direct writing technique on the Sb,Se; layer.

1} —
—Transmission

—Reflection

Response(dB)

_35 1 1 L
1560 1570 1580 1590 1600

Wavelength(nm)

Figure 3. Calculated transmission and reflection spectra of the proposed optical waveguide filter. The
device is configured with the following structural parameters: L = 150 pm, W = 900 nm, A = 400 nm,
a=100nm, and S = 0, respectively.

To further analyze the filtering behavior of the device, the electric field evolution
along the propagation direction was analyzed for the input TEy) mode. In the stopband
(A = 1577 nm), the input TEy mode is efficiently reflected by the Bragg waveguide grating
and converted into the backward-propagating TEy mode (which can be clearly found in
Figure 4a,b). Figure 4a shows the overall reflection effect of our designed Bragg waveguide
grating within its stopband and Figure 4b illustrates the distribution of the optical mode
field near the interface between the input and reflective ports of the filter. In the passband
(A = 1560 nm), the input TEjy mode can pass directly through the Bragg waveguide grating
region with almost no reflection, as shown in Figure 4c,d, revealing efficient transmission
at wavelengths outside the stopband. So, we can easily filter out the light within the Bragg
reflection wavelength range, but this filtering range is closely related to the Bragg grating
structure. Based on commonly used etched waveguide structure, this filtering range is
almost impossible to further adjust after the etched waveguide structures are fabricated.
Even by utilizing the electro-optic or thermal-optic effect, this filtering tunable range is very
narrow. Fortunately, with the help of the laser-induced phase transition process on the low-
loss phase change wafer, we can write or erase arbitrary structure pattern as needed even
if the device structure has been fabricated. Therefore, we are expected to break through
the limitations of traditional optical waveguide filters and achieve more flexible filtering
tunable capabilities.
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Figure 4. Electric field evolution along the propagation direction of our designed filter. (a) Overall
electric field distribution (1 El) and (b) electric field distribution (Ey) at the interface (dotted line)
between input and reflective ports in the stopband (A = 1577 nm). (c) Overall electric field distribution
(IEl) and (d) electric field distribution (Ey) at the interface (dotted line) between input and reflective
ports in the passband (A = 1560 nm).

Next, the key tuning capabilities of the filter were systematically investigated by
analyzing the effect of each structural parameter on the filter response. Figure 5a—e show
the calculated relationships between different structural parameters and filtering response.

Figure 5a shows the influence of grating length (L) on the filtering characteristics.
Keeping all other parameters consistent with the reference Bragg grating structure, L was
varied as 50 um, 100 pum, 150 um, and 170 um. As L increased from 50 um to 170 pum,
the central wavelength of the reflection spectrum remained essentially constant, while the
extinction ratio rose from 5.3 dB to 30.2 dB and the bandwidth decreased from 9.7 nm
to 8.3 nm, following an approximately linear trend. Note that the spectrum fluctuations
observed at L = 150 pum and 170 um are caused by the Fabry-Pérot (F-P) resonance effect.
When light propagates through the grating region, multiple reflections occur at its front
and rear faces. These reflections interfere, and the resulting constructive and destructive
interference makes the spectral curve non-smooth, producing noticeable fluctuations within
the stopband. As the grating length L increases, the light undergoes more round trips
inside the resonant cavity, and the F-P resonance effect becomes more pronounced. In
addition, simulation results also reveal that modifying L can tune the extinction ratio, with
only minor changes in bandwidth.

Figure 5b illustrates the effect of grating width (W) on the filtering response. With
other parameters consistent with the reference Bragg grating structure and L = 100 um,
W was adjusted to 700 nm, 800 nm, 900 nm, and 1000 nm through repeated erasing
operations. Increasing W from 700 nm to 1000 nm caused the central wavelength to redshift
from 1560.3 nm to 1582.2 nm, the extinction ratio to decrease from 27.4 dB to 11.2 dB,
and the bandwidth to narrow from 13.1 nm to 8.0 nm, respectively. This indicates that
W strongly influences both the central wavelength and extinction ratio, highlighting its
excellent wavelength tunability but also revealing challenges in achieving independent
parameter control.
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Figure 5. The calculated relationships between different structural parameters and filtering response.
(a) Effect of grating length (L) from 50 um to 170 um. (b) Effect of grating width (W) from 700 nm to
1000 nm. (c) Effect of grating ripple depth (W1) from 200 nm to 500 nm. (d) Effect of grating ripple
width (a) from 50 nm to 100 nm. (e) Effect of grating position shift (S) from 0 nm to 150 nm.

Figure 5c shows the impact of grating ripple depth (W) on the filtering response.
With other parameters consistent with the reference Bragg grating structure, W; was set to
200 nm, 300 nm, 400 nm, and 500 nm. As W; increased, the central wavelength initially
redshifted from 1575.7 nm to 1576.8 nm before exhibiting a slight blueshift, the extinction
ratio increased from 16.5 dB to 27.1 dB, and the bandwidth expanded from 6.5 nm to 8.7 nm,
respectively. Simulation results reveal a nonlinear behavior: the changes are pronounced at
first but gradually taper off as W approaches 500 nm.

Figure 5d examines the effect of grating ripple width (a) on the filtering response.
Keeping other parameters consistent with the reference Bragg grating structure, a was
varied from 50 nm to 100 nm. As a increased, the central wavelength redshifted from
1573.1 nm to 1576.5 nm, the extinction ratio increased from 3.2 dB to 26.6 dB, and the
bandwidth broadened from 0.9 nm to 8.8 nm, indicating that ripple width strongly affects
all key spectral parameters.

Figure 5e presents the effect of the grating position shift (S) on the filtering response.
Since simulations show symmetrical filtering behavior for S ranges of 0-200 nm and
200-400 nm, only the 0-200 nm range is shown. With other parameters consistent with the
reference Bragg grating structure, S was set to 0 nm, 50 nm, 100 nm, and 150 nm. Increasing
S caused the extinction ratio to drop from 15.3 dB to 3.4 dB and the bandwidth to shrink
from 9.4 nm to 2.2 nm, while the central wavelength remained nearly unchanged. This
indicates that grating position shift is highly effective for independent tuning of extinction
ratio without affecting the central wavelength.
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Within the study of the independent tuning of the central wavelength, it was found
that variations in the grating ripple depth W are difficult to effectively coordinate with
other structural parameters. Therefore, W is usually held constant in subsequent analyses.
For the grating ripple width a, increasing its value leads to a moderate rise in both the
extinction ratio and bandwidth, while the central wavelength exhibits a redshift. Although
this redshift trend is similar to that observed when varying the grating width W, Figure 5d
shows that the magnitude of the wavelength shift with a is smaller than that caused by
changes in W. This observation suggests a strategy for independently tuning the central
wavelength: by adjusting W and a simultaneously, the opposing effects on stopband band-
width and extinction ratio can cancel each other out, leaving only the central wavelength
to vary. Figure 6a shows the independent tuning of central wavelength for the proposed
filter via synchronously adjusting the two parameters of W and a, where other structural
parameters are set as follows: L = 100 um, A = 400 nm, W; =400 nm, and S =0. As W
increased from 760 nm to 1000 nm and a simultaneously increased from 74 nm to 100 nm,
the central wavelength of the reflection spectrum redshifted from 1563.0 nm to 1582.2 nm,
while the extinction ratio and bandwidth remained nearly constant, highlighting excellent
wavelength-independent tuning capability. Moreover, the bottom of the transmission
spectrum is nearly flat, which is caused by the spectrum fluctuations induced by the F-P
resonance effect. Note that these structures with different parameter combinations can be re-
alized for the single device through laser-induced phase transition technique on the Sb,Se;
layer. But such function cannot be realized based on a conventional etched waveguide
structure for a single device.

0

0
_2 . _5 |-
g g
E‘ -4 E—]O F
£ -6 £ -15;
& g
E -85 — W=760 nm, =74 nm | § 201 —L=70 pm, $=80 nm ]|
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— W=1000 nm, «=100 nm — L=160 pm, $=0 nm
112550 1560 1570 1580 1590 1600 1610 1620 10565 1570 1575 1580 1585 1590 1595
(a) Wavelength(nm) (b) Wavelength(nm)

Figure 6. Simulated spectral response with independent tuning of central wavelength and extinction
ratio. (a) Independent tuning of the central wavelength by synchronously adjusting W (from 760 nm
to 1000 nm) and a (from 74 nm to 100 nm). (b) Independent tuning of the extinction ratio by
synchronously adjusting L (from 70 um to 160 um) and S (from 80 nm to 0).

For independent tuning of the extinction ratio, the position shift S plays a key role.
As S varies, the central wavelength of the band-stop filter remains essentially unchanged,
and changes in the extinction ratio and bandwidth are positively correlated, as shown in
Figure 5e. This behavior contrasts with the case of varying L, where the extinction ratio
and bandwidth are negatively correlated, as shown in Figure 5a. Based on this insight,
independent adjustment of the extinction ratio can be achieved by coordinating variations
in both L and S: changes in the stopband bandwidth cancel each other, while the effects
on the extinction ratio are additive, allowing the extinction ratio to vary independently.
Figure 6b illustrates the independent tuning of extinction ratio for the proposed filter
through synchronously adjusting the two parameters of L and S, where other structural
parameters are set as follows: A =400 nm, W = 900 nm, W; = 400 nm, and 2 = 100 nm. As
L increased from 70 um to 160 um and S decreased from 80 nm to 0, the extinction ratio
rose from approximately 6.6 dB to 28.9 dB, while the central wavelength and bandwidth
remained nearly unchanged. Therefore, by adjusting multiple structural parameters simul-
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taneously, the filtering wavelength and extinction ratio of our proposed device can indeed
be independently tunned.

We further study the effective way to enhance the side-mode suppression ratio in the
reflection spectrum of the proposed filter shown in Figure 3. Grating apodization has been
proven to be an effective method for improving the side-mode suppression ratio of the
reflection spectrum [29]. So, in the present Bragg grating filter, apodization is implemented
by varying the position shift S along the length of the Bragg grating according to the
following relationship:

A x —0.5L)2
S:2<1—exp<—b(L2>>,0§x§L 4)

where b is a coefficient that controls the degree of apodization, and x denotes the position
along the grating with the input port as the origin. Figure 7a illustrates the schematic
of the device structure with grating apodization. All other structural parameters were
kept consistent with the reference Bragg grating structure, and b was set to 10. As the
value of b increases, the extinction ratio of the transmission spectrum decreases, while the
side-mode suppression ratio in the reflection spectrum increases gradually. So, we set b
as 10 by making a trade-off between the extinction ratio and side-mode suppression ratio.
Simulated transmission and reflection spectra comparing the apodized structure with the
reference Bragg grating structure (S = 0) are shown in Figure 7b. After applying apodization,
the side lobes in the transmission spectrum were almost completely eliminated, and the
side-mode suppression ratio in the reflection spectrum was increased from 4.4 dB to 15.5 dB.
These simulation results demonstrate that the grating apodization technique effectively
suppresses side lobes in both the transmission and reflection spectra, enhancing the spectral
quality of the filter.

apodized grating filter N \/ —T
-5+ |15.5dB —R -
Ty
%‘ =10+ /\ [\ — R,
T A |
=
2-20 A
g
S=A/2 S=A/4 $=0 S=A/4 S=A/2 & -25)
X 30+
®  ocoooco L2 eeesss L
_35 . . .
1560 1570 1580 1590 1600
(a) (b) Wavelength(nm)

Figure 7. Grating apodization optimization. (a) Schematic diagram of the grating apodized structure,
where the position shift S varies along the grating length. (b) Simulated transmission (T) and reflection
(R) spectra comparing the apodized structure (A) with the reference Bragg grating structure (S = 0).

In order to better illustrate the performance differences between previously reported
optical waveguide filters and the present one, we make a comparison table listed in Table 1
from the points of wavelength tuning range, transmission tuning range, insertion loss,
footprint, tuning method, nonvolatility, and tuning independence. Through a detailed
comparison, we can clearly find that the present filter has obvious advantages in the aspects
of wavelength tuning range (19.2 nm), transmission tuning range (22.3 dB), insertion
loss (0.1 dB), and independent tuning. In addition, using laser-induced phase transition
technique, we can easily change the structure and achieve the independent tuning of
central wavelength and extinction ratio of the single filter. This unique erasable feature
of the present device is something that other filters based on etched optical waveguide
structures cannot achieve [26,30-34]. This means that previously reported device functions
are fixed once they are fabricated and their tuning ranges are intrinsically limited by the
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tuning method, which nearly cannot achieve wide-range adjustment. However, the present
filter can achieve relatively large-scale filtering adjustment only by changing the device
structural parameters even after it is fabricated. Therefore, their tuning methods and effects
are clearly different. Traditional tuning methods are based on the thermo-optic and carrier-
dispersion effects, which require continuous power supply to sustain the tuned states,
corresponding to high power consumption [31,33,34]. Meanwhile, phase change materials
of Ge;SbyTes (GST) and GeySb,SesTey (GSST) are introduced to achieve the tunable optical
waveguide filters while their relatively high material absorption loss results in a relatively
high insertion loss for the device [26,30]. Note that these tuning methods require the
additional fabrication of metal electrodes, which undoubtedly increases the complexity
of device fabrication process. By contrast, the present filter can be easily tuned by using
the laser-induced phase transition method, without the need for additional electrode
fabrication. For the reconfigurability and scalability, these schemes almost all have these
functions. The sole limitation of present filter in its applications is the requirement of a
laser-induced phase transition system, which will be used to perform the specified phase
change operations on the phase change material, and the flexibility in use is currently
not as convenient and efficient as that of electrodes. Furthermore, in the present work,
the reported filtering results are based on the numerical simulations and experimental
characterizations are under way. We hope to obtain the experimental results of our designed
tunable filter in the near future.

Table 1. Comparison between different tunable optical waveguide filters.

Wavelength Transmission Insertion Footprint Tunin, Tunin,
Reference Tuning Tuning Range Loss (dB) (um?) Methogd Nonvolatility Indepen dgence
Range (nm) (dB) H P
szSe3
[26] (S) 9 16.1 0.8 ~16 GSST Yes Yes
[301 (S) 8.8 19.2 ~2.6 ~10 GST Yes No
[31] (E) 59 — 4/6 ~375,285 Carrier-dispersion No Yes
[32] (E) — 314 <05 ~22 Sb,Ses Yes No
[33] (S) ~0.0014 — <5 ~1100 Thermo- No Yes
optic
[34] (E) ~0.249 — 22 ~1,120,000 T};;rtrirc‘o' No Yes
This work (S) 19.2 223 0.1 ~918 Erasable structure Yes Yes
E: experiment; S: simulation; “—*: not mentioned.

The device fabrication part encompasses the Sb,Se; film deposition and the exper-
imental setup of phase change laser processing platform including writing and erasing
effects. The procedure for the Sb,Se; film deposition is illustrated in Figure 8. Specifically,
a Si3Ny wafer serves as the substrate, and Sb,Ses film is deposited on the surface of the sub-
strate using physical vapor deposition (PVD), such as ion beam sputtering and magnetron
sputtering [35,36].

PVD

Si Sio, Si,N, Sh,Se,

Figure 8. Procedure for Sb,Se; film deposition on SizN4 wafer. PVD: physical vapor deposition.
For the device fabrication, we have set up a laser-induced phase transition fabrication

system, as shown in Figure 9. The fabrication system illustrated in Figure 9a includes a laser

alignment and focusing optical path as well as a lighting and imaging optical path. For the
former, the emitted beam from red-light solid-state laser (639 nm) is firstly modulated via

https://doi.org/10.3390 / photonics13070623


https://doi.org/10.3390/photonics13070623

Photonics 2026, 13, 623

11 of 14

acousto-optic modulator (AOM), then passes through two beam splitters (BS1, BS2), and
finally is focused on the sample surface by a 50x objective lens (numerical aperture = 0.5).
As for single-spot writing, a rectangular pulse with a duration of 500 ns and power of
8.06 mW is applied. Conversely, the erasing operation utilizes a 5 ms pulse with power of
2.95 mW. For the latter, the white light from light-emitting diode (LED) first shines on the
sample surface and then the reflected light passes through objective lens, BS2, BS1, filter,
convex lens, and finally is captured by CCD camera for imaging display. Note that the filter
is employed to suppress residual reflections from the processing laser, thereby improving
imaging contrast. Using such observation and imaging structure, we can observe the
fabrication situation and results of the sample in real time. In addition, the translation
stage is used to move the sample, enabling the laser writing and erasing of the designed
structural patterns on the SbySej3 film. Figure 9b shows the corresponding experimental
setup and we will use such setup to fabricate our proposed tunable optical waveguide
filter. Note that a SiO; capping layer has been applied to the Sb,Se;3 surface to prevent the
volatilization, thermal degradation, and oxidation of phase change material. At present,
the writing accuracy of our fabrication system is about 400 nm. Further improvement
depends on the shorter wavelength of writing laser and higher numerical aperture of
objective lens. Moreover, SbySe; material does not show any significant performance
degradation within 100 repetitions of writing and erasing processes within our experiment.
Switching speed ranges from nanosecond to millisecond, which can meet the requirements
of reconfigurable applications.

AWG

CCD

Convex Lens <

Filter ===
Collimator
Barrier I

BS1 AOM Red Laser

LED
Objective Lens
Sample il

PC , 7
(a) (b) Fabrication platform

Translation Stage

Figure 9. Fabrication system for the optical waveguide filter. (a) Schematic of the laser-induced phase
transition fabrication system. (b) Experimental setup. BS: Beam splitter, AWG: arbitrary waveform
generator, AOM: acoustic optical modulator, PC: personal computer, LED: light-emitting diode.

Regarding the feasibility of on-chip integration with traditional optoelectronic de-
vices, the fabrication of the proposed reconfigurable device is fully compatible with the
back-end of line (BEOL) processes standard in complementary metal-oxide semiconductor
(CMOS) foundries. This compatibility is primarily enabled by the low thermal budget
required for Sb,Se; thin-film deposition, which can be performed at temperatures well be-
low 400 °C—significantly lower than the threshold that would damage underlying CMOS
circuitry or silicon photonic waveguides. Moreover, the utilization of laser-induced lo-
cal phase transition eliminates the need for global high-temperature annealing, thereby
enabling the direct monolithic integration of reconfigurable photonic functions on top of
existing electronic-photonic chips without compromising yield or reliability.

For the proposed optical waveguide filter, the variability of its structure parameter is
the key to achieving tunable filtering functionality for the single device. We employ our
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established fabrication system shown in Figure 9 to fabricate the filter and the variability
of structural parameters is also demonstrated on a single device. Two key structural
parameters, the grating length (L) and ripple depth (W), were systematically varied, while
all other parameters were kept constant. Reversible phase transitions between crystalline
and amorphous states were induced through repeated writing and erasing processes,
allowing the formation of Bragg gratings with different configurations. Figure 10a—f present
optical images of fabricated Bragg waveguide gratings with different grating lengths L and
ripple depths Wj. By considering the limitation of our CCD display range and marker
lines, we take the variations in L and W as examples. Variability of other filtering structure
parameters can also be achieved using our fabrication system. From Figure 10, we find that
the grating length and ripple depth of the filter can be easily increased or decreased on a
single device without having to fabricate the devices with different structure parameters
again and again. Therefore, based on the device structure described in here and the laser-
induced phase transition method, we can easily change the device structural parameters
even after it is fabricated. Further experimental characterizations of our proposed filter are
under way:.

W,=0.2 pm

Figure 10. Optical images of fabricated Bragg waveguide gratings on a single device. The images
demonstrate the reversible variation in structural parameters via laser-induced phase transition.
(a—c) Gratings with different lengths: L = 7.6 pm, L = 9.6 um, and L = 5.6 um, respectively. (d—f) Grat-
ings with different ripple depths: Wy = 0.4 pm, Wy = 0.5 um, and Wy = 0.2 um, respectively.

4. Conclusions

In summary, we present a tunable optical waveguide filter based on the low-loss
phase change material Sb,Ses. By depositing an Sb,Se; layer on the silicon nitride wafer,
the filtering structure pattern is formed based on the obvious refractive index difference
between crystalline and amorphous states of Sb,Ses. Such structure pattern can be fabri-
cated on the Sb,Se; film via the laser-induced phase transition method. Simulation results
reveal that independent tuning of the central wavelength over a 19.2 nm range and the
extinction ratio by 22.3 dB can be achieved for the filter, including an ultra-low insertion
loss of 0.1 dB. In addition, an apodization scheme is further introduced to improve filtering
performance, increasing the side-mode suppression ratio in the reflection spectrum from
4.4 dB to 15.5 dB. Meanwhile, the structure of the proposed filter is erasable even after it is
fabricated, where such function cannot be realized for current etched optical waveguide
devices. Based upon the features of nonvolatility, erasability, and flexible independent
tunability, we hope such a scheme and device could find potential applications in the
reconfigurable and programmable photonic integrated circuits to address the issues of
dynamic wavelength selection and filtering.
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