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Non-volatile reconfigurable planar lightwave circuit splitter
enabled by laser-directed Sb2S3 phase transitions
Shixin Gao1†, Tun Cao1*†, Haonan Ren1, Jingzhe Pang1, Ran Chen1, Yang Ren3, Zhenqing Zhao4, Xiaoming Chen1 and
Dongming Guo2*

 

Abstract: Planar  lightwave  circuit  (PLC)  splitters  have  long  been  foundational  components  in  passive  optical
communication  networks,  achieving  commercial  success  since  the  1990s.  However,  their  inherent  fixed  splitting
ratios impose significant limitations on capacity expansion, often requiring physical replacement and causing service
disruptions. Thermally tunable optical splitters address this challenge by enabling adjustable splitting ratios, but their
operation is  contingent  upon a continuous power supply  and complex driving systems.  In  this  work,  we present  a
novel, non-volatile tunable PLC platform based on Sb2S3 phase-change materials. The proposed device, which incor-
porates a Mach-Zehnder interferometer (MZI) optical switch structure, offers tunable splitting ratios via laser-direct
writing  or  ohmic  heating,  providing  flexible  reconfiguration  capabilities.  Experimental  results  demonstrate  non-
volatile power splitting ranging from 50∶50 to 20∶80, with a modest increase of approximately 1 dB in additional
loss. This work highlights the potential of the proposed platform for low-power, high-efficiency, and reconfigurable
photonic networks.

Keywords: phase  change  materials; reconfigurable; planar  lightwave  circuit; integrated  photonic  devices; optical
routing

 

 Introduction
Passive optical networks (PONs) have become increasingly
essential as global broadband demand surges, driven by the
need  for  high-speed  connectivity1−3.  Planar  lightwave
circuits  (PLCs)  are  fundamental  components  in  PON
networks,  playing  a  pivotal  role  in  enabling  efficient  and
low-cost  optical  communication  solutions4−6.  These  split-
ters  are  commonly  designed  with  Y-branch  waveguide
structures,  supporting  from  2  to  128  or  more  channels  to
meet the diverse requirements of modern optical communi-
cation  systems7−11.  Key  performance  metrics  for  PLC split-
ters include low insertion loss, customizable splitting ratios,
a wide operating wavelength range, and a compact, low-cost
design. However, as passive components, the fixed splitting
ratios  of  conventional  PLC  splitters  severely  limit  network
flexibility.  For  instance,  capacity  expansion  requires  the
physical  replacement  of  these  devices,  inevitably  causing
service interruptions.

While  Mach-Zehnder  interferometer  (MZI)-based
tunable splitters using thermo-optic effects have been devel-
oped to address this limitation, their non-volatile operation
demands  continuous  power  to  maintain  configurations,
leading  to  high  energy  consumption12,13.  Furthermore,  the
integration of microheaters introduces fabrication complex-
ities,  such  as  additional  lithographic  and  etching  steps  for
electrical  interconnects,  which  increase  costs  and  conflict
with the cost-sensitive manufacturing paradigm of PLCs.

Phase-change materials (PCMs) have emerged as a novel
solution  for  non-volatile  reconfigurable  photonic  devices,
overcoming the limitations of volatile tuning mechanisms14.
PCMs enable reversible switching between amorphous and
crystalline states through controlled heating and quenching
processes,  leveraging  the  significant  refractive  index
contrast  between  these  phases  to  create  compact  and  effi-
cient  photonic  devices.  Early  PCMs,  such  as  Ge2Sb2Te5
(GST),  have  demonstrated  promising  applications  in
tunable  metasurfaces15−17,  non-volatile  photonic
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memories18−20,  and  reconfigurable  optical  neural
networks21−23.  However,  their  high  optical  loss  in  the
telecommunication  band  has  limited  their  practical  use  in
low-loss photonic circuits.

Recently, a new class of low-loss PCMs, particularly anti-
mony  trisulfide  (Sb2S3),  has  gained  considerable  attention
due  to  its  exceptional  properties24−26.  Sb2S3 exhibits  a  wide
transparency  range  from  visible  to  near-infrared  wave-
lengths,  with  a  refractive  index  contrast  of  approximately
0.6 between its amorphous and crystalline states. Combined
with  its  low  optical  loss  and  excellent  thermal  stability,
Sb2S3 has  become  a  leading  candidate  for  reconfigurable
photonic applications. Notably, laser-induced phase transi-
tions  in  Sb2S3 have  enabled  etching-free  reconfigurable
waveguides on platforms such as silicon nitride and silicon-
on-insulator (SOI), demonstrating ultra-low absorption loss
and  paving  the  way  for  high-performance,  low-loss
photonic  devices27−29.  These  advancements  highlight  the
potential  of  Sb2S3 for  enabling  next-generation
programmable  photonic  circuits  with  non-volatile
operation.

This  work  demonstrates  a  novel  approach  to  realizing
non-volatile  tunable  PLC  splitters  through  the  integration
of Sb2S3 with commercial PLC platforms. The laser-induced
crystallization  process  enables  precise  regional  phase  shift
control  through optimized amorphous-to-crystalline  phase
transitions.  Critical  process  parameters,  including  laser
power,  scanning  speed,  and  crystallization  patterns,  were
systematically  explored  to  achieve  the  optimal  crystalliza-
tion state. By incorporating laser-direct-written Sb2S3 phase
shifters in an MZI configuration, we achieved a wide split-
ting ratio adjustment range from 50∶50 to 20∶80, with an
additional  insertion loss  of  approximately  1  dB.  This  work
demonstrates a reconfigurable PLC splitter that expands the
functionality and performance of PLCs, offering a low-cost,
low-energy  solution  for  intelligent  optical  communication
networks.

 Results and discussions
 Principle of operation
The  central  concept  of  this  work  exploits  the  refractive
index contrast of Sb2S3 thin films between their amorphous
(n =  2.7)  and  crystalline  (n =  3.3)  states  to  create  a  phase
shifter integrated into an MZI structure on a PLC platform.
This setup enables reconfigurable splitting ratios. The phase
shift  induced  by  the  transition  of  Sb2S3 from  the  amor-
phous  to  crystalline  state  alters  the  interference  conditions
within  the  MZI  arms,  allowing  precise  control  over  the
splitting  ratio.  The  phase  shifter  consists  of  a  PCM-modi-
fied PLC waveguide,  as  illustrated in Fig. 1(a).  It  features  a
thin Sb2S3 layer coated on the waveguide surface, protected
by  an  oxide  capping  layer.  Localized  crystallization  is
induced by laser writing (> 270 °C) on one MZI arm, creat-
ing  a  phase  difference  proportional  to  the  written  length.
This  is  demonstrated  in  the  inset  of Fig. 1(a),  where  the

output  light  spots  from  the  PLC  waveguide  are  captured
through  a  low-magnification  lens  and  imaged  on  an
infrared  camera  (Supplementary  information Fig.  S1).  The
phase  shift  resulting  from  laser  writing  inverts  the  output
intensity ratio between ports A and B. The sample shown is
a  commercially  fabricated  PLC  waveguide  with  the  top
cladding  removed,  as  shown  in Fig. 1(b),  and  includes
alignment  fixtures  for  fiber  array  (FA)  packaging.  The
waveguide  structure  is  visible  in  the  microscope  image  of
Fig. 1(c),  where  the  brown  regions  correspond  to  the
deposited  Sb2S3 layer.  The  fabrication  process  has  been
schematically shown in Supplementary information Fig. S2.

The  structure  of  the  PCM-modified  PLC  waveguide  is
shown in Fig. 1(d). The core width (w = 6.7 μm) and core-
to-surface  distance  (h)  facilitate  partial  evanescent  field
interaction  with  the  Sb2S3 layer.  This  relatively  thick  layer
compensates for the weak evanescent field overlap in large-
core  waveguides,  allowing for  practical  phase-shift  lengths.
Figure 1(e) illustrates  the  calculated  modal  field  distribu-
tion  in  the  phase-shifter  region.  Numerical  simulations
reveal  polarization-dependent  behavior  due  to  the  asym-
metric  placement  of  Sb2S3.  The  transverse  magnetic  (TM)
mode  shows  stronger  field  overlap  with  the  Sb2S3 layer
(Fig. 1(e)),  resulting  in  higher  sensitivity  to  index  changes
but  also  increased  coupling  loss.  The  transverse  electric
(TE)  mode  exhibits  weaker  field  overlap  with  the  Sb2S3
layer, attributed to its reduced sensitivity to refractive index
changes. Material losses, derived from the imaginary refrac-
tive index (kc = 0.0001 for crystalline, ka = 0 for amorphous),
contribute minimal losses in both the crystalline and amor-
phous  states30.  For  unpolarized  light  inputs,  the  extinction
ratio between the two ports is  limited to 18.5 dB, as unpo-
larized light contains an equal mix of TE-mode light, which
cannot  produce  effective  interference  due  to  insufficient
phase  accumulation.  Extending  this  range  will  require
polarization-insensitive  designs,  such  as  symmetric  Sb2S3
coating  on  both  sides  of  the  waveguide,  representing  a
potential direction for future research.

 Laser direct writing of large-area crystalline Sb2S3
Compared  to  conventional  annealing  methods  using  a
hotplate or microheater,  laser direct writing achieves supe-
rior crystallization uniformity (Supplementary information
Fig.  S3),  with  larger  grain  sizes  and  reduced  boundary
density,  effectively  mitigating  optical  losses28,30.  High-qual-
ity  Sb2S3 crystallization  requires  precise  control  of  laser
writing parameters, which significantly influence both crys-
tallinity and optical loss. To systematically investigate laser-
induced phase transitions,  we used silica microscope slides
coated with 300 nm of amorphous Sb2S3 and 50 nm Al2O3
capping  layers  (fabricated  via  electron-beam  evaporation)
as test platforms, taking advantage of their physical similar-
ity to PLC substrates. A combinatorial parameter study was
conducted using a  custom-built  laser  writing system, vary-
ing  scanning  speeds  (10,  20,  40,  and  100  μm/s)  and  laser
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powers (2, 3, 5, and 8 mW), as shown in Fig. 2(a).
At  suboptimal  2  mW  power,  incomplete  crystallization

resulted in narrow, shallow traces with a mixture of amor-
phous  and  crystalline  phases.  In  contrast,  excessive  8  mW
power  caused  localized  overheating  and  film  delamination
at the Sb2S3/Al2O3 interface. Crystallographic texture analy-

sis revealed that grain structure alignment strongly depends
on  the  scanning  trajectories  (Fig. 2(b)).  Unidirectional
scanning  at  20  μm/s  produced  aligned  grain  structures
along  the  writing  axis,  while  complex  patterns,  such
as  spiral  and  S-shaped  fillings,  led  to  disordered  grain
boundaries. This outcome is due to directional grain growth
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Fig. 1 | (a)  Schematic  diagram of  the  laser  direct-writing  process  for  the  tunable  PLC  splitter.  Inset:  near-infrared  microscopic  image  of  the  output  light
spots at ports A and B of the splitter, captured before and after laser writing of 3 mm. (b) Photograph of the tunable PLC splitter, with the brown color
regions indicating the deposited Sb2S3 layer. (c) The overall architecture of the PLC with critical dimensions annotated at key locations, where the blue rect-
angle demarcates the region subjected to microscopic imaging of the PCM-modified waveguide, and the black rectangle identifies the laser-direct-written
crystallization  zone.  (d)  Cross-section  of  the  PCM-modified  PLC  region,  with  key  geometric  parameters  annotated: t (Sb2S3 thin  film  thickness), h (gap
height between Sb2S3 and PLC core region), and w (PLC core width). (e) Comparison between the PCM-modified region without laser writing and the PCM-
modified region after laser writing.
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being influenced by the laser scanning speed relative to the
intrinsic crystallization growth kinetics.

Power-dependent  crystallization  dynamics  were  further
analyzed  through  Raman  spectroscopy.  Direct-write  filling
was performed on the samples using laser powers of 2, 3, 5,
and  8  mW  at  a  scanning  speed  of  100  μm/s,  as  shown  in
Fig. 2(c, d).  Optimal  crystallinity,  indicated  by  distinct
Raman peaks at 189 cm–1 and 290 cm–1, occurred in the 3–5
mW  range.  Subthreshold  2  mW  irradiation  preserved  the
amorphous-phase  spectral  signatures,  while  8  mW  expo-
sure  resulted  in  material  degradation,  with  attenuated
Raman peaks.

These  experiments  revealed  that  power  and  scanning
speed  are  interdependent  parameters.  Within  an  optimal
range,  such  as  a  scanning  speed  of  10–40  μm/s  combined
with power settings of 3–5 mW, uniform planar crystalliza-
tion can be  achieved.  While  higher  power  and faster  scan-
ning speeds may improve production efficiency, if the scan-
ning  speed  exceeds  the  crystallization  growth  rate  by  a
significant  margin,  the  crystallization  dynamics  change:
instead of progressing along the scanning direction, crystal-
lization  occurs  simultaneously  across  the  heated  region31.
This  can  result  in  discontinuous  crystallization  growth,
smaller  grain  sizes,  and  higher  transmission  losses.  There-
fore,  careful  optimization  of  both  power  and  scanning

speed  is  crucial  for  achieving  stable  and  high-quality
crystallization32−34.

 Transmission characterization
We  systematically  investigated  the  optical  transmission
characteristics  of  a  PCM-modified  PLC  waveguide  phase
shifter integrated into an MZI splitter. To optimize perfor-
mance, we analyzed the phase shift dependence on two crit-
ical parameters: the Sb2S3 layer thickness and the gap height
(h)  between  the  PLC  waveguide  and  the  Sb2S3 layer.
Figure 3(a) shows  the  phase  shift  as  a  function  of  Sb2S3
thickness under fixed laser-writing conditions (6 mm writ-
ing  length, h =  1  μm).  A  500  nm  Sb2S3 layer  achieves  a
complete  π-phase  shift  for  the  transverse  magnetic  (TM)
mode,  while  weaker,  but  still  measurable,  phase  modula-
tion occurs in the transverse electric (TE) mode. Figure 3(b)
further  quantifies  the  interdependence  of  gap  height  (h),
phase  shift  magnitude,  and  optical  losses  induced  by  the
Sb2S3 state  transformation  (writing  length:  6  mm,  Sb2S3
thickness: 500 nm). Our simulations covered a range of gap
heights  from 450 nm to 950 nm to account for  fabrication
tolerances.  Smaller  gap  heights  enhance  phase  modulation
by  increasing  the light-PCM  interaction  but  may  also  lead
to  mode  distortion  and  coupling  losses  between  the  PLC
waveguide  and  the  PCM-modified  structure.  Total  losses
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arise  from  three  mechanisms:  intrinsic  absorption  in
crystalline  Sb2S3 (dominated  by  its  extinction  coefficient,
kc),  scattering  losses  at  polycrystalline  grain  boundaries
(which  are  process-dependent),  and  mode  coupling  losses
between  the  original  PLC  waveguide  and  the  PCM-modi-
fied  regions  during  phase  transitions.  Simulations  reveal
low  TM-mode  absorption  losses  (0.003  dB/mm–0.010
dB/mm).  A  gap  height  below  750  nm  is  required  for  π-
phase  shift  operation,  with  theoretical  insertion  losses
under 0.2 dB. Detailed calculations can be found in Supple-
mentary information Fig. S4.

For  experimental  validation,  we  fabricated  a  custom
PLC-MZI structure (h = 1 μm) with sequentially deposited
500  nm  Sb2S3 and  a  30  nm  Al2O3 protection  layer.  Light
was  coupled  through  SMF-28  single-mode  fibers,  and  the
TE/TM  mode  splitting  ratios  were  analyzed  using  a  polar-
izer and power meter. The device exhibited an insertion loss
of  2.9  dB  before  Sb2S3 deposition  and  3.8  dB  after  deposi-
tion.  The  additional  0.9  dB  loss  is  primarily  attributed  to
two  factors:  mode  mismatch  between  the  original  PLC
waveguide  and  the  Sb2S3-modified  region,  and  fabrication
process  imperfections  associated  with  the  long  deposition

length  (over  9  mm).  The  laser  writing  process  introduced
negligible additional loss, with the insertion loss increasing
by only  0.2  dB after  a  6  mm writing length on one arm of
the  MZI. Figure 3(c, d) compares  the  transmission  spectra
before and after laser writing with varying exposure lengths
on  one  interferometer  arm.  The  results  demonstrate  the
dynamic  evolution  of  the  split  ratio,  transitioning  from an
initial 50∶50 balance to an 80∶20 ratio and subsequently
returning  to  60∶40.  This  performance  is  constrained  by
structural  deviations  in  the  output  directional  coupler,
which  exhibited  a  non-ideal  50∶50  split  compared  to
design  specifications.  Notably,  simulations  suggest  that
1∶99 splitting (18.5 dB extinction ratio) can be achieved in
optimized  configurations  with  minimized  phase  shifter
losses. These results underscore the critical impact of direc-
tional  coupler  precision  on  MZI  performance,  a  challenge
we  aim  to  address  through  PCM-based  trimming  tech-
niques,  implementing  a  validated  methodology  from  sili-
con photonics platforms. Figure 3(d) reveals distinct polar-
ization-dependent  responses  in  the  PLC  splitter:  as  laser
direct  writing  length  increases  from  0  mm  to  6  mm,  TE
light shows a gradual shift from 40∶60 to 30∶70 splitting
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fication (3 mm writing length) demonstrates split ratio tuning from 50∶50 to 80∶20, constrained by non-ideal directional coupler performance. Simula-
tions indicate the feasibility of achieving 50∶50 to 1∶99 splitting ratio in optimized configurations.
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ratio, while TM light undergoes pronounced cyclical varia-
tions —transitioning  through  50∶50  and  30∶70  states
before returning to 40∶60. This contrast confirms that TM
mode  achieves  full  phase  modulation  whereas  TE  mode
attains only partial modulation, primarily due to TE's inher-
ently  weaker  interaction  with  the  phase-change  material.
The  diminished  modulation  efficiency  in  TE  mode  origi-
nates from its significantly smaller effective refractive index
contrast compared to TM mode, necessitating longer inter-
action  lengths  for  equivalent  phase  control.  The  perfor-
mance  comparison  of  electrically  reconfigurable  non-
volatile  photonic  devices  based  on  phase  change  materials
can be found in Supplementary information Table S1.

 Conclusions
This work presents a non-volatile, reconfigurable PLC split-
ter,  bridging  the  gap  between  conventional  fixed-ratio
devices  and  volatile  tunable  solutions.  By  leveraging  the
low-loss  Sb2S3 on  a  commercial  PLC  platform,  we  achieve
permanent  splitting  ratio  tuning  through  laser-direct-writ-
ten phase transitions in the MZI configuration.  The Sb₂S₃-
modified  waveguide  enables  reversible  switching  of  the
splitting ratio from 50∶50 to 80∶20 with approximately 1
dB  insertion  loss.  Theoretically,  we  verified  an  18.5  dB
extinction  ratio  and  demonstrated  polarization-dependent
tunability,  with  performance  limitations  primarily
attributed  to  directional  coupler  imperfections  rather  than
the properties of the PCM. This architecture preserves stan-
dard PLC manufacturing workflows, requiring only a sput-
tering step and eliminating the need for additional lithogra-
phy  and  etching  processes.  This  novel  platform  offers  a
cost-effective  solution  for  upgrading  widely  deployed
passive  optical  networks,  advancing  the  development  of
fully programmable PLC infrastructures.
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