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Double topological phase singularities in highly
absorbing ultra-thin film structures for
ultrasensitive humidity sensing
Xiaowen Li1,2†, Jie Sheng2†, Zhengji Wen 3, Fangyuan Li2, Xiran Huang2,
Mingqing Zhang1, Yi Zhang2, Duo Cao2, Xi Shi2*, Feng Liu2* and
Jiaming Hao1*

Phase  singularities  (PSs)  in  topological  darkness-based  sensors  have  received  significant  attention  in  optical  sensing
due to their rapid, ultra-sensitive, and label-free detection capabilities. Here, we present both experimental and theoreti-
cal investigations of an ultrasensitive and multiplexed phase-sensitive sensor utilizing dual topological PSs in the visible
and near-infrared regions. This sensor uses a simple structure, which consists of an ultra-thin highly absorbing film de-
posited on a metal substrate. We demonstrate the achievement of dual-polarization darkness points for s- and p-polariza-
tions at different incident angles. Furthermore, we theoretically explain the double topological PSs accompanied by a per-
fect ±π-jump near a zero-reflection point, based on the temporal coupled-mode formalism. To validate its multifunctional
capabilities, humidity sensing tests were carried out. The results demonstrate that the sensor has a detection limit reach-
ing the level of 0.12 ‰. These findings go beyond the scope of conventional interference optical coatings and highlight
the potential applications of this technology in gas sensing and biosensing domains.
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Introduction
The concept of phase singularities (PSs) is defined to de-
scribe a phenomenon that exhibits zero reflection/trans-
mission  (also  referred  to  as  the  darkness  point)  of  light
accompanied  by  a  rigorous  Heaviside  π-phase  jump  in
an  optical  system1−6.  The  effect  of  ultrafast  changes  of
phase  and  amplitude  close  to  the  PS  (zero-reflection
point), enables strong manipulation of light and promises

several  important  applications,  particularly,  in  the  field
of  optical  sensing2−8.  Unlike  the  field  of  optical  sensing
achieved through Bound States in the Continuum (BIC),
which is extensively studied and depends on high Q-fac-
tors and low mode volumes for absorption, reflection, or
transmission9−11.  However phase singularities instead fo-
cus  on  their  phase  changes12−14.  Furthermore,  conven-
tional optical PS systems, such as metamaterials15−21, have 
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an extremely tight tolerance for fabrication errors or in-
herent  roughness  of  thin  films  and  patterns.  In  recent
years,  there  has  been  extensive  research  attention  on
topological  PS  due  to  their  topologically  protected  fea-
tures1,18−24. The topological PS is resistant to small defor-
mations  or  defects  in  the  physical  system,  reducing  the
difficulties in device fabrications and guaranteeing its re-
producibility and reliability. General methods for achiev-
ing topological PS are typically demonstrated using plas-
monic  nanostructures16,19,  and  Fabry-Pérot  microcavi-
ties22,24,25.  The  underlying  physics  of  the  optical  phase
control  is  achieved through modulating wave vectors  in
momentum space or gradual accumulation within near-
ly  transparent  dielectric  layers.  Traditionally,  modulat-
ing wave vectors requires complex nanostructures, while
Fabry-Pérot  microcavities  require  optical  wavelength-
scale thickness. Topological PSs in atomically thin high-
refractive-index  materials  (2D  materials)1,26 have  also
been  recently  observed,  but  these  systems  support  only
single polarization (p- or s- polarization) for topological
darkness.

In contrast to single topological PS systems capable of
detecting  only  one  target  at  a  time,  double  topological
PSs  have  the  potential  to  simultaneously  differentiate
multiple  targets.  This  capability  arises  from their  ability
to  be  designed  to  match  the  vibrational  modes  of  dis-
tinct sensing targets17,19. Moreover, the utilization of dou-
ble  (p- and  s-)  topological  PS  sensing  relies  on  phase
changes  rather  than  light  intensity.  Thus,  it  can  avoid
challenges such as interference disturbance and external
filtering  commonly  encountered  in  traditional  multiple
target detection systems27−33.  Nevertheless, achieving PSs
in  double  topological  darkness,  particularly  for  s-polar-
ization, presents a formidable challenge. Achieving s-po-
larized  darkness  requires  materials  exhibiting  magnetic
responses,  which are seldom found in natural  materials.
To achieve s-polarization darkness, researchers have em-
ployed two approaches to solve the aforementioned chal-
lenge using artificial optical materials. One approach in-
volves the utilization of complex optical engineering struc-
tures, such as surface relief gratings24, cross-potent meta-
particles34,35, or split-ring resonators36,37. Manipulation of
the complex refractive index (neff(λ), keff(λ)) plane18,25 of
these structures is undertaken to obtain the desired mag-
netic  response.  This  necessitates  the  application  of  so-
phisticated  lithography  techniques  for  nanostructure
fabrication,  with  stringent  requirements  for  machining
accuracy  and  defect  minimization.  In  response  to  these

challenges, an alternative approach for achieving s-polar-
ization  darkness  involves  the  utilization  of  lithography-
free  planar  multilayer  film  stacks,  such  as  one-dimen-
sional  photonic  crystals  (PCs)17,  and  optical  cavities2,3,38

operating  at  visible  and  infrared  frequencies.  The  large
wavelength-scale  and multilayer  interface characteristics
of  these  structures  may  lead  to  optical  phase  accumula-
tion.  The  PS  of  s-polarization  topological  darkness  can
be realized through interface interference. Both PSs of s-
polarization and p-polarization can be achieved by grow-
ing a lossless dielectric film on an absorbing substrate2,22,
or  by  utilizing  asymmetric  Fabry-Pérot  microcavities3.
Although  implementing  these  lithography-free  nanos-
tructures  is  relatively  easy  in  production,  the  medium's
thickness must be on the order of the optical wavelength.

In this study, we present a novel, cost-effective, lithog-
raphy-free,  ultrasensitive,  and  multiplexed  phase-sensi-
tive  sensor  architecture.  The  sensor  comprises  an  ultra-
thin (h << λ/4n) highly absorbing dielectric layer of ger-
manium (Ge)  layer  deposited on a  silver  (Ag)  film.  The
experiment  demonstrates  the  emergence  of  topological
PS for both p- and s-polarization darkness across visible
and near-infrared frequencies. By calculating the zero re-
flection surface (ZRS) for p- and s-polarization, we iden-
tified intersections with the dispersion curve of Ge (n(λ),
k(λ), λ) at two points, thus stimulating the PSs effect as-
sociated  with  double  topological  darkness.  The  phase
jump  of  double  topological  darkness  is  calculated  using
the  transfer  matrix  method.  Furthermore,  we  analyzed
the  topological  PS  of  polarization  darkness  based  on
temporal  coupled-mode  theory.  Our  studies  reveal
abrupt  ±π-jumps  in  the  phase  parameter  near  zero-re-
flection,  plotted  as  a  function  of  wavelength  for  a  fixed
incidence angle proximal to the PS. The experimental re-
sults are rigorously validated through theoretical simula-
tions.  To demonstrate the functionality of our proposed
phase-sensitive sensing device, we applied it to a humidi-
ty sensing system by spin-coating a thin layer of humidi-
ty-sensitive  material,  polyvinyl  alcohol  (PVA),  onto  the
device.  Experimental  results  show  that  the  sensor  ex-
hibits a detection limit of 0.13 ‰ for p-polarization, and
0.12‰ for s-polarization. Furthermore, by introducing a
figure  of  merit  (FOM)  defined  as  the  ratio  of  the  phase
change  (dΔ)  to  the  amplitude  change  (dΨ)  under  vary-
ing of  humidity  conditions,  FOM = dΔ/dΨ we achieved
FOM  values  of  2450  and  425  for  p- and  s-polarized
waves. The results significantly outperform those report-
ed in prior studies3,21. 
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Results
 

Double topological PSs for s- and p-polarizations in
ultra-thin highly absorbing film structures
We present an ultrasensitive and multiplexed phase-sen-
sitive sensor utilizing double topological PSs. The sensor
architecture comprises a deposited ultra-thin (h << λ/4n)
absorbing  dielectric  Ge  layer  on  an  Ag  film.  As  a  semi-
conductor, Ge has a bandgap below the photon energies
within the  visible  and infrared spectral  ranges,  resulting
in  rapid  light  attenuation.  When  combined  with  metals
possessing  finite  optical  conductivity,  this  structure  en-
ables  effective  phase  accumulation.  This  phenomenon
arises  from  interface  reflection  and  transmission  phase
shifts  occurring  within  a  sub-wavelength  optical  path.
While  extensively  utilized  in  structural  colors  applica-
tions39,40, this novel physical mechanism is rarely report-
ed in the context of topological PS. To demonstrate how
an  ultrathin  highly  absorbing  medium  film  on  a  metal
substrate  exhibits  double  polarization  topological  dark-
ness, consider the scenario of light reflection from a pla-
nar  structure,  as  shown  in Fig. 1(a).  An  ultra-thin  ab-
sorbing  dielectric  layer  with  a  thickness  of t =  26  nm is
placed on top of a metal substrate. For a given thickness
of  the  dielectric  film,  angle  of  incidence (θ),  wavelength
(λ),  and  polarization  (s- or  p-wave),  reflection  from the
structure  can  be  made  exactly  zero.  This  imposes  two
conditions on the parameters (as we require that both re-
al  and  imaginary  parts  of  complex  reflection  coefficient
r(n, k, θ, λ)  should  be  zero  simultaneously)  and  implies
that for each given combination of n and k of  the effec-
tive  medium  layer  (EML)  we  can  find  both  wavelength

λ(n, k)  and  incidence  angle θ(n, k)  that  provide  exactly
zero  reflection  for  the  structure22,25.  Plotted  in  (n, k, λ)
coordinates,  this  procedure  yields  a  continuous  surface
which we refer to as a zero reflection surface (ZRS), Fig.
1(b). (p-polarization ZRSp marked by the solid blue ball,
and s-polarization ZRSs in red). The dispersion curve of
the Ge layer, represented by the yellow line, is plotted on
the  same 3D graph.  Two points  of  intersection,  marked
by yellow dots, exist between the dispersion curve of the
Ge layer and the ZRS. Meanwhile, to demonstrate that the
proposed  structure  is  topologically  protected,  we  simu-
late the defects of Ge material in experiments by varying
the refractive index (n, k) of Ge by ±10% in Fig. S2.

Experimentally,  we deposited a 26 nm thickness layer
of Ge onto an Ag substrate. The cross-sectional and sur-
face  scanning  electron  microscopy  (SEM) images  of  the
sample  are  presented  in Fig.  S3. Figure 2(a) and 2(b) il-
lustrate  p-polarized  darkness  and  s-polarized  darkness
across various wavelengths and angles of incidence. Ad-
ditionally, Fig. 2(c) and 2(d) display  the  false-color  2D
reflectance  spectra  for  p- and  s-polarization,  obtained
through the transfer matrix method (TMM). Experimen-
tal  measurements  span  an  angle  range  from  6°  to  85°,
while  TMM  calculations  cover  0°  to  85°.  Reflectance
spectra,  measured from 400 nm to 1600 nm at  different
angles  of  incidence,  are  presented  in Fig. 2(e) and 2(f).
Remarkably,  excellent  agreement  is  observed  between
experimental data and calculations. Specifically, p-polar-
ization  exhibits  zero  reflection  at  an  incidence  angle  of
80.2°  and  wavelength  of  587.8  nm,  while  s-polarization
achieves zero reflection at 29.4° and wavelength of 937.1
nm.  Yellow  circles  represent  regions  where  polarization
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darkness  points  occur  for  p- and  s-polarized  light.  Fur-
thermore, to illustrate zero reflection, reflectance spectra
for  p- and s-polarized light  at  the two angles  (80.2°  and
29.4°)  are  presented  in Fig. 2(g) and 2(h),  with  experi-
mental  measurements  represented  by  hollow  triangles
and  calculations  shown  by  solid  lines.  Evidently,  the
thin-film absorber supports two modes within the wave-
length range of interest for both p- and s-polarizations.

To further clarify the PS, we characterize our samples
using  spectroscopic  ellipsometry,  as  schematically  de-
picted in Fig. 2. Details can be found in the Methods sec-
tion 4.2. Ellipsometry measures the ratio of the p- and s-
polarized  reflection  coefficients, ρ,  expressed  as Ψ and
Δ41: 

ρ =
rp
rs

= tanΨeiΔ , (1)

here, rp and rs are  respectively  the  p- and  s-polarized
Fresnel  amplitude  reflection  coefficients.  The  amplitude
of ρ (tanΨ)  is  the ratio of  the moduli  of rp and rs,  while
the phase of ρ (Δ) gives the difference between the phase

shifts  experienced  by  p- and  s-polarized  light  on  reflec-
tion.  Therefore,  ellipsometry  provides  us  with  informa-
tion not only about the reflected light amplitude but also
about the light phase.

The false-color 2D plots  illustrating the phase spectra
of  ellipsometry  parameters Ψ and Δ,  derived  from  the
TMM, are shown in Fig. 3(a) and 3(c), respectively. Con-
currently,  phase spectra measurements obtained using a
spectroscopic ellipsometer are presented in Fig. 3(b) and
3(d). Remarkably, the measured amplitude parameter in
Fig. 3(b) and Δ in Fig. 3(d) exhibit  excellent  agreement
with the simulated spectrum in Fig. 3(a, c), calculated us-
ing  the  TMM.  Our  spectroscopic  ellipsometer  source
emits  wavelengths  ranging  from  400  nm  to  1600  nm,
with test angle of incidence ranging from 45° to 85°. The
spectra  of Ψ unequivocally  demonstrate  the  attainment
of  exact  zero  in  p-polarized  light  at  the  dip  where Ψ
reaches  the  incident  angle  of  80.2°  and  wavelength  of
587.8  nm,  while Ψ equals  90°  with  a  peak  at  29.4°  and
wavelength of 937.1 nm in s-polarized light. Correspond-
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ingly,  the  ellipsometric  phases Δ in Fig. 3(c) and 3(d)
clearly  demonstrate  that  the  reflected  phase  at  these
points, known as PS, is undefined. To show the PS, ellip-
sometry  parameters Ψ and Δ at  two  angles  (80.2°  and
29.4°)  for  p- and  s-polarized  light  are  depicted  in Fig.
3(e) and 3(f),  where  measured  data  is  represented  with
solid  circles,  while  calculated  is  presented  with  solid
lines. Δ shows  a  significant  jump with Ψ equaling  0°  or
90°.  Overall,  our  experimental  findings  prove  that  dou-
ble  polarization  darkness  points  are  indeed  PSs,  occur-
ring if and only if the response function (reflection in our
case) exhibits zero magnitude at that point. 

PSs and topological darkness in thin-film
absorbers: a temporal coupled-mode theory
The temporal coupled-mode theory (TCMT) offers ana-
lytical insights into resonance systems, including waveg-
uides,  optical  resonators,  photonic  crystals,  metamateri-
als,  and  other  structures15,42−44.  In  this  study,  we  employ
TCMT to describe topological darkness and PSs.

To  establish  a  comprehensive  framework,  we  com-
mence  with  a  multiport  system  illustrated  in Fig. 4(a).
This  system  exhibits  mirror  symmetry  and  supports m
resonant modes. To derive explicit expressions, we intro-
duce  the  main  equations  of  TCMT  and  the  scattering
matrix, considering the symmetry of the thin-film slab: 

dA
dt

= (−iω0 − γ − γ0)A+ KTs+ , (2)
 

s- = Ss+ = Cs+ + DA , (3)

s+=( E+
1 · · · E+

i · · · E+
n )

s−=( E−
1 · · · E−

i · · · E−
n )

here, A represents  the  resonance  amplitude, ω0 is  the
mode’s resonant frequency, γ0 is the decay rate of intrin-
sic loss, and γ is the decay rate due to radiation. The vec-
tors  and

 represent  incoming
and outgoing waves,  respectively,  and S is  the scattering
matrix. K and D denote  the  coupling  coefficients  be-
tween the resonance and the ingoing and outgoing plane
waves.

The theoretical model involves optical resonators cou-
pled with ‘m’ ports, where ‘m’ is labeled as ‘1s, 1p, 2s, 2p’
(refer  to Fig. 4(b)).  Additional  derivation  details  can  be
found in the Supplemental information Section 1. Subse-
quently, we can derive the ellipsometric parameters: 

Ψ = tan−1

∣∣∣∣ rpprss
∣∣∣∣ , (4)

 

Δ =φp − φs = angle

(
1+

2γp
i (ω− ωp0)− γp − γp0

)
−

angle
(
1+

2γs
i (ω− ωs0)− γs − γs0

)
.

(5)

ωs0 γs γs0 γp0 γp γp0

Values extracted from fitting curves (solid lines in Fig.
4(c) and 4(d))  are  shown  in Table 1.  All  parameters  in-
cluding , , , and , ,  are fitted. From Fig.
4(c) and 4(d), it is observed that the theoretical model re-
sults are in good agreement with the experimental results
in  the  vicinity  of  topological  points.  The  phase  differ-
ence Δ exhibits  a  jump  of  168.7°  for  the  p-polarization
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topological darkness point and 177.7° for the s-polariza-
tions. We infer that the discrepancy between the theoret-
ical and experimental results in the wavelength region far
from  the  topological  points  mainly  originates  from  the
contribution  of  high  order  resonances  outside  the  fre-
quency range our investigation. 

Humidity sensing with polyvinyl alcohol on thin-film
optical PS sensor
From an application standpoint, we illustrate the poten-
tial of our PS sample to function as a sensor for label-free
multichannel applications. Leveraging the PS behavior of
our devices at the dark points,  we can detect changes in
the optical properties of the thin-film device for humidi-
ty  sensing.  To  demonstrate  this,  we  apply  a  spin-coated
PVA  layer  on  the  highly  absorbing  media-metal  sub-
strate  light  absorber  to  detect  humidity  concentrations.
Fig. 5(a) and 5(b) depict a p-polarized point of darkness
and  an  s-polarized  point  of  darkness,  respectively.  Re-
search shows that  p-polarization exhibits  zero reflection

at  an  incidence  angle  of  73.0°  and  wavelength  of  738.0
nm, and 48.0°/ 939.3 nm for s-polarization. To illustrate
the  PS  of  the  new  structure,  ellipsometry  parameters Ψ
and Δ at the two angles (73.0° and 48.0°) for p- and s-po-
larized  light  are  investigated  in Fig. 5(c) and 5(d),  with
solid circles representing measured values and solid lines
indicating calculated values. Likewise, Δ exhibits a signif-
icant π-jump with Ψ = 0° or Ψ = 90°.

Notably,  the  volume  of  PVA,  a  typical  hydrogel,  ex-
hibits  sensitivity  to  environmental  humidity,  swelling
upon absorption of water molecules from the surround-
ing  air45,46.  The  dielectric  permittivity  of  PVA  was  mea-
sured  via  ellipsometry  (Fig.  S4).  Subsequently,  utilizing
PVA as the sensor core layer enables the dynamic adjust-
ment of the thin-film thickness upon exposure to humid
air, resulting in distinct jumps in the values of Δ in real-
time.  Exploiting  this  dynamic  behavior  facilitates  high-
sensitivity humidity sensing.

The  ellipsometry  parameters Ψ and Δ of  the
PVA/Ge/Ag  system  measured  at  an  angle  of  73.0°  are
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Table 1 | Values extracted for double topological darkness points.
 

Typea) ωs0 γs γs0 ωp0 γp γp0
29.4° 2010 185.6 185.6 2040 264.9 210.0

80.2° 1985 38.5 194.0 3200 840.0 839.2

ω γa)( The unit of  and  is 1012*rad/s.)
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shown  in Fig. 6(a) and 6(b),  respectively.  The  reflection
spectra are shown in Fig. S5(a). As anticipated, the jump
in Δ exhibited  significant  variation  with  increased  hu-
midity. The  magnified  view  highlights  the  capacity  to
modulate Δ at 73.0° by adjusting the humidity of air. Ad-
ditionally, in Fig. 6(b), the magnified view reveals devia-
tions of Ψ from 0 with changing air humidity. This devi-
ation  can  be  attributed  to  the  destruction  of  perfect  ab-
sorption due to the increased thickness of the PVA thin-
film under higher humidity conditions.

In Fig. 6(c), we illustrate the jump of Δ associated with
increased  humidity  from  734.3  nm  to  741.6  nm.  To
quantitatively  analyze  the  relative  sensitivity S of  the
jump  with Δ,  we  define SδΔ =  (δΔ1 − δΔ2)  /  (Η1 − Η2),
where δΔ1 and δΔ2 represent the jumps with Δ for differ-
ent  air  humidities  (Η1 and Η2)  at  the  PS  point,  respec-
tively.  The  relative  sensitivity  was  found  to  be
7.52°(1%)−1 when the humidity ranged from 40% to 50%
and  4.1°(1%)−1 when  the  humidity  ranged  from  40%  to
80%. For ellipsometry parameters Ψ, SλΨmin = (λΨmin1 −
λΨmin2)  /  (Η1 − Η2),  where λΨmin1 and λΨmin2 represent
the minimum values of Ψ for  different  air  humidities  at
the  PS  point,  representing  the  resonance  peak  wave-
length.  The  sensitivity  was  calculated  to  be  0.29
nm(1%)−1 when the  humidity  ranged from 40% to  80%,
which is relatively smaller owing to the resonance of the
structure  topologically  protected.  This  suggests  that  the

phase-sensitive measurement at the PS point can achieve
an order of magnitude improvement in relative sensitivi-
ty compared to that of  the conventional  resonance peak
wavelength.  The  accuracy  of  phase  jump  measurements
in the experimental setup was 0.1°, we can thus estimate
the detection limit of humidity sensing for the proposed
structure (p- polarization) to be at the level of ~0.13‰.

Similarly,  the  measured  ellipsometry  parameters Ψ
and Δ of  s-polarization  darkness  points  with  the  PS  at
48.0°  are  shown  in Fig. 7(a) and 7(b).  The  reflection
spectra are shown in Fig. S5(b). These plots illustrate the
spectra of Ψ and Δ under different air  humidities of  the
PVA/Ge/Ag  system.  The  phase  jump  δΔ and  the  varia-
tions in resonance peak wavelength δλΨmin with increas-
ing  humidity  are  shown  in Fig. 7(c) and 7(d).  Experi-
mentally,  the  sensitivity  values  were SδΔ = 8.41°(1%)−1

and SλΨmin= 0.07 nm(1%)−1 with humidity ranging from
40%  to  50%,  and SδΔ = 3.83°(1%)−1 and SλΨmin= 0.07
nm(1%)−1 with humidity ranging from 40% to 80%. The
detection limit of humidity sensing for the structure op-
erating  in  s-polarization  state  can  be  as  high  as  0.12 ‰.
Furthermore, by introducing a figure of merit (FOM) de-
fined as the ratio of the phase change (dΔ) to the ampli-
tude change (dΨ) under varying of humidity conditions,
FOM = dΔ/dΨ, we achieved FOM values of 2450 and 425
for  p- and  s-polarized  waves.  The  results  significantly
outperform those reported in prior studies3,21. Finally, to
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verify  the  reliability  of  the  experimental  humidity  sens-
ing  results,  a  series  of  tests  were  conducted,  which con-
firmed  the  good  repeatability  of  the  measurements  (see
Fig.  S8 in  Supplementary  information).  These  findings
collectively indicate  that  our proposed topological  PS of
double  polarization  darkness  points  indeed  exhibits  ul-
trasensitive  sensing  and  holds  significant  potential  as  a
multi-site optical gas sensor. 

Conclusion
In summary, we have developed a formal framework for
the  double  topological  PS  in  ultra-thin  (h << λ/4n)  ab-
sorbing dielectric film structures. The structure architec-
ture  comprises  a  deposited  26  nm  Ge  layer  on  an  Ag
film.  Experimental  demonstrations  have  confirmed  the
presence  of  a  topological  darkness  point  accommodat-
ing both s- and p-polarized light,  where the light reflec-

tion ceases entirely. Notably, we have established a com-
prehensive  theoretical  model  describing  transport  pro-
cesses across multiple input and output ports,  including
both  s- and  p-polarization  channels,  through  a  multi-
mode optical  resonator  embedded in  a  thin-film set  up.
Theoretical analyses have revealed that the phase behav-
ior  of  the  ellipsometry  parameter Δ exhibits  abrupt  π-
jumps proximate to a  zero-reflection point.  Capitalizing
on  the  high  phase  sensitivity  near  the  topological  dark-
ness  point,  the  discernment  of  minute  variations  in  the
electromagentic milieu of the thin-film device is facilitat-
ed,  enabling  the  development  of  a  lithography-free,  ul-
trasensitive platform. Notably, we demonstrated the fea-
sibility  of  a  humidity  sensor  using  readily  available  and
cost-effective  materials,  without  the  necessity  for  nano-
fabrication. The device also holds potential as a platform
for  other  sensors,  particularly,  for  the  development  of
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cost-effective  apta-biosensor  platforms.  The  double
topological PS effect can be used to realize polarizers for
both s- and p-polarizations, as well as ultrafast polariza-
tion  switches.  Furthermore,  it  can  find  utility  in  the
Brewster window in gas lasers,  optical  broadband angu-
lar selectivity, and Brewster angle microscopy. 

Methods
 

Sample fabrication
A polished silicon substrate was cleaned using sequential
washes  with  acetone,  alcohol  and  deionized  water,  fol-
lowed  by  drying  with  nitrogen  gas.  Subsequently,  a  120
nm thick Ag (99.95%) film was deposited onto the sub-
strate  using  an  ion  beam  deposition  system  (SEINAN
INDUSTRIES  CO.,  LTDOSAKAJAPAN,  SIBD4-5).  The
Ag-coated substrate was then transferred into the cham-
ber  of  a  Leybold  advanced  optical  deposition  system

(ARES1100)  for  the  subsequent  deposition  of  Ge  films.
The purity of the Ge materials used was 99.99%, with the
vacuum  maintained  at  8×10−5 Pa,  and  the  deposition
temperature  set  to  200  °C.  The  evaporation  rates  of  the
Ge  films  were  meticulously  controlled  using  a  digital
proportional-integral-derivative  (PID)  control  system,
ensuring precise thickness control facilitated by the opti-
cal  monitor  OMS5000.  Finally,  the  morphologies  of  the
fabricated  samples  were  characterized  using  SEM  (FEI
Sirion 200).
 

Spectrum characterizations
Angle-resolved reflectance spectra of the sample were ac-
quired  using  a  grating  spectrometer  (Agilent  Technolo-
gies,  Cary  7000)  equipped  with  a  reflection  module,
which  facilitated  measurements  across  angles  ranging
from 6° to 85°.
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Ellipsometry characterizations
The refractive indices and thickneses of the Ge, PVA and
the  refractive  indices  of  Ag  coatings  (Figs.  S3 and S4)
were measured using a Variable-angle duarotating-com-
pensator  Mueller  matrix  ellipsometer  (ME-L  ellipsome-
ter,  Wuhan  Eoptics  Technology  Co.,  Wuhan,  China).
Additionally, the ellipsometry parameters (Ψ and Δ) as a
function of  the  excitation wavelength were  acquired us-
ing the same instrument. Measurements were conducted
over a broad wavelength range from 380 to 1600 nm with
increments  of  0.8  nm,  and  at  multiple  angles  of  inci-
dence ranging from 45° to 85° with a step size of 0.1°. 

Humidity sensing Tests
PVA  procured  from  Alfa  Aesar,  with  a  wide  range  of
molecular weight (MW) distribution ranging from 10000
to 26000 g/mol and an alcoholysis degree of 87% to 89%,
was  dissolved  in  deionized  water  at  90  °C  and  subse-
quently  cooled  to  from  the  resist  solution.  PVA  within
this  range of  MW was selected based on its  film quality
and solubility.  The resist  was  spin-coated onto Ge films
to achieve a film thickness ranging from 40 nm to 50 nm.

A schematic of the gas sensing system is shown in Fig.
S7.  Various  humidity  levels  (40%,  45%,  50%,  55%,  60%,
65%,  70%,  75%,  80%)  inside  the  sample  chamber  were
adjusted using humidifiers and dehumidifiers. In the ex-
periment, every time when the humidity increases by 5%,
wait for about 10 minutes for the PVA to absorb the wa-
ter  completely  before  starting  the  test.  The  temperature
in the experiment was kept constant at 24 °C.
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