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ABSTRACT

The concept of singular phases at the point of darkness has been extensively studied using various optical systems, such as metamaterials and
thin-film cavities, mainly for refractive index sensing. However, these systems typically work at an oblique angle of incidence. Achieving a
singular phase at normal incidence is vital for practical sensing and flat-optics applications, but it remains challenging. Here, we demonstrate
the singular phase at normal incidence using a grating-coupled thin-film cavity that functions at optical wavelengths. By optimizing the
structural parameters of the grating and thin-film cavity, we achieve zero reflection with an abrupt phase shift at the polarization-dependent
resonance of the grating. In addition, we introduce a spectrally tunable singular phase at normal incidence by integrating a phase change
material (PCM) into the cavity. Using a lossless PCM, such as Sb,S3, we achieve a phase singularity with continuous spectral tunability up to
203 nm by altering its phase from amorphous to crystalline, a key feature for phase engineering in flat optics.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0310658

In recent years, the concept of a singular phase has gained
attention as a promising approach for ultrasensitive refractive
sensing. This effect has been widely studied in various opti-
cal systems, including metamaterials' ~ and Fabry-Pérot (F-P)
cavities,” " where light reflection drops to zero at certain incident
angles and polarization states. In addition, multiple singular phases
and active control over them have been achieved by combining
high-refractive-index two-dimensional materials with F-P cavities'”
and by applying a thin organic molecule film on a Si substrate,'
respectively. However, all reported systems exhibit a singular phase
only under specific conditions, mainly at higher incident angles,
since zero reflection at the cavity resonance can be achieved only
at high incident angles. Recently, a Tamm cavity was introduced to

produce a dual-singular phase at a single lower incident angle.'” It
enables the p- and s-polarizations, each exhibiting zero reflection
at slightly different wavelengths at the same incident angle, thanks
to the Tamm resonance. For practical sensing and flat-optics appli-
cations, achieving a singular phase at normal incidence is essential.
A recent theoretical study proposed a grating-modulated F-P cav-
ity that generates a singular phase at the hybrid mode by coupling
between the F-P cavity and the grating resonances at a normal
incidence.'®

Phase change materials (PCMs) are used to create a con-
trollable singular phase by incorporating chalcogenide PCMs into
F-P cavities.”” "' This enables continuous tuning by changing the
PCM’s refractive index through the structural phase change from
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amorphous to crystalline. However, the magnitude of the singu-
lar phase gradually decreases due to linewidth broadening in the
cavity resonance and the inability to achieve zero reflection in the
crystalline PCM state. Recently, a lossless PCM-based Tamm cavity
was developed to allow spectrally tunable dual singular phases at a
lower incident angle.'” In addition, achieving spectrally tunable sin-
gular phases at normal incidence benefits phase engineering in flat
optics and improves sensor detection limits, as phase singularities at
different wavelengths can be used for sensing.

In this work, we experimentally demonstrate the singular
phase at normal incidence using a visible-wavelength, grating-
coupled thin-film cavity. We achieve the singular phase at the
polarization-dependent resonance wavelength of a one-dimensional
(1D) diffraction grating by optimizing both the thin-film cavity
and the grating’s structural parameters. Moreover, we introduce a
lossless PCM-integrated cavity that showcases a spectrally tunable
singular phase at a normal incidence, with large spectral tunability
in the near-infrared wavelengths and equal phase changes in both
PCM states.

Figure 1(a) illustrates the proposed grating-coupled thin-film
cavity designed to generate a singular phase at normal incidence.
The structure includes a top Au 1D grating and a bottom Ag layer
that serves as a cavity mirror. An ultrathin Ge layer is deposited on
the Ag film, which is then topped with an optically thick, transparent
SiO; cavity layer. Previously, we proposed a similar thin-film cavity
without 1D grating to achieve a singular phase at an oblique inci-
dence; in that case, the parameters of the ultrathin, highly absorbing
layer and the top metal were essential.”*’ Since the cavity itself
is polarization-independent at a normal incidence, 1D diffraction
grating on the top Au layer introduces polarization dependence

ARTICLE pubs.aip.org/aip/aep

and facilitates phase difference extraction at the grating resonance.
The interaction occurs through momentum matching and near-
field overlap between the grating-supported plasmonic modes and
the optical modes confined within the cavity.””" This coupling
is polarization-sensitive, with a stronger response for transverse
magnetic (TM) polarization, and it is dispersive along the grating
direction. To attain the singular phase at the darkness point, opti-
mizing cavity and grating parameters is key. The optimal thicknesses
are 35 nm for Au, 810 nm for SiO», 8 nm for Ge, and 100 nm for Ag.
The 1D grating has a linewidth of 100 nm, a period of 400 nm, and
an etching depth of 25 nm.

Commercial FDTD simulation software (Ansys Lumerical
FDTD) was used to compute the singular phase. Boundary condi-
tions were set as periodic along the x axis and perfectly matched
layers (PML) along the z axis. The materials’ optical constants, mea-
sured experimentally, were incorporated into the simulation (see the
supplementary material, Fig. S1). Figure 1(b) presents the reflectance
of the grating-coupled cavity at normal incidence for TM and TE
polarizations, compared to the cavity alone. The TE reflectance
(electric field transverse to the plane of incidence) behaves simi-
larly to that of the cavity alone. However, a sharp zero-reflection
dip occurs at 745 nm for TM polarization (magnetic field trans-
verse to the plane of incidence), indicating the excitation of surface
plasmon polaritons (SPPs) in the grating-coupled cavity modu-
lated by plasmon-cavity hybridization. The near-field enhancement
observed supports this, confirming SPP excitation at 745 nm for
TM polarization (see the supplementary material, Fig. S2). The mode
at 570 nm corresponds to the grating’s surface plasmon resonance,
while the mode at 870 nm arises from hybridization between the cav-
ity mode and the grating’s SPP. Plasmon-cavity hybridization occurs
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when the following conditions are satisfied: " (i) the energy can be
exchanged coherently between the plasmonic and photonic modes
when their spectral resonances overlap and in-plane momentum is
matched. (ii) The strong evanescent field generated by the grating
penetrates the cavity, and the cavity mode exhibits a finite elec-
tric field at the metal interface. This means that stronger near-field
overlap leads to stronger hybridization. Because of the significant
difference in intensity between TM and TE polarizations at 745 nm,
a point of zero reflection (¥ = 0) with a sudden phase change
can occur. To illustrate this, we calculated the reflection amplitude
(¥) and phase difference (A) between TM and TE polarizations
from

'™ iA
p=——=tan Ye".
ITE

1

Figure 1(c) shows the spectra of ¥ and A at a normal inci-
dence, revealing a singular phase at 745 nm. However, a small phase
change is seen at 870 nm because the zero-reflection point is not
reached. As shown in Fig. 1(d), the reflectance of a 1D grating alone
for TM and TE polarizations exhibits three plasmonic modes, with a
pronounced dip at the SPP resonance. Still, zero reflection with a sin-
gular phase cannot be attained at the SPP resonance, even by tuning
the grating’s structural parameters (see the supplementary material,
Fig. S3). This demonstrates that the grating-coupled cavity system is
essential to realize a singular phase at a normal incidence.

The grating-coupled cavity design was fabricated via physical
vapor deposition and focused ion beam (FIB) techniques. First, a
100 nm thick Ag film was deposited on cleaned quartz substrates,
followed by 8 nm of Ge, 810 nm of SiO,, and 35 nm of Au. Thin
films of Ag, Ge, and Au were deposited by thermal evaporation
(Oerlikon Leybold vacuum), while a thick SiO; layer was deposited
by ion-assisted deposition (Oxford Optofab3000). Next, an FIB sys-
tem (FEI Helios NanoLab 600) was used to carve a 1D grating into
the Au layer. Using a beam current <18 pA and varying expo-
sure doses, we etched varying depths in the Au film. As shown
in Fig. 2(a), 1D grating with a period of about 400 nm and an
etch width of around 100 nm was patterned over a 25 x 25 ym?
area. Normal-incidence reflectance measurements were performed
with a microspectrophotometer (CRAIC QDI-2010), covering a
25 x 25 pm? sample area. The reflectance spectra for TM and
TE polarizations are shown in Fig. 2(b), revealing that SPP excita-
tion occurs at around 735 nm for TM polarization, consistent with
the simulation. However, zero reflection is not achieved because

APL Engineering Physics ARTICLE
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accurately controlling the etching depth with FIB is challenging,
which accounts for the discrepancy between the simulation and
experimental results. Moreover, the prominent peak-to-dip features
observed near the resonance could be attributed to the quality of
the fabricated grating, as the surface roughness of the grating, cre-
ated on a thin metal film using FIB, is likely quite high. Note that
the grating parameters, especially etching depth and metal thickness,
are crucial for reaching zero reflection at the SPP resonance (see the
supplementary material, Fig. S4).

We then wused phase-shift Michelson microscopic
interferometry’”’ to measure the phase change around the
resonance. As shown in Fig. 3(a), the microscopic interferometer
consists of a supercontinuum fiber laser source (NKT SuperK
Extreme equipped with a tunable filter, NKT SuperK SELECT), a
beam splitter, two long-working-distance microscope objectives,
a tube lens, a mirror mounted on a high-precision piezo stage
(PI P-620Z), and a monochrome camera (Thorlabs, CS2100M-
USB). A collimated laser beam is divided into two arms via a beam
splitter: one arm illuminates the sample surface and reflects as the
signal beam, while the other is directed onto the mirror mounted on
the piezo stage and reflects as the reference beam. After recombina-
tion at the beam splitter, the signal and reference beams interfere,
forming an interferogram on the camera plane. The microscope
objectives and tube lens ensure the interferogram captured by the
camera is a sample-image interferogram. By incrementally shifting
the mirror in steps of 1/8 wavelength using the piezo stage, five
interferograms—denoted as Iy, I, I3, I4, and Is—are captured by the
camera. The phase modulation ¢ (x, y) is then retrieved using the
following formula:

2(L - 1s) ] @

¢(x,y) = arctan [213 Sy

A sine-cosine filter is used to reduce high-frequency noise. The
phase data are then unwrapped to create a phase map that covers
a specific wavelength range. This map, shown in Fig. 3(b), spans
700-800 nm in 1 nm steps. A notable phase jump near 735 nm
is caused by differences in reflection amplitudes between TM and
TE polarizations. While these data support the simulation results,
achieving zero reflection is crucial for obtaining a singular phase at
resonance. We further confirm through numerical analysis that the
sensing performance of the proposed grating-coupled cavity shows

Reflectance

Spp

0.0

FIG. 2. (a) Scanning electron microscope
image of a patterned one-dimensional
grating covering a 25 x 25 ym? area,
with a 400 nm period and an etching
width of 100 nm. (b) The measured
reflectance spectrum of the grating-
coupled thin film cavity for TM and TE
polarizations.
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bulk refractive-index sensitivity comparable with that of cavity-
based sensing systems operating at an oblique incidence””’ (see the
supplementary material, Fig. S5).

To replicate the same phase change at the singular phase wave-
lengths across a spectral band, a continuously tunable zero-reflection
resonance with matching linewidth is required. We introduce a
PCM-based tunable grating-coupled cavity for spectrally adjustable
singular phase at a normal incidence. Because a lossless cavity layer
is necessary, the SiO; layer is replaced with a phase change material
such as Sb,S3, which remains lossless in both amorphous (Amp)
and crystalline (Cry) phases within the near-infrared range (see the
supplementary material, Fig. $6). As shown in Fig. 4(a), the opti-
mal thicknesses for Sb,S; and Au are 320 and 58 nm, respectively.
Other layer thicknesses remain the same as in Fig. 1(a). The designed
1D grating has a period of 420 nm, an etch width of 90 nm,
and an etch depth of 58 nm. The reflection spectra for TM and

760 780 800

TE polarization in both Amp and Cry phases of Sb,S3 are shown in
Fig. 4(b). A sharp zero-reflection resonance occurs for TM polariza-
tion at 1000 nm in the Amp phase. Switching to the Cry phase shifts
this resonance to 1203 nm without affecting the linewidth or the zero
reflection, resulting in a 203 nm spectral shift. The ¥ and A spectra
for the Amp and Cry Sb,S3-based cavities are shown in Figs. 4(c)
and 4(d), demonstrating the spectral tunability of the singular phase
at the darkness point. In addition, this design allows multi-state for-
ward tuning of the singular phase, potentially benefiting applications
in flat optics and multispectral spatial light modulators.”” Moreover,
laser interference lithography’' " can be used to fabricate large-area
1D periodic gratings, which is vital for the development of scalable
singular-phase thin-film coating.

In conclusion, we demonstrated a singular phase at normal
incidence using a grating-coupled thin-film cavity. By carefully
designing the grating and cavity parameters, we achieved a singular
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phase at the 1D grating’s SPP resonance wavelength. We employed
a phase-shift Michelson interferometer to detect the phase jump at
resonance, which could serve as a valuable tool for sensing appli-
cations. Importantly, this scheme can be integrated with imaging
technology to develop high-throughput sensors, since phase-shift
data are easier to collect than angle- or wavelength-shift data. In
addition, a spectrally tunable singular phase spanning 203 nm has
been numerically demonstrated using a PCM-based grating-coupled
thin-film cavity.

The supplementary material provides additional experimental
and simulation results.
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