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Abstract 

The phase singularity, a sudden phase change occurring at the reflection zero has widely been 

explored using various nanophotonic systems such as metamaterials and thin film cavities. 

Typically, these systems exhibit a single reflection zero with a phase singularity at a specific 

incident angle, particularly at larger angles of incidence (> 50 degrees). However, achieving 

multiple phase singularities at a single incident angle remains a formidable challenge. Here, we 

experimentally demonstrate the existence of a dual-phase singularity at a lower incident angle 

using a tunable Tamm plasmon polariton (TPP) cavity. The tunable TPP cavity consists of gold-

coated ultralow-loss phase change material Sb2S3-based distributed Bragg reflector, which can 

excite narrowband TPP resonances from normal incidence to a wide angle of incidence for both 

s- and p-polarizations of light. Notably, this TPP cavity shows dual-phase singularity at lower 

angles of incidence since the excited TPP for s- and p-polarizations exhibits zero reflection at 

slightly different wavelengths for the same incident angle. To demonstrate the potential 

application of the dual-phase singularity, we propose a TPP cavity-based scalable hydrogen 

sensor and show that the dual-phase singularity can further improve the sensitivity of singular 

phase-based sensing approaches. Moreover, we experimentally demonstrate spectrally tunable 

dual-phase singularity at a lower incident angle using a metal-free Tamm cavity.  
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1 Introduction 

Achieving phase singularity by completely suppressing the reflection of light is an emerging 

research area[1], especially for ultra-sensitive sensing applications[2]. For one incident angle and 

polarization state, an abrupt phase change occurs at the reflection zero, which has been 

extensively studied using different optical systems including Brewster angle [3-4], topological 

darkness [5], non-Hermitian systems [6, 7], excitons of two-dimensional material [8, 9], perfect 

absorption [10-12], prism coupled surface plasmon resonance [13-15], and Fabry-Pérot (F-P) 

cavities [16-20]. Among these, topological phase singularity has recently received great attention 

and many material systems including plasmonic gold nanoarrays [21], self-assembled plasmonic 

metamaterials [22], 3D plasmonic crystal metamaterial [23], metasurfaces [24, 25], photonic crystals 

[26] have been explored. However, these systems require intense nanofabrication steps and bulky 

prisms to achieve phase singularity. The lithography-free approaches including F-P cavities 

provide a scalable platform to realize phase singularity for cost-effective applications. 

However, all these systems exhibit a single-phase singularity under specific conditions, 

especially at a higher angle of incidence.  

An attempt to achieve multiple-phase singularity is demonstrated by integrating high 

refractive index two-dimensional materials with the F-P resonator of SiO2/Si substrate, using 

the principle of topologically protected reflection zeros[27]. Even though three-phase 

singularities are realized at the reflection zeros of p- and s-polarizations, they are observed at 

entirely different incident angles. For active control of phase singularity (on/off switch), an all-

optical control is demonstrated by coating a thin film of organic molecule on Si substrate, where 

a weakly- to strongly-coupled regime was created to tune the reflection zeros by the reversible 

photoisomerization of organic molecules[28]. The requirement to observe multiple-phase 

singularity in these systems is that the light should be incident at a higher angle of incidence (> 

50°) from the normal. This is because most of the F-P cavities are polarization-dependent and 
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the zero reflection at the cavity resonance is only possible at a higher angle of incidence. The 

realization of phase singularity at a near-normal and lower incident angle is important to 

develop a practical sensing system, in particular, an interferometer-based differential 

phase imaging sensor could be realized [29]. Moreover, achieving multiple phase singularities at 

a single incident angle is beneficial for phase engineering in flat optics [30] as well as 

for improving the detection limit of sensors, where the phase singularity at different 

wavelengths can be simultaneously used for sensing. To achieve multiple-phase singularity at 

a single and lower incident angle, a narrow linewidth mode with reflection zero for both s- and 

p-polarizations is required at the same incident angle, which remains an unresolved problem 

with existing F-P cavity-based systems.  

Tamm plasmon polariton (TPP) cavity, a thin metal film coated with a distributed Bragg 

reflector (DBR), is a scalable platform to realize narrowband plasmonic resonance for both s- 

and p-polarizations of light[31]. The optical Tamm states can be excited within the photonic 

bandgaps of DBR from the free space because the DBR provides the required optical phase 

matching for the TPP excitation. More importantly, the high-quality factor TPP modes can be 

excited from normal incidence to a wide angular range. The active control of TPP mode is also 

demonstrated by integrating functional materials such as liquid crystals[32], cadmium oxide[33] 

(CdO), and chalcogenide phase change material[34] (PCM) with DBR. In particular, the PCM-

based TPP cavity shows a multi-mode response with large spectral tunability by changing the 

structural phase of PCM from amorphous to crystalline[34]. Owing to these reasons, Tamm 

cavities have been considered as a scalable plasmonic platform for a wide spectral band from 

ultraviolet to terahertz [35-37] and proposed for various applications including thermal emitters 

[38], surface-enhanced Raman spectroscopy [33], lasers [39], and hot electron photodetectors 

[40]. In particular, Tamm cavities have been widely explored for high-performance refractive 

index sensing applications due to the strong electromagnetic field enhancement at the 

metal/surrounding medium interface, where a spectral shift of Tamm resonance is normally 
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monitored when the refractive index of analyte changes [41-43]. Moreover, the optical Tamm 

state is also used to realize single reflection zero with one phase singularity for temperature and 

refractive index sensing applications [44, 45]. 

Here, we experimentally demonstrate optical Tamm state-induced dual-phase 

singularity at a single lower incident angle. To accomplish this, reflection zero for s-and p-

polarized Tamm mode is obtained at the same incident angle. For this purpose, a TPP cavity 

made up of a gold thin film coated with an Sb2S3-SiO2 DBR is developed. Due to the large 

refractive index contrast between Sb2S3 and SiO2, fewer DBR layers are sufficient to realize 

narrow linewidth and zero reflection Tamm modes for s-and p-polarization at near-infrared 

(NIR) wavelengths. As an example of a possible application, we propose a Tamm cavity-based 

hydrogen sensor and numerically demonstrate that the refractive index sensitivity of 

ellipsometer parameters (Ψ and Δ) at the dual-phase singularity wavelength is much higher than 

the single-phase singularity approach. Further, we experimentally demonstrate a metal-free 

Tamm cavity comprising two DBRs to achieve spectrally tunable dual-phase singularity at a 

lower incident angle.   

2 Design of TPP Cavity for Dual-Phase Singularity  

Figure 1a illustrates the designed TPP cavity for realizing dual-phase singularity in reflection, 

consisting of a thin Au layer coated at the bottom of the Sb2S3-SiO2 DBR. Among chalcogenide 

PCM families, Sb2S3 is a suitable high refractive index and lossless PCM for tunable DBR 

development in the NIR wavelengths [46, 47]. In particular, Sb2S3 shows lossless characteristics 

in both its amorphous and crystalline phases within the NIR wavelengths (see Supporting 

Information Fig. S1a). Since the refractive index contrast between Sb2S3 and SiO2 is higher than 

the commonly used DBR materials (eg. TiO2 and SiO2), a lesser number of layers are sufficient 

to realize photonic bandgap (PBG) in the NIR wavelengths. Thus, the proposed DBR consists 

of 10 alternating layers of SiO2 and Sb2S3 with a thickness of 100 nm and 180 nm for SiO2  and 
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Sb2S3, respectively. To achieve zero reflection at the TPP resonance wavelength, the thickness 

of the Au layer and Sb2S3 termination layer is very crucial. In our calculations using the transfer 

matrix method [48], the optimized thickness of the Au layer and Sb2S3 termination layer 

are selected as 28 nm and 181 nm, respectively. The experimentally acquired optical constants 

of Sb2S3, SiO2, and Au are used in the simulation (see Supporting Information Fig. S1). The 

proposed TPP cavity excites tunable Tamm mode within the PBG of DBR in the NIR 

wavelengths (see Supporting Information Fig. S2). As can be seen, zero reflection with a 

narrow linewidth, full wave at half maximum (FWHM) = 37 nm, is obtained for amorphous 

Sb2S3. However, due to a slight broadening of the linewidth of the Tamm mode (FWHM = 40 

nm) and the failure to achieve zero reflection for the crystalline Sb2S3, we exclusively focus on 

the amorphous Sb2S3 for the demonstration of dual-phase singularity.     

 

Figure 1. Design for TPP cavity for dual-phase singularity. (a) Schematic of the designed 

TPP cavity consisting of Sb2S3-SiO2 DBR coated with Au layer. Calculated angular reflectance 

spectra of TPP cavity for (b) s-polarization and (c) p-polarization. (d) Calculated incident angle 

dependent ψ spectra, where the blue curve represents ψ ≈ 0 when Rp = 0 and the red curve 

represents ψ ≈ 90 when Rs = 0. (e) Calculated incident angle dependent Δ spectra, where yellow 
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(right) and blue (left) regions represent sudden phase change that occurred when ψ ≈ 0 and ψ ≈ 

90, respectively. The inset of Fig. (e) shows the calculated pair of ellipsometer parameters (ψ 

and Δ) at 25°, where the phase singularity is exactly obtained at the minimum and maximum 

values of ψ.     

 In Fig. 1b and 1c, we show the calculated angular reflectance spectra (0° to 50°) of the 

TPP cavity for s- and p-polarizations, respectively. Note that TPP mode spectrally overlaps for 

s- and p-polarizations at normal incidence and spectrally separates with increasing incident 

angle. For s-polarized reflection (Rs), a slight blue shift of Tamm resonance with almost zero 

reflection is obtained with increasing incident angle. However, for p-polarized reflection (Rp), 

the Tamm resonance blue shifts significantly, and the linewidth broadens with increasing 

incident angle. This is because the photonic bandgap of DBR for p-polarization shrinks with 

increasing incident angle, due to the Brewster effect at the interface between SiO2 and Sb2S3 

layers (see Supporting Information Fig. S3).   

We further calculate the ellipsometer parameters (Ψ and Δ) to demonstrate the dual-

phase singularity at a single incident angle. In ellipsometry, the complex reflectance of a 

system, ρ, is parametrized by the amplitude component Ψ and the phase difference between s- 

and p-polarization Δ, that is, ρ =
rp

rs
= tanΨeiΔ. Here Ψ can vary from 0° to 90° in which Ψ ≈ 0 

(Ψmin) and Ψ ≈ 90 (Ψmax) when Rp = 0 and Rs = 0, respectively. Moreover, the reflection phase 

undergoes a ∼ π phase shift at Ψmin and Ψmax. Thus, the dual-phase singularity, one at Ψmin and 

the second at Ψmax is achievable at a single incident angle. The calculated Ψ and Δ spectra as a 

function of incident angle are shown in Figure 1d and 1e, respectively. As shown in Figure 

1d, Ψmin (blue) and Ψmax (red) regions spectrally overlap at smaller angles of incidence around 

10° to 15° and spectrally separate with increasing incident angle. Also, with increasing incident 

angle (> 30°), the Ψmin value increases and the Ψmax value decreases. Therefore, the lowest Ψmin 

value and highest Ψmax value with abrupt phase change are possible at a lower incident angle. It 
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is clear from Figure 1e that maximum phase change at Ψmin and Ψmax is possible at a certain 

incident angle ≤ 25°. Also, note from the inset of Figure 1e that phase singularity is exactly 

obtained at Ψmin and Ψmax wavelengths for 25°. The calculated phase change at Ψmin and Ψmax is 

140° and 178°, respectively. It confirms that dual-phase singularity at a single lower incident 

angle is possible with optical Tamm states. Moreover, the phase singularity at Ψmax decreases 

with increasing incident angle (also see Supporting Information Fig. S4). This is because the 

Ψmax value decreases with increasing incident angle. Moreover, the phase singularity spectral 

band broadens with increasing incident angle, especially the phase change at Ψmin significantly 

blue shifts. The calculated spectral bandwidth (Δλ= λΨmax-λΨmin) of dual-phase singularity at 

20° and 70° is 20 nm and 100 nm, respectively. The observed broadening of the phase 

singularity spectral band is due to the significant blue shift of p-polarized TPP resonance with 

increasing incident angle (Fig. 1c). As a result, dual-phase singularity is only visible at lower 

incident angles (<30°).   

3 Experimental Demonstration of Dual-Phase Singularity 

The designed TPP cavity is fabricated using physical vapor deposition techniques (see 

Supporting Information).  Initially, Au film with a thickness of  ̴ 28 nm is deposited on cleaned 

Si wafers, followed by the deposition of ten alternating layers of Sb2S3 and SiO2 with a 

thickness of  ̴ 180 nm and  ̴ 100 nm, respectively. In Figure 2a, we display the cross-sectional 

scanning electron microscope (SEM) image of the fabricated TPP cavity, where the numbers 1 

to 10 represent the corresponding alternating layers of SiO2 and Sb2S3. A variable angle 

spectroscopic ellipsometer with a minimum incident angle limit of 25° is used to obtain the 

polarized angular reflectance and ellipsometer parameters (Ψ and Δ). Figures 2b and 2c show 

the measured angular reflectance (25° to 50°) for s-and p-polarization, respectively. As 

observed in the calculated results, measured data also shows that narrow linewidth TPP mode 

slightly blue shifts with increasing incident angle for s-polarization, and there is a significant 
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blue shift of TPP resonance with linewidth broadening when the incident angle increases for p-

polarization. However, both polarizations do not realize reflection zero at the TPP resonance 

wavelength. The increase in reflection amplitude at TPP resonance can primarily be attributed 

to the inherent surface roughness of the film and the variations in the individual thickness of 

the fabricated thin film, especially the thickness of Au and Sb2S3 termination layer. Note that a 

slight variation in the thickness of the Au layer and Sb2S3 termination layer can significantly 

change the Ψmin and Ψmax values (see Supporting Information Fig. S5). Therefore, the 

experiment considers the minimum reflection amplitude obtained for p-and s-polarization as 

Ψmin and Ψmax, respectively.  

 

Figure 2. Experimental validation of dual-phase singularity.  (a) The cross-sectional SEM 

image of the fabricated TPP cavity consists of ten alternating layers of SiO2 and Sb2S3 with an 

Au layer of thickness  ̴ 28 nm at the bottom. Measured angular (25° to 50°) reflectance spectra 

for (b) s-polarization and (c) p-polarization. Measured ellipsometer parameters as a function of 

incident angle (25° to 50°) for (d) Ψ spectra and (e) Δ spectra.   

As shown in Figure 2d, the measured Ψmin and Ψmax regions are obtained at the TPP 

resonance wavelength of p- and s-polarization, respectively, and both regions spectrally 
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separate with increasing incident angle. Figure 2e shows the measured phase difference (Δ) 

spectra as a function of incident angle. As can be seen, a dual-phase singularity (one at Ψmin and 

the second at Ψmax) is realized at a lower incident angle of 25° and the phase change at Ψmax 

decreases with increasing incident angle. The measured incident angle-dependent Δ response 

correlates well with the calculated results. We further investigated the influence of Au layer 

thickness on the dual-phase singularity and confirmed that an optimum Au layer thickness is 

required to achieve a dual-phase singularity with maximum phase change at Ψmin and Ψmax (see 

Supporting Information Fig. S6). It emphasizes that a narrow linewidth TPP mode (FWHM ≤40 

nm) with reflection zero for both p-and s-polarization is required to realize dual-phase 

singularity at a single lower incident angle. Moreover, an inverse design algorithm [33] is 

recommended to achieve the π phase shift at both Ψmin and Ψmax since many structural 

parameters and incident angle must be optimized simultaneously.  

4 Dual-Phase Singularity-based Ultra-Sensitive Hydrogen Sensor 

We propose a TPP cavity-based scalable sensing platform for the ultra-sensitive detection of 

hydrogen (H2) using the concept of dual-phase singularity. As a carbon-free energy vector, H2 

gas is a promising replacement for fossil fuels because its only by-product is water when 

consumed. However, H2 is highly flammable with low ignition energy at ambient temperature 

and pressure for concentrations ranging from 4 to 75%. Consequently, H2 sensing is an 

important safety issue in industries where H2 is a crucial component or a by-product. Therefore, 

it is important to develop efficient and reliable H2 sensors to detect H2 concentrations ranging 

from a few tens of parts per billion (ppb) to a few percent under different environmental 

conditions[49]. In general, photonic-based H2 sensors measure changes in the refractive index of 

the sensing materials that form hydrides upon exposure to H2
[50, 51]. They are hydride-based 

refractometers, most commonly using palladium (Pd). When Pd is exposed to H2, it forms 
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palladium hydride, PdHx, which has a different complex refractive index than Pd depending on 

the H2 stoichiometry, x. The lattice constant of Pd also changes with H2 exposure[49].  

 The schematic of the proposed TPP-cavity to realize dual phase singularity for H2 

sensing is shown in the inset of Figure 3a. Tamm resonance can be excited by depositing the 

metal on either top or bottom of the DBR but with the metal layer on the high refractive index 

layer. For sensing application, the metal layer is preferred to be on top of the DBR, and a thin 

Pd layer (7 nm thick) is coated on the Sb2S3-SiO2 DBR, where the thickness of Sb2S3 and SiO2 

is 180 nm and 100 nm, respectively. In this TPP cavity, the metal layer is coated on top of the 

DBR because the hydrogen can be directly exposed to the Pd layer. The thickness of the Sb2S3 

termination layer (below Pd) is set to 160 nm. It is noted that the complex refractive index (n 

and k) of Pd changes with H2 exposure. In particular, the complex refractive index contrast 

between Pd and PdHx increases as wavelength increases from visible to NIR wavelengths[50]. 

Thus, a higher sensitivity is expected for a sensor operating at NIR wavelengths. As shown in 

Figure 3a, the designed TPP cavity shows a dual-phase singularity in the NIR wavelengths at a 

lower incident angle of 20°. The operation principle of the proposed hydrogen sensor is that the 

reversible transformation of Pd to PdHx changes the reflected intensity at the TPP resonance 

wavelength due to changes in the Pd optical constants. This small change in intensity is 

transformed into a significant change in the reflected phase only at the dual phase singularity 

region.  
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Figure 3. Demonstration of the TPP-cavity-based ultra-sensitive hydrogen sensor. (a) 

Calculated ellipsometer parameters of TPP cavity at an incident angle of 20°. A Schematic of 

the Pd-based TPP cavity for hydrogen sensing is shown in the inset of (a). The variation of 

ellipsometer parameters of TPP cavity with change in the complex refractive index of Pd (b) Ψ 

spectra, and (c) Δ spectra. The change in ellipsometry parameters with a change in the refractive 

index of Pd from 0.1 to 0.5% is shown in the inset of (b) for δΨ and (c) for δΔ. (d) Calculated 

ellipsometer parameters of F-P cavity at an incident angle of 70°. A Schematic of the Pd-based 

F-P cavity for hydrogen sensing is shown in the inset of (d). The variation of ellipsometer 

parameters of F-P cavity with change in the complex refractive index of Pd (e) Ψ spectra, and 

(f) Δ spectra.      

In our calculations, the frequency-dependent complex refractive indices of Pd are taken 

from Werner et al.[52] and assumed that a small percentage (0.1 to 0.5 %) change in complex 

refractive index occurs when the H2 atomic ratio increases continuously in Pd with H2 exposure. 

To compare the sensing performance, we further propose a Pd-based F-P cavity made up of 

multilayer thin films of Pd (7 nm), Sb2S3 (460 nm), Ge2Sb2Te5 (19 nm), and Ag (100 nm), as 

shown in the inset of Figure 3d. It is known that this type of asymmetric F-P cavity exhibits 
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extreme phase singularity at a higher angle of incidence due to the presence of a thin lossy 

Ge2Sb2Te5 layer [53, 54]. As shown in Figure 3d, the Pd-based F-P cavity shows phase singularity 

at an incident angle of 70° around the same wavelength. Here, the crystalline phase of 

Ge2Sb2Te5 is used to achieve phase singularity at NIR wavelengths (see Supporting Information 

Fig. S7). Also note that the same thickness of the Pd layer is used in both configurations. 

The calculated ellipsometry parameter, Ψ, with a change in the complex refractive index 

of Pd from 0 to 0.5 % is shown in Figures 3b and 3e for the TPP cavity and F-P cavity, 

respectively. In contrast to the F-P cavity, a considerable change in Ψ is observed at a specific 

wavelength between the minimum and maximum value of Ψ in the TPP cavity. The 

corresponding calculated Δ spectra for the TPP cavity and F-P cavity are shown in Figures 3c 

and 3f, respectively. Notably, a significant Δ shift with a change in the complex refractive index 

of Pd (0.1 to 0.5%) is obtained at the dual-phase singularity wavelength for the TPP cavity, 

while a small variation is observed at the single-phase singularity wavelength for the F-P cavity. 

We then calculated the change in ellipsometry parameters (δΨ and δΔ) with an increase in the 

complex refractive index of Pd from 0.1 to 0.5% and the same is shown in the inset of Fig. 3b 

and 3c for δΨ and δΔ, respectively. The linear variation of δΨ and δΔ reveals that both Ψ and 

Δ can be considered as a potential sensing parameter for dual-phase singularity to detect 

extremely small refractive index changes. The calculated phase sensitivity (δΔ/δn) is 

33,571°/RIU and 6250°/RIU for dual-phase singularity and single-phase singularity, 

respectively. It shows that the sensitivity of dual-phase singularity is five times higher than that 

of single-phase singularity. Here, the phase sensitivity is calculated by only considering the real 

parts of the refractive index (𝛿𝑛 = 𝑛𝑃𝑑 − 𝑛0.1%𝑃𝑑 ). Also, the achieved detection limit is much 

higher compared to existing Tamm cavity-based hydrogen sensors [55, 56]. The proposed TPP 

cavity could be a potential scalable sensing platform to detect ultra-low concentrations of 

hydrogen. The proposed hydrogen sensor can be experimentally verified by using a 
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microfluidic channel integrated Tamm cavity [53, 54] and an ellipsometer [50] or an 

interferometer-based differential phase measurement setup [57]. 

5 Spectrally Tunable Dual-Phase Singularity  

To realize the equal phase change at the dual-phase singularity wavelengths for a spectral band, 

a continuously tunable zero-reflection TPP mode with the same linewidth is required. However, 

the aforementioned tunable TPP cavity (Fig.1) cannot provide this feature due to the linewidth 

broadening of TPP mode and the failure to achieve zero reflection for the crystalline Sb2S3 (see 

Supporting Information Fig. S2). In this context, we propose a metal-free Tamm cavity to 

realize spectrally tunable dual-phase singularity. Figure 4a shows the schematic of the 

proposed Tamm cavity consisting two DBRs made up of Sb2S3 and SiO2 layers with thicknesses 

of 110 nm and 200 nm, respectively. DBR1 and DBR2 comprise 5 layers and 6 layers, 

respectively, and the thickness of the Sb2S3 termination layer in both DBRs is 158 nm.  

In this cavity, the lossless interface mode or Tamm mode is excited at the boundary 

between the two DBRs and decays exponentially into both of them[58]. In Figure 4b, we show 

the excited Tamm mode at normal incidence for both amorphous and crystalline phases of 

Sb2S3. The simulated intensity distribution at the resonance wavelength of 1495 nm shows that 

the maximum field is confined at the Sb2S3 termination layer of two DBRs and decays 

exponentially in the surrounding media (see Supporting Information Fig. S8). It is important to 

note that zero-reflection mode with almost the same linewidth (FWHM≈36 nm) is achieved for 

both phases of Sb2S3. More importantly, a significant wavelength shift of 240 nm is obtained 

by changing the phase of Sb2S3 from amorphous to crystalline.  
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Figure 4. Tunable dual-phase singularity using a metal-free Tamm cavity. (a) Schematic 

of the designed Tamm cavity consisting of two DBRs made up of Sb2S3 and SiO2 layers. The 

normal incidence reflectance spectrum for amorphous and partially crystallized cavities (b) 

Calculated and (c) Measured. (d) The pair of ellipsometer parameters (ψ and Δ) calculated at 

24° for amorphous and crystalline phases of Sb2S3. (e) Measured Δ spectra for three incident 

angles (25° to 35°) for amorphous and partially crystallized cavities.  

In the experiment, a SiO2 capping layer with a thickness of 20 nm is deposited on top 

of the cavity to avoid the oxidation of the top Sb2S3 layer during the crystallization annealing 

process to minimize the surface roughness of the annealed cavity. Note that adding a 20 nm 

SiO2 layer on top of the cavity will not change the Tamm resonance wavelength and amplitude 

(see Supporting Information Fig. S9). Figure 4c shows the measured normal incident 

reflectance spectrum of the cavity for amorphous and partially crystallized (annealed at 250°C) 

phases of Sb2S3. The polycrystalline features of annealed Sb2S3 are confirmed using Raman 

spectroscopy [59, 60] and X-ray diffraction (XRD) [61] (see Supporting Information Fig. S10). As 

can be seen, equal amplitude Tamm mode required for tunable dual-phase singularity is 

obtained in both phases of Sb2S3. The measured wavelength shift is 156 nm. The non-zero 
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reflection and smaller spectral shift achieved in the experiment as compared to the simulation 

are due to the variations in the individual thickness of the fabricated cavity, the inherent surface 

roughness of the film, and partial crystallization of Sb2S3. Also, the angle-dependent s- and p-

polarized reflectance spectra show that zero-reflection and narrow linewidth mode for both 

phases of Sb2S3 is possible only at lower incident angles (see Supporting Information Fig. S11 

and Fig. S12). It indicates that this cavity also exhibits dual-phase singularity at lower incident 

angles.    

Figure 4d shows the calculated pair of ellipsometer parameters (ψ and Δ) at 24°. 

Calculated phase change at Ψmin and Ψmax wavelengths for amorphous and crystalline phases is 

≈170° and ≈143°, respectively. It shows that similar ψ spectra with the same phase change are 

obtained at the dual-phase singularity wavelengths by changing the phase of Sb2S3 from 

amorphous to crystalline. It shows that the continuous tuning of dual-phase singularity 

wavelength with the same phase change is possible within the tunable wavelength range. In Fig. 

4e, we show the measured phase spectra at different incident angles (25° to 35°) for both 

amorphous and partially crystallized phases of Sb2S3. It is evident that the tunable dual-phase 

singularity is obtained for this angular range and a maximum phase change is realized at an 

incident angle of 30° for both phases of Sb2S3. In comparison to an amorphous cavity, a slightly 

lower phase change is obtained for a partially crystallized cavity due to the increased linewidth 

of the mode. Also, the experimentally measured dual-phase singularity angle (30°) is slightly 

higher than the calculated incident angle (24°). The multi-state forward tuning of dual-phase 

singularity is possible by continuously annealing the cavity electrically[62] or optically[60]. This 

multi-state spectrally tunable dual-phase singularity can find application in flat optics, 

especially to realize multispectral spatial light modulators [30]. 
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6 Conclusion 

In summary, we experimentally demonstrated optical Tamm state-induced dual-phase 

singularity at a single incident angle using a tunable TPP cavity consisting of an ultra-low loss 

Sb2S3 PCM as the active layer of the cavity. By exciting the Tamm modes in the NIR 

wavelengths for s- and p-polarizations of incident light at the same incident angle, we achieved 

a dual-phase singularity at the zero reflectance wavelengths at a lower incident angle, which is 

not possible with Fabry-Pérot cavities. Moreover, we demonstrated an ultra-sensitive hydrogen 

sensor by exploiting the concept of dual-singularity realized in a Pd-based TPP 

cavity. Compared to the single phase-singularity-based sensor, the proposed sensor can 

detect extremely small refractive index changes of the Pd layer due to hydrogen exposure 

through the dual phase singularity approach. Also, note that phase-sensitive detection is suitable 

for imaging with great potential to enable high throughput scalable hydrogen sensors. We 

further proposed a tunable Tamm cavity comprising two DBRs and experimentally 

demonstrated that spectral tunable dual-phase singularity is possible at lower incident angles. 

A significant wavelength shift of 240 nm with the same phase change is obtained at the dual-

phase singularity wavelengths for the amorphous and crystalline phases of Sb2S3.  
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Supporting Information is available from the Wiley Online Library or the authors. 
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ToC Summary 

 

Realizing multiple-phase singularities is important for phase engineering in flat optics, and to 

improve the detection limit of refractive index sensors. The existence of a dual-phase 

singularity at a single incident angle with spectral tunability and its application for ultra-

sensitive hydrogen sensing is presented using phase change material-based tunable Tamm 

plasmon polariton cavities. 
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