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ABSTRACT

Tamm plasmon polaritons (TPPs) are localized photonic states at the interface between a metal layer and
one-dimensional (1D) photonic crystal substrate. Unlike surface plasmon polaritons (SPPs), TPPs can be
excited by both transverse magnetic and electric waves without requiring additional coupling optics.
TPPs offer robust color filtering, making them ideal for applications such as complementary metal oxide
semiconductor (CMOS) image detectors. However, obtaining a large-area, reversible, and reconfigurable
filter remains challenging. This study demonstrates a dynamically reconfigurable reflective color filter by
integrating an ultrathin antimony trisulfide (Sb,S3) layer with Tamm plasmonic photonic crystals.
Reconfigurable tuning was achieved by inducing Sb,S; crystallization and reamorphization via thermal
and optical activation, respectively. The material exhibited good stability after multiple switching cycles.
The reflectance spectrum can be tuned across the visible range, with a shift of approximately 50 nm by
switching Sb,S3 between its amorphous and crystalline phases. This phase transition is nonvolatile and
substantially minimizes the energy consumption, enhancing efficiency for practical applications. Tamm
plasmonic photonic crystals are low-cost and large-scale production, offering a platform for compact

color display systems and customizable photonic crystal filters for realistic system integration.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).

1. Introduction

Surface plasmon polaritons (SPPs) are collective oscillations of
electrons coupled with light waves on the surface of a metallic
nanostructure [1,2]. Confined to subwavelength scales, SPPs signifi-
cantly enhance light-matter interaction, enabling various
nanophotonic applications [3-5]. Conventional SPPs feature a
Gaussian-like resonance spectrum in the reflectance, transmit-
tance, absorptance, and extinction spectra [6,7]. SPPs are useful
for applications such as photodetection [8], solar energy conversion
[9], photocatalysis [10], infrared imaging [11], filtering [12], quan-
tum optics [13], and infrared astronomy [14]. Nanostructures or
bulky coupling optical setups with prisms are commonly used to
excite SPPs. Plasmonic nanostructures are often fabricated on a
small scale using high-cost lithographic techniques such as electron
beam lithography. Tamm plasmon polaritons (TPPs) can be excited
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at the interface between a capping metal film and a one-
dimensional (1D) photonic crystal (PhC) substrate [15-19], where
incident photons are strongly localized at the interface [15]. TPP
modes support a zero in-plane wave vector without requiring
nanostructures or coupling optics [20]. Both the capping metal
layer and 1D PhC substrate can be easily fabricated using estab-
lished thin-layer deposition processes, making TPP crystals (TPPCs)
scalable for large photonic devices, such as in situ color displays and
electronic signage devices [21]. Particularly, TPPCs may enable the
realization of vivid structural colors in the transmittance and reflec-
tance spectra across the visible spectrum. However, few studies
have explored this possibility.

TPPCs are typically a “fixed-by-design,” meaning that the colors
are statically written into the surface [22], and once fabricated, their
optical characteristics remain unchanged. This static nature limits
their applications, as real-time changes in displayed images or infor-
mation are essential for maximizing their potential. Therefore,
dynamic color modulation is desirable in dynamic color display sys-
tems [23]. However, actively reconfigurable TPPCs have not yet been
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explored for the reversible tuning of the TPP modes. Although recent
studies [24-27] have investigated the active tuning of TPPs, their use
in generating reconfigurable high-purity structural colors remains
underdeveloped. Recently, dynamically tunable structural coloring
has been achieved by integrating various dielectric layers, including
electroactive conducting polymers [28], tungsten oxide [29], float-
ing solid-state thin films [30], and phase-change materials (PCMs)
[23,31], into thin-film optical coatings. These innovations have
attracted significant interest owing to their scalability, cost-
effectiveness, and elimination of lithography in nanofabrication pro-
cesses. Typically, thin-film coatings consist of dielectric-metal mul-
tilayers that generate colors through selective light absorption.
However, these conventional dielectric-metal coatings have limita-
tions, including poor color purity and the production of iridescent
colors in both reflection and transmission modes.

Chalcogenide PCMs, such as the well-known transition metal
chalcogenide alloy Ge-Sb-Te (GST), are highly transparent in the
near- to far-infrared regions. These materials exhibit large and
reversible permittivity modulation upon crystallization, making
them suitable for applications such as spectrally efficient filtering
and imaging [32-35]. However, GST alloys exhibit relatively large
losses and minimal changes in refractive index in the visible spec-
trum, limiting their application in color display technologies
[36,37]. Recently, antimony trisulfide (Sb,S3), another chalco-
genide alloy, has emerged as a promising material for visible-
light photonic applications owing to its large index contrast of
approximately 1 and significantly lower losses in the visible spec-
trum compared with GST [38]. Sb,Ss-integrated heterostructures
have been applied in color nanoprints [31] and solar cell devices
[39]. However, few studies have explored the use of Sb,Ss for tun-
able TPPCs in the visible region, which can enable accurate switch-
able structural color by selectively reflecting visible light.

This study presents reconfigurable visible-light spectral filters
utilizing Sb,Ss-integrated TPPCs with dynamic tuning and reversi-
ble operations in the reflectance spectrum. The TPP resonance
could be tuned by varying the thickness of the Sb,S5 layer to selec-
tively absorb the blue, green, and yellow spectral bands. This
results in vivid, nonvolatile colors, such as yellow, fuchsia, and
blue. By switching the Sb,S; layer from its amorphous (AM) to
crystalline (CR) state using ultrafast (nanosecond) pulsed lasers
and heat-induced phase transitions, the resonance shifts by
50 nm. A print of the “seven-color flower” pattern is demonstrated
by using the stepwise TPPCs, where the pattern’s color is dynami-
cally varied through the reversible state transition of Sb,Ss. Nota-
bly, these TPPCs can be fabricated without requiring complex
lithographic techniques, simplifying the fabrication process and
reducing device cost. Unlike traditional tunable thin-film optical
coatings [23,28-31], our TPPCs exhibit a narrow full width at half
maximum (FWHM) in the visible spectral range, enabling precise
and vivid color filtering [40,41]. Notably, our results demonstrate
that the Sb,S;-based TPPCs exhibit exceptional stability over mul-
tiple cycles in both AM and CR states, marking a unique advance-
ment in this field. Moreover, their nonvolatile nature significantly
reduces energy consumption. Our planar Sb,Ss-integrated TPPCs
platform represents progress in developing reversibly tunable
spectral filters with applications in erasable inkless paper and cam-
ouflaging surfaces for visible light.

2. Materials and methods
2.1. Sample fabrication
2.1.1. Materials deposition

A 500 pm thick Si wafer was used as the substrate and cleaned
with acetone, isopropyl alcohol, and deionized water in an ultra-
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sonicator. A five-layer stack of silicon dioxide and zinc sulfide
(Si0,/ZnS) films was deposited onto the substrate. The individual
thicknesses of the SiO, and ZnS layers were 85 and 53 nm, respec-
tively, using radio frequency (RF) magnetron sputtering at 20 °C.
The RF sputtering power applied for both SiO, and ZnS was set at
100 W. Subsequently, a 10-nm-thick Sb,S; film was deposited on
the SiO,/ZnS stacked layers via RF sputtering at 20 °C, with
6.67 x 107> Pa chamber base pressure and 30 W power. We
employed a deposition rate of 0.5 A-min~!, using an Sb,S; alloy tar-
get (99.9% purity, 50.8 mm diameter) in an argon (Ar) atmosphere.
Finally, a 15-nm-thick Ag film was deposited onto the Sb,Ss layer
using direct current (DC) sputtering.

2.1.2. Photolithography

The photoresist was exposed to determine the color pattern, as
shown in “seven-color flower” on the Sb,Ss film, using a double-
sided mask aligner system (MAG6-BSA, Suss MicroTec, Germany).
Subsequently, the photoresist was developed in a 1:6 mixture of
AR 300-26 (Allresist GmbH, Germany) and deionized water, fol-
lowed by rinsing with deionized water. Sb,S; and Ag films were
deposited on the SiO,/ZnS stacked layers. Liftoff was applied in
acetone to form the petals. These steps were repeated to fabricate
a seven-color flower pattern.

2.2. Sample measurements

2.2.1. Reflectance spectra

Reflectance spectra of the Sb,S;-based TPPCs displays on the Si
substrate were measured using a Fourier-transform infrared (FTIR)
spectrometer (IFS; 66 v-s~!) integrated with a Bruker microscope
(Hyperion 2000, Bruker, Germany). The data were recorded over
the spectral region from 25000 to 9000 cm™' with a 1 cm™! spec-
tral resolution. A 15x objective lens and Si detector were employed
to collect data in the reflectance mode. The scanner velocity was
set to 20 kHz, and interferograms were Fourier-transformed using
a Blackman-Harris three-term apodization function and a zero-
filling factor of 4. All FTIR spectra were normalized by dividing
measured spectra by the background spectrum of a bare 100 nm
Ag film on a Si substrate, yielding the reflectance ratio. FTIR spec-
troscopy was performed at 20 °C with a relative air humidity of
20%. Angle-resolved reflectance spectra were obtained using
variable-angle high-resolution spectroscopic ellipsometry, which
can collect data over the spectral region (400-750 nm). The inci-
dent angle varied from 20° to 80°.

2.2.2. Refractive index measurement

The complex refractive index of Sb,S; in both AM and CR phases
was measured using a J.A. Woollam ellipsometer, fitted with Tauc-
Lorentz oscillator models. The incident wavelength ranged from
400 to 750 nm, with a spectroscopic resolution of 5 nm. Measure-
ments were taken at incident angles of 65° and 75° at room tem-
perature with a relative air humidity of 20%. Precise ellipsometry
required meticulous calibration of the parameters, which was
achieved using a multi-sample regression calibration procedure
[42].

2.3. Numerical simulation

Simulations were conducted using the finite-difference time-
domain (FDTD) method in Lumerical Solutions software (Lumerical
Solutions, Canada). A periodic boundary condition was applied in
the x-y plane, and the simulation area along the z-axis was defined
using perfectly matched layer boundary conditions. The TPPCs
were vertically illuminated using a plane wave propagating along
the —z direction. Reflectance data were collected via a power moni-
tor placed 1 um above the TPPCs structure. A cubic Yee cell with
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Ax = Ay = Az =2 nm (Ax, Ay, and Az are the mesh sizes along the x,
y, and z directions, respectively) and a time step At =1 x 10718 s
were employed [43]. The mesh sizes were sufficiently small to
minimize numerical errors and ensure convergence of the electric
(E)-field intensities around the resonant antenna. Sb,S; was
incorporated in the numerical models using the measured complex
permittivity, as shown in Fig. S1 in Appendix A.

2.4. Experimental realization of the Sh,S3 reversible state transition

A reconfigurable color display was achieved by inducing Sb,Ss3
crystallization and reamorphization via thermal and optical activa-
tions, respectively. In this study, a high-repetition-rate nanosecond
laser was used to convert the state of an Sb,S; film from CR to AM.
The laser parameters are as follows: 1064 nm wavelength, 200 kHz
repetition rate, 100 ns pulse width, and 10 pm spot diameter. Par-
ticularly, to re-amorphize the CR Sb,Ss film, an average laser power
of 150 mW and a stage movement velocity of 50 mm-s~! were
employed, increasing the local temperature promptly beyond
801 K to melt the Sb,Ss. Subsequent fast cooling quenched the
melted layer to the AM state. The AM Sb,Ss film was subsequently
crystallized by thermally annealing the TPPCs for 2 min at
T4 = 543 K on a hotplate in an Ar atmosphere. This temperature
T4 is between crystallization temperature (T. = 505 K) and melting
temperature (T, = 801 K), which changes the structural phase from
as-deposited-AM (AD-AM) to CR.

3. Results and discussion
Fig. 1(a) shows a schematic of the reconfigurable TPPCs integrated

with an Sb,Ss film with an encapsulated Ag monolayer on top of the
TPPCs structure. The structure is supported by a Si substrate. The
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TPPCs consisted of a distributed Bragg reflector (DBR) with five
SiO,/ZnS double layers. The thicknesses of the Ag, SiO,, and ZnS layers
were fixed at 15, 85, and 53 nm, respectively. A silver film was
selected as the metal capping layer owing to its outstanding plas-
monic performance in the visible spectrum and compatibility with
standard semiconductor manufacturing processes [22]. The proposed
Sh,S3-based TPPCs generated the desired color in the AM state by
adjusting the thickness of the Sb,S; layer to control the resonant
absorption. When the Sb,S; layer transitioned to the CR state, its
index change shifted the resonant absorption spectrum, leading to a
slight color change, as shown in Fig. 1(a).

A cross-sectional focused ion beam (FIB) image of a TPPC with a
10 nm thick Sb,S3 is depicted in Fig. 1(b), and the corresponding
FTIR measured reflectance spectra in both AM and CR states are
illustrated in Fig. 1(c). Incident light can be efficiently coupled to
the Tamm plasmon resonance mode, leading to significantly low
reflectance at the resonant frequency. In the AM state, the reso-
nance, as indicated by the reflection dip, occurred at wavelength
4 =530 nm, corresponding to the green spectral band, yielding a
“fuchsia” color. By heating the TPPCs structure for 2 min at
T4 = 543 K on a hotplate in an Ar atmosphere, the Sb,S; layer expe-
rienced a structural phase from as AD-AM to CR, and the resonant
absorption shifted to 560 nm due to the index change, resulting in
a “blueviolet” color. The Sb,S; layer thickness decreased by
approximately 10% during the transition from AM to CR, corre-
sponding to an increase in Sb,S3 density upon crystallization
[44,45]. As seen in Fig. S2 in Appendix A, this reduction effect
resulted in only a minor shift of approximately 2 nm in resonant
absorption. In Fig. 1(d), FDTD simulated reflectance simulation
results of the reflection spectrum of the designed structure aligned
with measurements in both reflectance R(w) spectra and colors,
showing that the change of permittivity induced by state transition
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Fig. 1. Configuration of the TPPCs-based color display. (a) Schematic of the reversibly tunable TPPCs-based color display. The thicknesses of the Ag capping layer, Sb,S3 phase
change layer, and each film of five pairs of SiO»/ZnS stacks were Tag = 15 nm, Tsps = 10 nm, Tsijo = 85 nm, and Tz,s = 53 nm, respectively. The entire TPPCs structure was
deposited onto a Si substrate with a thickness of 500 um. Inset: structural state change between the AM and CR states. (b) A cross-sectional FIB image of the TPPCs structure.
(c) The FTIR measured and (d) FDTD simulated reflectance of the TPPCs for the AM and CR states. The insets in (c) and (d) show the photomicrographs and colorimetric

calculations of the TPPCs in the AM and CR states, respectively.
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led to the color alternation in the structure. The discrepancies
between the experimentally measured and numerically simulated
data were primarily due to surface roughness and structural
imperfections during the thin film deposition [46,47] and Sb,S;3
degradation [44,45]. In Fig. S3 in Appendix A, the reflectance of
the TPPCs was measured 10 times, with the average reflectance
spectrum calculated for both AM (Fig. S3(a)) and CR states
(Fig. S3(b)). The zoomed-in view (right column) reveals a measure-
ment error range of 2% to 4%, with the black squares and error bars
representing the average and standard deviation of 10 successive
measurements, respectively. This minimal error was unlikely to
have a significant impact on the color palette coverage or standard
red green blue (sRGB) gamut. This issue was attributed to the FTIR
measurements. Random errors in reflectance measurements were
influenced equally by uncertainties in the determination of the
temperature profile, errors in defining the spectral zero line, and
random noise inherent in spectroscopic measurements. This mea-
surement noise can be minimized by averaging the data over mul-
tiple measurements.

A reamorphization of Sb,S; (from CR to melting-quenched AM
(MQ-AM) can be achieved by annealing the sample above its melt-
ing temperature (Ty,) using high-intensity pulses with short peri-
ods to melt the crystal lattice [48,49], followed by rapid
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quenching to “freeze” the AM phase at a rate of 10° to 10'° K-s™!
[50]. The reversible structural transition is schematically shown
in Fig. S1(a). Fig. 2(a) shows five complete state-transition switch-
ing cycles, with resonance peak positions recorded to demonstrate
the stability of the reversal characteristics. In Fig. 2(b), we show
that the TPPCs exhibit outstanding stability over all cycles in both
the AM and CR states. The spectral response profile of each state
remains constant, with no observable hysteresis.

We examined the configuration where a high-refractive-index
Sb,S; layer was positioned adjacent to a metal layer to facilitate
the generation of TPPs. To further investigate the generation mech-
anism of TPPs, we calculated the complex reflection coefficients rag
and rpyc for the Ag film and the PhC, respectively. For AM Sb,Ss, the
condition Arg[rag rpnc €Xp(2ip)] = 0 (i is the imaginary unit) was
satisfied at approximately 530 nm, where ¢ represents the phase
of the light propagating through the Sb,Ss layer. This wavelength
corresponds precisely to the position of the reflection dip, as
shown in Fig. 1(c). Given that both the Ag film and the PhC exhib-
ited highly reflective properties (|rag|, [rpnc| ~ 1), the structure met
the excitation condition for TPPs: rag rpnc €xp(2ig) ~ 1 [15,51,52].
Fig. 3 illustrate the numerical distributions of E-field at the two
TPP resonance wavelengths of 1; = 530 nm and 2, = 560 nm for
the AM and CR states, respectively (see the detailed discussion in
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g}
[$]
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0 Il L L 1 L !
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Fig. 2. Stability of reconfigurability can be maintained across a few switching cycles. In the reversible state transition, nanosecond laser pulses were used to reamorphize the
CR Sb,S3 by heating it above 801 K, followed by rapid quenching. Recrystallization of the AM Sb,S; film was achieved using a hot plate, which heated the film above 543 K but
below 801 K. (a) Reflectance resonant central wavelength (valley) as a function of switching number. (b) Cyclability measurement reflectance for the device.
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Fig. 3. Distributions of E-field at the TPP resonance wavelengths of 2; = 530 nm and /, = 560 nm for the (a) AM and (b) CR states, respectively. |E| represents the absolute
magnitude of the local electric field with the structure, and |Eo| represents the incident field without structure.
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the Section 2.3). In both cases, the E-field decayed exponentially
from the Ag/DBR interface to the Bragg structure, which is a typical
characteristic of Tamm modes [53-56]. Fig. S4 in Appendix A
shows the E-field distributions at the resonance dip of
/3 =677 nm in the AM state. Notably, at /3 = 677 nm, the light wave
energy was primarily concentrated within the SiO, layer of the
DBR, adjacent to the Si substrate. This resonance eigenmode at
J3 = 677 nm corresponds to a Fabry-Perot (FP) mode, confined
between the Ag film and the Si substrate, with the DBR acting as
an isolated optical cavity [56]. The FP mode sustained a strong res-
onance of the E-field confined within the cavity formed by the Ag
film and Si mirror. The simulated reflectance spectra are presented
for pristine DBR and DBR coated with Sb,S; in the AM and CR
phases in Fig. S5 in Appendix A. The results revealed that incorpo-
rating Sb,S3 induced a distortion in the red-side fringe of the DBR
reflectance spectrum. However, the phase transition of Sb,S; from
the AM state to the CR state did not result in a significant spectral
shift.

The angular dependence of the reflection spectrum is crucial for
display applications. Figs. 4(a) and (b) illustrate the angle-resolved
reflectance spectra of the TPPC in both AM and CR states for
unpolarized incidence. By increasing the incident angle (0;) from
20° to 80°, the TPPCs reflector exhibited a near-zero reflectance
of R(w) = 0.05 at approximately 4; = 530 nm for the AM state.
The angle-resolved reflectance spectrum was red-shifted by chang-
ing the state from AM to CR. Additionally, these measurements
showed a blueshifted reflectance dip with increasing 6;, consistent
with numerical simulation in Fig. S6 in Appendix A. Fig. 4(c) shows
optical images of the TPPCs reflector in the AM state at varying
viewing angles up to 80°. The structure’s color remained stable
for viewing angles between 0° and 50° but changed to green at
80° due to decreased reflection intensity. However, the peak posi-
tions of the reflectance spectra remained largely unchanged across
viewing angles ranging from 0° to 50°. This instability indicates the
absence of significant color variation when the TPPCs are viewed
from different angles [57]. Consequently, these results confirm that
the color properties of our design are insensitive to both the inci-
dence angle (ranging from 0° to 50°) and the polarization [58].
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Our device demonstrates a vivid reflective color with high purity
and luminance across a broad angular range of up to +50°, regard-
less of the incident light’s polarization or direction. Our approach
holds significant potential for applications such as colored displays
and image sensors.

By gradually increasing the thickness of the Sb,S; phase
change layer Tsps film from 10 to 25 nm, a complete color palette
spanning the entire visible spectrum was achieved, as depicted in
the left column of Fig. 5(a). The corresponding reflectance dip
shifted from 530 to 620 nm in the AM state (solid lines) and from
562 to 652 nm in the CR state (dashed lines). The measured col-
ors of the TPPCs with various thicknesses are shown in the right
column of Fig. 5(a). In the AM state, the TPPCs exhibited yellow,
fuchsia, purple, blue, and cyan colors for different thicknesses of
Tsps. In the CR state, the corresponding TPPCs underwent consid-
erable color changes. In Fig. 5(b), we mapped the corresponding
color points on the Commission Internationale de iEclairage
(CIE) chromaticity diagram, which quantified the color distribu-
tions for both the AM and CR phases. By increasing the Ts,s from
3 to 30 nm, the samples in both the AM and CR phases occupied
a considerable gamut within the color space of sRGB. A signifi-
cant difference in color was observed between the AM and CR
phases. The measured color palettes of the TPPCs are shown in
Fig. 5(c). The numerically simulated spectra for samples of differ-
ent thicknesses and in both the AM and CR states, presented in
Fig. S7 in Appendix A, closely matched the experimental results.
A database was then constructed using the measured palette col-
ors shown in Fig. 5(c), linking the RGB values with the Sb,Ss3
layer deposition thickness. Different colors can be produced in
various sections by modifying the magnetron sputtering deposi-
tion time.

Finally, photolithography was used to define a colored pattern
on the sample (Fig. 6). This technique was demonstrated with
fuchsia flower patterns on the Ag/Sb,Ss3 dual layers in the AM state.
By switching the sample to the CR state, the color of the “Flower”
was varied from fuchsia to blue-violet, as shown in Fig. 6(a). Addi-
tionally, a multicolor pattern was achieved, as shown in Fig. 6(c).
Specifically, a “seven-color flower” was formed in the AM state.
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Fig. 4. Variable angle spectroscopic ellipsometry (VASE) measurement of incident angle-resolved reflectance spectra for the Sb,Ss;-based TPPCs for both (a) AM and (b) CR
phases. R: reflectance. (c) Optical images of AM and CR TPPCs at the different observation angles. The sample’s size is 1.2 cm x 1.5 cm.
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Fig. 5. (a) Experimentally measured reflectance (left column) and colors (right column) of the four TPPCs structures with Tsps = 10, 15, 20, and 25 nm, for both AM and CR
states, respectively. (b) Color coordinates from the measured spectra on the CIE 1931 chromaticity figure of TPPCs as increasing the Ts,s from 3 to 30 nm according to arrow
direction. (c) Color palettes of the TPPCs with AM (left column) and crystalline (right column) phases as varying the Tsps from 3 to 30 nm.
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Fig. 6. Optical images of the fabricated “Flower” display with (a) AM and (b) CR
states. The optical images of the fabricated “seven-color flower” with (c) AM and
(d) CR states.
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Fig. 6(d) shows a radical color change when transitioning the state
from the AM to the CR state.

4. Conclusions

This study demonstrated a fully reconfigurable Sb,Ss-based
TPPCs color display that operates across the visible spectrum by
exploring the state transition of Sb,S; between AM and CR states.
This color-displaying structure explores the large change in per-
mittivity caused by the phase change in Sb,S; between AM and
CR states. By adjusting the laser power, a reversible phase transi-
tion was confirmed by measuring the complex refractive index
and reflectance spectra. Using nanosecond laser pulses and ther-
mal heating, the TPPCs were dynamically tuned to selectively
reflect different interference colors, with reversible cycling
achieved via structural phase transitions in Sb,Ss;. Additionally,
magnetron sputtering was employed to fabricate diverse color
images in the same TPPCs region using the state transitions in
Sb,Ss. This approach offers advantages such as being lithography-
free, nonvolatile, fast, and low-cost, with potential applications in
next-generation near-eye displays and high-resolution optical
encryption devices.
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