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Abstract: Vanadium dioxide (VO,) is an attractive thermal-
control material exhibiting low thermal hysteresis and
excellent temperature cycling performance. However, the
deficiencies including weak spectral shift and narrow-
band absorption during insulating-metallic transitions hin-
der its application in optoelectronics. The transition metal
dichalcogenides (TMDs) can provide a promising solu-
tion with their high dielectric properties and robust opti-
cal coupling. Here, we report a MoS,/VO,/Au/Si metasur-
face and investigate the dynamic tunability of its optical
absorbance and structural color upon heating via spec-
troscopic ellipsometry measurements and numerical sim-
ulations. The first-principles calculations reveal that the
dielectric absorptions of metallic and insulating VO, oppo-
sitely response to temperature, closely related to the differ-
ence in the transitions of O-2p states. Finite-element simu-
lations reveal that the introduction of MoS, nanostructure
induces more absorption peaks by 2~3 and achieves strong
absorption in the full wavelength range of visible light. The
Fabry—Perot (F-P) resonance is the critical factor for the
optimized optical absorption. The structural color is sensi-
tive to environmental perturbations at high-¢ state of VO,,
lower oblique incidence angles, and heights of MoS,. This
work seeks to facilitate the spectral modulation of phase
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change metamaterials and can be extended to photoelectric
detection and temperature sensing applications.
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1 Introduction

Optical metasurfaces, classified as artificial nanostructured
compounds, can exhibit unconventional responses to light
in contrast with natural materials, such as high efficiency
[1, 2], high bandwidth [3-5], high-quality factor Q [6-8],
and perfect absorption [9-11]. Integration of phase change
materials (PCMs) with typical optical metasurfaces [12—14]
can achieve the real-time tuning of optical resonances
and offer promising prospects for multifunctional optoelec-
tronic devices [15, 16]. Vanadium dioxide (VO,) is an excel-
lent thermal-control material attributed to its low phase-
change temperature (around 68 °C), low thermal hystere-
sis, and high performance in switching cycles. Boyce et al.
[13] investigated the plasma dynamic tuning of Au/sub-10
nm-thick VO, film structure and confirmed the remarkable
stability of the spectra at more than 10 temperature cycles.
Kepic et al. [17] constructed VO, nanoantennas with tunable
Mie resonance in the visible range, exhibiting significant
scattering and extinction modulation depth. Ke et al. [18]
utilized VO, nanoparticles to achieve distinct temperature-
response switching. However, VO, faces several obstacles,
such as weak spectral shift under two states, narrow absorp-
tion range, low Q-factor, limited solar modulation [19], and
unfavorable brown color. It thus hinders its applications in
photoelectric detection [20], perfect absorption, and struc-
tural color.

Though high-¢ materials have been introduced to
enhance the absorption [5], yet studies on the absorption
features’ tunability still lack. The transition metal dichalco-
genides (TMDs) provide one promising solution because
of their excitonic absorption, high photoresponsivity, and
robust optical coupling [21-25]. It exhibits potential for
optical absorption [26], photoluminescence [27, 28], and
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detectors [29]. Previous works [20, 30, 31] have successfully
achieved resonant optical absorption by coupling TMDs
with VO, multilayer metamaterials. Yan et al. [20] achieved
active tuning of the collective Mie resonances from silicon
nanoparticle clusters by constructing a new platform of VO,
thin film with a tungsten disulfide (WS,) sheet. Hou et al.
[30] combined molybdenum disulfide (MoS,) with VO, to
modulate its photoluminescence. Chen et al. [31] developed
anovel model of tunable broadband near-infrared absorber
with the help of MoS, coupled with VO,. Most studies have
focused on the performance changes by additionally adding
TMDs to the VO, composite structure. However, the specific
ability of TMDs to improve the spectral absorption of VO,
and the underlying physical mechanisms have been rarely
reported, which underestimates the development potential
of TMDs-VO, composite devices. Furthermore, improving
the spectral tunability of the VO, composite structure in the
visible range can enhance the dynamic control of the struc-
tural color [32, 33]. The structural color originates from the
interaction between light and complex micro- and nanos-
tructures, involving fundamental optical processes such as
diffraction, interference, and scattering [34], and has excel-
lent color and gloss stability and good thermal and chem-
ical resistance. Zhao et al. [32] improved the dynamic tun-
ing of the structural color of VO, by varying parameters
such as the layer thickness of metal and VO,. Kim et al.
[33] improved the reflected color purity of VO, tuning by
constructing nanoparticle absorbers. Yet, specific studies of
TMDs to modulate VO, composite structures’ color remain
untapped.

Herein, we have investigated the spectral tuning pos-
sibility and physical mechanisms of MoS,/VO,/Au/Si meta-
surface in the visible range with the help of spectro-
scopic ellipsometry (SE) experiments, density functional
theory (DFT), and finite-element method (FEM) simulations.
First, a multilayer VO,/Si/Au structure is fabricated, and
the spectral properties are obtained with SE. Then the
contribution of O-2p electrons in VO, to dielectric func-
tion at different phases is shown using DFT. The depen-
dence of absorption on temperature and VO, thickness
is investigated with FEM, obtaining the excitation condi-
tions of Fabry-Perot (F-P) resonance. Furthermore, the
MoS,/VO,/Si/Au metasurface is designed and found to have
a broader range of solid absorption and richer spectral
features with modulating incident angle and MoS, mor-
phology than the multilayer structure. The electromagnetic
field results reveal that the F-P resonances in the VO,
and MoS, layers play a critical role in spectral regulation.
Finally, the structural color is studied as an extended appli-
cation based on spectral modulation and exhibits different
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sensitivity to temperature, oblique incidence angles, and
heights of MoS,. This work aims to facilitate tuning the VO,
metamaterial active coupling light and dynamic structural
color.

2 Experimental & computational
methodology

2.1 Structural design

The VO,/Au/Si hierarchical structure was fabricated by the
magnetron sputtering method as shown in Figure 1a. Real
photographic images of the hierarchical structure before
and after the phase transition are presented. The structure
appears lime green at room temperature and yellowish
brown after the phase transition. The sample was charac-
terized by XRD (Rigaku SmartLab 3 kW) with Cu K1 irra-
diation at a scanning rate of 3°/min with 26 ranging from
25° to 70°. In the test, the grazing incidence was chosen at
an incidence angle of 0.5° because that the high energy of
normal incident light easily penetrates the film and reaches
the substrate, thus causing a large disturbance to the final
result. The peaks at 28.03°, 44.5°, 55.5°, and 64.8° in Figure 1b
correspond to the (011) [35], (012) [36], (211) [37], and (013)
[36] planes of VO,, respectively, confirming the existence
of monoclinic (M;) phase transition of VO,. It is worth not-
ing that there is a 38.5° peak, which is not strictly an Au
diffraction peak ((111), 37.9° [35]) nor a VO, diffraction peak
((020), 39.9° [37]). This is a mixed peak of the two elements
caused by the energy breakdown through the VO, film to
the Au surface due to the excessive intensity of the light
source and the thin thickness of the VO, film. The diffrac-
tion peaks of other impurities or phases were not detected
except for the diffraction peaks of M,-VO, films. The surface
morphology (Figure S1) and energy dispersion (Figure 1c)
of the samples were also investigated by scanning electron
microscope (SEM) — energy dispersive spectroscopy (EDS)
model SU8220. The results confirm the presence of Vand O
elements in the sample. Figure 1c also shows the Au peak
caused by the energy breakdown through the VO, film.
Figure 1d depicts the experimentally prepared
schematic diagram of multilayer VO,/Au/Si. The total
thickness is 1mm, and the thickness of Au and VO, is
150 nm and 123 nm, respectively. In the FEM simulation,
the periodic tetragonal structure with a period P of 250 nm
X 250 nm is used. The total thickness is set to 700 nm,
ensuring that the electromagnetic waves do not penetrate
the structure, so the absorption is A = 1—R. Figure le and
f shows the MoS,/VO,/Au/Si metasurface, where the MoS,
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Figure 1: Characterization of the prepared samples and model parameters for calculation. (a) The real optical photograph images of the fabricated
VO,/Au/Si multilayer structure at 27 °C, 80 °C, and 100 °C, respectively. (b) XRD results of VO,/Au/Si multilayer structure at grazing incidence. (c) EDS
spectrum of VO,/Au/Si multilayer structure. (d) Optical schematic of the hierarchical structure. (e) Parametric diagram and (f) global schematic

diagram of MoS,/VO,/Au/Si metasurface.

shape is square with default side length and height of
L = 125nm and h = 50nm, respectively. The main
polarization directions of the light source are transverse
electric (TE) and transverse magnetic (TM) directions.

2.2 Experiments and simulations

The reflectivity and temperature-dependent dielectric func-
tion of the VO,/Au/Si hierarchical structure was measured
with the RC2 ellipsometer purchased from J.A. Woollam
Company. In the high-temperature test, the Linkam heat
cell heated the system. The measured angle of incidence
was set to 70°. Nitrogen gas was continuously introduced
during heating to remove oxygen from the heating chamber
to prevent oxidation. The ellipsometric parameters of y and
A were first obtained by RC2 ellipsometer. Each layer was
modeled separately for the hierarchical structure to extract
its dielectric function and thickness. The silicon substrate
layer was modeled first, followed by an intermediate layer
of thin-film gold with a thickness of 150 nm. Finally, the VO,
layer was modeled with the optical model B-spline [38] to
improve the fitting accuracy of this layer, and the thickness
fitting option was turned on. The dielectric functions of Si,
Ay, and VO, at temperatures ranging from 30 °C to 300 °Cin
the spectral range of 300 nm-1600 nm were obtained and
the thickness of VO, obtained by fitting was 123 nm. A more

detailed ellipsometric working principle can be found in our
previous study [39].

With the SE-measured dielectric function as input, FEM
simulations on radiative properties of multilayer struc-
tures were performed. Floquet periodic boundary condi-
tions were used in the X and Y directions to mimic the
composite structures, and perfect matching layers (PML)
boundary conditions were used in the Z direction to trun-
cate the simulation volume. The thickness of PML was set to
1/4wavelength and the convergence mesh to 1/5 wavelength,
respectively.

The impedance transformation method can be applied
to analyze the absorption properties of the structure, and
the impedance Z of the absorber and impedance Z,, of free
space are calculated following [40, 41]

_ (1 + 511)2 - S%l
=5 a=syi-s, ®
_ [uld)
Zy(A) = W @

where S;; and S, are the reflection and transmission
coefficients, u(4) and £(4) are the magnetic permeability
and dielectric function of the structure at the wavelength,
respectively. The closer the impedance of the absorber is to
Z, =1, the stronger its absorption capacity.
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3 Results and discussions

3.1 VO,/Au/Si hierarchical structure

We first investigate the dielectric function of VO, films in
the VO,/Au/Si hierarchical structure. According to previous
studies [42, 43], VO, undergoes tetragonal rutile (R) phase
to M, phase transition as the undimerized vanadium atoms
undergo classical Mott transition, and the crystal symme-
try is broken (Figure S2). This process inherently changes
the dielectric function of VO,, which is closely related to
the atomistic and electronic structure, and Figure 2a and
Figure S3 illustrate the differences. The onset of the absorp-
tion peaks of the absorption coefficient spectrum («) reflects
the optical band gap and can be obtained from the inter-
section of the tangent line of the absorption edge of the
spectral absorption peak with the energy axis (x-axis) [44],
as shown in Figure 2b. In VO,, the absorption onset O of
main peak K; (Figure 2b) is related to the indirect transi-
tion process involving O-2p and V-3d states near the Fermi
energy level. And the onset O’ of peak K, is contributed by
the transition process of O-2p states to higher energy lev-
els (see S4 for more details in Supplementary Information).
The temperature dependence of onsets for different absorp-
tion peaks is thoroughly investigated. As seen in the inset
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of Figure 2c, high temperature induces a red-shift of the
onset O due to Mott physics [42], i.e., the band gap energy
decreases with increasing temperature. In the R phase, the
onset O disappears due to the vanishing of the interband
transitions between V-3d and O-2p states. On the other hand,
the onset O’ of peak K, blueshifts with increasing tempera-
ture in the M; phase indicates an increase in the transition
energy of O-2p states. However, after the phase transition
occurs, there is a significant red-shift in the absorption
onset O’ due to the reduced band gap and lower transition
energy of O-2p states to higher energy states (Figure S4a-b).
Also, there is an overall decreasing pattern of onset O’ with
increasing temperature, which indicates that high tempera-
ture causes a decrease in the O-2p states transition energy in
the R phase. More relevant details of DFT calculations and
discussions are given in Supplementary Information S4.
Next, the radiation characteristics of the multilayer
structure are studied using FEM simulations. Since fewer
metallic features are involved [45], we call the dielectric
states before and after the phase transition high-¢ and low-
&, respectively. Figure 2d shows a considerable polarization
sensitivity in the absorption of the hierarchical structure at
oblique incidence, so all the absorption mentioned in this
paper is total A, = (A + Apy)/2. As seen in Figure 2e,
the FEM simulation results agree well with experimental
results regarding absorption peak positions, which provides
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Figure 2: Ellipsometric measurements: (a) VO, dielectric function under two phases, (b) VO, absorption coefficients under two phases and the
location of the marked of absorption onset, (c) absorption onset at different temperatures, (d) absorptance under s (TE) and p (TM) polarization, and
(e) the comparison between experimental measurements and FEM calculations.
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favorable conditions for the peak coupling study below. Then, the absorption contribution of each layer in
However, the absolute value of the simulated absorption is  the hierarchical structure is investigated. Figure 3a shows
lower than that of the experimental results, possibly due to  that the VO,/Au/Si structure has three absorption peaks
the deviation of the VO, thickness (confirmed by Figure 3b) in the visible range, and they are all contributed by the
chosen in the simulation from the actual experiment and VO, layer, which can be confirmed by comparing the

errors from the material parameters.

absorption of the VO,/Si bilayer structure. The Au layer
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Figure 3: Absorption characteristics of VO,/Au/Si hierarchical structure. (a) The absorption at 60° incidence, including the VO,/Au/Si hierarchy
(including simulation and experiment), the individual contribution from its components (including Au layer and VO, layer), and VO,/Si bilayer
reference structure. (b) Calculation of the thickness dependence of VO, at vertical incidence. (c) Absorption of the hierarchy structure at 30 °C and

100 °C at 60° incidence. The positions of absorption peaks A, B, and

Cat30°Cand 100 °C are 0.588 nm, 0.504 nm, 0.460 nm and 0.561 nm, 0.489 nm,

0.444 nm, respectively. Dotted lines plots indicate % at the corresponding temperatures. (d) Impedance ((Zy; + Zy),)/2) of the hierarchy structure at
30°Cand 100 °C at 60° incidence. Magnetic fields of absorption peaks A, B, and C at (e) 30 °C and (f) 100 °C.
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mainly contributes to the 0.46—0.56 pm range absorption.
To better distinguish the absorption features, we fit the
second derivative of the absorption spectra concerning
wavelength (%
enhanced dielectric function spectral line shapes [46, 47]
(see S5 for more details in Supplementary Information).
Then, the formation conditions of the F-P resonance [20] in
VO, and its contribution to peak A are studied. The magnetic
field (Figure S6) at peak A is localized inside the VO,, con-
firming the formation of F-P resonance. Figure 3b shows
that as the thickness of VO, decreases, the absorption peak A
blueshifts and weakens until peak A disappears at the height
h = 50 nm. It is due to the reduction of the effective cavity
length and the gradual disappearance of the F-P resonance.
The low thickness exhibits a narrower bandwidth, which
has lower energy dissipation, as evidenced by the more
muscular magnetic field strength (Figure S6).

When VO, shifts from high-¢ state to low-¢ state, peak
A Dblueshifts and decreases in value (Figure 3c). It is due
to the weakened F-P resonance, and the magnetic field
exhibits a weaker and nonuniform character, as shown in
Figure 3e and f. Since A is similar to A,y this paper’s
magnetic and electric fields are considered under the TE
wave. In the near-infrared (NIR) range, a plasmonic reso-
nance (peak P) appears attributed to the more active surface
electrons in metallic VO, [31]. The solid optical interference
[30] enhances the total absorption within the spectrum (Vis-
NIR region), as shown in Table S1. The impedance transfor-
mation method can also be used to analyze the absorption
changes of the hierarchical structure caused by the phase
transition of VO, [48]. As shown in Figure 3d, the low-¢ state
makes the impedance lower and closer to 1, thus increasing
the absorption of the structure. The peak A related to F-P
resonance of the low-¢ state is blue-shifted concerning the
high-¢ state, while the impedance value of the low-¢ at the
dip is higher than that of the high-¢ state, indicating a lower
absorption capacity. The impedance curve is smoother in
the range below 561 nm, which is shown in the absorption
curve as the disappearance of the remaining peaks except
peak A (Figure 3c). In addition, an impedance dip at the
wavelength of 880 nm indicates the appearance of a new
absorption.

referring to the previous treatment of

3.2 MoS,/V0,/Au/Si metasurface

The bulk MoS, has excellent excitonic polarization that
can realize light-matter solid interactions [49], which
helps improve the spectral tuning of the VO, system. A
MoS,/VO,/Au/Si simulation model is developed using the
default parameter values in Figure 1c and d and studied
for the radiation performance. The dielectric function of
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bulk MoS, is available in the literature [27]. Figure 4a
shows that the introduction of the bulk MoS, broadens
the strong absorption range and increases the absorption
features, which is attributed to the high-e property (see
Equation (S2) in Supplementary Information) and abundant
exciton absorption of MoS, (Figure S3e). Peak A red-shifts,
and peaks B, C, and E related to MoS, excitons emerge,
suggesting the enhanced average optical absorption (from
0.54 up to 0.65 in the 400 nm-1000 nm range). Peak D
contributed by MoS, blueshifts slightly and increases in
amplitude. Figure 4b-d demonstrates the specific physi-
cal mechanism. The magnetic fields at peaks A, B, and C
show a longer optical path and are located in the middle
region between the lower MoS, layer and the upper VO,
layer, demonstrating that a new F-P resonance is gener-
ated in MoS, [20], where the Au layer and the top MoS,
act as two reflectors. The optical field at peak D is strongly
localized at the MoS, surface edge, and the internal field
strength is also more extensive than that of the pure VO,
structure (Figure 4c and d), explaining the high value (see
Equation (S2) in Supplementary Information) and the nar-
row bandwidth of peak D.

Furthermore, the effect of the polarization and inci-
dence angles on the MoS, metasurface is investigated. The
sensitivity of the metasurface to the polarization angle is
first studied, as shown in Figure S7a—d. When averaging the
absorption of the TE and TM directions at an oblique inci-
dence angle of 60°, it is found that in the 0°—80° polarization
range, the absorption shows a symmetric distribution with
the polarization angle of 40° as the dividing line, i.e., the
closer to 40° polarization angle, the larger the absorption
of the metasurface. Then, the sensitivity of the metasur-
face to the incidence angle is investigated. As shown in
Figure 5a and e, peak A decreases with increasing angle,
while the absorption in the range from peak E to peak B
position shows the first increase and then decreases with
increasing angle, and the turning point of the change is
near 30°. It is evidenced by the weaker optical field of peak
B at a larger angle (>30°), as shown in Figure S7e. The
contour plot of total absorption (contour plots of absorp-
tion in the TE and TM directions are shown in Figure S8a
and S8b in Supplementary Information) shows that the dip
X becomes apparent around 35°, which derives from the
blueshift and decreases in the bandwidth of peaks E and
D with increasing angle. The peak X (at A = 544 nm) is
smoothed to annihilation at an increasing angle of 50°,
which the more divergent magnetic field can explain at a
higher angle (Figure S7f). In a word, the incidence angles
can improve the spectral modulation performance of the
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Figure 4: Absorption characteristics of MoS,/VO,/Au/Si metasurface. (a) Comparison of absorption of structures with and without MoS, at an oblique

incidence angle of 60°. The size of MoS, is the default structural parameter. Dotted lines plots indicate 24 Y

2 at the corresponding structure. (b) The

magnetic fields at different peaks of the structure with MoS,. (c) Optical field of peak D (4 = 495 nm) under MoS, nanostructure. (d) Optical field of D

under VO,/Au/Si structure.

metasurface and realize the free transition between multi-
ple peaks and dips.

The excitonic features of MoS, determine the absorp-
tion of the metasurface, and the height affects the per-
formance of the excitonic mode, so the optical absorption
related to the height of MoS, is further investigated. The
finite-thickness MoS, weakly increases the absorption and
optical fields of the structure (Figure S9a—b). However, as
the bulk MoS, thickness increases to about 35 nm, peak A
keeps red shifting and splitting, and its slight dip feature at A
=660 nm turns into a peak (B) feature (Figure 5b and f). This
is due to increased excitonic mode coupling specific gravity
[50], which induces the Fano resonance. In this process, the
quality of peak C (4 = 612 nm) also becomes apparent and
no longer varies with height. The (
mation on the displacement of the absorptlon peaks with
height (Figure S9c). In addition, the absorption increases

) shows more infor-

with height, and the average absorption in the visible region
(380-760 nm) reaches 0.9 when h = 70 nm (angle = 0°).
A nearly perfect absorption of 0.9992 can be achieved at
A = 735nm. This is due to the increased effective cavity
length and the enhancement of the optical interference [30].
The magnetic fields are more localized at the higher height
in the MoS, nanostructure (Figure S10), where the excitons
coupling is enhanced. It proves that the F-P resonance is
also generated in MoS, at long wavelengths at a certain
height.

The length of MoS, (L) determines the responsiveness
of the nanostructure to light. Therefore, maintaining the
period P = 250 nm unchanged, the effect of MoS, size on
the metasurface’s optical absorption is investigated. Figure
5c—g show that the dominant peak A exhibits a signifi-
cant red-shift and decreases in amplitude as L increases.
When L increases to 140 nm, a new absorption peak N
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Figure 5: Contour map of absorption A dependent on structural morphology. (a) Calculated Ay, contour map at different angles. (b) Calculated
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at vertical incidence, P = 250 nm. (d) Calculated period-dependent absorption A

#4

Aot Of metasurfaces at different angles. The inset shows the —-

Lotal CONtOUr map of metasurface at vertical incidence, L =125 nm. (e)

at the corresponding angles. (f) Calculated absorption at different MoS, heights at

vertical incidence. (g) Calculated absorption at different MoS, lengths at vertical incidence, P = 250 nm. (h) Calculated absorption at different

metasurface periods at vertical incidence, L =125 nm.

appears near 4 = 680 nm and shows a trend of feature
enhancement followed by weakening as L increases. This
feature can be interpreted with the help of the optical field,
as shown in Figure S11. At this time, the strong magnetic
field is contributed by the upper surface and lower sur-
face (MoS,/VO, intersection) of MoS,. The optical field is
mainly localized around the MoS, bottom corner hetween
adjacent cells, and the MoS, interior also contributes a
part of the field strength. In addition, when L increases
to 142 nm, the absorption peak D’ at A = 520 nm becomes
gradually apparent. By observing its optical and magnetic
field distribution, one can find that the peak D’ is very
similar to D contributed by MoS, mentioned above (see
$13 for more details in Supplementary Information). Then,
keeping the MoS, size L = 125 nm unchanged, the period
(P) variation on the metasurface absorption properties is
investigated. First, the changes in the period do not pro-
duce new absorption features (peaks or dips). As the period
increases, the prominent peak A blue shifts, and its broaden-
ing decreases. The peaks of exciton peaks B and C increase,
and their broadening increases. By defining the filling fac-
tor FF = (L/P)? [51] for the metasurface, it is observed
that the absorption peak A red-shifts markedly and the
exciton peaks B and C decrease with increasing filling
factor.

The effect of VO, phase transition on absorption is
further investigated, as shown in Figure 6a. When VO,
changes from high-e state to low-¢ state, the absorption

peaks blueshift, and peak A couples with peak B to produce
a blue-shifted peak B’ with a higher value. The quality
factors Q (see Equation (S3) in Supplementary Information)
[50] before and after coupling are 9.39 and 52.57,
respectively, with a ratio of 5.60. It proves the occurrence
of stronger coupling (see S14 for more details in
Supplementary Information). The F-P resonances in
peaks A, B, and C move from the VO, layer to the MoS,
layer, where the VO, layer mainly acts as a reflector
(Figure S14a). Also, the mean value of the metasurface’s
absorption in the visible range decreases from 0.75 to 0.74,
opposite to the temperature dependence of the VO,/Au/Si
structure’s absorption. The impedance analysis shows that
the Z of low-¢ state increases in the wavelength range of
646-756 nm and further away from 1, which is the main
reason for the lower average absorption in the visible
range (Figure 6b). In the low-¢ state, a plasmon resonance
peak P is formed in the NIR region, and the relationship
between the plasmon resonance and the bulk MoS, side
length L is investigated, as shown in Figure 6c. The peak
P red-shifts and increases bandwidth with increasing L of
MoS,. It can be explained by the expansion of the magnetic
field from the MoS, layer to the VO, layer (raised optical
path) and by the diverging magnetic field (Figure S14h).
As L increases, the peak P value increases and then
decreases, reaching a maximum at L = 140 nm, which
can be verified by the average optical field value trend
(Figure S14c).
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3.3 Modulation of structural color

The above results suggest that the temperature, oblique
incidence angle, and morphology improve the metasur-
face system’s light—-matter interactions and that structural
color’s dynamic regulation potential is accordingly stimu-
lated [34]. First, the effects of temperature and VO, thick-
ness on the structural color are investigated. Based on the
temperature-dependent dielectric function, the reflectance
spectra of the VO,/Au/Si structure in the visible range at
different temperatures are obtained by dispersion relations
[52]. The phase transition caused a blue shift in the spec-
trum with decreased absorption amplitude (Figure S15a).
The data in the CIE chromaticity diagram intuitively repre-
sent the variations of color coordinates from (0.2281, 0.2128)
to (0.3199, 0.2710) with increasing temperature from 30 °C
to 100 °C (Figure 7a). Then, the color coordinates do not
change with temperature. During this process, the bright-
ness decreases from 0.9078 to 0.8784, with a change of

0.0294. The saturation decreases from 0.8724 to 0.3459, with
a change of 0.5175. The color changes from aquamarine
(Hue:8.7804°) to pink (Hue:128.185°). Figure 7b shows the
color comparison between the FEM calculation and exper-
iment, with an average error of 0.02415 in the coordinate
positions, which is suitable for subsequent variable anal-
yses. Next, we compared the difference in the effect of
structural color on VO, thickness due to phase transition by
numerical calculation. More details of the calculations and
analysis are shown in Supplementary Information S16. The
results indicate that with increasing VO, thickness at the
normal incidence, the maximum variations of brightness
and hue in the high-¢ state are more prominent than that in
the low-¢ state, while the maximum variation of saturation
is the opposite.

The sensitivities of the structural color of
MoS,/VO,/Au/Si metasurfaces to the oblique incidence
angles and heights of the MoS, are investigated. Figure 7c
shows that as the MoS, height increases from h = 0 nm to
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h = 60 nm at an oblique incidence angle of 15°, the bright-
ness increases from 0.32 to 0.4863 (h = 45nm) and then
decreases to 0.409 (h = 60 nm), with a maximum variation
of 0.164. The hue falls from 183.5955° to 87.6893°, with a
maximum variation of 96.206°. The saturation decreases
from 1to 0.1866, with a maximum variation of 0.8134. When
the oblique incidence angle is 60°, the maximum variation
values of brightness, hue, and saturation are 0.045, 49.5°,
and 0.155, respectively. It indicates that the three attributes
of color are all more sensitive to heights at low incidence
angles. Fixed the height h = 15 nm, as the oblique incidence
angle increases from 0° to 60°, the brightness first decreases
from 0.4412 to 0.3863 (Angle = 30°) and then increases to
0.5686 (Angle = 60°), with a maximum variation of 0.1823.
The hue increases from 176.5048° to 180° (Angle = 30°)
and then decreases to 160.5°, with a maximum variation
0f 19.5°, corresponding to the turning trend of the variable

angle spectra (Figure 5a-e). The saturation increases from
0.4578 to 0.4882 (Angle = 15°) and then decreases to 0.1818
with a maximum variation of 0.3064. When the height
h = 60 nm, the maximum variation of brightness, hue, and
saturation are 0.1647, 34.29°, and 0.1648, respectively. It
indicates that the angular sensitivities of brightness and
saturation are more significant at low heights, while the
hue is the opposite. On the other hand, Figure 7 shows
that the sensitivities of brightness and hue to height are
more significant at low incidence angles in the low-¢ state,
while the trend for saturation is reversed. In addition,
brightness and saturation are more sensitive to angle at low
heights, while hue has the opposite direction. Furthermore,
the sensitivities of structural color’ attributes to the
temperature are consistent with the above findings (see
$16 for more details in Supplementary Information). For
example, the hue caused by the height of MoS, in the low-¢
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state has a more pronounced change than the high-¢ state,
which can be visualized by comparing the color changes
in the bottom two rows of Figure 7c and d, respectively.
Table S2 in the Supplementary Information gives the RGB
values under each structure with the corresponding
detailed brightness, hue, and saturation values for the
reader’s reference.

4 Conclusions

In summary, we present a MoS,/VO,/Au/Si metasurface
with dynamic spectral tuning and reveal the modulation
mechanism employing optical, magnetic field analysis, and
impedance matching theory. The spectra of multilayer struc-
tures are first obtained by SE experiment. DFT results show
that the onset of dielectric absorption peak K, of VO,
is related to the O-2p state’s transition and has opposite
responses to temperature in different phases. FEM simula-
tions show that F-P resonance generated in VO, and MoS,
dominates the metasurface’s absorption properties and is
sensitive to the excitation of high temperature, oblique inci-
dence angle, and morphology. Compared to the VO, hier-
archical structure, the metasurface can provide more than
2-3 times the absorption features, broaden the range of
intense absorption, and increase the spectral absorption
due to the high €” properties and rich exciton features of
MoS,. For example, an average absorption greater than 0.9
and near-perfect absorption of 0.9992 can be achieved in
the Vis range. On the other hand, spectral perturbations in
the Vis range affect the three attributes of the structural
color. Most color performances exhibit higher sensitivity to
external excitation in the high-¢ state, at low oblique inci-
dence angles, and at low heights of MoS,. Such design can
also be applied to studying other TMDs materials coupled to
VO, or expanded into more complex material systems. This
work offers fundamental ideas for enhancing the response
to light and dynamic tuning of structural color, which can
provide exciting applications for optical switching, tunable
light detection, temperature sensing, etc.

Supporting Information

Experimental dielectric functions of VO,, Au, and Si; details
of the density functional theory (DFT) calculations and dis-
cussions; second-order derivative spectra of the absorption
to wavelength; conditions for the formation of F-P reso-
nance in VO, and MoS,; polarization angles dependence and
incidence angles dependence (TM and TE) of absorption;
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electromagnetic field distribution of metasurface at differ-
ent oblique incidence angles and heights of MoS,; coupling
of absorption peaks due to VO, phase change; experimental
spectra and structural colors in low-¢ state; the RGB values
under each structure with the corresponding detailed val-
ues of brightness, hue, and saturation.
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