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Abstract: Metasurfaces in a metal–semiconductor–metal configuration have been studied in multiple contexts, including 

perfect absorption and phase modulation. Nevertheless, limit progress has been achieved in independent phase modulation. To 

study further in this work, a metasurface composed of an Au film/ VO2 film/ Au patch array with square holes was proposed in 

this paper. Through simulating and analysing the optical properties, simulated results indicated that an extremely switchable 

function can be realized by modulating the phase transition of VO2, when VO2 was in the metal (semiconductor) phase, the 

whole structure represented as ON (OFF) state. Additionally, the efficient modulation depth is approximately 99.6% for the 

y-polarization at a wavelength of 2.019 µm. What’s more, by modulating symmetry-breaking of the structure or polarization, an 

extreme reflection phase change can been applied. As for the former, by adjusting the asymmetry degreed, the reflection phase 

can change from less than 180° to nearly 360°, and for the latter, the adjustment in polarization resulted in a phase change of 

nearly 180° for the x-polarization and nearly 360° for the y-polarization. While the amplitude remained almost constant at the 

corresponding wavelength. That is to say, an independent regulation of amplitude and phase was accomplished. And a 

two-mode one-port temporal coupled mode theory supported by full-wave simulations can explain the underlying physics of 

the designed independent phase modulation. The research findings mentioned above established the possibility for plasmonic 

integration as well as the design of multi-functional devices such as gradient metasurfaces and temperature-controlled switches. 
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1. Introduction 

The semiconductor–metal transition (SMT) of vanadium 

dioxide (VO2) occurs when external parameters, including 

electric field, magnetic field, light, temperature and stress, reach 

critical values. In addition to being applied in other approaches 

for achieving the phase transition of VO2 [1–4], VO2 has been 

combined with surface plasmons to achieve numerous 

dynamically tunable functions. For example, Xu et al. fabricated 

silver nanoparticles on a VO2 film and observed that the 

localized surface plasmon resonant band exhibited a temperature 

dependence ranging from 30°C to 80°C [5]. Wei and colleagues 

investigated new aspects of SMT in single-domain VO2 

nanobeams [6]. Yan et al. designed VO2 materials for broadband 

absorption of nonlinear circularly polarized transformed 

metasurfaces in the terahertz band [7]. Furthermore, various 

applications for tunable devices have also emerged. 

Metamaterial devices with far-infrared resonance frequencies 

were dynamically tuned [8]. Huang et al. also implemented a 

temperature-controlled switch in the near-infrared band using 

VO2 [9]. Ooi and colleagues designed an ultra-compact VO2 

two-mode plasmon-waveguide electroabsorption regulator with 

a switching regulation depth of 10 dB, and this 

high-performance plasmon regulator may be critical to 

integrating optoelectronic circuits in next-generation chip 

technology [10]. In 2018, a frequency-tunable metasurface filter 
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for the control of VO2-reconfigured optical-phase terahertz 

polarization was implemented [11]. Wang et al. designed a 

thermally switchable terahertz wavefront metasurface modulator 

based on VO2 for the SMT [12]. 

Researchers have proposed combining phase transition 

materials with surface plasmons. For example, Zhou and 

colleagues developed the phase and amplitude spectra of a 

sandwich-reflection system of metal film/ dielectric 

(graphene)/ metal nanopatterns using one-mode and one-port 

temporal coupled-mode theory (tCMT) [13, 14]. They 

reported that the dependent modulation of amplitude and 

phase could be achieved through the modulation of the 

absorption loss of graphene. However, the dependent 

modulation of phase and amplitude is unable to 

independently modulate electromagnetic waves [15]. 

In this paper, the metasurfaces of a metal film, a VO2 film, 

and a rectangular metal nanoparticle with a square hole were 

designed, and their optical responses were evaluated using 

numerical simulations. The designed metasurfaces improved 

previously reported temperature-controlled switching function. 

After the adjustment of the relative position of the square hole 

relative to the rectangular particle, the reflection phase for the 

x-polarization changed from nearly 360° to <180°, and the 

reflection amplitude remained constant. As a result, an 

independent regulation of phase was achieved. For the 

y-polarization, a change from <180° to nearly 360° also 

occurred. After the semiconductor percentage was adjusted, 

reflection intensity changed substantially and phase remained 

constant. Consequently, the independent modulation of phase 

and amplitude was achieved. And the simulation results of 

two-mode and one-port tCMT was also reported. These results 

may aid in the design of multifunctional devices, phase 

gradient metasurfaces, and temperature-controlled switches. 

2. Material and Methods 

2.1. Structural Design and Numerical Simulation 

 

Figure 1. (Color online) (a–b) Schematic of the structural parameters of the 

unit cell. (c) Schematic of the metasurface. 

A schematic of the metasurfaces is illustrated in Figure 1. In 

Figure 1(a, b), respectively, the top and side views of the unit cell 

are reported. A symmetrically broken nanostructure of Au thin 

film (t0=50 nm)/VO2 film (t1=150 nm)/rectangular Au patches 

(t=30 nm) of size 540 nm ×	470 nm arranged in a square lattice 

with a periodicity of 750 nm was designed. Each Au patch was 

drilled with a 280 nm	×	280 nm air hole with the center displaced 

from the patch center by symmetry breaking in the metasurface. 

The asymmetry degree was defined as d. The Au thin film with a 

thickness (t0) of 50 nm was grown on a quartz substrate, and the 

VO2 film with a thickness (t1) of 150 nm was grown on an Au 

film. The thickness of the top Au patch array was t=30 nm. To 

investigate the optical properties of the metasurface, numerical 

simulations were performed using the finite-difference 

time-domain method. In the numerical simulation, the refractive 

indices of the substrate and air were set to 1.5 and 1, respectively, 

and the Au film was modeled using the Drude model as follows: ε�� = 1 − 	
� 	�	 + ���⁄ , where 	
=1.374 × 1016 rad/s was 

the plasmon frequency and γ=1.224 × 1014 rad/s was the 

collision frequency [16]. The dielectric constant of the metal 

phase (M phase) and semiconductor phase (S phase) of VO2 were 

obtained according to Smith’s research [17]. 

2.2. Optical Properties 

Figure 2 reports the simulated reflection intensity spectra and 

phase spectra for the structural parameter d=80 nm, where Figure 

2(a, b) [or (c, d)] correspond to the reflection intensity spectra and 

phase spectra for x- (or y-) polarization, respectively. Irrespective 

of x- or y- polarization, the structure remained in a 

metal/semiconductor/metal patch state when VO2 was in the S 

phase. A dip in the reflection spectra appeared at approximately 2 

µm because of magnetic resonance behavior at that wavelength. 

This represented the OFF state. When VO2 was in the M phase, 

the entire structure comprised as a metal film with a strong 

reflection and simulated reflection intensity of approximately 

0.78, which represented the ON state. To quantify the switching 

performance of our metasurface, the modulation depth (MOD) of 

switching was reported [18]: 

 

Figure 2. (Color online) Intensity (a, c) and phase (b, d) spectra of the 

metasurfaces (d=80 nm) with different values of a (the percentage of the S 

phase in VO2 film) illuminated by normally incident lights with x-polarization 

(a, b) and y- polarization (c, d). The red open triangles, gray open rhombuses, 

glaucous open stars, and blue open circles correspond to a=0 (M phase), 0.4, 

0.7, and 1 (S phase), respectively. 
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MOD = ���������
���������                 (1) 

Where �� !  and ��"#  represent the reflection intensity of 

the M and the S phase at a fixed wavelength, respectively. For the 

x-polarization, �� !and ��"# were taken as 0.7944 and 0.0083 

at a wavelength of 2.031 µm, which corresponded to a MOD of 

approximately 97.93%. For the y-polarization, �� ! and ��"# 

were taken as 0.777 and 0.0015 at a wavelength of 2.019 µm, 

which corresponded to a MOD of about 99.61%. Consequently, 

the metasurface exhibited favorable switching performance, 

especially for the y-polarized light, which achieved a nearly ideal 

state based on the expression for the absorption factor A: 

$ = 1 − � − %                 (2) 

where T denotes transmission intensity. Because the thickness 

of the lowest metal floor was 50 nm, the transmission in the 

near-infrared band was nearly zero. Therefore, in the S phase, 

Ax=0.992 was at a wavelength of 2.031 µm for the 

x-polarization, and Ay=0.999 was at a wavelength of 2.019 µm 

for the y-polarization. When VO2 was in the S phase, the 

metasurface exhibited perfect absorption. As depicted in 

Figures. 2(b, d), when VO2 was in the M phase, the phases of 

the two polarizations were nearly identical because the top and 

bottom metal layers were short-circuited. When VO2 was in 

the S phase, the phase change was less than 180° at 

approximately 2 µm for the x-polarization; however, for the 

y-polarization, the phase change was approximately 360°. 

Phase change was achieved by altering the polarization. 

According to the classical effective medium theory [19], 

the shift in VO2 from the S phase to the M phase is a gradual 

process that occurs as temperature rises. Therefore, we also 

simulated the dielectric constant exhibited by the structure 

for varying proportions of the S phase in the structure. The 

percentage of the S phase in the VO2 film was set as a, and 

the dielectric constant of the VO2 film was set as ε: 
ε = &'()�" + �1 − &�'�)* +               (3) 

 

Figure 3. (Color online) Intensity (a, c) and phase (b, d) spectra of 

metasurfaces with different values of d illuminated by normally incident lights 

under x- and y-polarization (a, b and c, d, respectively). The simulation results 

were d=0 nm, 40 nm, and 80 nm for the green olive–colored open squares, red 

wine–colored open circles, and navy open stars, respectively. The theoretical 

analysis results correspond to the olive solid curve, wine dash-dot curve, and 

navy short-dash curve, respectively. 

where '()�"  is the dielectric constant of the S phase and '�)* +  is that of the M phase. The simulation results are 

reported in Figure 2 for a values of 0.4 and 0.7. As indicated in 

Figures. 2(a, c), as a increases, the reflection dip indicates a 

clear red shift. These results suggest a potential application of 

designed metasurface for filters. Additionally, through the 

adjustment of the a value, a substantial change in reflection 

intensity occurred at wavelengths of 2.075 µm and 2.109 µm 

for x- and y-polarization, respectively, and the phase change 

remained nearly constant. At a wavelength of approximately 2 

µm, the adjustment in polarization resulted in a phase change 

of nearly 180° for the x-polarization and nearly 360° for the 

y-polarization, but reflection intensity remained constant. In 

sum, the designed structure achieved the independent 

regulation of amplitude and phase. 

To investigate additional properties of the metasurface, 

research also focused on simulating the reflection intensity 

spectra and phase spectra in steps of 10 nm from d=0 nm to 80 

nm for two polarizations with VO2 in the S phase and the M 

phase, respectively. The simulation results indicated that the 

reflection intensity and phase remained constant in both 

polarization directions when VO2 was in the M phase and the 

asymmetry d varied (Figure 2). When VO2 was in the S phase, 

selecting d values of 0, 40, and 80 nm. The normal incident 

plane wave, the reflection intensity, and phase spectra are 

depicted in Figure 3. At a wavelength of 2.031 µm, the phase 

changes of the metasurface at d=40 nm and 80 nm were < 180° 

for the x-polarization; however, the phase change of the 

metasurface at d=0 nm was approximately 360°. For the 

y-polarization, at a wavelength of 2.019 µm, the phase change 

of the metasurface at d=0 nm was< 180°; however, the phase 

changes of that at d=40 nm and 80 nm were approximately 

360°. The reflection intensity spectra remained nearly 

constant at the corresponding wavelength for the two 

polarizations. The results indicated that symmetry-breaking of 

the structure significantly altered the reflection phase, but the 

amplitude at the corresponding wavelength remained nearly 

unaffected. Through the adjustment of the asymmetry degree 

d, the reflection phase increased from less than 180° to nearly 

360° in the 1.5–2.5 µm range, and the amplitude remained 

almost constant. Consequently, the independent modulation of 

phase and amplitude were achieved. 

3. Results and Discussion 

To examine the underlying physical mechanisms described 

by the findings, the field intensity of the symmetric (d=0 nm) 

structure under higher-order waveguide modes 1 and 2 was 

simulated, as well. As depicted in Figure 4(a, b), for the 

x-polarization, dip A occurred at 2.08 µm and peak B occurred 

at 2.22 µm; however, for the y-polarization, dip C occurred at 

2.03 µm and peak D occurred at 2.74 µm. To assess the 

physical mechanisms of these peaks and dips, vector 

distribution patterns of current density were simulated and 

depicted in Figure 4(c–f). Figure 4(c) reports the current 

density distribution of dip A: the current was primarily 

concentrated at the Au patch’s up and down arms and behaved 

as an electric dipole; it can be regarded as being in a bright 
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mode (broad resonance). Figure 4(d) reports the current 

density distribution of peak B: the current was primarily 

concentrated at the Au patch’s four inner corners, and the 

current direction at opposite sides were parallel. However, the 

current direction at diagonal sides were antiparallel and 

behaved as an electric quadrupole; the current represented a 

dark mode (narrow resonance). The asymmetric line of the 

reflection spectra was defined as the interference between a 

spectrally overlapping broad resonance and a narrow discrete 

resonance. As reported in Figure 4(e), for the y-polarization, 

the current in dip C was primarily concentrated at the Au 

patch’s left and right arms and behaved as an electric dipole, 

which represented a bright mode (broad resonance). The 

current in peak D was primarily concentrated on the Au 

patch’s four arms, and the current direction at opposite arms 

were antiparallel. This current behaved as an electric 

quadrupole, representing a dark mode (narrow resonance). 

The coherent superposition of the two modes resulted in an 

asymmetric linear dip at approximately 2.86 µm in the 

asymmetric structure. This superposition of the two nodes is 

commonly cited as leading to Fano resonance [20, 21]. When 

the center of the square hole and the center of the rectangular 

particle do not coincide (d ≠ 0 nm), the structural symmetry 

dissolves and coupling occurs between the dipole and 

quadrupole of the rectangular particle. This 

quadrupole-to-dipole action has a substantial modulating 

effect on the reflection phase. 

 

Figure 4. (Color online) Simulated reflectance spectra of the metasurface of 

the d=0 nm (wine dash-dot curve) and d=80 nm (navy solid curve) structures 

for the x-polarized (a) and y-polarized (b) normal light incidence and field 

intensity of the d=0 nm (green olive–colored short-dash curve) structures 

under higher-order waveguide modes 1 (a) and 2 (b). (c-f) Simulated current 

density vector distribution corresponding to dip A, peak B, dip C, and peak D, 

respectively. 

The two-mode and two-port tCMT explained many 

elements of the transmissive system [20, 22, 23], whereas the 

two-mode and one-port tCMT was less instructive [24]. We 

introduce the following two-mode and one-port tCMT under 

coupled basis vectors to explain the results of our simulation 

by employing the kinetic equation: 

,
,* -

&
&./ = −� 0	
 0
0 	.2 -

&
&./ −	3
�
 + �4
 �
.
�
. �. + �4.5 -

&
&./ +

36
6.5 7�                 (4) 

where the dressed bright mode and dressed dark mode after 

near-field coupling corresponded to modes p and q, 

respectively. The values &8 , ω8 , γ8 , γ′8 	�< = =, >� were the 

complex amplitude, circular frequency, radiation, and 

absorption losses for the α-th dressed modes, respectively. The 

valueγ
.  was the far-field coupling between two dressed 

modes. The value 68  denotes the coupling coefficient 

between the port and the α-th mode. These parameters were 

associated with those of uncoupled basis vectors (pure dipole 

and pure quadrupole) through a representation transformation 

[20]. 7� and 7� corresponded to the incoming and outgoing 

ports, respectively. The expression of the outgoing wave is 

given as 

7� = ?7� + �6
 6.� -&
&./         (5) 

where C represented the background consisting of the metal 

and VO2 films. According to the characteristics of our 

structure, C was thus taken as −1. After accounting for energy 

conservation, then obtain 

�6
 6.�@�6
 6.� = 2 - �
 �
.�
. �. /        (6) 

Where “†” denotes the complex conjugate transpose of a 

matrix. According to the time-reversal symmetry, then obtain 

?�6
 6.�∗ = −�6
 6.�         (7) 

CC∗ = 1                 (8) 

By calculating Eqs. (6) and (7), then obtain 

68 = 68∗, |68| = E2γ8	�< = =, >�	      (9) 

γ
. = F
�6
∗6. = GEγ
γ.         (10) 

which G is related to the phase of the coupling coefficient of 

the two modes to the port. Because both modes radiated 

outwards on the same plane, so they can be assumed that were 

on the same phase; and	G equaled 1. 

After Eqs. (4) and (5) were solved and combined with Eqs. 

(9) and (10), the reflection coefficient r under the coupled 

basis vector was as follows: 

H ≈ −1 + 2 0 JKLK +
JM
LM − 2 JMJK

LMLK2 01 − JMJK
LMLK2N    (11) 

where W. = −��	 − 	8� + γ8 + γ′8�< = =, >� . The first 

two terms of the numerator describe the responses of the two 

modes independently after the coupling modulation in Eq. 

(10). The last term describes the responses of cross coupling 

between the two modes after coupling modulation. The fitted 

reflection spectra based on Eq. (11) are depicted as green 

olive–colored solid curves (d=0 nm), red wine–colored 

dash-dot curves (d=40 nm), and navy short-dash curves (d=80 

nm), respectively. In Figure 3, for both the x and y 

polarizations, the simulated and fitted results for both the 
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reflection intensity spectra and phase spectra are consistent. 

Figure 5 reports the curve of the fitted parameters 	8 , γ8�< ==, >�with variations in asymmetry degree d. The radiation loss 

of the two polarized dressed bright modes decreased as d 

increased, whereas the radiation loss of the dressed dark 

modes increased with d. Moreover, as the asymmetry degree d 

increased, coupling between the two modes improved, and the 

bright mode transferred energy gradually to the dressed dark 

mode. As reported in Figure 5(b, d), the circular frequencies of 

the two dressed modes were widely distributed with an 

increase in the asymmetry degree for the x-polarization. 

However, for the y-polarization, the circular frequency of the 

dressed mode was more narrowly distributed because the 

frequency difference between the two modes was 11.7 THz for 

the x-polarization and 41.8 THz for the y-polarization. 

Compared with the y-polarization, the effective coupling 

coefficient K = QEγ
γ. Rω. −ω
ST Q  for the x-polarization 

was substantially higher [20], resulting in a wider distribution 

of circular frequencies. 

 

Figure 5. (Color online) Variation curves of �
 (navy open squares),	�. (red 

wine–colored open circles) with d for the x-polarization (a) and 
y-polarization (c) fitted to the simulated reflectance spectra drawn from Eq. 

(10). For the x-polarization (b) and y-polarization (d), the curves of 	
 

(green olive–colored open stars) and 	. (red wine–colored open diamonds) 

were drawn from the fitted simulated reflectance spectra with d according to 

Eq. (11). 

4. Conclusions 

In this study, A sandwich-type metasurface of Au/VO2/Au 

in a near-infrared band was presented. Through combining the 

phase transition of VO2 and the symmetry-breaking of a 

nanoparticle with a square hole, the following optical 

properties of the metasurface were observed: (1) For the same 

polarization and structure, an efficient switching function was 

achieved by tuning the phase transition of VO2; (2) a 

substantial change in reflection intensity was achieved by 

adjusting the percentage of the semiconductor phase of VO2; 

(3) independent modification of the phase from <180° to 

nearly 360° was achieved by adjusting the asymmetry or 

polarization of the structure; (4) consequently, an independent 

regulation of amplitude and phase was accomplished. 

Through providing a theoretical explanation of these results 

through two-mode and one-port tCMT, the conclusion 

indicated that mode coupling was substantially modulated 

during the reflection phase, and phase transition of VO2 was 

substantially modulated during the reflection amplitude. The 

research findings may be applied to the design of 

multifunctional devices, especially gradient metasurfaces and 

temperature-controlled switches. Furthermore, the 

phenomenon observed through the modulation of the degree 

of symmetry-breaking provides a novel design concept for the 

realization of independently modulating electromagnetic 

waves. 
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