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Abstract 
 
Mie resonances of high-index dielectric matesurfaces 
provide large freedom for light modulation with low loss, 
which, by including a highly reflective backplane, induce 
an enhanced optical magnetism with increasing quality 
factor. In this paper, we show that Mie-resonance-based α-
Si:H metasurfaces with a gold backplane can be utilized to 
manipulate light polarization upon reflection. The 
nontrivial topological properties associated with the 
scattering field are revealed by reflection matrix analysis. 
Topologically protected polarization conversion is 
demonstrated by varying the incident wavevector. 
Furthermore, the nonlinear modeling shows that such 
hybrid metasurfaces can realize ultrafast all-optical 
polarization switching of near-infrared light. The 
topological nature of the metasurface’s response offers 
great flexibility in polarization generation and dynamic 
modulation. 
 
1 Introduction 
 
Light polarization variation that spawns from light-matter 
interaction has been widely used in the fields of optical 
metrology, communications, material characterizations, 
etc. However, the corresponding devices based on 
traditional methods are intrinsically difficult to miniaturize 
and actively switch. Therefore, the development of devices 
with ultrafast dynamic control of polarization at the chip-
scale is highly desired. Metasurfaces, the 2D counterparts 
to  metamaterials, have demonstrated their ability to 
achieve sophisticated control over all intrinsic features of 
optical waves [1]–[5].  More importantly, metasurfaces  
consisting of subwavelength resonators  can be designed to 
minimize the thermo-optical effect, which makes them 
suitable for ultrafast switching [6]–[11]. On the other hand, 
there has been increasing interest in exploring the 
topological nature of the Bloch-mode inside periodic 
photonics structures inspired by a topological analysis of 
the solid-state system. The non-radiative Bloch-modes, 
with an extreme quality (Q) factor, exhibit themselves as 
the vortex singularities at the high-symmetry point in 
momentum space, have been intensively studied [12]–[17]. 
Here, we study the topological nature of the light reflected 
by a Mie-resonance-based α-Si:H hybrid metasurface. We 
demonstrate its potential for ultrafast optical polarization 
switching by exploiting carrier dynamics in the α-Si 
resonators. 

 
2 Optical Response of an Ideal System 
 
First, the physical mechanism of the hybrid metasurface 
was analyzed by studying the band diagram of an ideal 
lossless system. As the inset of Fig. 1(a) shows, the unit 
cell consists of a nanodisk (εND = 12, diameter (D) = 0.9a, 
height (h) = 0.4a) on top of a perfect electric conductor 
(PEC). The band diagram is calculated in COMSOL by its 
internal eigenmode solver. The color-coded dispersion 
curve indicates the radiation loss (ratio between the 
radiation power and the guided power) of the 
corresponding mode. The mode profiles of the Re(Ez) on 
the first band at k‖ = (0.06,0.06)2π/a and k‖ = (0.06,0)2π/a 
are depicted in Fig. 1(b)(c). Odd parity of the mode can be 
identified accordingly with k‖ along the ΓM direction, while 
even parity modes can be identified along the ΓX direction. 
The mode parity is governed by the C4v symmetry of the 
lattice, which is of great importance in explaining the light-
matter interaction and the polarization conversion during 
the scattering process. The odd and even resonance modes 
couple to s-pol and p-pol radiation states, respectively. 
According to the temporal coupled mode theory [18], [19], 
there is an intermediate mode between these modes that 
achieves a complete polarization conversion, when the 
coupling coefficients associated with s-pol and p-pol 
reflections are equal, referred to as the critical coupling 
condition. 

 
Figure 1. A hybrid metasurface for all-optical ultrafast 
switching of light polarization. (a) Band diagram of an 
ideal metasurface. The unit cell consists of a lossless 
nanodisk (ɛND = 12) on top of a PEC backplane. The color-
coded markers show the radiation loss of the system, while 
the red lines denote the light cone. (b)(c) Eigenmode profile 



for Re(Ez) at k|| = (0.06, 0.06)2π/a and k|| = (0.06, 0)2π/a 
for the first non-radiative band.  

Fig. 2 shows the simulated reflection behavior of the 
lossless system under s-pol plane wave illumination with 
wavevector k = (k||, kz ), where k|| = (kx, ky ), as illustrated in 
the inset of Fig. 2(a). The reflectance spectra of the p- and 
s-polarized components at k||,1 = (0.06,0.026)2π/a, which 
corresponds to the critical coupling condition for the first 
band, are shown in Fig. 2(a), indicating complete 
polarization conversion at an eigenfrequency 𝜔𝜔1 = 
0.3947(2𝜋𝜋c/a). A high Q factor of 119 is derived from the 
spectra. Here, the reflectance at 𝜔𝜔1 is also mapped as a 
function of k||. In Fig. 2(b), the reflection coefficient vector 
field, i.e., (Re(rss), Im(rss)) indicated by the grey vectors, is 
plotted above the color-coded reflectance, Rss. Clearly, four 
singularity points of zero reflectance can be identified in 
the vector field with a saddle point of winding number -1, 
and a source point of +1. Meanwhile, k||,1 = 
(0.06,0.026)2π/a and its mirror component are located at a 
pair of singularity points with opposite winding numbers, 
which is consistent with the symmetry property of the 
metasurface. These singularity points, referred to as 
topological charges, reveal the topological nature of the 
scattering process. The rapid variation of polarization 
properties around these charges provides great potential for 
the generating and tailoring of light polarization. 
Furthermore, the polarization rotation angle 𝛾𝛾, which 
denotes the rotation of the major axis of the polarization 
ellipse relative to the s-polarized incident light, and the 
corresponding ellipticity χ of the polarization ellipse are 
presented in Fig. 2(c),(d). A sign flipping phenomenon of 
𝛾𝛾 and 𝜒𝜒 is observed with respect to the kx = ky plane. This 
is attributed to the reflection coefficient relation rsp(kx, ky ) 
=  - rsp(ky, kx) and rss(kx, ky ) =  rss(ky, kx), which arises from 
the  reciprocity and C4v rotational symmetry of the 
metasurface. Apparently, an abundance of polarization 
states can be realized around the topological charges, 
which will be demonstrated in the following sections by 
studying the ultrafast modulation of α-Si:H resonator-
based systems using nonlinear dynamics. 

 
Figure 2. (a) Reflectance spectrum of the lossless 
metasurface illuminated by s-polarized light at k||,1 = 
(0.06,0.026)2π/a. (b) Rss and the corresponding reflection 
coefficient vector flow (Re(rss), Im(rss)) versus incident 

wavevectors for s-polarized incident light at 𝜔𝜔1. (c),(d) The 
corresponding polarization rotation angle (γ) and the 
ellipticity (χ) at 𝜔𝜔1. 
 
3 Hybrid Metasurfaces Based on α-Si:H 
Nanodisks Patterned on Gold 
 
The resonance mechanism and the topological nature of the 
scattered field are explored in the previous section within 
the context of an ideal lossless system. However, the 
practicality of this study will be tested by the introduction 
of inevitable losses of metals in the near-infrared region. 
Therefore, the metasurface formed by an array of α-Si:H 
nanodisks (a = 620 nm, D = 2h = 0.8a) and an optically 
thick gold substrate is studied at the first band with the 
same methodology used in the previous section. α-Si:H 
resonators have been previously demonstrated to support 
strong Mie resonances. Meanwhile, these structures have  
been  shown to facilitate all-optical ultrafast modulations 
due to their large nonlinearity and fast carrier dynamics [9]. 
It has been shown that optical excitations at photon 
energies higher than the band-gap of a-Si:H may induce 
changes in both the real and imaginary parts of the 
material’s refractive index [9]. Recently, a theoretical 
model has been developed to described the dynamic 
processes in a-Si:H metasurfaces by comprehensively 
including all primary nonlinear processes (i.e., two-photon 
absorption (TPA), free-carrier injection and relaxation, and 
lattice heating) under pulsed laser excitation [20]. This 
theoretical approach accurately reproduces all nonlinear 
features captured by experiments, showing that the 
maximum modulation is primarily determined by the peak 
(real and imaginary) permittivity change in a-Si:H, while 
the modulation dynamics are controlled by the competition 
between the three nonlinear processes. Therefore, we first 
study the static response of the hybrid metasurface as well 
as the response due to the maximum permittivity change 
within the perturbative region (Δ𝜀𝜀 ≪ 𝜀𝜀). This is not only 
instructive for temporal nonlinear processes, but also 
reveals the variation of the topological property under 
perturbation. 

 
Figure 3. (a) Reflectance spectrum for an s-polarized 
incident wave at k|| = (0.05,0.11)2π/a. The black dashed 



curve denotes the ratio between Rsp and Rss. (b),(c),(d) Rss 
and the corresponding reflection coefficient vector flow at 
1550 nm, when ɛND = ɛSi, ɛND = ɛSi - 0.1 and ɛND = ɛSi + 0.1, 
respectively. 

 
Figure 3(a) provides the reflection spectrum of the α-Si:H 
hybrid metasurface at k|| = (0.05,0.11)2π/a, the critical 
coupling point. A zero of Rss can be identified at 1550 nm 
where a more than 300-times contrast is observed, 
indicating a high efficiency polarization modulation 
around 1550 nm. Rsp reaches a peak value of ~0.5 at a 
slightly longer wavelength. Compared with the ideal 
system, both the spectral degradation and the frequency 
shift of the Rsp peak comes from the material loss, which is 
consistent with the temporal coupling mode theory 
analysis. In Fig. 3(b), the reflection coefficient vector flow 
at 1550 nm reveals the topological properties by two 
topological charges of -1 and +1, which, like in the lossless 
system, is symmetric with respect to the plane kx = ky. 
Active polarization manipulation of the metasurface is 
investigated by introducing a permittivity variation (Δɛ) of 
-0.1 and 0.1 (within the perturbative region) in the a-Si:H 
nanodisks, as shown in Fig. 3(c),(d). Compared with the 
unperturbed system, the increase in permittivity drives the 
opposite singularities to move away from each other, i.e. 
(k|| = (0.05,0.11)2π/a) to (0.052,0.138)2π/a). On the other 
hand, the decrease will lead to a drift of the singularities 
towards each other and an annihilation, which implies that 
complete polarization conversion disappears. This non-
trivial variation of the topological property suggests that 
even moderate permittivity changes can significantly 
influence how the polarization states spawn around these 
singularities.  
 
4 Ultrafast Switching of Light Polarization  
 
In this section, we investigate the ultrafast nonlinear 
responses of the proposed metasurface by utilizing the 
nonlinear model presented by in Ref [20]. A 100fs laser 
pulse at 800 nm with pump fluence of F = 100 μJ/cm2 (10% 
of that used in [9], [20]) is assumed to excite the α-
Si:H/gold hybrid metasurface, which induces a permittivity 
change of -0.02+0.02i. The probe light is an s-polarized 
plane wave whose in-plane wave vector is k||. Here, we 
sequentially present the ultrafast intensity modulation and 
the dynamic polarization state switching effect. 

 
Figure 4. (a) Static reflectance ratio defined as 
log10(𝑅𝑅ss,𝜀𝜀′ND

/𝑅𝑅ss,𝜀𝜀ND)  associated with two scenarios, 
i.e., ɛND = ɛSi and ɛ'ND = ɛSi + Δɛ, where Δɛ = -0.02 + 0.02i. 
(b) The corresponding spectra of the static reflectance ratio 
for both s- and p-polarized components at k|| = 
(0.05,0.11)2π/a. (c),(d) Transient reflectance modulation as 
a function of probe wavelength and time delay between the 
pump and probe pulses.  

 
Figure 4(a) illustrates the ratio between the static Rss when 
ɛND = ɛSi (unperturbed) and ɛ'ND = ɛSi + Δɛ. The logarithm 
mapping highlights two areas associated with the Rss zeros 
in the unperturbed state (bright spots) and the perturbed 
state (dark spots). In addition, Fig. 4(b) further illustrates 
the static differential reflectance (ΔRss/Rss and ΔRsp/Rsp) at 
k|| = (0.05,0.11)2π/a as a function of wavelength, indicating 
a maximum modulation of more than 200 times for Rss 
around 1550 nm. Furthermore, a maximum transient 
differential reflectance ΔRss/Rss (ΔRsp/Rsp) larger than 200 
% (50 %) is identified around the resonance at 1550 nm 
(1520 nm) in Fig. 4(c),(d). They all feature a decay time of 
~20 ps, which originates from the competition between the 
fast free carrier relaxation and the slow phonon scattering 
effect. 

 
Figure 5. (a) Polarization rotation angle γ as a function of 
incident wavevectors at 1550 nm when ɛND = ɛSi. (b) The 
differential polarization rotation angle Δγ when Δɛ = -0.02 
+ 0.02i.(c) The corresponding polarization ellipses of the 
reflected waves around k|| = (0.042,0.063)2π/a when ɛND = 



ɛSi (yellow) and ɛ'ND = ɛSi + Δɛ (open). The red (blue) 
outline color of the ellipses indicates the right (left) 
handedness of the elliptical polarization. (d) Transient 
rotation angle modulation as a function of probe 
wavelength and time delay between the pump and probe 
pulses. 

 
In Fig. 2, we have observed the capability of the lossless 
metasurface to synthesize diverse polarization behavior 
upon reflection. In Fig. 5(a), the polarization rotation angle 
γ of the unperturbed system is also in k|| space with the same 
symmetry property. More importantly, γ exhibits 
pronounced modulation when the a-Si:H was pumped with 
the same fluence of 100 fs at 800 nm as shown in Fig. 5(b).  
With the rapid polarization variation around the topological 
charge, we identified a k|| = (0.042,0.063)2π/a, where the 
rotation angle experienced the strongest modulation. A 
maximum rotation angle modulation (Δγ) of 40° was 
identified at this k||, as depicted in Fig. 5(c). The dynamics 
of γ switching across the spectrum was also studied at this 
wavevector. At wavelengths around the resonance at 1550 
nm, Δγ experiences a peak value of ~ 40° and a long decay 
time. Surprisingly, at 1560.3 nm, the maximum Δγ reaches 
~30° along with a short decay time constant of ∼40 ps. 
These results strongly indicate the potential of the proposed 
α-Si:H hybrid metasurface to serve as a platform for strong 
and diverse polarization manipulations.  
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