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Abstract
Semiconductor-based sub-wavelength metasurfaces are promising device platforms for the
realization of optically thick and electrically thin photodetectors. Strong light–matter
interactions in ultrathin film regions provide an opportunity to achieve near-unity absorption in
dimensions comparable with carrier diffusion length and this, in turn, leads to an efficient
collection of photogenerated carriers. Moreover, the use of phase change materials can provide
real-time active tuning of optical responses of metasurface-based devices. In the first part of this
paper, a tunable color filtering device is demonstrated using a metasurface design made of
sub-wavelength antimony trisulphide (Sb2S3) grating placed on top of a continuous silver layer.
Four distinct optical states can be acquired upon (a) the changes in the incident light
polarization and (b) the phase transitions of Sb2S3. Numerical simulations and theoretical
modeling data show that Fabry–Perot resonances are the driving phenomena when the proposed
design is normally illuminated by an electromagnetic field with transverse electric polarization.
In contrast, surface plasmon resonances are excited in transverse magnetic polarization.
Furthermore, it is shown that the resonance wavelengths of the proposed design can be
dynamically tuned using the geometrical parameters. Later, in the second part of the paper,
adaptive photodetection is designed by integrating a 5 nm Sb2S3 layer as a collection layer into
the structure. The proposed metasurface design provides light–matter interaction in the Sb2S3
layer and maximizes the photogenerated carriers’ collection efficiency. The optically thick and
electrically thin adaptive photodetection offers an opportunity to design efficient active
optoelectronic and photonic devices.

Keywords: semiconductor-based metasurfaces, tunable color filter, phase change materials,
adaptive photodetection

(Some figures may appear in colour only in the online journal)

1. Introduction

Metasurfaces are artificial composite structures that are
designed to manipulate light–matter interactions at the
sub-wavelength scale [1–3] to achieve different properties

∗
Authors to whom any correspondence should be addressed.

such as light absorption [4, 5], asymmetric light transmission
[6, 7], negative refractive index [8, 9], and polarization
conversion [10, 11]. One of the most extensively explored
areas in recent years has been the concept of perfect
light absorbers (PLAs). Metasurfaces-based PLAs can reach
near-unity absorptivity at specific wavelength ranges. These
structures are widely used for various optoelectronic applica-
tions including optical filters [12, 13], photodetectors [14, 15],
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and solar cells [16, 17]. In principle, semiconductors are the
main building blocks of photodetection technology, and vari-
ous designs such as quantum dots [18], resonant cavities
[19], and two-dimensional (2D) materials [20] are utilized
for this purpose. However, semiconductors have non-resonant
light absorption and harvest photons non-selectively with
energies above their band gap. In the meantime, phase-
change materials (PCMs) based metasurfaces have the abil-
ity to achieve dynamically tunable light absorption due to
their optical properties that can be modified by applying an
external stimulus [21, 22]. The main advantages of PCM-
based metasurfaces over other designs originate from their
unique electrical and optical features, including wavelength
selectivity, high thermal durability, fast phase transitions, and
possible fabrication technology. As a result, the integration
of PCM-based metasurfaces with semiconductors can provide
us an opportunity to design adaptive photodetectors with
exceptional properties. Nevertheless, PCMs have been rarely
utilized for photodetection applications. Among all PCMs,
germanium–antimony–tellurium (Ge2Sb2Te5) and vanadium
dioxide (VO2) have the unique property of being visible
responsive semiconductors [23, 24]. Therefore, the metasur-
faces made of these materials can have potential applications
in active visible light photodetection. However, these struc-
tures can suffer from high absorption loss within the visible
spectrum, resulting in low-quality factor absorption resonance
(low-Q).

In the first part of the paper, we demonstrate a
semiconductor-based metasurface absorber consisting of anti-
mony trisulphide (Sb2S3) nanograting with low absorption
loss and wide bandgap, placed over a metallic reflector to cre-
ate a multiple color filter within the visible range. In contrast
to the insulator to the metal transition of VO2, which requires a
constant flow of energy to maintain a structural state, the trans-
ition of Sb2S3 from the amorphous to the crystalline state is
stable at room temperature. In other words, the crystallization
of Sb2S3 can be achieved by increasing the temperature of the
material to form the crystal formation either by using optical
or electrical pulses with a duration of nanoseconds or gener-
ally by heating the entire sample. Conversely, the transition
from crystalline to the amorphous state of the material can be
achieved by using a short period of high-intensity laser pulses
to randomize the atomic arrangement of the structure, along
with rapid cooling to prevent the material from recrystallizing
[25, 26]. Using finite-difference time-domain simulation as a
numerical analysis approach [27], it is shown that two differ-
ent colors are successfully achieved for each two orthogonal
polarization modes of the incident light. In total, the proposed
semiconductor-based metasurface can generate four distinct
colors for four different states made through the phase trans-
itions of Sb2S3 and polarization changes of the incident light.
Moreover, the electric and magnetic field distributions at the
resonance wavelengths of the proposed metasurface absorber
indicate that Fabry–Perot (FP) resonances are excited in trans-
verse electric (TE) mode, while surface plasmon resonances
are deriving phenomena in transverse magnetic (TM) mode.
Later, in the second part of the paper, we integrate a thin layer
of Sb2S3 with a 5 nm thickness into the semiconductor-based

metasurface absorber to convert the filtering design into a
dynamically tunable photodetector in the visible range. The
sub-wavelength thickness of the design, besides its near unity
absorption in the visible range (due to the strong light–matter
interactions), leads to the efficient harvesting and collection
of photogenerated carriers. The photocurrent response of the
design in the visible region is numerically analyzed by util-
izing COMSOL Multiphysics [28], a finite-element-based
method solver, in order to demonstrate its spectrally selective
photodetection capability.

2. A dynamically tunable color filter design

2.1. Design, simulation, and results

As mentioned, Sb2S3 reveals distinct refractive index (n) and
extinction coefficient (k) spectral responses at amorphous and
crystalline states. According to figure 1(a), it is seen that the
crystalline state of Sb2S3 has a higher refractive index than
that of the amorphous state across the whole spectrum. While
the amorphous state has an absorption response in the vis-
ible range, upon phase transition, the optical band gap gets
narrower (a red-shift in the k spectral edge), and a near-
infrared (NIR) responsive optical device can be obtained.
Therefore, an Sb2S3-based metasurface absorber can cover a
wide range of optical regions from ultraviolet to NIR. How-
ever, a metasurface-based design architecture needs to be
developed to achieve this goal. The schematic of the pro-
posed Sb2S3-based tunable color filter metasurface is shown
in figure 1(b), where nanograting Sb2S3 is placed on top of a
continuous metallic reflector. Silver (Ag) is used as a metal
material with the frequency-dependent refractive index taken
from the Johnson and Christy model database [29]. Moreover,
the frequency-dependent refractive indices of Sb2S3 for both
amorphous and crystalline states (as shown in figure 1(a)) are
taken from [25, 26]. As a result of numerical optimizations,
the optimal design geometries are found to be t= 21 nm,
and w= 180 nm, while p= 280 nm is the optimal period
of the unit cell of the structure. Furthermore, the thickness
of the bottom Ag layer is sufficiently thick enough to suppress
the transmission in our desired ranges. To explore the absorp-
tion behavior, the proposed structure is normally illuminated
by the TE and TM polarized uniform plane waves propagating
along −y direction at both amorphous and crystalline states.
The obtained spectral profiles are shown in figure 1(c). As this
figure implies, we have four apparent states annotated as: (a)
TE Amos., (b) TE Crys., (c) TMAmos., and (d) TMCrys. The
absorption responses and the corresponding spectral positions
of the resonances are different from each other for all possible
states of the proposedmetasurface. Each state covers a specific
spectral range in the visible range, and consequently, it has its
own specific color. Based on the data shown in figure 1(c),
the absorption peak shifts from 475 nm to 582 nm for the
TE polarization upon the phase change from amorphous to
crystalline state. For the TM polarization case, the resonance
wavelength experiences a shift from 545 nm to 650 nm upon a
similar phase transition. The obtained results confirm that the
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Figure 1. (a) The real and imaginary components of the refractive indices of Sb2S3 at the amorphous (Amos.) and crystalline (Crys.) states.
(b) Schematic representation of the proposed Sb2S3-based tunable color filter metasurface absorber. (c) The simulated absorption spectra
and the corresponding calculated D65 illumination data at different phase states and polarization modes, demonstrating the proposed
structure’s color variations. All results are obtained when the structure is normally illuminated by TE (z−) or TM (x−) polarized incident
waves. Four different visible light colors are generated and recognized at the reflective mode of the structure as forsythia, French pink,
aurora splendor, and crystalsong blue for TE Amos., TM Amos., TE Crys., and TM Crys., respectively. (d) The simulated counterplot of
absorptivity as a function of wavelength for different periodicities (p) (while keeping the grating dimensions at their optimal values) at
amorphous and crystalline states and (e) the simulated counterplots of absorptivity versus wavelength for different thicknesses of the Sb2S3
nanograting (t) (while keeping the design’s periodicity and width of the nanograting at their optimal values) at amorphous and crystalline
states for the TM polarization mode.

proposed metasurface could dynamically generate four differ-
ent colors. To better understand the actual colors of the pro-
posed metasurface, the corresponding color-switching of the
reflection spectra (reflection = 1− absorption) is calculated
by the D65 illuminations method defined by the International
Commission on Illumination [30]. The D65 illumination data
can represent the structural colors’ variations upon the phase
transitions and the polarizationmode changes. Indeed, the pro-
posed metasurface generates four different visible light col-
ors recognized at the reflective mode of the structure as for-
sythia, French pink, aurora splendor, and crystalsong blue for
TE Amos., TM Amos., TE Crys., and TM Crys., respectively.
In addition, the resonance wavelengths of the design can be
passively tuned using the geometrical parameters to acquire
near-perfect light absorption in a specific wavelength range
within the visible spectrum. This can be seen in the 2D contour
plots of the absorption as a function of changes in the period-
icity (p) and thickness (t), plotted in figures 1(d) and (e) for
the TM polarization mode. Based on these plots, increasing
the periodicity (while keeping the grating geometries at their
optimal values) induces a smooth red-shift in the absorption
peak and leads to a narrower full-width-at-half-maximum. The
grating height monolithically shifts the peak toward longer
wavelengths, almost keeping the spectral shape.While the pro-
posed design in the amorphous state operates at the shorter
visible range, the crystalline state provides operation in the
long visible and NIR ranges. Therefore, the proposed design

is a dynamically tunable reflective color filter, and it can also
be developed to operate as an adaptive photodetector by con-
sidering the semiconducting nature of Sb2S3. However, this
requires knowledge of the involved absorption mechanisms
and the role of each layer in the light-harvesting.

2.2. Physical mechanism

To understand the physical behavior of the tunable property of
the proposed metasurface-based color filter, the magnetic (H-
field) and electric (E-field) field distributions are simulated at
the resonance wavelengths for both TM and TE polarizations,
as shown in figures 2(b)–(e). The view plane is also schemat-
ically shown in figure 2(a). As plotted in figures 2(b) and (c),
both E-field andH-field show the formation of hot spots in the
metal–dielectric interface, resembling the excitation of local-
ized surface plasmon resonance (LSPR) modes. Generally, it
is possible to excite LSPR modes in a metal–dielectric inter-
face using a diffraction grating. In this scenario, the resonance
wavelength (λres) can be expressed as:

λres =∓ p
m

√
εmetal.n2eff
εmetal + n2eff

, (1)

where p is periodicity, m is the diffraction order, and neff is the
effective refractive index of the LSPR mode (which is a value
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Figure 2. (a) The schematic representation of the proposed adaptive
design when the electric field monitors are located at two different
locations. The absolute value of the electric and magnetic mode
profiles at the resonance wavelengths of (b) TM Amos. (E-field),
(c) TM Amos. (H-field), (d) TE Amos. (E-field), and (e) TE Amos.
(H-field), where the dashed white lines represent the Sb2S3 regions.
The measured electric field amplitudes when the electric field
monitors are located through (f) the center and (g) between the
nanogratings for the TM polarized incident wave at the resonance
wavelength of the crystalline state. (h) The schematic of the
proposed adaptive structure indicates the physical mechanism
behind the design for the TM and TE polarization modes.

between air and the grating index). Assuming εmetal ≫ n2eff,
which is the case in our operation range, the formula can be
simplified to λres =

p
mneff. On the other side, neff is directly pro-

portional to the refractive index of the grating material. This
means that upon the phase transition from the crystalline to the

amorphous state, the resonance wavelengths of the proposed
structure can experience a shift. Specifically, for the TM polar-
ization incident wave, the amorphous-crystalline transition
causes a change in the grating refractive index and the reson-
ance matching condition, which consequently leads to the res-
onance red-shift. Moreover, due to the formation of the LSPR
mode, light can be confined inside the ultrathin Sb2S3 grating
and near-unity light absorption in deep sub-wavelength dimen-
sions can be obtained. This confinement can be seen from the
line E-field spectral responses shown in figures 2(f) and (g).
At the LSPR wavelength, the light is significantly enhanced
near the reflector and inside the grating, while in the other
wavelength values, the E-field contour plot resembles a metal-
lic reflector. Considering the TE polarization incident wave, it
can be understood that standing waves are formed across the
light illumination direction instead of hot spots. These stand-
ingwaves prove the excitation of the FPmodes, and the change
in grating index tunes the impedance matching condition. In
other words, the ideal refractive index for near-unity absorp-
tion moves to another spectral range upon phase transition. All
in all, the responsible absorption mechanism for TM polariza-
tion is LSPR, while FPmodes drive near-unity light harvesting
in the TE excitation, as shown in figure 2(h). Therefore, finding
the permittivity of a hypothetical ideal absorber (HIA) over a
reflector (see figure 3(a)) and comparing it with that of Sb2S3
can elucidate the peak resonance shift. For this aim, a mod-
eling approach based on the transfer matrix method (TMM)
is developed [31], and the reflection spectrum of the design is
calculated by assuming that the structure is bounded by air. By
considering a TM polarized incident wave propagating along
the −y direction with a z− component, the magnetic field can
be expressed as:

Hz (y) =

 Aie+ika(y−Ds) +Are−ika(y−Ds) y> Ds

S1e+iksy+ S2e−iksy 0< y< Ds

M1e+ikmy+M2e−ikmy −Dm < y< 0
.

(2)

Next, by applying the appropriate boundary conditions, the
reflection of the incident light from the proposed design

can be obtained as R= |F21/F11|2. Here, F=

[
F11

F12

]
=

a−1s1s
−1
2 m1m

−1
2 , where

a=

[
1 1

ika/εa −ika/εa

]
, (3)

s1 =

[
1 1

iks/εs −iks/εs

]
, (4)

s2 =

[
eiksDs e−iksDs

ikseiksDs/εs −ikseiksDs/εs

]
, (5)

m1 =

[
1 1

ikm/εm −ikm/εm

]
, (6)

m2 =

[
eikmDm e−ikmDm

ikmeikmDm/εm −ikmeikmDm/εm

]
, (7)

4



J. Phys. D: Appl. Phys. 55 (2022) 475103 A Kalantari Osgouei et al

Figure 3. (a) Schematic representation of the planar design used for
the TMM model and the corresponding reflection counterplots of
the proposed planar design extracted for the TE polarization
incident wave at four different wavelengths (b) 400nm, (c) 500nm,
(d) 600nm, and (e) 700nm. The results are obtained for a 21 nm
thick top hypothetical ideal material as a function of real and
imaginary parts. In the figures, ‘A’ and ‘C’ denotes amorphous and
crystalline states of Sb2S3, respectively.

and ki=(a,s,m) =
√
εiω2/c2 − k2x in which c is the speed of

light, Ds is the thickness of HIA layer, and Dm is the bot-
tom metallic layer thickness. Moreover, Ai, S1, and M1 are
coefficients of the propagating waves along the −y-direction,
and Ar, S2, and M2 are coefficients of the propagating waves
along the +y-direction. The real and imaginary parts of the
permittivity of a hypothetical ideal material can be calculated
by using the formulas mentioned above. Considering the nor-
mal light incidence and the planar nature of the design, as
shown in figure 3(a), the same response can be observed for
the TE polarization. In a metal-HIA (where HIA thickness is
fixed as Ds), the reflection contour plots are extracted at four
different wavelength values of 400 nm, 500 nm, 600 nm, and
700 nm, as shown in figures 3(b)–(e). The permittivity values
(both real and imaginary parts) of the top hypothetical absorb-
ing layer should stay inside the R = 0.1 circle to satisfy the
near-unity absorption requirement. Therefore, a planar hypo-
thetical absorbing material on a reflector with the permittivity

values located inside the centric dark blue circle can provide
below 0.1 reflection. In contrast, the same patterned material
may change and/or shift the resonances due to the change of
neff. Since the FP phenomenon is the nature of the resonance
wavelength of the proposed metasurface-based color filter for
the TE polarization mode, a planar structure with an effective
permittivity and thickness can be considered as an equivalent
model of the nanograting design given in figure 1(b). Accord-
ingly, the expectation is to have a near-unity absorption for
the planar design at the wavelength of 500 nm and 600 nm for
the amorphous and crystalline states of Sb2S3, respectively.
Interpreting the 2D plots with permittivity values of amorph-
ous (annotated as ‘A’) and crystalline (‘C’) Sb2S3 for the TE
polarization (see figure 3 with filled circles) can validate our
expectation that the near-unity absorption condition for ‘A’
and ‘C’ states should be satisfied at different wavelength val-
ues. This expectation is further investigated in figures 3(c)
and (d), where the amorphous and crystalline states of Sb2S3
are located inside the R = 0.1 circle, respectively. Similar to
figure 1(c), near unity absorption is obtained around 500 nm
for the amorphous state, while the matching between the per-
mittivity and ideal region occurs at 600 nm for the crystalline
state.

3. A dynamically tunable photodetector design

3.1. Design, simulation, and results

In the second part of the present paper, an adaptive
semiconductor-based metasurface photodetector is designed.
For this aim, different from color filter design, a 5 nm thin
embedded layer of Sb2S3 is added as a collection layer (see
figure 4(a)). The proposed metasurface design enhances light–
matter interaction in the Sb2S3 layer and leads to a larger dens-
ity of electron–hole pairs. The generated carriers are separated
using metallic Schottky contacts, as schematically explained
in figure 4(b). We kept all the geometrical parameters as the
optimized values of the first design and the only modified
parameter is the thickness of the top Sb2S3 nanograting array
t= 15 nm. However, the difference between photodetection
and color filtering is the importance of light absorption in
the semiconductor layer, which is essential for the efficient
generation of electron–hole pairs. Therefore, to have a bet-
ter qualitative comparison, the contributions of Sb2S3 layer
and the nanograting structure to the overall absorption are
obtained and shown in figure 4(c). The result obtained from
this part is in good agreement with the overall absorption data
(figure 1(c)), implying minimal parasitic absorption (inside
the metal). This could also be seen in the absorption contour
plots, depicted in the insets of figures 4(d)–(g). In the TM
Amos. state, (shown in figure 4(d)), most of the incident light
is absorbed within the planar Sb2S3 layer, while in the other
three states, light is mainly harvested inside the grating design.

3.2. Photocurrent responsivity

To numerically investigate the electrical response of the pho-
todetector, COMSOL Multiphysics, a finite-element-based
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Figure 4. (a) The schematic representation of the proposed adaptive photodetection structure. The design now consists of a thin layer of
Sb2S3 sandwiched between the top Sb2S3 nanograting array and the bottom reflector. (b) Representation of device operation under the
visible incident light. (c) Contributions of Sb2S3 (planar and grating) layers on the overall absorption of the adaptive photodetection
structure. The simulated photocurrent values of the adaptive photodetector as the function of wavelength for (d) TM Amos., (e) TM Crys.,
(f) TE Amos., and (g) TE Crys. states. The photocurrent responsivity of the proposed adaptive photodetection is obtained when the applied
voltage is 2V and the number of the grating is set to 10. The insets show the absorbed (dissipated) power densities of the metasurface-based
photodetector at the resonance wavelengths, where the dashed white lines represent the Sb2S3 regions.

method solver, is utilized. COMSOL simulations are per-
formed using the Optoelectronics interface, which couples the
semiconductor and wave optics modules. So, photogenera-
tion is added to the drift-diffusion equation via a term pro-
portional to the electromagnetic fields. The bias voltage is
applied using an ideal Schottky metal contact boundary condi-
tion, with the work function of the gold. It is observed that the
photocurrent for the TM Amos. state can reach 0.60µAm−2

around 570 nm, while the photocurrent response for TM Crys.
state is 0.12µAm−2 at 670nm, as shown in figures 4(d) and
(e), respectively. Furthermore, as shown in figures 4(f) and
(g), the peak photocurrent responses are 0.12µAm−2 and
0.07µAm−2 for the TE Amos. and the TE Crys., states at the
resonance wavelengths of 540nm and 640nm, respectively.
The simulated results obtained from COMSOL Multiphysics
software are in good agreement with the optical absorption of

the proposed design, showing the efficient operation of this
metasurface as an adaptive photodetector.

4. Conclusion

In conclusion, in the first part of the paper, we demonstrated
the concept of dynamically tunable color filters in the vis-
ible range through the design of a semiconductor-basedmetas-
urface made of Sb2S3 nanograting on top of the continuous
Ag layer. It is shown that the proposed metasurface design
can exhibit four distinct operation states upon a change in
the PCM phase and light polarization. The peak resonance
wavelength for each of these states is located at different
values, covering color filtering throughout the whole vis-
ible spectrum. The electric and magnetic field distributions
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at the resonance wavelengths of the proposed metasurface
absorber indicated that the formation of FP resonance is the
dominant factor for the obtained resonance wavelengths for
the TE polarization. In contrast, for TM polarization mode,
surface plasmon resonances derive near-unity light absorp-
tion of the proposed structure. Later, in the second part of
the paper, adaptive photodetection in the whole visible range
is designed by integrating the ultrathin thickness (5 nm) of
Sb2S3 layer into the structure. The proposed adaptive photo-
detection design now provides us the opportunity for unity
light absorption in dimensions much smaller than the semi-
conductor diffusion length. Consequently, the collection effi-
ciency of the photogenerated carriers ismaximized. The adapt-
ive optically thick and electrically thin design architectures
open the door to designing efficient active optoelectronic and
photonic devices.
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