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Abstract: Hot-carrier based photodetectors and enhanced by surface plasmons (SPs) hot-
electron injection into semiconductors, are drawing significant attention. This photodetecting
strategy yields to narrowband photoresponse while enabling photodetection at sub-bandgap
energies of the semiconductor materials. In this work, we analyze the design of a reconfigurable
photodetector based on a metal-semiconductor (MS) configuration with interdigitated dual-
comb Au electrodes deposited on the semiconducting Sb2S3 phase-change material. The
reconfigurability of the device relies on the changes of refractive index between the amorphous
and crystalline phases of Sb2S3 that entail a modulation of the properties of the SPs generated
at the dual-comb Au electrodes. An exhaustive numerical study has been realized on the Au
grating parameters formed by the dual-comb electrodes, and on the SP order with the purpose of
optimizing the absorption of the device, and thus, the responsivity of the photodetector. The
optimized photodetector layout proposed here enables tunable narrowband photodetection from
the O telecom band (λ = 1310 nm) to the C telecom band (λ = 1550 nm).

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Excitation of surface plasmons (SP) in metallic plasmonic nanostructures enables enhanced
light-matter interactions at the nanoscale through coherent oscillations of the free-electron
cloud of the metal. Surface plasmons, which have very short lifetimes (i.e. of the order of
femtoseconds), can decay non radiatively generating a small but highly energetic population of
non-thermal carriers above the Fermi level at the surface of the metallic structure [1,2]. These
are referred as hot-electrons, and in recent years have gained a lot of attention in different fields
spanning from photodetection [3,4] to photovoltaics [5] and photochemistry [6–9].

When metallic nanostructures are interfaced with semiconductors, hot- electrons can be
injected into the semiconductor if their energy is enough to overcome the Schottky barrier
(ΦSB, i.e. energy difference between the conduction band edge of the semiconductor and the
Fermi energy of the metal) and lower than the semiconductor band gap (Eg), thus, leading to
photocurrents that can be detected with an external circuit. Because hot-electrons only need
energy to meet the condition ΦSB < hν < Eg, this strategy enables photodetection well below the
band edge of the semiconductor [3].

The efficiency of hot-electrons can be optimized by maximizing light absorption, and thus, the
hot-electron generation, in the plasmonic nanostructures. This has led to a plethora of plasmonic
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nanostructure geometries and configurations integrated in this type of photodectors spanning
from periodic gratings [3,10,11], metamaterial perfect absorbers [12,13], nanoantennas [14,15]
or Bragg reflectors [16,17]. Nevertheless, in all of the above hot-electron photodetectors, the
operational photodetection bands are fixed at the fabrication step and defined by the nanostructured
materials, their optical properties and those of the semiconductor.

In this work, we propose a reconfigurable photodetector based on a gold (Au) grating coupled
with the phase change semiconductor antimony trisulfide (Sb2S3) yielding selective photodetection
from the telecom O-band (λ = 1310 nm) to the telecom C-band (λ = 1550 nm). Sb2S3 has been
recently categorized as a phase-change material (PCM) [18–20]. This type of materials can be
switched between their amorphous and crystalline phases through thermal or laser irradiation
stimuli while entailing a modulation in their refractive index at ultra-short times (of the order of
ps) [21,22]. This capability of PCMs has already been exploited in a wide range of reconfigurable
photonic platforms that expand from programmable photonics [23,24], neuromorphic computing
[25], non-volatile and rewritable data storage [21,26], to tunable metasurfaces and flat optics
with amplitude/phase control [27], cloaking [28], and reflective displays [29]. Therefore, in
the proposed hot-electron photodetector configuration, the photodetection band can be tuned
through the amorphous-to-crystalline phase change in the Sb2S3 that produces a modulation in its
refractive index and, consequently, a change in the resonant frequency of the SP generated at the
Au grating. Other authors have reported other design of Au-Sb2S3 reconfigurable hot-electron
photodetector based on a metal–dielectric–metal (Au-Sb2S3-Au) cavity [30]. Trough the proposed
design in this work, a narrower spectral response with more sensitivity to the incident polarization
can be generated. Because the energy band gap and absorption edge of crystalline and amorphous
phases of Sb2S3 are 1.6-1.7 eV and 2.0-2.2 eV respectively [20], Sb2S3 is a potential platform for
reconfigurable hot-electron photodetection in the near-infrared and telecom bands only limited
by the Schottky barrier imposed by the interfaced material of the plasmonic structures. This
paper is structured as follows. Sect. 2, is devoted to the methodology of this research. In Sect.
3 the device design and working principle are developed. Sect. 4 contains how the proposed
system can be optimized to get the maximum detection efficiency (responsivity). In Sect. 5, the
main results of this research are presented, and finally, in Sect. 6 the main conclusions are drawn.

2. Methods

In order to couple the nanostructured metal to the semiconductor, in this research, the grating
method will be chosen. Bearing this in mind, the numerical calculations performed in this research
are based in two methods. The Rigorous Coupled Wave Analysis and Finite-Difference Time-
Domain (FDTD) simulations. The first, consists in a semi-analytical method of computational
electromagnetics that is typically employed to solve the diffraction problem of an electromagnetic
field by a given periodic grating structure. The devices and fields are represented by a sum
of spatial harmonics, since RCWA is a Fourier-space method. The absorbance profiles of the
proposed photodetector have been obtained through this method considering a highest diffracted
order of N=60.

The FDTD simulations [31] have been performed using Ansys Lumerical 2022 to obtain the
distribution of the scattered electric field in near field regime. This numerical analysis technique
is used for modeling computational electrodynamics (finding approximate solutions to a system
of coupled differential equations by time discretization). Nonuniform mesh settings were used in
these simulations. A plane wave was set as source. Periodic boundary conditions were used in
the x and y directions to simulate an infinite number of the gold ribs of intinite length over Sb2S3.

3. Device design and working principle

A scheme of the proposed reconfigurable photodetector is represented in Fig. 1(a). It consists
of a metal-semiconductor (MS) configuration with interdigitated dual-comb gold electrodes,
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deposited on semiconducting Sb2S3. The effect of adding a capping layer to avoid the oxidation
of the PCM, and to prevent the reshaping of the gold grating at the high temperatures required
for amorphization has been modelled and discussed in Supplement 1. Additionally, the effect of
the Sb2S3 layer thickness, its impact on the responsivity of the device, and choices for substrate
material have also been discussed in the SI. The periodically arranged metal digits (ribs) represent,
at the same time, a metal grating for the incident light to be coupled to the semiconductor substrate
for detection. All results were simulated considering normal incidence and light polarization
perpendicular to the rib direction. This polarization is required to generate a collective effect
between all the ribs as well as to allow us to ignore the length of the ribs. Consequently, the study
of this system has been performed under a 2D geometrical configuration. The optical constants
of both phases (amorphous and crystalline) of Sb2S3 are represented in Fig. 1(b). The imaginary
part of the refractive index for both phases is zero in the infrared regime and the real part is
almost constant. The optical constants used for the simulations included in what follows are those
obtained for RF sputtered films [18,19]. In general, RF sputtering provides in generally flatter
surfaces (i.e., better for their use in nanolitography processes) and a higher refractive indices as
compared with other deposition methods such as chemical bath deposition [20,32]. The optical
constants of gold used for simulations have been obtained from Palik [33].

Fig. 1. (a) Scheme of the proposed reconfigurable photodetector. (b) Optical constants
of Sb2S3 for both phases (crystalline and amorphous) in the different telecom bands. (c)
Effective refractive index of the surface plasmons at the different interfaces: Au/c-Sb2S3
(blue), Au/a-Sb2S3 (yellow) and Au-Air (red) as given by Eq. (2). (d) Scheme of the
hot-electron generation crossing the Shottky barrier (ϕSB) barrier into the conduction band
of Sb2S3.Ec, Ev, Ef and Eg, refers to the energies of the conduction band, the valence band,
the Fermi level and the band-gap of the semiconductor, respectively

The grating integrated in the designed photodetector is characterized by the following
parameters: the width (w) and thickness (h) of the rib as well as the gap between two consecutive
ribs (g). The periodicity (P) of the grating is P = w + g. For these systems, the real part of the
dielectric function of both the metal (Au, ϵ1) and the dielectric medium (in this case, air or Sb2S3,

https://doi.org/10.6084/m9.figshare.21153904
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ϵ2), the resonant wavelength (λ), and the incident angle (θ) are related as [34]

λ =
P
m
(±

√︃
ϵ1ϵ2
ϵ1 + ϵ2

− ϵ1sin(θ)) (1)

neff =

√︃
ϵ1ϵ2
ϵ1 + ϵ2

(2)

In Eq. (1), the square root containing the metal dielectric function and that of the dielectric
medium can be understood as an effective refractive index (neff ) of the surface plasmon (Eq. (2)).
By considering all the possible interfaces, the neff of the SP is represented in Fig. 1(c). The
surface plasmon can be generated at two different interfaces either air-Au or Au-Sb2S3 (crystalline
and amorphous). For photodetection, we will focus on the latter, where hot-electrons generated
by the SP non-radiative decay with energy lower than the bandgap (2.0-2.2 eV for the amorphous
and 1.6-1.7 eV for the crystalline [20]) and energy higher than the Schottky barrier (ΦSB) are
transferred into the conduction band of Sb2S3. Hot-electrons surmounting this barrier and
entering the conduction band of Sb2S3, are carried by the electric field from the interface to
the positive electrode of the biased photodetector and then to the external circuit, creating the
SP enhanced photocurrent. The Schottky barrier is different for the amorphous ad crystalline
phases of Sb2S3. In literature, there is a high dispersion in the values of the Schottky barrier
between Au and Sb2S3, which for the latter exists a dependence on its crystalline or amorphous
phase. This barrier may depend on the method used for the deposition of the Sb2S3 (chemical
vapor deposition (CVD), atomic layer deposition (ALD), sputtering, chemical bath deposition
(CBD), . . .) and the surface termination of the layers. In this work, the chosen values of the
Schottky barrier are 0.35 eV [35] and 0.57 eV [30] for the amorphous and crystalline geometries
respectively. A scheme for hot-electron generation due to SP decay is represented in Fig. 1(d).
The internal quantum efficiency (η) of the transfer of hot-electrons from the Au to the Sb2S3 can
be estimated through Fowler’s model [36], which already has been proven to accurately predict
the quantum efficiency in a series of hot-electron photodetectors [3,11,12,37]. Within this model,
the quantum efficiency depends on the Schottky barrier, the Fermi energy (EF) of the metal and
the energy of incident photons (hν) and is given by Eq. (3). Here, the Fermi energy of the metallic
gold has been taken as EF = 5.5 eV [38]. The quantum efficiency of the device for both Sb2S3
phases is shown in the SI. The responsivity (R) is a measure of optical-to-electrical conversion
efficiency of a photodetector and it is usually expressed by the value of the photocurrent (mA)
generated by each milliwatt (mW) of optical signal and follows Eq. (4). It is directly proportional
to the absorbance (A) generated by the hot-electron transition. Therefore, for the optimization of
the device, its absorbance should be as high as possible to guarantee maximum photoresponsivity.

η =
(hν − ϕSB)

2

8EFhν
(3)

R =
Aηq
hν

(4)

4. Optimization

For normal incidence and polarization perpendicular to the ribs and normal incidence, the grating
parameters should be optimized to generate the maximum absorption at the desired resonant
wavelength and consequently, the responsivity R of the photodetector, according to Eq. (4).

The first step is determining the wavelength of interest (WOI) for the surface plasmon generation.
In this study, as WOI we have chosen 1550 nm (C-band) as it is the most common operating
wavelength in integrated photonics. The period P (Eq. (1)) required for this WOI, and considering
Sb2S3 in its crystalline phase, can be calculated by using the effective refractive index neff of
the surface plasmon (see Fig. 1(c)) for different diffraction orders (m). The absorbance profile
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is studied for the first three diffraction orders (m = 1, m = 2 and m = 3). For the WOI = 1550
nm, as the diffracted order is increased, a higher period of the grating is needed, and thus, the
complexity in the fabrication of the device is reduced. The corresponding periods are: P1 = 446
nm, P2 = 892 nm and P3 = 1338 nm. Keeping these parameters, and considering the Au/a-Sb2S3
system, the WOI shifted to 1300 nm (O-band) because of the lower refractive index of the
amorphous phase of Sb2S3 as compared with the crystalline one. The parameters resulting from
these calculations are summarized in Tables 1 and 2. It is important to highlight the importance
of the transition between the O band and the C band and its technological relevance. Oldest
devices usually work in the O-band while currently, most of the optical circuits work in the C
band. Therefore, this detector can be a nexus to join modern and old devices.

Table 1. Grating periods calculated using Eq. (1), for a
resonant wavelength of 1550 nm in the Au/c-Sb2S3 interface

and for the first three diffracted orders.

Order m=1 m=2 m=3

Period (nm) 446 892 1338

Table 2. Resonant wavelength (λSP) of the surface
plasmons associated to the periods shown in the

Table 1 for both amorphous and crystalline phases of
Sb2S3.

Phase Amorphous Crystalline

λSP (nm) 1300 (O-band) 1550 (C-band)

The gap (g) and the thicknesses (h) of the ribs cannot be calculated from Eq. (1) because this
relation is deduced for smooth metallic gratings [34]. It should be noted that reducing the gap
between the ribs, their interaction is stronger leading to a higher absorbance. Therefore, the gap
value has been fixed to 30 nm, a feature affordable size for different nanolithography techniques
[39].

The optimization of the thickness h for both phases (amorphous - λSP=1300 nm and crystalline
- λSP=1550 nm) and for the three different periods related to the three diffraction orders considered
here, are represented in Fig. 2. The thickness h is varied from 170 nm to 270 nm in order to find
the optimum value with higher absorbance. In each case, the optimum thickness is different. For
each period, the thickness of the ribs has been chosen as the average between the those thicknesses
that gives the higher absorbance for the crystalline and amorphous phases. In Fig. 2(e), there is no
absorbance peak. This issue will be discussed in the next section. The values for the optimized
thicknesses are summarized in Table 3.

Table 3. Optimized thicknesses values of h for the three
calculated periods and for both phases. As the optimum

thickness is different for each period, this is taken as the average
between the ideal thickness for the amorphous and crystalline

phases. As a reminder, the resonant wavelengths (λSP) are around
1300 nm and 1550 nm for the amorphous and crystalline phases

respectively.

Period (nm) hamorphous (nm) hcrystalline (nm) hoptmized (nm)

446 210 250 230

892 200 250 225

1338 - 240 240
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Fig. 2. Spectral absorption profile for amorphous Sb2S3 and the (a) first, (c) second and (e)
third diffracted order respectively, and different thicknesses of the ribs (ranging from 170
nm to 270 nm). Spectral absorption profile for crystalline Sb2S3 and the (b) first, (d) second
and (f) third diffracted order respectively and, different thicknesses of the ribs (ranging from
170 nm to 270 nm). Insets: Scheme of the unit cell for the (a) first, (d) second and (g) third
diffracted order respectively.

5. Results

5.1. Normal Incidence

Once the grating parameters have been optimized, the distribution of the scattered field in the
near field regime, the different absorbance spectra and, consequently, the responsivity spectral
profiles are presented and discussed in this section.

The final optimized absorbance spectra for both amorphous and crystalline phases of Sb2S3
as well as for the three different diffracted orders are represented in Figs. 3(b), (e) and (h)
respectively. The width of the absorbance peaks becomes narrower as the diffracted order is
increased. The resonant wavelengths are close to 1300 nm (O-band) and 1550 nm (C-band) for
the amorphous and crystalline phases of the Sb2S3, as it was shown in Table 2. Nevertheless,
they are slightly shifted as these wavelengths were calculated using Eq. (1) in which the gap and
thickness dependence is not considered. Specifically, for amorphous Sb2S3, when increasing
diffraction order, the maximum absorbance is produced at 1339, 1324 and 1386 nm, respectively.
For the crystalline phase, the maximum absorbance is produced at 1531, 1539 and 1555 nm,
respectively.
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Fig. 3. Center: Absorbance spectra for the amorphous (blue) and crystalline (red) Sb2S3
phases, and for the (b) first, (e) second and (h) third diffraction orders. Left: Distribution of
the modulus of the near electric field for the amorphous Sb2S3 phase resonant wavelengths s
(indicated by the vertical dotted lines in the absorbance spectra) considering the (a) first,
(b) second and (g) third diffraction orders. Right: Distribution of the modulus of the near
electric field for the crystalline Sb2S3 phase resonant wavelength for the (c) first, (f) second
and (i) third diffraction orders. The resonant wavelength corresponding to the third order
Au-amorphous Sb2S3 is the one pointed out with a black arrow (λ=1310 nm).
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The near field (|E |) maps for the corresponding resonant wavelengths are shown in Fig. 3.
Each row corresponds to a different period (or diffraction order) and each column corresponds
to each phase of the Sb2S3 substrate (amorphous – left column and crystalline - right column).
The near-field distribution for the optimized grating by considering the first diffraction order
(Figs. 3(a) and 3(c)) shows two hot spots in each rib at the Au-Sb2S3 interface that represents the
excitation of the SP. In the case of the optimized grating by considering the second diffraction
order, the near-field maps (Figs. 3(d) and 3(f)) are characterized by the presence of 4 hot spots
under each rib. For the third diffraction order, the near-field plots (Figs. 3(g) and 3(i)) show 6 hot
spots in each unit cell at Au-Sb2S3 interface. Interestingly, for the latter case, in the amorphous
Sb2S3 case (Fig. 3(g)), no high absorbance peak is produced and two hot spots in each unit rib
are generated at the air-Au interface. This phenomenon is produced because the surface plasmon
is created at the Air-Au interface for this resonant wavelength (λ=1386 nm). The explanation
can be understood considering Eq. (1) and the effective refractive index of the surface plasmon
generated at the air-Au interface (Fig. 1(c)). As the effective refractive index of the air-Au SP is
close to 1 for the first order, the resonant wavelength for this plasmon is very similar to the period.
In this case, the period is 1338 nm and the resonant wavelength is 1386 nm, therefore, the first
order air-Au SP can be created under these conditions. The resonant wavelength corresponding
to the third order Au-amorphous Sb2S3 is the one pointed out with a black arrow (λ=1310 nm).
As this resonant wavelength is very close to that of the air-Au SP too, energy absorption is split
between the two interfaces. Thus, as much of the incident light with wavelength about 1300 nm
is simultaneously resonantly absorbed at the first interface (air-Au) and at the interface between
Au and a-Sb2S3, leading to the quenched peak shown in Fig. 2(e). From the experimental point
of view, phase change materials not only present pure amorphous and crystalline phases. A mix
of both can be controllably induced in the PCM film as already demonstrated for GST [26,40].
The effective refractive index of these samples can be estimated through a Bruggeman model
[41] by considering the optical properties of both phases.

The absorbance spectra for these intermediate phases, and the first three diffracted orders
studied previously, are shown in Figs. 4(b), (e) and (h) respectively. These intermediate states
have been simulated by varying the volume percentage for each phase present in the sample. The
percentages considered for these simulations have been 25% 50% and 75% to work in a range
where the Bruggeman effective medium approximation holds. Depending on the crystallinity of
the Sb2S3, the absorbance profile can be tuned from the O to the C-band, and vice versa, covering
most of the telecom bands.

The responsivity profile can be obtained from the absorbance spectra as it was shown in
Eqs. (3) and (4) by considering the Fermi energy of gold and the Schottky barrier between metal
and semiconductor. The Schottky barrier of these intermediates states is expected to be between
0.35 eV (amorphous) and 0.57 eV (crystalline). As the Schottky barrier is unknown for all of
these intermediates states, in these calculations it has been considered the value of the Schottky
barrier of the c-Sb2S3 for all of these mix phases (the most unfavorable case). The responsivity
decreases as the Schottky barrier increases. The resulting responsivity for all of these phases
and for the different three diffracted orders is shown in Figs. 4(c), (f) and (i), respectively. For
comparison, the maximum and the full width at half maximum (FWHM) of the responsivity
peaks for the three different diffracted orders as a function of the crystallinity of the Sb2S3
substrate (amorphous - 0%, crystalline - 100% and intermediate states - 25%, 50% and 75%) are
represented in Figs. 4(g) and 4(f) respectively. The highest responsivity maximum and the lower
FWHM of the responsivity curves are generated by the SP of second order (m = 2).

5.2. Angular dependence

All the simulations in the previous sections have been performed under normal incidence
illumination. Nevertheless, under realistic illuminating conditions of a photodetecting device,
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Fig. 4. Absorbance spectral profiles of amorphous, crystalline and intermediate phases of
Sb2S3 for the (a) first, (c) second and (e) third diffracted order. Responsivity spectra for all
the studied phases of Sb2S3 for the (b) first, (d) second and (f) third diffracted order. (g)
Maximum and (h) full width at half maximum (FWHM)of responsivity peaks for the three
different orders as a function of the crystallinity of Sb2S3 (amorphous - 0%, crystalline -
100% and intermediate states - 25%, 50% and 75%).
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Fig. 5. (a-c) Absorbance spectra for the amorphous phase of the illuminating beam incident
angle by considering the three diffracted orders, respectively. (g-i) Absorbance spectra for
the crystalline phase as a function of the illuminating beam incident angle by considering
the three diffracted orders respectively. (d-f) Resonant wavelength position as a function of
the illuminating beam incident angle and given by Eq. (1) for the amorphous phase. (j-l)
Resonant wavelength position as a function of the illuminating beam incident angle and
given by Eq. (1) for the crystalline phase.
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it is reasonable to consider also light illumination at non-normal incident angles. For the
geometry proposed here, the absorbance spectra shows angular dependence, and consequently,
the responsivity shows differences for every angle of incidence of the illuminating beam. In order
to assess the importance of this issue, the absorbance as a function of the wavelength and the
angle of incidence is represented in Fig. 5. The absorbance colormaps are represented along with
the the analytical solution from Eq. (1). The indices labeling the curves in the analytical solution
(i.e. m and p) indicates the diffraction order of the SP generated at the Au-Sb2S3 interface (m)
and at the Air-Au interface (p). A good agreement between numerical simulation and analytical
calculations is obtained.

6. Conclusions

A reconfigurable photodetector consisting of Au ribs (i.e. interdigitated dual-comb Au electrodes)
on a phase-change material Sb2S3 substrate operating at the different telecom bands and based on
the non-radiative decay of SP (hot electrons) generated at the interface Sb2S3 has been designed.
The tunability of the device is provided through the amorphous to crystalline transition of the
Sb2S3 layer. For crystalline Sb2S3 the responsivity of the photodetector is maximum at the
telecom C-band (λ = 1550 nm), while for amorphous Sb2S3 the responsivity peaks at the telecom
O-band (λ = 1310 nm). The device has been optimized for three different surface plasmon
diffraction orders while concluding that the second order gives the highest and narrowest band
responsitivity of the photodetector for normal incidence illumination. For non-normal incidence,
extra peaks in the absorption profiles can be observed due to the angular dependence of surface
plasmon. This effect is amplified when considering higher surface plasmon diffraction orders.
Funding. Horizon 2020 Framework Programme (No 899598 – PHEMTRONICS).
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