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Abstract: Recent advancements in metal/perovskite photodetectors have leveraged plasmonic effects
to enhance the efficiency of photogenerated carrier separation. In this work, we present an innovative
approach to designing heterostructure photodetectors, integrating a perovskite film with a plasmonic
metasurface. Using finite-difference time-domain (FDTD) simulations, we investigate the formation of
hybrid photonic-plasmonic modes and examine their quality factors in relation to loss mechanisms. Our
results demonstrate that these hybrid modes facilitate strong light confinement within the perovskite
layer, with significant intensity enhancement at the metal-perovskite interface—an ideal condition
for efficient charge carrier generation. We also propose the use of low-bandgap perovskites for direct
infrared passive detection and explore the potential of highly Stokes-shifted perovskites for active
detection applications, including ultraviolet and X-ray radiation.
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1. Introduction

Metal-semiconductor heterostructures, utilizing Schottky barrier for the photogenerated charge
carrier separation, offer many advantages for light detection applications [1-4], including high-speed
operation, broadband response, tunability, design simplicity, and the possibility of on-chip integration.
However, they also suffer from strong reflection of incoming light at the metal interface and a narrow
depletion region, limiting the efficiency of light absorption and carrier generation. In recent years,
metallic nanostructures that support various kinds of plasmonic modes have been explored to address
these challenges. Localized surface plasmon resonances (LSPRs), or traveling surface plasmon polari-
tons (SPPs) excited at the metal/semiconductor interface can produce very tight light confinement that
can be utilized to efficiently generate charge carriers both in metal and semiconductor, through internal
photoemission (IPE) and electron-hole creation, respectively. In some reports, the enhancement of
photodetector responsivity due to plasmonic effects can be greater than one order of magnitude [5]. The
reported plasmon-enhanced junctions typically use n- or p-type Si with plasmonic metal contact such
as Au, Ag, or Al [1,5-7]. Several works have explored the potential of two-dimensional materials, in-
cluding graphene or transition metal chalcogenides, for the improved junction performance [2,3,8]. As
a potential alternative to Si, some researchers attempted to use halide perovskites, including MAPbI3
[9] or FA;_,CsyPbl; [10]. In many aspects, perovskite materials show optoelectronic properties supe-
rior to those of Si, especially where tunable bandgap, high absorption coefficients, active operation
scheme, and mechanical flexibility are desired. In active devices, the perovskites offer advantages
due to their very good emission properties in visible or infrared, and high refractive index values.
Also, convenient processing techniques can be used for making perovskite-based nanostructures or
nanocomposites, that can be tailored for specific emission characteristics, or emission improvement
through the effects such as Purcell enhancement [11,12] and nonlinearity [13].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://orcid.org/0000-0001-9424-0416
https://orcid.org/0000-0002-9997-6841
https://doi.org/10.20944/preprints202503.1135.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025 d0i:10.20944/preprints202503.1135.v1

2 0f9

Schottky-type photodetectors with plasmonic enhancement have been designed either in free-
space operation mode [6,14], responding to external light signal, or utilizing integrated optical architec-
tures based on the waveguiding mechanism [15,16]. In case of the free-space operation, coupling of the
incident light to plasmonic modes usually requires the presence of one- or two-dimensional grating
with subwavelength dimensions, as to increase the in-plane wavevector. In case of waveguided light
the coupling operation is more straightforward and can be achieved with simple planar geometry.
In this work we introduce novel design approach to metal-semiconductor photodetectors, based on
the guided propagation of hybrid plasmonic-photonic modes in a perovskite thin film coupled to
plasmonic metasurface. The guided modes can be excited either in passive scheme, through scattering
of the external light beam on the plasmonic nanoarray, or through active operation, leveraging per-
ovskite photoluminescence. The metasurface geometry is designed to produce strong field localization
in the near infrared wavelengths around 1000 nm (f= 300 THz), however the spectrum of detec-
tion can be tuned to shorter wavelengths by utilizing active waveguide operation of the perovskite
film. The advantage of using hybrid modes is that they can produce strong field enhancement at
the metal/perovskite interface, while at the same time the light absorbed at greater distance from
the interface might also contribute to the detected signal, through energy sharing between photonic
and plasmonic components. The presented study utilizes finite-difference time-domain (FDTD) sim-
ulations to explore the characteristics of the proposed heterostructures, including band dispersion
diagrams, mode profiles and the influence of material absorption. Finite structures with dimensions
up to 6.5 X 6.5um are also considered, to examine the intensity enhancement in what can represent a
single detector pixel.

2. Design of the Hybrid Metasurface

The initial study takes into consideration an array of silver nanopillars inside a thin film overlay
with thickness H = 300nm and refractive index n = 2 on a bulk glass substrate. The pillars are
arranged in a square lattice with spatial period a and they are characterized by radius r and height
d. The presence of pillars results in periodic modulation of the overlay thickness, which leads to
the formation of guided Bloch modes with characteristic frequency w and in-plane wave vector
k|| = (kx, ky). The modulation strength depends on the ratio of pillar height and overlay thickness d/H
which we set to 0.3. In addition to the Bloch modes traveling in the overlay (we refer to these modes as
photonic), the nanopillars support surface lattice resonances (SLRs), resulting from far-field coupling
of the individual LSPRs [17] that are closely confined at the pillar surface. In case of significant overlap
between the photonic and plasmonic modes, provided symmetry and polarization match, the modes
will experience interference, which manifests itself by avoided crossing of the two bands in band
dispersion diagram w(k) [18]. Assuming infinite dimensions of the structure, we model the band
dispersion and mode profiles with FDTD simulation and the results are presented in the Figure 1. At
this stage, for simplicity and clear observation of the mode behavior, the overlay is considered lossless
and the pillars are isolated from each other (Figure 1a). The geometric parameters 2 = 400 nm, r =
90 nm, d = 90 nm and H = 300 nm were chosen to observe the crossing near 300 THz, with a large
value of k|| close to the corner of the Brillouin zone M. As shown in Figure 1b, away from the crossing
the modes have a predominant photonic or plasmonic characteristics, however near the intersection
they become coupled, giving rise to hybrid modes, with significant contribution of both plasmonic
and photonic parts. Due to coupling, the energy stored in such a mode is not bound to the photonic or
plasmonic part, but can be transferred between them in time, as has been previously shown on the
basis of coupled mode theory for plasmonic resonators integrated in waveguide structures [19,20].
This fact is particularly interesting in the context of designing plasmonic Schottky junctions for the
purpose of light detection, where the dominant part of charge carriers is generated through absorption
in a thin depletion region. SLR features will be responsible for enhancing the field intensity at this
region, while it can be sustained for a longer time, because of the interaction with coupled photonic
mode.
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Figure 1. The formation of hybrid plasmonic-photonic modes in thin film of perovskite coupled to array of

plasmonic nanopillars. a) Schematic view of hybrid metasurface, and b) its local photonic band structure in the

proximity of high symmetry point M (ky,,=0.5) with insets showing mode distributions along the higher and

lower frequency bands. Dashed lines demonstrate the shape of the uncoupled photonic (red) and plasmonic (blue)

bands.

For practical implementation of the above concept in designing the photodetector junction, the
pillars should be interconnected with a thin silver patch, acting as electrical contact and the overlay
must be made of semiconducting material. The n = 2 refractive index may correspond to various
kinds of perovskite materials, which can have different optoelectronic properties, including absorption,
emission and carrier mobility. This study focuses mostly on optical behavior of the structures, and
so the overlay material is simply characterized by n and « (see Section 4 for a more comprehensive
discussion on specific materials and applications). The top electrode of the junction can be made
of thin metal, transparent conductive oxides, polymers, or composite materials, such as transparent
electrodes based on silver nanowires. Also, it can uniformly cover the overlay upper surface or can be
positioned on the sides. In the presented FDTD simulations the top electrode is not included, as it does
not play a significant role to the demonstrated effects. Figure 2 shows the schematic design and the
mode dispersion diagram of the proposed plasmonic-photonic heterostructure. In the guided region
(below the light line), at the frequencies 280-300 THz, one can identify two modes which exhibit hybrid
plasmonic-photonic character and they dominate the band structure in the specified frequency range.
The marked zone on the band diagram is analogical to the crossing sketched in Figure 1, however
the presence of silver patch makes the band configuration more complex due to the formation of
additional SPP modes. The demonstrated characteristics of the heterostructure implicate that 280-300
THz radiation with a high enough k|| will most favorably couple to the hybrid modes and this can be
exploited to manage the optoelectronic properties of the junction.
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Figure 2. a) Design of the plasmonic-photonic heterostructure proposed as photodetector and b) the corresponding
band structure of the electromagnetic modes supported in it. The orange line represents air line which separates
guided and radiative mode regions. The red dashed line marks the mode of interest, which dominates other
modes in 290-300 THz frequency range.

3. Field Confinement and Influence of Loss

The above findings are then verified by simulating the light behavior in structures with finite x, y
dimensions. Figure 3a compares the magnitude of electric field |E| resulting from local excitation of the
junction with designed metasurface architecture and reference planar architecture. Within the chosen
spectral range 270-310 THz we find an average intensity enhancement 07” near the metal/perovskite
interface as factor 3.6, with the enhancement spectrum showing maxima up to ;=5 at frequencies
286 THz and 307 THz (Figure 3b). In addition to spatial field confinement, one observes the temporal
confinement manifested by prolonged decay of electric field (Figure 3c). Excitation source is switched
off at t; = 120 fs, however the electric field recorded in a simulation is sustained until ¢, = 400 fs. The
temporal confinement results from the excitation of hybrid modes with low group velocity number
(as observed in the simulated band structure, Figure 2b). The in-plane propagation and out-of-plane
radiation from the structure are also examined in the simulation. The ratio of optical power guided
inside the overlay to the total power emitted %’; has maxima that correspond to o7 peaks. As the wave
propagates, the power is decreased due to absorption and radiation losses. In current analysis we
keep extinction coefficient of the overlay k=0, so all absorption is caused by the presence of silver. It
is the reason for the loss of power in the low-frequency band of ¢7. In contrast, the high frequency
band is both absorbed and partially coupled to free-space radiation, as observed in optical power
ratio radiated outside of the structure Pl%—(';t This implies that the high-frequency peak corresponds to
formation of leaky modes, and such modes can be observed in the computed band diagram at smaller
wavevector numbers, near the central point I'.
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Figure 3. The demonstration of enhancement in the finite structure. a) Comparison of the electric field magnitude
|E| simulated in planar (top) and structured (bottom) junction configuration at vertical coordinate z = 1 nm
corresponding to the metal patch and z = 91 nm corresponding to the top of the pillars.

To better understand the potential of designed heterostructure in real applications we also
introduce the nonzero extinction coefficient x of the overlay material and examine its significance to
the formation of hybrid modes. Figure 4a shows the computed energy density U, carried by a mode as
function of vertical coordinate z and integrated over the x, y coordinates and frequency f:

. = 5 % [[[ €IEP + plHP) dxayar, 1)

where |E|, |H| are electric and magnetic field magnitudes and ¢, y are absolute permittivity and
permeability of the overlay material. As expected, big part of the energy is indeed confined near
the upper surface of nanopillars due to SLR effects. The contribution of plasmonic and photonic
components is balanced at k=0, however for nonzero absorption the photonic component is much more
affected than the plasmonic one. At ¥=0.05 the energy contribution integrated for z> -70 nm (above the
top surface of the nanopillars) drops below 30 %. Despite the fact that material absorption in the overlay
can cause considerable loss of energy in the mode, the quality factor Qj, of the hybrid modes is less
affected by absorption than the quality factor of the reference photonic mode Q, (Figure 4b). Another
important factor, mode volume V, also remains quite stable against the material absorption (Figure 4c).
The robustness of Q and V, in nonzero absorption case results from the plasmonic component, where
the energy loss is already accounted for, by the high x number of silver. The Q and V may have crucial
meaning when using the designed metasurface for active device operation, as it governs the strength
of Purcell enhancement of spontaneous emission in photonic and plasmonic structures.
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Figure 4. The effect of material absorption x on the characteristics of hybrid modes. a) Simulated electromagnetic
energy density U, along vertical coordinate z in the heterostructure with varying absorption. The drop of the
simulated b) quality factor Q and c) mode volume V with material absorption simulated for the hybrid mode and
for the reference photonic mode.

4. Discussion

There are two major advantages for photodetection process, resulting from photonic and plas-
monic nature of the designed metal/perovskite heterostructure. On the one hand, the intensity
enhancement at the junction interface, resulting from SLR, will increase the absorption in the depletion
zone, which is crucial for generating the photocurrent. Also, this effect will be scaled up by the
increased surface area of the junction as compared to planar junction geometry. The effect of increased
area on the junction performance have been already studied in the past [21,22]. On the other hand, the
photonic component, in the form of guided Bloch mode, might be of no less importance. Although,
its direct contribution to the number of photogenerated carriers will not be significant, it will share a
portion of its energy with the SLR. Considering, that the device can work in active operation scheme,
where the incident light is absorbed in the overlay and re-emited with lower frequency, utilizing the
hybrid modes can create the opportunity to scale up the thickness of the device, without sacrificing the
plasmonic enhancement in thin depletion zone. In the follow-up to this work, there will be a more
specific analysis of energy transfer rate between photonic and plasmonic components and thorough
analysis of the device performance in passive and active schemes.

Regarding passive and active operation schemes there are important differences in the design
and operation principle of the device. In both cases the absorption of infrared light at the junction
interface is responsible for generating charge carriers. However, while the passive device deals with
infrared radiation coming from the free space, the active device utilizes the luminescence generated
in the overlay. In the first case, coupling of incident light to guided modes of the metasurface can
be only achieved through interaction with the nanopillar array, as to match the k|| of incident light
and guided mode. This might require tailoring the design of nanopillar array to provide sufficient
coupling efficiency and bandwidth. In the latter case, the internal emission of the overlay material will
couple to the guided modes more easily. Also, for passive scheme, the overlay should be designed to
absorb infrared, however the value of x should be kept moderate (10-2 - 10~!) in order to maintain the
photonic component. Then, the chosen perovskite could be one with electronic bandgap slightly above
1.24 eV (as results from f = 300 THz). Good candidates to fulfill this criterion could be well recognized
solar cell material methylammonium lead iodide (MAPbI3) [23] and some of the recently developed
tin-iodide or germanium-iodide based perovskites [24,25]. On the contrary, the overlay material used
for active operation scheme should be efficient infrared emitter with possibly small self-absorption,
which is related to the Stokes shift of the material (spectral shift between absorption and emission
bands). Highly Stokes-shifted perovskites with infrared emission can be made through lanthanide
doping [26] and they can be used for indirect detection of shorter wavelength visible light, or even
X-ray radiation, utilizing the radioluminescence phenomena [27]. Finally, given very broad choice of
perovskite compounds and possibility of using convenient solution-based deposition methods, such
as spin coating, there is big potential in designing layered structures with multiple absorption bands,
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which can be used for broadband light detection. This can also involve the combination of passive and
active layers for optimizing the absorption at the interface, while maintaining efficient emission in the
overlay.

5. Methods

All simulations were conducted using 3D FDTD solver in Ansys Lumerical. Randomly distributed,
in-plane oriented dipole sources (dipole cloud) are used for optical excitation of the structure. Bloch
boundary conditions in x, y directions and perfectly matched layers (PML) in z direction are used for
modelling the mode profiles and band dispersion in infinite structures. Non-uniform mesh size is
applied with refinement to 2 nm at the pillar region. A number of randomly distributed time monitors
is used for monitoring the decay of electric field, following the excitation. The Q-factors are obtained
from the fitting decay curve, using Lumerical built-in functionality. Mode volumes V are computed
as the volume where the E? is greater than % In case of finite structures the Bloch boundary
conditions in x, y are replaced with PML.

6. Conclusion

In this work we explore the behavior of hybrid plasmonic-photonic heterostructure and we
introduce a new concept of utilizing the hybrid modes to boost the performance of photodetectors
based on the metal/semiconductor junction with Schottky barrier. The hybrid modes arise from
coupling of the guided Bloch modes propagating in the semiconducting overlay with the SLR modes
supported by silver nanopillars. We optimize the design of the junction to achieve enhancement in
optical intensity near the frequency of 300 THz. The simulation of 4 x4 um pixel with the designed
nanostructure shows intensity enhancement up to 5 times, as compared to planar junction design.
We also investigate the effect of material absorption on the mode characteristics and we discuss the
potential of using perovskite materials for both passive and active types of overlay. The demonstrated
results imply that hybrid mode operation of the device can be advantageous for overcoming the
thickness limitations in plasmonic Schottky junctions.
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