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Abstract
We present a metal–semiconductor (M–S) based electro-optic modulator designed for functional
plasmonic circuits, utilizing the active control of surface plasmon polaritons (SPPs) at M–S
junction interfaces. Through self-consistent multiphysics simulations, including electromagnetic,
thermal, and current–voltage (IV) characteristics, we estimate bias- and doping concentration-
dependent SPP modulation and switching times. This study focuses on germanium-based Schottky
contacts and can be extended to other semiconducting materials. We performed parametric
analysis using the developed thermo-electro-optic model to identify device parameters and
dimensions for enhanced optical confinement and faster operation. The studied device exhibits
signal modulation exceeding−28 dB, responsivity greater than−1800 dB V−1, and switching rates
of 8 GHz, suggesting potential data rates above 16 Gbit s−1. Additionally, frequency response
analysis using the numerical model confirms the device’s electrical tunability and predicts a 3 dB
bandwidth of up to 4 GHz. These findings highlight the significant potential of Schottky junctions
as active components in the development of plasmonic-based integrated circuits.

1. Introduction

In recent years, the growing demand for rapid information processing, transmission, and control has
significantly fueled the need for ultrafast and highly efficient electronic devices [1–3]. Despite considerable
progress in modern integrated circuits and continuous efforts to create more efficient electronic
components, microprocessor clock speeds have plateaued, remaining stagnant at approximately 3 GHz in
recent years [4, 5]. This stagnation is largely attributed to the high heat generation within modern integrated
circuits, coupled with challenges in heat dissipation. Additionally, the bandwidth of conventional electrical
on-chip interconnects is constrained by the RC times, failing to meet the demands of transmission speeds of
current and future multicore architecture microprocessors [6]. While optical waveguides provide an
attractive solution with their ultra-high bandwidth, they face limitations due to diffraction, which causes the
waveguides to have transverse dimensions much larger than on-chip electronic components. Additionally,
the acceptable bend radius of these waveguides is significantly larger, posing challenges for their integration
into compact electronic circuits. Plasmonics, often described as ‘light on a wire’, possesses the remarkable
capability to confine light beyond the diffraction limit, making it a promising avenue for integrating
photonics and electronics at the nanoscale [7–9]. Within the plasmonic regime, surface plasmon polaritons
(SPPs) are spatially confined electromagnetic modes that propagate along metal-dielectric interfaces,
offering the bandwidth of photonic devices while maintaining the physical dimensions typical of nanoscale
electronics.

SPPs are excited at a metal-dielectric interface when the interface is illuminated with light whose
frequency matches the resonance frequency of the free electrons on the metal surface. These SPPs have the
ability to concentrate or transmit light waves within structures far smaller than the wavelength of light in free
space. This ability is vital for advancing devices and systems in various applications, such as
telecommunications, integrated optics, sensing, and solar cells [7, 10–30]. To realize integrated plasmonic
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circuits, a deep understanding and precise control of SPPs are essential, as effective management of these
modes can unlock new applications, reveal novel physical phenomena, and enable innovative device
architectures. Additionally, to achieve integrated plasmonic circuits, it is crucial to develop a fundamental
plasmonic switching device that meets several key requirements. These include: (i) a micro to nanoscale size
for compatibility with on-chip integration, (ii) a planar configuration to ensure effective and cost-efficient
integration, (iii) high-speed operation, (iv) significant switching modulation, (v) low power consumption,
(vi) broadband functionality with an operational bandwidth exceeding 100 Gbit s−1 to remain competitive
with on-chip interconnects, (vii) preference for single-mode guiding, and (viii) high integration density for
compact and efficient plasmonic circuits. Numerous studies and designs have been proposed to suggest
suitable plasmonic switches [15–29], but despite their significant contributions, they often face limitations
such as moderate switching modulation depths and the reliance on device architectures requiring extended
waveguides or periodic structures. More critically, most of these methods are not compatible with standard
semiconductor fabrication processes. Achieving such compatibility is key to enabling the integration of
optical components with nano-and microscale electronics. Furthermore, semiconductor-based plasmonic
devices offer several significant advantages, such as tunable plasma frequencies and reduced losses compared
to their metal-based counterparts. While the field of metal-based plasmonics has reached a high level of
maturity, semiconductor-based plasmonics is still in a phase of rapid development, driven by a growing body
of emerging research in this area [30–37].

In previous research efforts on semiconductor plasmonics [34–37], investigations are performed on
degenerately doped PN++ junctions, demonstrating both theoretically and experimentally that the PN++
interface can support SPP modes. Additionally, the time-dependent studies in these efforts revealed that the
device architecture is capable of operating at 3 dB bandwidths of up to 40 MHz, and by further scaling down
the device’s spatial dimensions, response times could reach up to 2 GHz. Although the bandwidth is modest,
this represents a crucial step toward leveraging traditional semiconductor structures or geometries for
SPP-based devices. Alternatively, the metal–semiconductor (M–S) junction diode, known for its
fast-switching characteristics, is investigated in this study for its potential in plasmonic applications.

The foundational understanding of the Schottky diode was profoundly advanced by Schottky’s seminal
publication in 1938 [38, 39]. The insights provided by this publication were instrumental in leading to its
broad integration into electronic systems and its enduring impact on semiconductor technology. In the
realm of plasmonics, substituting the traditional metal and passive-dielectric interfaces, which typically
support bound SPPs, with an active semiconductor presents substantial challenges. These challenges stem
from the intrinsic differences in the physical, electrical, and optical properties of the materials involved at the
interface. Managing these disparities is crucial, as they can significantly influence the performance of the
plasmonic device. Despite these complexities, an active semiconductor interface, such as a Schottky junction,
can still support SPP modes under particular conditions [40]. To effectively incorporate such a device into a
plasmonic circuit, careful optimization is required to address these challenges and fully leverage the potential
for SPP propagation and modulation. In this context, recent studies [41–43] have investigated and
successfully harnessed the potential of the Schottky junction by achieving population inversion under
electrical injection. This enables the amplification of decaying surface waves through stimulated emission.
Additionally, Schottky junctions play a crucial role in the development of plasmonic Schottky photodetectors
[44–46], which leverage the strong interaction between incident light and surface plasmons to enhance
photodetection capabilities. As part of this research, we investigate the feasibility of employing a Schottky
junction as an electrically driven SPP switch—an approach that has received comparatively limited attention
in the context of active plasmonic modulation. The novelty of our work lies in leveraging electrical injection
at the M–S interface to enable dynamic control of SPP modes. This study includes a focused analysis of the
junction’s modulation behavior, along with its transient and frequency responses, particularly emphasizing
the influence of doping concentration on switching performance. Such a device holds potential promise for
high-speed, low-loss data transmission in integrated photonic circuits and for advancing infrared sensing
technologies. While SPP coupling and decoupling mechanisms have been extensively studied by various
researchers [34, 47–49], our work focuses on the less-explored aspects of how these characteristics can be
modulated and switched. By delving into these areas, we aim to contribute to a more comprehensive
understanding of SPP behavior, particularly in the context of plasmonic devices. This tunability holds
significant potential for applications where precise control over SPP modes is crucial for optimizing device
performance.

2. Device design and functional overview

Figure 1(A) illustrates the basic schematic of the proposed M–S based optoelectronic plasmonic switch. The
structure consists of a metal layer interfaced with an n-doped semiconductor (germanium (Ge)) along with
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Figure 1. (A) Basic architecture of M–S based optoelectronics switch, consisting of n-type Ge in contact with Au. The width and
height of the active region are w= 1 µm and d= 1 µm. An optimal grating (50% duty cycle) with period Λ = 1.3 µm and
n-layer etch depth of δ = 150 nm are used to couple incident light to the SPP modes to the M–S junction. (B) SPP dispersion of
the device for ND = 1× 1023 m−3 (blue) and ND = 1× 1022 m−3 (red). (C) Density plot showing the parametric sweep of
grating period (Λ) and etch depth (δ) in the n-type region. The plot illustrates the effect of these parameters on SPP mode
coupling efficiency. The schematic energy band diagram of the device (D) at equilibrium and (E) under forward biased voltage V.
In the figures, q∅b is the Schottky barrier potential, qVbi is the potential barrier at the M–S junction, EC, EV and Ef represent the
conduction band edge, valence band edge and fermi level, respectively.

an active region, also referred to as the drift-diffusion region, positioned between the top anode and bottom
cathode control electrodes. The M–S interface is central to enabling the propagation of SPPs. Here, the SPP
excitation is achieved through the input gratings, which introduce periodic modulations in the refractive
index, enabling phase-matching between incident photons and surface plasmons. This periodicity establishes
resonance conditions, thereby coupling SPPs at the M–S interface.

Figure 1(B) presents the dispersion relation of the device for two different doping concentrations in Ge.
As observed, SPPs can be effectively excited at the M–S interface. Their behavior is sensitive to both doping
concentration and operating frequency. This tunability is a key advantage, allowing control over the
resonance frequency and field confinement of SPPs by adjusting the doping levels and incident
electromagnetic frequency. Furthermore, as seen in the dispersion plot, the proposed M–S device
architecture appears capable of supporting SPPs over a broad range of incident spectral frequencies from the
mid-IR (approximately 50–120 THz) to the near-infrared (near-IR, approximately 120–400 THz), with
potential extension up to the surface plasmon resonance frequency, ωsp ≈ 425THz. Since this study focuses
on demonstrating control of SPPs at the M–S interface, we selected the lowest operational frequency at which
the SPP mode index (nspp) slightly exceeds the background refractive index (nb), which occurs around
53.1 THz. This frequency lies within the mid-IR region and presents practical feasibility for proof-of-concept
implementation. Although operating at this frequency may not support extreme miniaturization or deep
sub-diffraction confinement, it provides a suitable platform for validating the core mechanism of electrically
controlling the SPP propagation at the M–S interface. Moreover, mid-IR sources such as quantum cascade
lasers are commercially available, making experimental implementation more accessible. Additionally, the
thickness of the n-Ge layer was chosen to be 1 µm, based on the SPP penetration depth at the operational
frequency of 53.1 THz. At this frequency, the calculated penetration depth into the n-Ge region, given by
δGe =

c
ω (Im[nSPP])

, is approximately 0.25 µm. To ensure adequate field confinement within the active region
while maintaining practical fabrication feasibility, we selected a thickness approximately four times δGe. As
this work serves as a proof of concept, the 1 µm thickness provides a suitable balance between theoretical
relevance and experimental viability.

To support efficient SPP excitation at the M–S interface, we carried out a parametric sweep to optimize
the grating period (Λ) and the etch depth (δ) of the n-region. As shown in figure 1(C), this analysis guided
the selection of the grating parameters used in our simulations. Based on the results, we set the input grating
period to Λ = 1.3 µm and fixed the etch depth at δ = 150 nm. This configuration resulted in an estimated
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coupling efficiency of approximately 30%, defined as the ratio of the launched surface plasmon power (Pspp)
to the incident power (Pin). Following the optimization of grating parameters, we note that the current
simulation framework does not account for the presence of a thin titanium (Ti) adhesion layer, which is
typically used during the experimental deposition of gold gratings. While our focus is on capturing the
intrinsic plasmonic characteristics of the proposed structure, we recognize that the Ti layer may influence
factors such as propagation loss and mode confinement. These aspects will be explored in detail in future
studies.

When a contact is established between a metal and a semiconductor, mobile charge carriers move
between the two materials until their Fermi levels align, as required by thermodynamic equilibrium. This
movement of charge carriers disturbs the charge neutrality, leading to the formation of a space-charge region
near the interface, particularly on the semiconductor side [50]. While the semiconductor side develops a
localized imbalance of charge, the metal, with its abundant supply of free electrons, effectively maintains
charge neutrality, preventing a similar space-charge region from forming on its side. The presence of the
space-charge region on the semiconductor side is particularly significant. This is because the region enables
modulation of interface properties through the application of an external potential difference across the
junction, presenting an opportunity to fine-tune the interface properties and thus supporting the SPP
modulation.

Once the SPP modes are excited at the M–S interface and no external bias is applied, the device is
considered to be in the ‘ON’ state. In this condition, the corresponding energy band diagram is depicted in
figure 1(D). When a sufficient forward bias voltage (V) is applied, a significant number of thermally excited
electrons in the semiconductor gain enough energy to overcome the potential barrier. As a result, the flow of
electric current through the barrier is primarily governed by the principles of thermionic emission. This
process is illustrated in the schematic depicted in figure 1(E), which provides a visual representation of the
electron dynamics and the resulting current flow. Overall, the M–S interface serves distinct purpose of: (i)
facilitating the SPP excitation and propagation, (ii) facilitating tunable operational frequency depending on
the doping concentration, and (iii) providing SPP switching mechanism at the active (drift-diffusion) region
due to the charge carrier dynamics. In this article, we focus specifically on the modulation and switching
characteristics of SPPs at M–S interface.

3. Optical response of the device

To verify the operational frequency for effective SPP excitation at the metal-doped semiconductor interface,
our initial investigation involved examining the TM (Transverse Magnetic) reflectivity spectra. This was
achieved by forming a numerical framework based on COMSOL Multiphysics, the thermo-electro-optic
model to solve for the presented device architecture. The model self-consistently solves a set of equations
encompassing Fermi–Dirac equations, Poisson–Boltzmann equation, drift-diffusion equation, and heat
equation. This comprehensive model enables accurate simulations of various phenomena, including the
excitation and electro-optical control of SPPs, position- and voltage-dependent charge carrier dynamics
across the M–S junction, and the overall inhomogeneous local electron n (⃗r,V, T) and hole p (⃗r,V, T)
concentration profiles, which are used to calculate the inhomogeneous voltage and wavelength-dependent
dielectric permittivity ε (⃗r,ω, V, T) of the device. This is then used to study the device’s electromagnetic
response under TM and transverse electric (TE) excitation and the observation of thermal effects arising
from ohmic heating and SPP electromagnetic energy dissipation. In the model we have employed the
experimentally attainable doping concentrations, doping dependent electron and hole mobilities and
scattering rates for Ge [51–54].

As shown in figure 2, the reflectivity spectra for TM polarization, depicted in red, and TE polarization,
illustrated in blue, reveal pronounced dips at specific wavelengths. These distinct spectral features emphasize
the device’s polarization-dependent behavior. The observed dips offer valuable insights into the excitation
and behavior of SPP modes at the M–S interface, providing a basis for further analysis and optimization of
the device’s performance. To identify the dip corresponding to the excitation of SPPs, we conducted a detailed
analysis of the local electromagnetic profile generated by using the above-described numerical framework.

The dip observed at approximately 5.65 µm is attributed to the excitation of SPPs at the M–S junction
interface, while an additional dip is observed at 6.45 µm. The mode at 6.45 µm appears in the top grating
regions, where a metal-dielectric interface is present, and exhibits standing wave like characteristics. This
suggests that it may corresponds to a grating mode arising from Bragg scattering at the periodic interface.
Although spoof plasmon modes also exhibit strong confinement, they are typically associated with
non-periodic or gradient structures that allow for tailored dispersion control [55–60]. Given that our
structure is strictly periodic, the observed mode is more likely to be a grating mode rather than a spoof
plasmon mode. To definitively confirm the exact nature of these modes, a detailed dispersion analysis would
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Figure 2. (A) Reflectivity spectra of the device coupling structure (see insert) under zero bias, showing TM polarization in red and
TE polarization in blue. (B)–(E) Magnetic field profiles across the device calculated at the wavelengths corresponding to the two
dips in the TM reflectivity spectra, i.e. λ= 5.65 µm and λ= 6.45 µm. (E) Electric field profile across the device calculated at the
wavelength corresponding to the dips in the TE reflectivity spectra, i.e. λ=∼ 5 µm and λ= 9.32 µm. The local field profiles
clearly show the excitation of SPPs at the M–S junction for an incident TM radiation with wavelength of λ= 5.65 µm.

be necessary. However, this falls beyond the scope of the current study and will be addressed in future work.
For the TE spectra, the dip observed at∼5 µm is attributed to coupling with the TE dielectric waveguide
mode, while the dip at 9.32 µm appears to correspond to a cavity mode between the top and bottom
electrodes. Detailed mode profiles for these resonances are presented in figures 2(B)–(E), offering
comprehensive insights into the device’s optical behavior across different frequency conditions. This analysis
not only identifies the SPP-related dip but also differentiates it from other resonances, enhancing our
understanding of the device’s optical response. As expected, SPP modes are exclusively observed under TM
polarization, propagating at the M–S junction. This selective excitation under TM polarization underscores
the device’s polarization-sensitive design and its potential for tunable plasmonic applications.

4. Operational principle of the device

Although previously discussed, we reiterate the device’s operating principle here for clarity and continuity.
Under zero external bias, the device operates in the ‘ON’ state, enabling the excitation and propagation of
SPP modes at the metal/n-doped Ge junction. The concentration of the n-region is deliberately selected to
function as a dielectric at the operational frequency (ωo). Consequently, the initial conditions for the device
create a dielectric metallic boundary, fostering the propagation of SPPs along the M–S interface. Under the
influence of a forward voltage bias (V), current flow or electron injunction is initiated, consequently
modifying the permittivity ( εn) of the n-layer. When the external bias exceeds a critical voltage (V> Vc), the
n-layer undergoes a transition from dielectric to metal-like characteristics. Due to this transition, the
propagation of SPP modes within the active drift-diffusion region is impeded, indicating the ‘OFF’ state of
the device. The critical voltage (Vc) serves as a threshold beyond which the device undergoes a switch from
the ‘ON’ state, where SPP modes freely propagate, to the ‘OFF’ state.

The critical voltage, Vc is obtained from the transparency condition at which the permittivity of the
active region (εn) is zero, Re [εn] = 0. Thus, for a given operational frequency (ωo), the Vc can be expressed
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Figure 3. (A) The devices transmittance for different n-Ge doping concentrations are obtained using the thermo-electro-optic
model (dotted lines) and compared to the WKB approximation (solid lines). The corresponding responsivities are shown as
inserts. (B) The SPPs dispersion at different external bias voltages for n-Ge/Au contact with doping concentration
ND = 1× 1023 m−3. (C) Steady state charge carrier concentration profiles, (D) SPP propagation along the length of the device,
and (E) Local temperature profiles at two different applied voltages. In the calculations, the operation frequency is set at 53.1 THz,
the thickness of the n-Ge layer is d= 1 µm, nb identifies the refractive index of n-Ge, and the overall length of the active
drift-diffusion region is fixed at w= 1 µm.

as, Vc = ϕB +
kBT
q ln

[
εbω

2
o/ωn0

]
, where ωn0 =

√
q2n/ε0me, representing the plasma frequency of electrons in

the active region at thermal equilibrium. Here, n= Nce−qϕ B/kBT, whereme is the effective mass of electrons,
εb denotes the contribution of lattice electrons to the semiconductor permittivity, Nc is the conduction band
density of states and ϕB is the Schottky barrier height [61–63]. For n-Ge/Au contact, with
ND = 1× 1023 m−3, Schottky barrier height ϕB = 0.7V, and SPP excitation frequency f = ω/2π = 53.1THz,
corresponding to λ∼ 5.65 µm in the TM reflectivity spectra (see figure 2(A)), the critical voltage is
Vc = 0.75V. With V< Vc, free carriers (electrons) movement from the metal (Au) layer into the n-doped
layer is restricted due to the presence of the narrow space-charge layer in the semiconducting region.

Our investigation of the device begins by focusing on its input-output characteristics under steady-state
conditions, using the developed numerical model. As illustrated in figure 3(A), a rapid drop in power
transmission is observed when the forward bias exceeds the critical voltage threshold V> Vc, indicating that
the semiconductor layer begins to exhibit metal-like properties. Additionally, a comparative analysis between
the numerical results and an analytical theory based on the Wentzel–Kramers–Brillouin (WKB)
approximation reveals a significant correlation, underscoring the reliability of our numerical model.
Figure 3(A) also illustrates a parametric study investigating the influence of doping concentration on power
transmission. This analysis reveals that higher doping concentrations facilitate the SPP OFF state at a lower
critical voltage. For ND = 1023 m−3, the critical voltage is observed to be Vc = 0.75V. Conversely, for a lower
doping concentration of ND = 1022 m−3, the critical voltage increases to Vc = 0.78V. This behavior can be
attributed to the increased carrier density in the higher doped semiconductor, which enhances the free
electron population available for conduction. As a result, the semiconductor exhibits metal-like properties at
a lower applied voltage, enabling the transition to the SPP OFF state more readily. This parametric analysis
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underscores the crucial role of doping concentration in modulating the device’s operational thresholds and
optimizing its performance for specific applications.

Alternatively, the SPP switching behavior can be analyzed by examining the device’s dispersion
characteristics as a function of the applied voltage. As depicted in figure 3(B), the dispersion curve for SPPs
undergoes notable shifts with increasing voltage, which directly impacts the device’s optical properties. At a
fixed operational frequency of f0 =

ωo
2π = 53.1THz, corresponding to λ∼ 5.65 µm in the TM reflectivity

spectra (see figure 2(A)), and with V= 0V, SPPs can effectively propagate along the M–S interface. This is
indicated by the effective refractive index nspp (f0,V= 0) of these surface modes being greater than the
refractive index nn (f0,V= 0) of the adjacent n-doped layer, ensuring the SPPs are confined and guided along
the interface. As forward bias is applied and increased (V> 0), the dispersion relation for SPPs shifts, leading
to changes in the propagation characteristics. When the applied voltage surpasses the critical threshold
V> Vc, the effective refractive index of the SPP modes in the active region becomes lower than that of the
surrounding n-doped layer, i.e. nspp (f0,V> Vc)< nn(f0,V> Vc). This change in the refractive index results
in a breakdown of the confinement conditions necessary for SPP propagation, leading to a significant
attenuation of the signal within the active region, establishing the OFF state of the device. The change in nspp
is primarily driven by voltage-induced modulation of carrier density in the active region, which alters the
local permittivity and, in turn, the SPP propagation characteristics. Such dynamic control is essential for
developing tunable plasmonic devices, where precise manipulation of SPP modes is required for applications
in signal processing, sensing, and communication technologies.

The signal modulation of the device is quantified using the logarithmic ratio of the output to input SPP
power densities, defined asmp = 10log10 (Pout/Pin). This parameter provides a measure of the device’s ability
to modulate SPP signals under varying bias conditions. From the transmittance plots in figure 3(A), we can
determine the actual modulation of the SPP signal. Significant signal modulations are observed, with
mp >−5.5dB for ND = 1023 m−3 and ND = 1022 m−3 at the critical voltage (Vc). For forward biases
exceeding the critical voltage, modulations reachmp >−29dB for ND = 1023 m−3 andmp >−27dB for
ND = 1022 m−3. The device demonstrates responsivities of more than∆mp/∆V>−1800 dB ·V−1, as
shown in the inserts of figure 3(A). Moreover, the inserts in figure 3(A) reveal the effect of doping
concentration on responsivity. An increase in doping concentration (ND) generally leads to a larger
responsivity, indicating a strong dependence on the carrier density within the semiconductor layer. This
enhanced responsivity is crucial for the performance of the device, as it suggests that small changes in applied
voltage can induce significant modulation in the SPP signal, making the device highly sensitive and efficient.
The device’s ability to achieve such high modulation levels and responsivities underscores its efficacy in
applications requiring precise and rapid control of optical signals, such as in advanced communication
systems, optical computing, and signal processing. The logarithmic relationship between power densities
further highlights the nonlinear response characteristics of the device, which can be exploited for various
optoelectronic applications where signal modulation and switching are critical.

Illustrated in figures 3(C)–(E) are detailed snapshots showcasing the local carrier concentration, SPP
local field profiles, and temperature distributions across the device. As mentioned above, in the absence of an
external voltage bias, the n-doped layer is characterized by a depletion of charge carriers, which permits the
unimpeded propagation of SPP modes at the M–S junction interface. Upon applying an external bias, the
device experiences an increased flow of charge carriers. These carriers, while moving through the lattice of
the semiconducting material, encounter resistance that results in energy dissipation in the form of heat, as
governed by Ohm’s Law, which states that the heat generated (Joule heating) is proportional to the product of
the square of the current and the material’s resistance. This energy dissipation manifests as a temperature rise
in the device, commonly referred to as ohmic heating, as depicted in figure 3(E). The localized heating effects,
particularly near the metal contacts, are primarily due to contact resistance, which can lead to pronounced
temperature increases near the anode. The elevated local temperatures observed near the top electrode can be
attributed to two main processes. First, the higher resistance at the anode side acts as a heat sink, resulting in
increased energy dissipation. Second, the convective heat transfer at the cathode is enhanced due to the larger
surface area available for heat dissipation. These thermal effects not only influence the operational stability of
the device but also affect the performance of the SPP modes, as temperature variations can lead to changes in
the refractive index and the plasmonic properties of the active region. The interplay between carrier
concentration, SPP field profiles, and temperature distribution underscores the complexity of the device’s
operation under bias conditions. Understanding these thermal and electrical characteristics is essential for
optimizing device performance, particularly in applications where precise control of SPP propagation and
minimal thermal disturbance are required. The detailed analysis presented in these figures provides critical
insights into the underlying physical mechanisms that govern the behavior of the device, laying the
groundwork for further refinement and application in advanced optoelectronic systems.
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5. Figure of merit (FOM)

SPPs are tightly confined electromagnetic modes at the M–S interface, with wavelengths significantly shorter
than those in the surrounding dielectric. While this subwavelength confinement is key to enabling compact
device designs, it comes with the drawback of increased propagation losses. Therefore, practical SPP-based
devices must strike a balance between confinement and propagation efficiency. To assess this trade-off, we
introduce two fundamental FOMs based on the optical properties of the M–S interface for various
commonly used Schottky metals.

FOM1 =

∣∣∣∣Re [nSPP]Re [nb]

∣∣∣∣
FOM2 =

∣∣∣∣Re [nSPP]−Re [nb]

Im [nSPP]

∣∣∣∣
FOM1 is defined as the ratio of the real part of the effective refractive index of the SPP mode (nSPP) to the

real part of the refractive index of bulk germanium (nb). This FOM quantifies mode confinement (or
compression) relative to standard dielectric wave propagation, offering a measure of how compact a
plasmonic device can be. A higher FOM1 implies stronger lateral confinement and a reduced effective
wavelength. As shown in figure 4(A), FOM1 varies depending on the choice of Schottky metal. Ag
demonstrates the highest confinement factor (∼8), followed by Cu (∼6), Al (∼5), Au (∼4), and Pt (∼4).
These results emphasize how material choice directly impacts confinement performance, enabling more
compact device architectures. However, operating exactly at the SPP resonance frequency (ωSPP), where
confinement is strongest, often leads to high absorption. Thus, practical operation typically requires a slight
detuning to balance confinement and propagation losses.
FOM2 captures the balance between confinement and propagation loss. It is defined as the ratio of the

real part of the index contrast (nSPP − nb) to the imaginary part of nSPP. Higher FOM2 values indicate lower
propagation losses relative to confinement. Figure 4(B) shows FOM2 for different metals, with Ag again
leading (peak∼40), indicating strong performance. Cu and Al exhibit moderate peaks (∼20), Au reaches
∼10, and Pt remains below 10. The Gaussian-like distribution in the plot reflects minimal FOM2 at both low
and high frequencies due to insufficient confinement or excessive loss. These insights further reinforce the
importance of metal choice in plasmonic device design.

To complement the above two lateral confinement assessments, we define a third FOM (FOM3) to
evaluate vertical confinement within the active region. FOM3 is defined as the ratio of the physical thickness
of the n-doped Ge layer (d, see figure 1(A)) to the SPP penetration depth into the semiconductor (δGe).

FOM3 =

∣∣∣∣ d

δGe

∣∣∣∣ .
Unlike FOM1 and FOM2, which compare different metals, FOM3 is evaluated for the Au/n-Ge structure

used in this study. Figure 4(C) presents a density plot of FOM3 as a function of operating frequency and n-Ge
layer thickness. A higher FOM3 suggests stronger vertical field confinement within the active region, which is
essential for efficient interaction between the SPP field and free carriers. This directly impacts key device
functions such as electro-optic modulation.

For the current device operating frequency near 53 THz and an n-Ge layer thickness of 1 µm, the
extracted FOM1 and FOM2 values for the Au/n-Ge interface remain relatively low, indicating moderate
confinement and higher propagation losses. However, the vertical confinement metric, FOM3, remains
reasonable due to the chosen geometry. To achieve improved overall figures of merit for the Au/n-Ge
configuration, our analysis suggests that operating frequencies closer to 400 THz would be more favorable,
where both confinement and propagation characteristics are enhanced. Among the materials studied, the
n-Ge/Ag interface emerges as the most promising candidate for achieving high-performance plasmonic
behavior, offering the best balance of confinement and low-loss propagation across the evaluated FOMs.

To further evaluate the presented device’s plasmonic switching behavior, we calculate a voltage-dependent
FOM, defined as the ratio of the change in the real part of nSPP to the change in its imaginary part. That is

FOM4 =
∣∣∣∆Re(nSPP)
∆Im(nSPP)

∣∣∣. This FOM effectively captures the trade-off between enhanced mode confinement and

increased propagation loss during switching. As shown in figure 4(D), for both doping concentrations
( 1× 1022 m−3 and 1× 1023 m−3), the FOM4 stays fairly constant with increased voltage bias. Once the
operational voltage reaches above the critical bias (V> Vc), the FOM4 drops, indicating that the carrier
injection into the active region increases loss more than it improves confinement—highlighting the SPP
switching transition. Furthermore, the shift in FOM4 beyond the critical voltage, along with the overall
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Figure 4. FOMs for evaluating SPP performance at the metal/n-Ge interface. (A) FOM1 quantifies lateral mode confinement and
is defined as the ratio of the real part of the SPP refractive index to the refractive index of bulk Ge. (B) FOM2 captures the
trade-off between confinement and propagation loss, expressed as the ratio of the real part of the index contrast to the imaginary
part of the SPP mode index. Both FOM1 and FOM2 are evaluated for commonly used Schottky contact metals (Ag, Cu, Al, Au,
and Pt). (C) FOM3 represents vertical field confinement and is defined as the ratio of n-Ge layer thickness to the SPP penetration
depth into the semiconductor. FOM3 is analyzed specifically for the Au/n-Ge contact used in this study. (D) FOM4 as a function
of voltage for two doping levels ( 1× 1022m−3 and 1× 1023m−3). The figure illustrates how FOM4 drops once the operational
voltage exceeds the critical bias (V> Vc), primarily due to increased loss in the active region. The observed shift in the FOM4

position and the magnitude with doping confirms the strong influence of doping concentration on modulation efficiency.
Overall, the plots collectively guide the design optimization of M–S plasmonic devices.

variation between the two doping levels, highlights that this metric is significantly influenced by doping
concentration. Altogether, the four FOMs mentioned provide a multi-dimensional understanding of device
performance. They serve as critical design guidelines for optimizing metal contacts, operating frequencies,
semiconductor geometry and doping concentrations in M–S SPP-based modulators, detectors, and switches.

6. Transient and frequency response of the device

To assess the response times of the device, we conducted transient analyses under step-type input voltage bias
conditions. The results, displayed in figure 5, depict the behavior across different doping concentrations. In
these calculations, the peak values of the input voltages were fixed above the corresponding critical threshold,
Vc. The findings reveal a notable difference in the rise times of local electron concentration between the OFF
and ON states. This disparity in response times is rooted in the distinct physical mechanisms governing each
state. The transition to the OFF state is driven by the electric field-facilitated charge carriers transport, a
process that is highly efficient under high field conditions. In contrast, the ON state transition is primarily
governed by the diffusion of these charge carriers, a process that is inherently slower due to its dependence
on the gradual movement of carriers through the material. The analysis further indicates that higher doping
concentrations lead to accelerated switching or signal modulation rates. This is because increased doping
reduces the effective resistance of the n-doped layer, thereby enhancing the speed at which charge carriers can
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Figure 5. Output signal of the device (solid line) in response to a step-type input voltage (dashed black line) with a magnitude of
V> Vc = 0.8V for ND = 1× 1022 m−3, ND = 5× 1022 m−3, and ND = 1× 1023 m−3. The signal switches repetitively in
accordance with the external voltage. The operation frequency for the calculations is set at 53.1 THz. The insert shows the
application of a step-type input voltage to the active region of the device.

be injected or removed. As a result, devices with higher doping levels not only reach the critical voltage more
swiftly but also exhibit faster overall response times, making them more suitable for high-speed applications.
The implications of these findings are significant for the design and optimization of semiconductor devices
where rapid switching is critical. The ability to modulate SPP modes at high speeds while maintaining stable
operation under varying doping concentrations highlights the potential of this device architecture in
advanced optoelectronic systems. These results contribute to a deeper understanding of the transient
behavior in semiconductor-based SPP devices and provide valuable insights for engineering devices with
tailored response characteristics to meet specific application needs.

We would like to note that during the ON and OFF transitions, slight irregularities or ‘knicks’ are
observed in the device response. These features may be associated with transient carrier redistribution in the
active region. At higher doping levels, the narrower depletion width results in stronger electric fields at the
M–S interface, potentially amplifying localized effects. During switching, temporary imbalances in carrier
density—such as brief trapping, delayed recombination, or charge buildup—could contribute to these
deviations. Rapid shifts in carrier concentration also impact the interfacial permittivity, possibly introducing
small oscillations in the SPP behavior. While these interpretations are plausible, a more detailed temporal
and spatial analysis is required to accurately determine the origin of these transient effects, which we aim to
explore in future work.

Figures 6(A) and (B) illustrate the frequency response of the device subjected to four distinct sinusoidal
input signals, with driving frequencies spanning from 10 kHz to 10 GHz. Additionally, the figures highlight
the influence of varying doping concentrations on the device’s response, with higher n-doping
concentrations enhancing the 3 dB bandwidth and overall frequency performance. For instance, at a doping
concentration of ND = 1024 m−3, the device achieves SPP modulation with 3 dB bandwidths of
approximately 4 GHz at a DC bias voltage of 0.65 V and around 0.8 GHz at a DC bias voltage of 0.85 V. This
trend underscores the influence of doping and applied voltage on the modulation performance. Furthermore,
the observed frequency response demonstrates only a weak dependence on the small-signal AC voltage,
consistent with theoretical predictions and highlighting the robustness of the device’s behavior under varying
AC conditions. The results also indicate that the SPP modulation capabilities of the device are strongly
influenced by the applied DC bias. Notably, lower DC voltages enable broader bandwidths, suggesting a
critical relationship between biasing conditions and device performance. This behavior can be attributed to
the effects of series resistance, which tends to increase at higher forward biases due to the substantial current
flow. The elevated series resistance not only limits the high-frequency response but also introduces additional
energy dissipation, thereby constraining the achievable modulation bandwidth. Understanding this
dependence is crucial for optimizing the device’s performance in high-speed applications.
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Figure 6. Normalized far-field modulation as a function of the input AC signal frequency, shown for two low-frequency
sinusoidal signals: (A) Vdc = 0.65V and (B) Vdc = 0.85V. The figure illustrates the device’s response for various doping
concentrations. Solid lines represent Vac = 100 mV with brown for ND = 1022 m−3, red for ND = 1023 m−3, and green for
ND = 1024 m−3. The dashed black line represents Vac = 200 mV for the corresponding doping concentrations.

Figure 7. Dependence of the device’s (A) 3 dB OFF times on the applied voltage (V> Vc). (B) 3 dB ON times on the applied
voltage (V> Vc). Doping concentrations for the n-region are ND = 1× 1022 m−3 (blue dots), ND = 5× 1022 m−3 (green dots),
ND = 1× 1023 m−3 (red dots) and ND = 1× 1024 m−3 (orange dots).

7. 3 dB switching time analysis of devices

To assess the device’s voltage dependent and doping dependent switching rates we have performed extensive
studies of the 3 dB ON (τON3dB) and OFF (τ

OFF
3dB ) times. The extracted response times as function of the applied

bias and varying n-doping concentration are shown is figure 7. A detailed analysis reveals that the OFF state
switching times exhibit an inverse relationship with the applied bias beyond a critical threshold (V> Vc);
specifically, the OFF times decrease as the applied voltage increases. This is because, under forward bias, the
effective Schottky barrier height at the M–S junction decreases proportionally to the applied voltage (V).
This reduction in barrier height enables electrons in the n-type semiconductor to acquire sufficient energy,
in proportion to the bias, to overcome the diminished potential barrier. Consequently, these electrons move
from the quasi-neutral region across the junction, transitioning into the metal (Au) as they traverse the M–S
interface. Alternatively, we observe that the ON times exhibit a linear increase relation with the applied bias.
This behavior likely arises from the depletion region regrowing and equilibrium being restored as the
forward bias is removed. The increased Schottky barrier height restricts electron flow from the n-type region
to the metal, gradually returning the diode to its equilibrium state. Recombination and diffusion of excess
carriers within the semiconductor contribute to a progressive reestablishment of the charge distribution.
Since the time required for this transition depends on the initial applied bias, ON times increase
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Table 1. Comparison of the current device with previous PN++ junction-based devices.

Parameter
Si-based PN++
junction [34]

InGaAs-based PN++
junction [34]

Current M–S junction
work

Signal Modulation (m□) >− 100 dB >− 100 dB −29 dB
Responsivity (∆m□/∆V) >− 1000 dB V−1 >− 500 dB V−1 >− 1800 dB V−1

3 dB Response time 100 ps (ON-OFF) 20 ps (ON-OFF) 125 ps (ON-OFF)
3 dB Bandwidth 40 MHz 40 MHz 4 GHz

proportionally with the external bias. This distinctive behavior can be quantitatively explained using a simple
drift-diffusion model of the electron concentration dynamics in the drift-diffusion region.

To understand the effect of n-doping concentration on SPP switching time, we performed a comparative
analysis. Increasing the n-doping concentration was found to reduce the device’s SPP OFF switching time.
This behavior is attributed to a narrower depletion region, a stronger built-in electric field, and increased
junction capacitance at higher doping levels. These conditions facilitate more efficient carrier transport and
enable a faster transition of the active region’s refractive index from dielectric-like to metallic, thus
expediting the switching of SPPs at the M–S junction. On the other hand, the SPP ON switching time is not
heavily influenced by doping concentration. This can be explained by the fact that during the ON transition,
the device operation primarily depends on carrier injection from the metal into the semiconductor, a process
that is less sensitive to doping level variations due to the fixed Schottky barrier height and injection
dynamics. Our data indicate that for a n-doping concentration of 1× 1024 m−3 and sufficiently high applied
voltages, the 3 dB ON and OFF times are approximately 125 ps, allowing switching rates of 8 GHz, suggesting
potential data rates of 16 Gbit s−1. Operating the device at high applied voltages leads to ohmic heating,
raising the local temperature within the device. As electron current increases under forward bias, resistive
(Joule) heating significantly contributes to this temperature rise, following the relationship P= I2R, where
power dissipation at the active region results from resistive losses in the n-doped region. Higher charge
carrier flow enhances this dissipation, elevating local temperatures. Beyond Joule heating, electron-hole
recombination in the space-charge region also generates heat as energy is released when electrons recombine
with holes, causing localized temperature increases near the junction. Altogether, energy dissipation from
electron transport, Joule heating, and carrier recombination in the space-charge and quasi-neutral regions
results in localized heating in the forward-biased Schottky diode.

A comparative analysis of the proposed M–S junction device with previously studied PN++
junction-based devices is summarized in table 1. The results highlight notable advancements in key
performance metrics such as signal modulation, responsivity, response time, and bandwidth. The M–S
junction device exhibits a significantly higher responsivity (>− 1800 dB V−1) compared to Si-based and
InGaAs-based PN++ junctions (>− 1000 dB V−1 and>− 500 dB V−1, respectively). Additionally, while
the 3 dB response time of the M–S junction is 125 ps, slightly higher than InGaAs PN++ junctions (20 ps)
but comparable to Si-based PN++ junctions (100 ps), it offers a substantial increase in bandwidth, reaching
4 GHz, which is an order of magnitude higher than the previously reported 40 MHz. These improvements
underscore some of the performance of the M–S junction device in high-speed applications.

The proposed n-Ge/Au Schottky diode based SPP device is well-suited for fabrication using standard
semiconductor processing techniques, ensuring feasibility for experimental realization and large-scale
integration. The fabrication process involves depositing a thin Au layer on the n-Ge substrate via thermal
evaporation or sputtering, followed by photolithography and etching to define the Schottky contact regions.
Precise n-type doping in Ge can be achieved through ion implantation or thermal diffusion, while rapid
thermal annealing optimizes the Schottky contact properties by minimizing interface states and enhancing
carrier transport. For SPP coupling, a periodic grating structure can be fabricated using electron beam
lithography or Nanoimprint Lithography, with its depth controlled via reactive ion etching or focused ion
beam etching. Furthermore, the device architecture is compatible with CMOS fabrication workflows,
allowing for seamless integration into semiconductor platforms. Wafer-scale fabrication techniques, such as
deep ultraviolet lithography and etch-back processes, enable high-precision patterning over large areas,
ensuring device uniformity and scalability. These considerations highlight the practical feasibility of the
proposed SPP based Schottky diode device, reinforcing its potential for real-world applications in high-speed
optoelectronics, with future experimental efforts focusing on optimizing fabrication parameters and
validating performance.
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In our future work we will focus on exploring the underlying factors that determine the 3 dB response of
the device in greater detail. This investigation will involve an in-depth analysis of the role of diffusion and
depletion capacitance and differential resistance in shaping the time constant of the device. Understanding
these parameters is crucial, as they directly impact the speed at which the device can switch between SPP ON
and OFF states. Furthermore, we plan to investigate the impact of the device’s geometric configurations and
the influence of various metallic contacts on its overall performance. This focus stems from the fact that the
critical voltage is determined by the Schottky barrier height (ϕB), which can be lowered by selecting different
metallic contacts. By optimizing these aspects, we aim to achieve significant improvements in devices
operating voltage and switching speed, thereby enhancing the device’s potential for use in high-speed
optoelectronic applications. Additionally, as mentioned in earlier sections, we aim to account for the
presence of a thin titanium (Ti) adhesion layer, which is typically used during the experimental deposition of
gold gratings. While not directly considered in the current analysis, the Ti layer may influence key factors
such as SPP propagation loss and mode confinement.

8. Conclusion

In conclusion, this study demonstrates the feasibility of a M–S based electro-optic plasmonic modulator for
integration into high-performance plasmonic circuits. By dynamically controlling SPPs at the M–S junction,
the device achieves notable signal modulation, rapid switching times, and high data rates. With responsivity
exceeding−1500 dB V−1, modulation depths beyond−25 dB, and data rates up to 16 Gbit s−1, the design is
promising for optoelectronic applications. Additionally, the devices frequency response using the developed
thermo-electro-optic model confirms the device’s electrical tunability and predicts a 3 dB bandwidth of up to
4 GHz. Furthermore, the study also indicates that increasing doping concentrations and optimizing metal
contacts can potentially enhance device performance and enabling much higher data rates. The scalable
Schottky junction design offers an efficient platform for next generation plasmonic systems, supporting
applications in high-speed communication, optical computing, and sensing.
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Appendix A. Numerical model

To accurately capture the complex multiphysics processes governing the device’s operation—encompassing
its electrical, optical, and thermal responses—a self-consistent thermo-electro-optical model was developed.
This model seamlessly integrates the interactions among electrical charge transport, optical behavior, and
thermal effects using multiple modules in COMSOL Multiphysics. The COMSOL semiconductor module
solves the drift-diffusion equations to determine the distribution of charge carriers (electrons and holes)
across the M–S junction. From this charge distribution, the voltage- and position-dependent dielectric
function is calculated using a Drude model, which incorporates contributions from both electron and hole
plasma. The dielectric function is expressed as:

ε (⃗r,ω,V) = εb −
ω2
pn (⃗r, V)

ω (ω+ iωτn)
+

ω2
pp (⃗r,V)

ω
(
ω+ iωτp

) . (1)

Here, εb = 16.2 for a Ge. The position-dependent electron and hole plasma frequencies,
ωpn (⃗r, V) =

√
q2n (⃗r, V)/ε0me and ωpp (⃗r, V) =

√
q2p (⃗r, V)/ε0mh, are derived from the local carrier

densities n (⃗r, V) and p (⃗r, V), respectively. The relaxation frequencies for electrons and holes, ωτn = q/µnme

and ωτp = q/µpmh, depend on their respective mobilities µn, µp, and effective massesme,mh, which vary
with doping concentration and temperature. This model captures inhomogeneities in optical properties
caused by variations in charge carrier density. Next, full-wave electromagnetic simulations are performed
using the COMSOL Electromagnetic Module (CEM) to calculate the optical response of the device by
solving Maxwell’s equations. These simulations incorporate the complex refractive index derived from the
charge distribution, enabling precise predictions of SPP behavior and light-matter interactions at the M–S
junctions. Thermal effects due to ohmic heating, particularly in the active region, are addressed using the
COMSOL Heat Transfer Module (CHTM). Such heating can alter the properties of the n-type material,
impacting the device’s performance. The thermal, optical, and electrical domains are seamlessly coupled
through the COMSOL Multiphysics interface, allowing integrated simulations of charge transport,
electromagnetic fields, and heat dissipation. This cohesive framework enables detailed predictions of device
behavior under varying conditions, including the influence of thermal gradients on optical and electrical
performance. Such an integrated approach is essential for optimizing the design and efficiency of
plasmonic-based optoelectronic devices.

The developed numerical model was validated for both the electrical and optical behaviors of a planar
M–S (Au/n-Ge) Schottky junction. The numerical current–voltage (I–V) characteristics were benchmarked
against the analytical model (equation (2)) and further validated using experimental I–V data from the
literature [62]. The analytical theory follows the thermionic emission (TE) model [61–63], which expresses
the total current I as:

I= Is exp

(
q(V− IRs)

nkT

)
− Is . (2)

Where I is the total current, Is is the saturation current, q is the electron charge, V is the applied voltage, n
is the ideality factor, k is the Boltzmann constant, Rs is the series resistance and T is the operating (or lattice)
temperature. For the model validation process, the device’s geometrical and material properties were
implemented based on the specifications detailed in the experimental study [62]. However, while the
experimental study utilized a circular contact area of 300 µm, our simulations were conducted with a
rectangular contact area. This difference in contact geometry may contribute to the slight discrepancy
observed between the numerical and experimental data. Despite this, figure 8(A) demonstrates strong
agreement between the numerical, analytical, and experimental data, confirming the model’s reliability in
capturing the electrical behavior of M–S Schottky junctions. Furthermore, the device’s optical behavior was
validated through its zero-bias reflectivity spectra. These numerical results were compared with those
obtained using the transfer matrix method (TMM), a well-established technique for simulating optical
responses in layered structures. The TMM calculations were performed using the same material parameters
and charge carrier distributions as in the numerical model. Figure 8(B) shows the reflectivity spectra, where
the numerical model aligns closely with the TMM results, demonstrating its capability to accurately predict
optical responses, including light-matter interactions and SPP dynamics at the M–S interface.
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Figure 8. Validation of the developed thermo-electro-optical model: (A) Electrical behavior (I–V characteristics) benchmarked
against experimental data (red dots) from [62] and analytical equations (green dashed line); (B) Optical behavior (zero-bias
reflectivity spectra) compared with results obtained using the transfer matrix method (TMM).

Appendix B. Response times

The SPP switching response times are extracted by analyzing the transient evolution of electron
concentration in the active region under step voltage excitation. This electron concentration near the M–S
interface governs the refractive index modulation, and thus directly controls the transmission of SPPs
through the active region. The temporal response is modeled using exponential fits for both the rising (SPP

OFF) and OFF falling (SPP ON) transitions by EOFFc (t) = EOFFc0

(
1− e

− t
τfit

)
and EONc (t) = EONc e

− t
τfit . Here,

EOFFc (t) and EONc (t) represents the electron concentration as a function of time, τfit is the extracted time
constant. For the SPP OFF, the electron concentration in the active region rises from its initial intrinsic level
ni (in the absence of external bias) toward a voltage-dependent steady-state value, given approximately by

EOFFc0 ≈ Nce
−
(

Ec−EF(V)
kBT

)
, Ec is the conduction band edge, and EF (V) is the quasi-Fermi level determined by the

applied bias V. This reflects carrier injection and accumulation due to increased forward bias at the Schottky
junction. For the SPP ON, the electron concentration decays from the voltage-dependent elevated level
EONc0 = EOFFc0 , back toward equilibrium. Since this process is diffusion-limited and governed by the outflow of
carriers from the depletion region, EONc0 corresponds to the maximum concentration previously reached
under bias before the step voltage was removed.

To extract τfit, nonlinear least-squares fitting is applied to the simulation data using MATLAB. The

corresponding 3 dB switching times are then computed using the relation: 10log10

(
e
− τ3dB

τfit

)
=−3 which

simplifies to τ3dB = τfit × ln
(
100.3

)
≈ 0.69 τfit. Figure 9 presents representative ON and OFF fitting results

for two voltages (0.9 V and 0.95 V) across three doping concentrations ( 1× 1022 m−3, 5× 1022 m−3 and
1× 1023 m−3). These cases were chosen to illustrate the combined effects of voltage and doping on switching
speed, and to highlight the trends in transient electron dynamics and SPP modulation.
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Figure 9. Fitted SPP switching response plots for different n-doping concentrations under two bias conditions. (A) and (C) show
the OFF-switching times at 0.9 V and 0.95 V, respectively, while (B) and (D) present the corresponding ON switching times. Each
plot includes results for three doping concentrations: 1× 1022 m−3, 5× 1022 m−3 and 1× 1023 m−3. These representative
cases highlight the combined influence of applied voltage and doping on switching dynamics.
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