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Hot-carrier effect and nanometer metal enabling Si-
based mid-infrared detection beyond Sum of

wavelength

Zih-Chun Su*, Member, IEEE, Yao-Han Dong*, Member, IEEE, and Ching-Fuh Lin, Fellow, IEEE

Abstract—Detection of photons with energy below the bandgap or
Schottky barrier height of silicon has been limited in the past. Here,
we reveal an approach that harnesses hot carriers through
diffusion over a very thin metal to achieve silicon-based mid-
infrared detection. With strong localized surface plasmon
resonance (LSPR) effect to enhance infrared absorption and
diffusion across 10 nm metal in Schottky structure, the hot
carriers can be effectively collected. Such mechanism leads to
responsivity from 0.098 mA/W to 0.237 mA/W for the wavelengths
between 2700 nm and 5300 nm, all corresponding to photon energy
below Schottky barrier height. Our investigation further shows
that inverted pyramidal structures could enhance LSPR and so the
responsivity. In addition, this approach enables us to monitor high
frequency optical signals up to 2.1 MHz. By harnessing hot
carriers and enhancing LSPR, we have not only overcome
previous limitations in silicon-based mid-infrared detection but
also opened up new possibilities for advanced photonics and
optoelectronics applications.

Index Terms—Localized Surface Plasmon Resonance, Mid-
infrared (MIR) Detectors, MIR Sensors, Photodetectors, Silicon,
Silicon Photonics, Schottky Devices, Schottky Diodes, Ultra-
broadband Infrared Photon Detection Technique.

I. INTRODUCTION

NFRARED detection is important for diverse applications
due to its ability to sense and detect wavelengths beyond
the human eye's range (A > 800 nm). Fields such as atomic
physics[1], astronomy[2], and medicine[3-5] rely heavily on
broadband optical detection, particularly in the mid-infrared
range. The past works have focused on mid-infrared photonic
integrated circuit sensing platforms based on material such as
narrow-gap semiconductors (InGaAs[6-9], InAs[10], InSb[11],

Ge[12], and HgTe[13]), tunable energy-gap 2D
materials[14,15], and heterostructures of narrow-gap
semiconductors (quantum well structures and

superlattices[16,17]). However, integrating these materials with
silicon is challenging due to the lattice mismatch, which
requires finely controlled epitaxial fabrication and longer

This work has been financially supported by Ministry of Science and
Technology (MOST) and National Science and Technology Council (NSTC) in
Taiwan under the contract number of MOST 108-2221-E-002-145-MY3/
MOST 110-2218-E-002-032 -MBK/MOST 111-2218-E-002-019 -MBK/
MOST 111-2221-E-002 -080 -MY3/ NSTC 112-2218-E-002-035-MBK.
Besides, the authors thank to Prof. C.S. Lin and Ms. Y.T. Lee of
Instrumentation Center, National Taiwan University for FEG-SEM
experiments. (Corresponding author: Ching-Fuh Lin.)

Zih-Chun Su is with the Graduate Institute of Photonics and Optoelectronics,
National ~ Taiwan  University, Taipei 106319, Taiwan (e-mail:
f06941006@ntu.edu.tw).

process durations[18]. To address this, Si-based infrared
detection ideas have been proposed, such as antenna-assisted
Silicon waveguide-based bolometers[19,20], which rely on the
reflective spectra [21] or thermal conductivity to achieve mid-
infrared sensing on silicon, but their response speed is typically
slower than 3 us[19,20].

As a low-cost and high-sensitive alternative, the Schottky
devices with LSPR effect which have the advantage of easy
integration with complementary metal-oxide semiconductor
transistors[22,23] are excellent candidates for Si-based mid-
infrared detection. Although metals have the potential to
develop infrared sensing because of their non-energy gap
properties that allow full-band photon absorption, thick metals
may reflect the light strongly and exhibit long transportation
time. Therefore, the thickness of the metal absorbing layer
needs to be controlled at the nanometer scale. In recent years,
there have been many discussions between the hot carrier effect
with LSPR and nanoscale metal material on the near-infrared
band spectrum response [24,25]. In 2017, Zhiyang et al.[24]
proposed an Au nanoparticle covered silicon structure with
photoresponsivity at the wavelength range of 1200—1475 nm.
The relation between responsivity and location of excited hot
carrier has also been demonstrated by Yusheng et al.[25]. To
detect spectrum response longer than1700 nm, the
photodetector responsivity is improved by the LSPR-induced
structure, which traps incident photons and covers from 300 to
2700 nm[26]. However, these studies focus on the design of
structures in the visible and near-infrared spectral bands,
combining internal light emission mechanisms to investigate
infrared light detection. There are still technical bottlenecks in
the research of the infrared spectral band for lower energy
photons. To detect photons with energy lower than the Schottky
barrier height, further exploration of the dynamics of the hot
carrier interactions is necessary.

Here we report on the discovery of mid-infrared light
detection using a Schottky diode that incorporates a hot-carrier
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effect, a nanoscale metal material and a LSPR structure. The
planar Cr/n-Si Schottky device could only detect mid-infrared
light with responsivities in the range of nA/W to UA/W.
However, introducing a strong LSPR structure increases the
responsivities to near mA/W scale. This mechanism also
enabled detection of wavelengths up to 5.3 um with a response
of up to 0.237 mA/W, which broadens the detection spectrum,
compared to the planar device. Notably, this mechanism is
different from the photo-thermoelectric (PTE) mechanism that
detects infrared signals based on photothermal conversion and
thermoelectric effect. It allows us to achieve 2.1MHz frequency
response without sacrificing responsivity. Based on these
advantages, Schottky junction with hot-carrier effect provides
an opportunity to realize low-cost, silicon-based broadband
infrared light detection.

Il. MATERIALS AND METHODS

In previous research, we focused on planar metal-insulator-
semiconductor structures [27,28], successfully reducing the
Fermi level pinning effect and lowering the Schottky barrier,
thus enhancing the responsivity of device. Based on the results
from planar devices, hot carrier Schottky devices are capable of
detecting tiny mid-infrared optical signals. In this work, we
further increased the incident light absorption of the device and
explored methods to collect hot carriers before decay, aiming to
achieve the detection of low-energy photons. To increase the
incident light intensity on the silicon substrate with
wavelengths ranging from nanometers to micrometers, a
periodic array of inverted pyramid structures (IPS) was
fabricated on the surface of hot carrier device. At the same time,
the thickness of the Schottky metal was controlled at 10 nm to
prevent reflection from metal, ensuring that hot carriers are able
to cross the Schottky interface before decay. To improve the
signal-to-noise ratio (SNR) and reduce the Schottky barrier, a
thin oxide layer was also added between the Schottky interface.

2.1 LSPR induced hot carrier effect

In recent years, research on surface plasmon-induced hot
carrier effects has gained significant attention. Surface plasmon
refers to the collective oscillation of electrons on a metal surface
induced by external electromagnetic fields, and it exhibits
unique optical and electronic properties distinct from bulk
materials [29-32]. When surface plasmons couple with incident
photons, it leads to a highly efficient energy transfer [33-38],
enabling the absorption of longer-wavelength photons and
conversion into hot carriers within the metal thin film layer [39-
44]. The aim of this work is to enhance the response of
photodetectors in the infrared wavelength range by utilizing
another surface plasmon effect, namely, localized surface
plasmon resonance (LSPR) structures. In contrast to surface
plasmon resonance (SPR), LSPR is generated through metal
nanostructures, contributing to the enhancement of localized
electric field distribution hotspots. The resonant wavelength of
LSPR is closely related to the size and shape of the local
structure, allowing for control by adjusting the characteristics

of nanostructures [45,46]. Although the effects of LSPR are
similar to surface plasmon polaritons (SPP) generated by SPR,
LSPR does not require the use of gratings, prisms, or
subwavelength structures to match the incident wave vector for
electromagnetic field coupling. Compared to SPR, LSPR has
more relaxed coupling conditions and can easily achieve
coupling with plasmon resonances and enhanced absorption of
incident light by selecting different materials and adjusting the
morphology of nanostructures [47-49]. To achieve the
induction of localized surface plasmon resonance and optimize
the light-responsive behavior in a super-wideband spectral
range, this study explores a structure based on a novel concept,
as depicted in Figure 1, by combining a Schottky photodetector
with an inverted pyramid structure (IPS). The height of the
inverted pyramid cavities and the angle between each sidewall
are set at 54.74°. Through near-field simulations with x- and y-
polarized light incident on IPS, this structure is demonstrated to
induce super-wideband localized surface plasmon resonance
and exhibit excellent electric field distribution within the
inverted pyramid cavities. Ultimately, through plasmon decay
at the Schottky junction, a substantial number of hot carriers is
generated, thereby enhancing the conversion efficiency.

Fig 1. Schottky photodetector with an inverted pyramid array
structure

COMSOL software allows us to simulate the LSPR intensity
under different wavelength conditions. Simulating LSPR
intensity for various surface structure sizes enables us to
specifically compare the effect of size on the conversion of hot
carriers. The simulation and modeling utilized a structure
featuring an inverted pyramid array. Near-field simulations
were carried out for x- and y-polarized light incidents on the
inverted pyramid array to induce localized surface plasmon
resonance (LSPR). The height of the inverted pyramid cavity
and the angle between each sidewall were set at 54.74°,
referencing the crystal orientation of the silicon substrate.
Simulations conducted with COMSOL software explored
LSPR intensities under different wavelength conditions,
particularly focusing on simulating LSPR intensities for various
structure sizes. The inverted pyramid structure used in these
simulations is illustrated in Figure 2(a), featuring a 10 nm Cr
metal surface on the silicon substrate. Simulations involved x-
and y-polarized light incident on the inverted pyramid structure
(IPS), guiding light into the pyramid structure from the top.
Figure 2(b) provides the simulation results of the electric field
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for the LSPR structure on the IPS surface. The generation of hot (a) IR Light Input
carriers caused by plasma decay depends on photon absorption. .
Previous studies have demonstrated that the measured
photocatalytic activity spectra or photocurrent response rates
are related to the absorption spectra associated with the
localized surface plasmon enhancement [51,52]. Enhanced
absorption spectra are further correlated with local field
intensity (E) and area (A) [53-55]. It is noteworthy that the hot
carriers with a distance from the photosensitive interface may A ,
undergo recombination, or other forms of energy loss. Only the B 5
hot carriers generated in regions meeting the conditions of °
localized surface plasmon enhancement and being closer to the )
interface than the mean free path can participate in the transfer (b) :
of the hot electron energy. The area (Arspr) that meet the Winkkormance
conditions of localized surface plasmon enhancement and mean
free path is shown in Figure 2(b). The impact of structural sizes
on LSPR at the photoelectric conversion interface is illustrated
in Figure 2(c). Here, areas that do not meet the conditions of
localized surface plasmon enhancement and mean free path are
excluded to clearly present the distribution of areas (Acspr)
meeting these conditions. The effects of the structural size on
the localized surface plasmon resonance are related to the area
parameter (ALser). TO quantify photon absorption, we use the
parameter | spr to define the enhanced light absorption intensity
under different wavelengths, and compare the Il spr Of (C) .
components of different sizes, shown in Figure 2(d).

lambda0(19)=6 ym

2 Strong LSPR areat |\ wilo/ [
Ipspr = flE(ALSPR)l dA 1) l \ . “ \\’@ }7/
In Figure 2(d), the I spr parameter of pyramid structures with Y ‘” <1
sizes ranging from 4 to 20 pm within the wavelength range of :
2 to 10 um are demonstrated. The I spr curves are normalized et /
with the I spr curve of 20 pm pyramid structure and describe Sum 12pm
the results using arbitrary units, which provide a more intuitive
representation of the enhanced photon absorption effect, as (d)
shown in Figure 2(d). From the perspective of fixed wavelength 10°
bands, taking the 5 um wavelength as an example, the relative y ﬁi : :::j:, :
intensity change of enhanced photon absorption produced by — 107 K.
the pyramid structures of 4, 8, 12, 16, and 20 pm compared to = 102 W
the intensity of the 8 um pyramid structure is 0, 1.00, 7.91, 54.2, & 3
and 529.1, respectively. In addition to observing that the x 10
pyramid structure provides a wide wavelength range of electric % 10%}
field resonance effects, we also found that the size of the B _

. . e g L. | 10 Size of IPS Strucrure
structure is a crucial parameter that significantly limits the — o 4 um—o—8 um—o— 12 um
wavelength band of the LSPR. A pyramid structure with a size 10° ﬂ | Co—16um—a—20um __
of 4 um can only generate LSPR effects at wavelengths shorter 2 3 4 5 6 7 8 9 10
than 4 um, while a pyramid structure with a size of 8 um can Wavelength (um)

achieve LSPR effects at wavelengths shorter than 8 pm. Based
on these findings, we subsequently fabricated pyramid
structures with a size of 20 um to achieve a broader LSPR
range. Larger pyramid sizes correspond to higher I spr, and
larger structural sizes are also expected to correlate with
stronger absorption spectra and higher optical responses.

Fig 2. (a) The inverted pyramid structure used in
COMSOL simulations (b) The result of the electric field
simulation (c) The simulation of COMSOL (d)The total
LSPR effects of pyramid structures with sizes of 4, 8, 12,
16, and 20 um in the wavelength range of 2 to 10 pm
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2.2 Device Fabrication

This paper follows the fabrication method shown in Figure
3(a) for a silicon-based LSPR structure proposed by our
research team [26]. The process of LSPR structure includes the
deposition of silicon dioxide (using PECVD), lithography
process, dry etching, and wet etching to define the pattern on
the silicon substrate. Notably, we encountered a fabrication
challenge when scaling up the structure to a 20 pm full inverted
pyramid array. The difference between the vertical and
horizontal etching rates affects the uniformity of the LSPR
structure in the KOH wet-etching process, which is particularly
important during the long etching time required for the larger-
period pyramid process technology.

The uniformity of the LSPR structure is determined by the
pattern of the silicon dioxide layer, which does not react with
the KOH etching solution. When exposed to KOH, the silicon
(Si) bonds on the substrate will combine with hydroxide ions
(OH") to form Si(OH).?*. Due to the high electronegativity of
oxygen in Si(OH),*, the electrons in the Si-Si bond are
continuously attracted to the hydroxide ions, which weakens the
Si-Si bond. Because Si(OH)2?* dissolves easily in water, the
attracted Si-Si bond will eventually break. The different
etching rates of the Si substrate (100) and (111) crystals result
in the initial Si surface eventually being etched into an array of
pyramidal structures whose size slowly increases with time. At
the same time, the contact area between SiO; and Si keeps
decreasing and hydrogen gas is continuously generated at the
contact boundary. These 2 points may lead to the phenomenon
of SiO, exfoliation. Once SiO; exfoliation occurs, irregular,
random-sized pyramidal mounds appear on the Si substrate
after the wet-etching process, instead of a periodic pyramidal
distribution. To maintain the structural uniformity and avoid
over-etching during the long etching time, the design of the
mask is crucial. By adjusting the duty cycle of the pattern and
precisely controlling the temperature of the etched KOH
solution to reduce the different durations of vertical and
horizontal etching, the flaking of the silica layer could be
avoided and the structural homogeneity could be maintained
under long etching times. The completeness of the pyramidal
structure was confirmed through the scanning electron
microscope images shown in Figure 3(b-c). It is worth noting
that previous works, such as reference [25], focused on the
generation of randomly distributed pyramid structures to
enhance such effects. While these studies observed enhanced
responses and expanded detection spectrum, the lack of
consistent and quantifiable features in randomly sized
structures makes it challenging to effectively discuss the
localized surface plasmon resonance effects from pyramids of
different sizes across various spectral bands. In contrast, our
structured approach here provides a systematic and quantitative
exploration of ultra-broadband LSPR effects, laying the
foundation for a more comprehensive understanding of the
induced phenomena.

In metal/silicon interface photodetectors, the presence of

Fermi level pinning [56,57] limits the barrier height and further
restricts the detectable wavelength range of nanoscale-
metal/silicon interface infrared photodetectors. Since Fermi
levels of two materials must align with each other at the
interface, there exist gap states that decay deeper into the
semiconductor, known as metal-induced gap states (MIGS)
responsible for a pinning of the surface energy state regardless
of the metal used, namely the Fermi-level pinning. Regardless
of the metal used, there exists a barrier height of about 1/2 the
semiconductor bandgap. The silicon substrate with inverted
pyramid structure was placed in piranha solution to form a layer
of SiO; with thickness much less than 10 nm on the surface of
the pyramid structure. The insulating layer is to weaken the
penetration of metal wave functions into the semiconductor,
reducing MIGS and thus reducing the pinning effect[58-60].
Subsequently, 10-nm thick chromium film was evaporated by
electron beam evaporator as the Schottky contact. On the other
side of Si substrate, 10-nm thick titanium film was first
evaporated as an attachment layer, and 100-nm thick gold was
subsequently evaporated as a good conductive layer. So far, the
surface plasma resonant Schottky infrared photodetector with
inverted pyramid structure was completed. The component
structure is shown in Figure 3(d).

Furthermore, the determination of the theoretical barrier
involves primarily utilizing the thermionic emission equation
[61-63] to fit the I-V curves (Figure 3(e)). In the thermionic
emission equation, V and | represent the applied bias and
experimentally measured current of the device, respectively. A,
A*, k, and g are known parameters representing the area of the
device, Richardson constant, Boltzmann constant, and electron
charge, respectively. Analysis parameters include Rs (series
resistance), ®g (barrier height), T (temperature), and n (ideality
factor). In our previous studies, the reliability of fitting results
has been explored using multiple fitting verification methods.
For Schottky devices, an equivalent circuit incorporating a
series resistance can be employed to introduce an additional
controllable series resistance as an experimental variable
parameter. The measurement system for the device and external
resistors involves a direct series connection, and the IV
characteristic curves are recorded using a Keithley 2400 source
meter. By evaluating the numerical error rates between fitting
and actual added resistances, we can determine the most
reliable parameter combinations among various fitting results.
The theoretical barrier height was mainly determined by fitting
the 1-V curves (Figure 3(e)) with the thermionic emission
equation[61-63]. In Table 1, the barrier height was found to be
0.4775¢V, which limits the long-wavelength detection
threshold below 2600 nm.
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Fig. 3. LSPR structure: (a) process of silicon-based LSPR
structure; (b) top view of LSPR structure using a scanning
electron microscope; (c) side view of LSPR structure using a
scanning electron microscope; (d) 3D schematic of LSPR
Schottky device; (e) the current-voltage curve and the fitting
parameters.

Table 1. Fitting results of IV curve with the thermionic emission
equation[61-63]

Fitting Parameters Value
Series resistance (Q) 15.435
Ideality factor 1.8162
Barrier height (eV) 0.4775
Temperature (K) 290.08

I11. Discussion

3.1 Enhanced mid-infrared response LSPR-induced hot
carrier effect

The mid-infrared response measurement system is set up, as

shown in Figure 4(a). A heated ceramic chip emits broadband
blackbody radiation from 2 um to 24 um, which is then filtered

at 2700, 3460, 4260, and 5300 nm to output specific
wavelengths that illuminate the Schottky device. The
blackbody radiation's continuous output is converted to an
optical signal of the on/off keying (OOK) type by an optical
chopper. The filters used were bandpass filters manufactured by
Edmund Optica, Inc. The Bruker vertex 70 Fourier transform
infrared (FTIR) spectrometer was adopted to measure the
transmittance spectra in the nitrogen atmosphere. The filter had
a maximum of 70-80% peak penetration, with a bandwidth in
the range of 200-600 nm. Besides, Vis-NIR spectroscopy was
measured using a JASCO v770 spectrometer to confirm that no
light leakage occurred in the visible and near-infrared regions.

Due to the weak signal of hot carriers, a low noise
preamplifier (SR560) is used in the system to enhance the
electrical signal before it enters the Oscilloscope (Tektronix
TDS 3032B). During the measurement process, the gain of the
low noise preamplifier (SR560) is set to 10* times. In order to
obtain more accurate power values, a commercial 111-V detector
(Thorlabs PDAL10OPT) was used for signal measurements at
different temperature light sources. Consequently, electrical
signals converted by the Schottky device can be observed on an
oscilloscope after amplification.

The device size is 2.5x2.5 cm?, which is relatively large.
Thus, the optical chopper used in the experiment cannot achieve
rapid switching during the modulation of the light signal. This
is why the measurement results in Figure 3 exhibit a signal that
closely resembles a sine wave. The signal frequency is set at
379 Hz, which is a prime number and significantly different
from multiples of the 60 Hz of the AC equipment (light source)
used in daily life, effectively improving the accuracy of the
results. The blackbody radiation source's temperature is set
from 25 °C to 450 °C. However, the signal is too small to
measure until 345 °C. The current variation over time measured
using the silicon-based Schottky device is also a signal in the
OOK form. The highest and lowest data of the signal and the
filtered source's power are taken into account.

Figures 4(b-e) illustrate the infrared signal measurements of
silicon-based Schottky devices at wavelengths of 2700, 3460,
4260, and 5300 nm. The trend of response variation with power
can be obtained by calculating the variation in current levels.
Figure 4(f) shows that the response superlinearly increases with
the incident light intensity. Another interesting phenomenon is
that as the wavelength (um) increases, the measured response
gradually increases. The responsivities of hot carrier device for
the 2700, 3460, 4260, and 5300 nm are 0.098, 0.152, 0.224, and
0.237 mAJ/W, respectively. The explanation for these two
phenomena lies in the hot carrier mechanism. When light
irradiates a metal surface, it generates a surface plasmon. As the
surface plasmon decays, its energy is transferred to the carrier,
forming hot electrons. These generated hot electrons will
diffuse towards the metal/silicon interface, gradually losing
their energy during this process. To maximize the generation of
hot carriers, the influence of surface plasmons is of paramount
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importance. Notably, the pyramid structure demonstrates a
superior ability to generate a strong electric field resonance
effect, compared to a planar structure, thereby enabling the
experimental generation of a great number of hot carriers. This
abundance of hot carriers enhances the potential for energy
exchange among them. Moreover, this increased number of hot
carriers lead to fast diffusion to the metal/silicon junction,
increase the number of hot carriers with energy above the
Schottky barrier, and so facilitate the detection under higher-
intensity light conditions. This phenomenon is visually
represented in Figure 4(f), illustrating how the response exhibits
a superlinear increase with the incident light intensity.
Additionally, our simulations have provided another important
insight. In addition to the broad wavelength range of the electric
field resonance effect observed with the pyramidal structure, we
have also identified a gradual increase in the electric field
resonance strength as a function of wavelength in the optical
field simulation of the 20 um-sized pyramidal structure. The
ILspr integrals have been found to increase from 6.6x107! to
2.1x10% (V2-m) at incident wavelengths within the range of
2.7-5.3 pum, respectively. This observation aligns with our
experimental results and indicates a consistent trend of
increasing field strength with longer incident wavelengths. In
summary, longer wavelengths of incident light in the 2-6 um
band generate stronger electric field strengths in the 20 pm
structure, leading to more number of the hot carriers and thus
higher measurement responsivity.
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Fig. 4. Hot-carrier effect on silicon-based Schottky devices:
(a) measurement setup, green field is the transmission
spectrum of 2700, 3460, 4260, and 5300 nm band pass
filters; (b-e) the measurement signal of the device at 2700,
3460, 4260, and 5300 nm band; (f) response plotted for
different temperature light-source power on the device after
filtering.

Detectivity is a significant indicator used to evaluate the
superiority of detectors[64]. A higher detectivity value
indicates a better-performing detector. Detectivity can be
understood as the ratio of the signal-to-noise that a detector can
generate for 1 W of incident light on an area of 1 cm2with a
noise bandwidth of 1 Hz. By multiplying by the square root of
the area, the detectivity also eliminates the area’s effect, making
it a more objective measure of the device’s performance. The
formula for detectivity is shown as equation (2):

D" = JAAF Responsivity )

Noise

where A is the effective area of the detector (6.25 cm3, R is
the responsivity, Af is the bandwidth, and Ineise represents the
value of the 1 Hz noise spectral component. Table 2 lists the
optimal responsivity and detectivity of the hot carrier devices
in each wavelength band.

Table 2. the optimal responsivity and detectivity of the hot
carrier devices in each wavelength.

Wavelength (nm) Responsivity (mA/W) D*(cmHzY2W-1)

2700 0.098 3.230x108
3460 0.152 4.998x108
4260 0.224 7.336x108
5300 0.237 7.754%10°
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3.2 Response speed of hot carrier device

Itis also interesting to investigate the response speed of such
detectors using the hot-carrier effect. In the measurement
system for different wavelengths illustrated in Figure 4, we
employed an optical chopper to modulate the light signal. This
decision was made considering experiments involving a
broadband infrared light source combined with infrared filters
at different specific wavelengths. However, it is important to
note that the optical chopper modulates the light signal through
physical rotation, limiting the modulation frequency to the kHz
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level and preventing faster modulation. Thus, to explore the
response speed of detectors with the hot carrier effect, in the
section discussing frequency response, we chose a mid-infrared
LED that can be electrically modulated to generate higher-
frequency infrared signals.

Figure 5(a) shows the measurement system. A 4300 nm LED
(Thorlab-4300W) served as the light source, modulated by a
sinusoidal signal generated by a waveform generator with a
frequency range from 0.1 kHz to 10 MHz. To prevent distortion
of the LED output signal, the waveform generator not only
provided a sinusoidal signal for the LED's periodic variation but
also maintained an offset forward bias voltage to control the
operational point of the signal modulation. Initially, we used a
Thorlab InAsSb detector with an internal amplification circuit,
with a limited 3dB bandwidth to 1.6 MHz to verify the
frequency response, as shown in the obtained data (Figure 5(b)).
This electrical modulation of the light signal allowed us to
explore the frequency response by varying the modulation
frequency. Importantly, in these measurements, we maintained
a constant pulse width and duty cycle, achieving modulation by
changing the frequency of the sinusoidal signal. After checking
with the commercial detector, we then measured the hot-carrier
device and used a low-noise voltage preamplifier SR560 to
amplify the signal. The frequency response of the hot-carrier
device and pre-amplifier (SR560) is shown in Figure 5(c). In
the 3dB frequency range of the pre-amplifier (SR560), the
extremely thin metal material in the hot-carrier device
facilitates the fast separation and transport of the photoexcited
hot carriers, resulting in an increased response with frequency
in the range from 0.1 to slightly above 1 MHz. The measured 3
dB bandwidth is 2.1 MHz, limited by the pre-amplifier (SR560)
bandwidth. Hence, the response speed of the hot-carrier device
is faster than 1 ps. In comparison, the response speed of a
typical silicon-based bolometer is around 5ms[65]. With
assistance from nanometallic antennas, the response speed of
silicon-based bolometers can be accelerated to 3~13us[19,20].
The ultra-fast response speed of the hot-carrier Schottky chip
makes its potential applications superior to those of bolometers.
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Fig. 5. (a) The measurement setup of infrared frequency
response (b) The frequency response of Thorlab InAsSb
Amplified photodetector (c) The frequency response of the
hot carrier device with pre-amplifier SR560 (red line) and
the frequency response of the pre-amplifier SR560 (black
line)

Importantly, the phenomenon causing the device to sense
photons with wavelengths >2700nm is attributed to multiple
excitations, specifically the mechanism of hot -carriers.
According to the energy conversion principle in the theory of
hot carriers, carriers in the metal layer, upon absorbing energy,
generate hot carriers. These hot carriers can surpass the work
function effect and transition to another material state through
energy conversion [66, 67]. When the incident light injects hot
carrier generation, it initiates a series of collisions between hot
carriers and the lattice, as well as energy exchange between cold
carriers and hot carriers[68-70]. Such a process greatly expands
the measurable spectral range, surpassing the measurement
limit typically caused by energy gaps[71-73], as illustrated in
the diagram below. Furthermore, we do not deny that some of
the measured responses may be attributed to tunneling effects,
as theoretically, the occurrence of tunneling effects is not zero.
Therefore, both discussing the combined effects of tunneling
and hot carrier mechanisms, as well as distinguishing between
tunneling and hot carrier effects, will be one of the directions
for future research.
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Fig. 6. Silicon-based hot carrier low-energy photon
detection mechanism: (a) hot carrier energy redistribution;
(b) hot carrier spatial diffusion
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The reason for the ultra-fast response speed of the hot-carrier
device can also be explained by hot carrier theory. In Figure 7,
electrons of different colors represent carriers with different
energy levels. Figure 7(a) illustrates the process of hot carrier
excitation, where gray electrons in the ground state are excited
to become red hot carriers through the absorption of light. In
Figure 7(b), the process of spatial and energy diffusion is
shown. During this stage, the energy of the hot carriers
gradually changes from red to yellow and blue. Yellow hot
carriers represent higher energy levels compared to the red hot
carriers excited by light, while blue indicates lower energy
levels than the red hot carriers excited by light. At the Schottky
interface, the hot carriers (yellow) with energy higher than the
barrier can overcome the barrier height, generating a
photocurrent. On the other hand, the hot carriers with
insufficient energy (blue) cannot pass the barrier. These carriers
accumulate at the interface and affect the subsequent energy
distribution of the hot carriers during continuous irradiation. In
Figure 7(c-d), the diffusion process of carriers is shown when
low-energy hot carriers accumulate at the interface. Due to the
presence of low-energy hot carriers at the interface,
subsequently, excited hot carriers (brown) do not possess higher
energy than the initially excited thermal carriers (yellow)
because the low-energy hot carriers will interact with the high-
energy hot carriers, effectively reducing the number of high-
energy hot carriers.

Additionally, accumulated charges at the interface generate
an electric field in space. This electric field may impact the
diffusion of hot carriers, and the specific degree of influence
depends on the strength and direction of the electric field. Since
the electric field's direction is opposite to the diffusion direction
of hot carriers, it applies resistance, affecting the motion of hot
carriers. The electric field imparts field forces on carriers,
hindering their migration. Initially, under illumination, the
energy barrier at the interface blocks some hot carriers.
Although over time the number of hot carriers unable to
overcome the energy barrier decreases, those unable to rapidly
descend to the Fermi level at the next time point will impact
incoming hot carriers. After energy exchange, subsequent hot
carriers exhibit less energy, making it more challenging for
them to overcome the energy barrier and generate electrical
signals. These low-energy hot carriers accumulate over time,
increasingly affecting high-energy hot carriers, resulting in
fewer and fewer hot carriers overcoming the energy barrier. As
time progresses, due to the offsetting of the decayed carriers
with the generated carriers, the number of carriers accumulating
at the interface does not increase in quantity but maintains a
dynamic equilibrium between generation and decay. When
charges are present near the interface, they create an electric
field that exerts forces on electrons and hot carriers moving in
that region, potentially hindering or promoting the diffusion of
hot carriers. This process causes a stable frequency response in
the 100 kHz to 1 MHz range but a rapid decline in the frequency
range below 10 kHz.
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Fig 7. The four-step hot carrier dynamic theory of hot
electron in metal material (a)the process of hot carrier
excitation (b) the process of spatial and energy diffusion
(c)the process of hot carrier excitation when low-energy
hot carriers accumulate at the interface (d) the process of
spatial and energy diffusion when low-energy hot carriers
accumulate at the interface

V. CONCLUSION

In the research of Schottky devices, the internal
photoemission (IPE) mechanism and the Schottky barrier
height have been considered as the main factors for detecting
optical signals. Light with energy lower than the barrier height
is considered unable to be detected. However, this work
explores the utilization of the hot carrier effect in nanoscale
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metal materials to effectively collect hot carriers before decay,
and extends mid-infrared detection to wavelengths of about 5.3
um. Besides, the periodically arranged inverted pyramid
structure was developed to achieve a broad-spectrum LSPR,
including the mid-infrared range. With a strong LSPR structure,
the responsivities were increased from the nA/W to near mA/W
scale. Even at wavelengths up to 5.3 pum, the hot carrier
mechanism also led to the responsivity of hot carrier device up
to 0.237 mA/W. As a result, this work reveals a broadband
optoelectronic detector capable of detecting wavelengths from
2.7 10 5.3 um. Moreover, the 3 dB bandwidth of the hot carrier
device is found to be 2.1 MHz in this study. In the future, this
high-speed and low-energy photon sensing silicon-based
technology may be combined with current silicon-based
complementary metal-oxide-semiconductor (CMOS)
technology to further achieve lower cost silicon-based mid-
infrared semiconductor integrated chips.
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