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Abstract

Hot electron photodetection based on metallic nanostructures is attracting significant attention
due to its potential to overcome the limitation of the traditional semiconductor bandgap. To
enable efficient hot electron photodetection for practical applications, it is necessary to achieve
broadband and perfect light absorption within extremely thin plasmonic nanostructures using
cost-effective fabrication techniques. In this study, we demonstrate an ultra-high optical
absorption (up to 97.3% in average across the spectral range of 1200—2400 nm) in the ultrathin
plasmonic nanoneedle arrays (NNs) with thickness of 10 nm, based on an all-wet metal-assisted
chemical etching process. The efficient hot electron generation, transport and injection at the
nanoscale apex of the nanoneedles facilitates the photodetector to achieve a record low noise
equivalent power (NEP) of 4.4 x 10712 W Hz%° at the wavelength of 1300 nm. We elucidate
the hot-electron generation and injection process through a transport model based on a Monte
Carlo approach, which quantitatively matches the experimental data. We further integrate the
photodetector into a light imaging system, as a demonstration of the exceptional imaging
capabilities at the near-IR regime. The study presents a lithography-free, scalable, and cost-
effective approach to enhance hot electron photodetection, with promising prospects for future

imaging systems.
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1. Introduction

Near-infrared (NIR) photodetectors are crucial in various technological applications, such
as optical communication, imaging, and sensing, etc.['™ Silicon-based photodetectors possess
several advantages, including high stability, compatibility with complementary
metal—oxide—semiconductor (CMOS) technology and low cost.[’! Despite the benefits, they
have a limitation of working in the telecommunication band due to transparency in this regime.
(61 To address this limitation, alternative semiconductors with narrower bandgaps, such as Ge
and 111-V (GaSbh, InAs, and GaAs) and 11-VI (HgCdTe) materials, have been developed for the
NIR regime.”'% However, these materials are expensive, complex to process, and
incompatible with silicon-based CMOS technology. One potential solution to this challenge is
to harvest hot electrons generated from plasmon decay in metallic nanostructures.!*t?
However, plasmonic nanostructures with efficient hot electron photoconversion and ease of
fabrication for practical photodetection technology remain elusive.!'3~18!

In recent years, various metallic nanostructures have been explored to boost hot electron
generation and extraction, including nanoantennas, gratings, embedded nanowires (NWSs),
nanoholes (NHs), nanobowls, pyramids, nanocubes, and deep trenches, etc.>'3-2%1 However,
the broadband perfect absorption performance is still limited, especially for gratings that only
support one narrowband plasmon resonance. In addition, the thickness of plasmonic
nanostructures is close to or greater than the electron diffusion length, which leads to severe
thermalization loss during hot electron transport to the Schottky interface.[>!72) Meanwhile,
most metallic nanostructures have delicately designed configurations that require complicated

and expensive fabrication processes such as lithography and dry-etching. Although the metal-
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assisted chemical etching (MACE) method offers a cost-effective alternative, the reported
works still require sophisticated and costly equipment to form metal catalysts, such as high-
vacuum coating systems and rapid thermal processing.>321 Furthermore, the obtained
morphology is limited to nanoholes since only silicon under the metal catalysts is etched, which
results in insufficient broadband perfect absorption performance and a discontinuous film
coating on vertical sidewalls. More importantly, there is a trade-off between maximizing near-
field enhancement and minimizing the reflection on the nanostructure, which may limit the
generation of energetic carriers. On one hand, strong near-field enhancement at the surface of
plasmonic nanostructures is desired for the efficient production of hot-electrons.% On the other
hand, the strong light-matter interaction may induce intense scattering and consequently
increase the reflection, reducing total efficiency of metallic nanostructures. To fully explore the
potential and practical applications of hot electron photodetection, it is imperative to achieve
giant near-field enhancement and broadband perfect absorption within extremely thin
plasmonic nanostructures. Achieving a hot electron photodetection system with all desired
features mentioned above remains as an open question.

In this study, we provide a solution to the challenge, proposing and experimentally
realising an efficient broadband hot electron photodetector covering telecommunication bands,
based on high aspect-ratio plasmonic Au/Si nanoneedle arrays (NNs) fabricated using an all-
wet MACE process to further eliminate the need for costly and complex equipment in catalyst
formation. The proposed plasmonic NNs can achieve the giant near-field enhancement and
broadband absorption simultaneously, owing to the tapered morphology formed naturally by

the all-wet MACE process. The hybrid plasmonic mode along the tapered needle offers giant
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field enhancement and broadband response,*! 24 while the tapered geometry varying along the
light propagation direction induces an effective graded refractive index, dramatically reducing
the reflection of the structured substrate.l®*! As a result, we achieve an average absorption of
97.3% over the spectral range of 1200—2400 nm in the plasmonic nanoneedles with thickness
of 10 nm, much smaller than the electron diffusion length. The efficient hot electron generation,
transport and injection at the nanoscale apex of the plasmonic nanoneedles contribute to a
record low noise equivalent power (NEP) of 4.4 x 107* W Hz %% at the wavelength of 1300
nm. The Monte Carlo simulation shows that the corresponding responsivity exceeds the limit
that can be achieved under a planar configuration with a film thickness of only 5 nm. By
reducing the Schottky barrier to the typical value of 0.5 eV for Ti/n-Si contacts, the responsivity
could be improved to a record high value of 15 mA/W. Furthermore, we integrate the
photodetector into a light imaging system, and demonstrate its imaging capabilities under near-
IR light illumination below the Si bandgap. Our study presents a lithography-free, scalable, and
cost-effective approach to enhance hot electron photodetection with promising prospects for

future imaging systems.

2. Results and Discussion
2.1 Design Principles of Plasmonic Nanoneedles

Figure laillustrates the schematic diagram of the plasmonic core-shell nanoneedles, which
consist of Si nanoneedles coated with a conformal 10 nm Au film on the surface. D1 (D2) and
H represent the top (bottom) cross-sectional diameter and height of the nanoneedles,

respectively. When light is incident on the plasmonic nanoneedles, it firstly excites the localized
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surface plasmon resonances at the apex, leading to a strongly enhanced electric field intensity;
the propagating surface plasmon resonances can then be excited and propagate along the
gold/air interface, while the penetrating light insides the Si nanoneedles can form waveguide
resonances arising from total internal reflection at the Au/Si interface.t®® " To demonstrate this
principle, plasmonic nanoneedles with D; = 50 nm, D2 = 300 nm, and H = 5 um were designed
as an example. Figure 1b-d shows the normalized electric field intensity in the xz cross-sectional
plane at A = 1300 nm, divided into three parts for clarity. All localized surface plasmon
resonances, propagating surface plasmon resonances and waveguide resonances can be
identified clearly. The local electric field at the bottom plasmonic NNs is increased by more
than 3 orders of magnitude. The typical absorption distributions at different xy cross-sectional
planes at A = 1300 nm and A =1800 nm are illustrated in Figure le and 1f, respectively. At the
bottom of the plasmonic nanoneedles, the propagating surface plasmon resonances and
waveguide resonances are coupled to form a hybrid mode, as displayed in Figure 1.l Due to
the varying cross-sectional dimensions in the plasmonic nanoneedles, various optical modes in
different wavelengths and orders can be supported. Thus, under the appropriate design of
plasmonic nanoneedles, broadband and significant optical absorption can be achieved. Figure
1g shows the optical performance of the exampled plasmonics nanoneedles. Due to the gradual
change of the effective refractive index in plasmonic nanoneedles, the optical reflection loss is
negligible across the broad spectral band.[*® An average absorption of 85% is realized in the
plasmonic nanoneedles with an ultrathin Au film of only 10 nm, which indicates a good light

trapping capability.
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Figure 1. Schematic diagram of Si-core/Au-shell plasmonic nanoneedles, where D1, D2, and H represent the
core diameters of the top, bottom cross-sectional areas and height, respectively. Examples of typical
normalized electric field (b-d, at A = 1300 nm) and absorption mode profiles at (e) A = 1300 nm, h =2 um;
(f) A =1800 nm, h = 0.3 um, where h is the vertical distance from the bottom to the cut plane of nanoneedles.
(9) Optical performance of plasmonic nanoneedles with D1 = 50 nm, D, = 300 nm, and H = 5 um. (h) Average
absorption of plasmonic nanoneedles versus height and bottom diameter. (i-k) Dependence of the average
absorption, reflection and transmission of plasmonic nanoneedles on height, bottom diameter, and top

diameter, respectively, with D1 =50 nm, D, =300 nm, and H =5 um unless otherwise specified.

The optical performance of plasmonic nanoneedles is strongly dependent on the geometric
parameters. For all calculations, the geometric parameters were fixed as D1 = 50 nm, D2 = 300
nm, and H = 5 um unless otherwise specified. Figure 1h shows the average absorption as a
function of height and bottom cross-sectional diameter, revealing that the high aspect-ratio

(H/D2) nanoneedles with small vertex angles are more efficient for light absorption. Figure 1i
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shows that increasing the height improves the average absorption due to more excited optical
absorption modes in plasmonic nanoneedles (see Figure Sla in the supporting information).
However, for a large bottom cross-sectional diameter, only specific high-order narrowband
optical modes are supported (see Figure S1b in the supporting information), resulting in a
limited average absorption as shown in Figure 1j. In particular, for the high aspect-ratio
plasmonic nanoneedles with D> < 180 nm, the optical absorption is beyond 95% across the
entire spectral band (see Figure S1b). Figure 1k shows that a slight increase in the top cross-
sectional diameter enhances the optical mode resonances, leading to an improved average
absorption (Figure S1c in the supporting information). However, a large top cross-sectional
diameter leads to limited optical modes and decreased absorption, as in the case of the nanowire
structure (NWSs, D1 = D2).B*®1 Therefore, plasmonic nanoneedles with a high aspect-ratio and

small vertex angle may be ideal building blocks for efficient hot electron devices.

2.2 Fabrication and Optical Performance of Plasmonic Nanoneedles

Based on the predicted excellent performance, plasmonic core-shell nanoneedles were
prepared by carefully controlling the catalyst evolution from deposition to etching stages in an
all-wet MACE process.’® Figure 2 (a-c) shows a schematic diagram of the fabrication
procedure. First, a silicon wafer was soaked in a seed solution consisting of 0.02 M AgNO3z and
4.8 M HF for a designated reaction time, forming Ag nanoparticles as catalysts for the
subsequent MACE process. The wafer was then transferred to an etching solution composed of
4.8 M HF and 0.4 M H20- for 15 minutes and immersed in HNOs solution to remove the Ag

catalysts. Finally, metal films of Au (10 nm) and Al (100 nm) were deposited to form plasmonic
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nanoneedles and Ohmic contact on the backside, respectively. Here, a relatively long reaction
time of 60 seconds was used to form large Ag particles that are closely interconnected, which
not only acted as catalysts but also participated in the etching process. As the size of the Ag
particles decreased during the etching process, the diameters of the etched silicon
nanostructures gradually increased, resulting in the formation of Si nanoneedles. For
comparison, a reaction time of 20 seconds was used to form small Ag particles, as used in the
conventional MACE process (Figure S2a-c in the supporting information). In this way, only the
silicon beneath the Ag particles was etched and formed disordered Si NWs.

The vertically standing Si nanoneedles with apexes are clearly seen in Figure 2 (d-f). They have
a height of approximately 2.5 pm, an average bottom cross-sectional diameter of approximately
200 nm, and a vertex angle close to 8< The inclined surface of Si nanoneedles allows for nearly
uniform deposition of the thin Au film, as shown in Figure 2 (h-j). As a comparison, silicon
nanowires and those coated with a thin Au film are shown in Figure S3 in the supporting
information. Figure 2g shows that the reflectivity of Si NNs is slightly lower than that of NWs
due to the gradual change in the effective refractive index, as shown in the inset.*%% Figure 2k
illustrates that the reflectivity is further reduced, and the average absorption reaches 97.3% in
photodetectors based on plasmonic Au/Si NNs. To better explain the reflectivity and absorption
measured, we conducted a statistical analysis on H and D of 25 Si nanoneedles, as depicted in
Figure S4 in the supporting information. The average height and diameter of the measured Si
nanoneedles are approximately 3 um and 350 nm, respectively; these plasmonic nanoneedles
with varying H and D exhibit a similar optical absorption of approximately 70% (Figure S5 in

the supporting information). It is noted that the absorption is further improved in the
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photodetector due to the utilization of a backside contact of Al film. The average optical
reflection in these plasmonic nanoneedles is relatively close to the measured average reflection,
considering the measurement error (Figure S6 in the supporting information). The inset of
Figure 2k shows that for front-side contacting, a 100 nm Au thin film was deposited on a
specific region of the plasmonic NNs, as indicated by the red circle. With the excellent optical
performance and simple fabrication process that is free of lithography or dry-etching processes
using masks, Au/Si NNs are expected to have an outstanding electrical response for practical

hot electron applications.
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Figure 2. (a-c) Fabrication procedure for the plasmonic NNs-HE PD. (d-f) and (h-j) are scanning electron

microscopy (SEM) images of plasmonic nanoneedles before and after Au film deposition, respectively. The
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vertex angles are measured and indicated. (g) Reflection of Si NNs, NWs, and planar substrate. (k) Reflection
and absorption of the hot-electron photodetector based on Au/Si NNs, NWs, and planar structures. The
profiles of the effective index of Si NNs/NWs and the optical image of the photodetector are inserted in (g)

and (Kk), respectively.

2.3 Electrical Response of Plasmonic Nanoneedles-Based Hot-Electron Photodetector
(NNs-HE PD)

To study the quality of the Schottky junction formed in the plasmonic Au/Si nanoneedles,
the current-voltage (1V) characteristic was measured under dark conditions at room temperature.
Figure 3a exhibits a clear rectifying behavior in the IV characteristic with a dark current (I4) of
0.4 nA at zero-bias, indicating excellent contact of the thin film Au on the surface of Si
nanoneedles. The experimental data agree well with the theoretical fitting curve based on the
thermionic emission model (Figure S7 in the supporting information).[**421 The extracted
Schottky barrier height is 0.758 eV, which is consistent with that of the typical Au/Si contact.[?
Figure 3b presents the obvious on-off switching under light illumination of different
wavelengths. The measured responsivity (Res.) of the plasmonic NNs-HE PD is 2—3 times (2—3
orders of magnitude) higher than that based on Au/Si NWs (nanoantennas), as shown in Figure
3c. Although the barrier height is high, the responsivity of the plasmonic NNs-HE PD still
reaches 2.56 mA/W at A = 1300 nm, which is higher than that of reported devices based on
gratings, embedded nanowires, disordered nanoholes, nanobowls and micropyramids.t823-26]
The prominent improvement of photocurrents from plasmonic NWs to NNs at all three
wavelengths unambiguously verifies the enhanced hot electron generation and injection in
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plasmonic NNs, as the photocurrent boost is far beyond the absorption improvement shown in
Fig. 2k.

Under identical light illumination conditions provided by a tunable laser (i.e., high-power
illumination), the responsivity of the plasmonic NNs-HE PD is even 1.7 times higher than that
based on deep-trench/thin-metal active antennas (at A = 1440 nm), as shown in Figure 3d. From
the Fowler model by plotting \/m vs hv (EQE is the external quantum efficiency, h
is the Planck constant, and v is the light frequency) in Figure 3e, the extracted Schottky barrier
was found to be 0.76 eV, which agrees well with that estimated from the dark 1V measurement
based on thermionic emission theory.*3l Based on the measured responsivity and dark current,
the NEP (J;—:?, e is the electron charge) that describes the minimal detectable optical power at
a given electrical bandwidth (1 Hz) was obtained.!?®! Figure 3f shows that the plasmonic NNs-
HE PD can detect optical signals in the pW regime, which is lower than that based on nanowires,
strips, embedded nanowires, nanoholes, and waveguides.!?!2%4~46] The enhanced electrical
performance further suggests that such a plasmonic nanoneedles structure might be a good

candidate for hot electron photodetection.
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Figure 3. Measured and fitted current-voltage (I-V) curves of the plasmonic NNs-HE PD under dark

conditions based on thermal emission theory. (b) Measured current under light illumination of various

wavelengths. (c) and (d) Measured responsivity of the plasmonic NNs-HE PD with that based on nanorods

and deep trench/thin metal antennas, respectively. (e) Fowler fitting to the measured EQE spectrum. (f) NEP

spectrum of the plasmonic NNs-HE PD. The typical NEPs in the hot electron photodetector based on various

structures are inserted for comparison.

2.4 Hot Electron Transport in Plasmonic NNs-HE PD

In order to better understand the hot electron physical behavior from generation, transport

to injection processes and find strategies to further promote device performance, we developed

an electron transport model based on a Monte Carlo approach.[*”l The model accounts for

resistive loss, initial hot electron energy distribution upon excitation, electron-electron, and

electron-phonon scattering events. It is noted that for the plasmonic NNs-HE PD proposed here,

the metal film thickness is ever smaller than the mean free path of electrons. The electron
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transport model based on the phenomenological models is failed.[*”! As schematically shown in
Figure 4a, hot electrons are generated by an event of photon absorption. However, part of the
absorbed photon energy (i.e., resistive loss) is dissipated thermally without generating hot
electrons.*® The efficiency of plasmon decay into hot electrons (#en) ranges from 60% to 90%
depending on the size and shape of the metallic nanostructures.*®! The initial hot electron
energy distribution is described by the electron density of states and the Fermi distribution

function:[49:50

_ p(E-hv)f(E-hv)p(E)[1-f(E)]
D(E) = [ p(E=hv)f (E-hv)p(E)[1~f (E)|dE (1)

where E is the energy of the excited electron, 4v is the photon energy, p(E-hv) [o(E)] is the
parabolic electron density of states at the initial [final] energy level, and f(E-hv) [f(E)] is the
corresponding Fermi distribution function. Figure 4b shows the calculated hot electron energy
distributions under light excitation of different wavelengths. Considering the barrier height of
0.76 eV measured in the proposed devices, only a small fraction of electrons can be collected.
During transport, hot electrons can undergo electron-electron scatterings with cold electrons,
resulting in the loss of excess energy. In addition, hot electrons can undergo electron-phonon
scatterings, which modify the propagation directions isotopically with maintained energy.’!
The energy-dependent hot electron mean free path due to the electron-electron and electron-
phonon scatterings are taken from Ref. 47 and 48. Due to the complexity of the plasmonic NNs-
HE PD, we considered a simplified configuration of a 10 nm thin Au film on a semiconductor
with an uniform hot-electron generation and a large number of electrons (~1,000,000) to

understand the fundamentals of the hot electron transport process.
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Figure 4. (a) Schematic diagram of hot electron generation, transport and injection processes. (b) Initial hot
electron energy distribution upon excitation under various wavelengths. The shaded region represents energy
beyond the Schottky barrier height. (c) Calculated and measured EQE spectra based on the developed
electron transport model from a Monte Carlo method. (d) Fitted efficiency spectrum of plasmons decay into
hot electrons in plasmonic NNs-HE PD, with that from 10 nm spheres and semi-infinite surface inserted. (e)
Limit of EQE in a planar hot electron device at three typical wavelengths as a function of metal film thickness.
The measured EQEs at different wavelengths in the plasmonic NNs-HE PD with a constant Au film thickness
of 10 nm are inserted. (f) Predicted EQE spectra of the plasmonic NNs-HE PD with various Schottky barrier

heights.

Figure 4c presents the EQE spectra obtained from the measurement and Monte Carlo
simulations. By using 7en as a fitting parameter, the measured and simulated EQE spectra are
consistent, which demonstrates the effectiveness of the electron transport model. Neglecting

resistive loss would result in overestimated hot electron generation efficiency and higher EQE
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compared to experimental results. However, using resistive loss from the semi-infinite surface
would lead to underestimated hot electron generation efficiency and a lower EQE. Figure 4d
shows the fitted efficiency of plasmon decay into hot electrons as a function of wavelength. It
is found that the fitted 7en at short wavelengths is higher compared to that in 10 nm diameter
spheres. It is noted that in Monte Carlo simulations, we did not take account of the locally
enhanced electric field and relaxation of electron momentum mismatch in plasmonic
nanoneedles, which are known to promote the hot electron generation and collection. Thus, the
higher fitted 7en, relative to that in 10 diameter spheres, can be attributed to the effect of these
two factors. However, at longer wavelengths, since more hot electrons are generated at the
gold/air interface, away from the Schottky junction, the fitted #en is lower than that from the
semi-infinite surface.

In order to demonstrate the role of the nanoneedles in improving the hot electron
photodetection performance, we compared the measured EQEs of the plasmonic NNs-HE PD
with the limit of that in a planar geometry. Here, based on the developed electron transport
model, we calculated the EQE limit of hot electrons in the planar geometry assuming perfect
optical absorption.[’] Figure 4e illustrates the EQE limits of planar hot electron devices as a
function of Au film thickness at three typical wavelengths, along with the corresponding
measured values in the plasmonic NNs-HE PD with a constant Au film thickness of 10 nm. It
is surprising that at A = 1300 nm, the EQE of the plasmonic NNs-HE PD is even 1.3 times
greater than that of the planar device with an Au film thickness of only 5 nm. The measured
EQEs in the plasmonic NNs-HE PD are close to or higher than the efficiency limit in the planar

device with the same film thickness.
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Although the EQE of the plasmonic NNs-HE PD already exceeds that based on many other
types of structures, and even surpasses the theoretical limit of planar devices, it remains to be
explored whether other strategies can be employed to further enhance EQE and to what extent
it can be improved. Considering that the Schottky barrier height is interface-dependent and can
even be reduced to 0.3 eV when using p-type silicon,®X Figure 4f illustrates the EQE spectra
of the plasmonic NNs-HE PD with different barrier heights. By decreasing the Schottky barrier
to 0.5 eV for typical Ti/n-Si contacts, the responsivity reaches a record high of 15 mA/W at A
= 1300 nm. It is expected that the EQE in the plasmonic NNs-HE PD with a p-type Si substrate
could be significantly improved to 4%, up to ~16 times compared to the current case using n-
type Si. However, the low barrier height can increase the dark current, requiring a tradeoff to

be considered.

2.5 NIR Imaging with Plasmonic NNs-HE PD

The NIR imaging capability of the plasmonic NNs-HE PD at telecommunication
wavelengths was evaluated further in Figure 5a. The plasmonic NNs-HE PD records the
position-dependent photocurrent when scanning the mask. Figure 5b shows an optical image of
the photolithography mask with the letters 'Nano'. The mask consists of an optically thick layer
of chromium (Cr) on a quartz substrate, with most of the regions being opaque due to the
deposition of Cr. However, the letter portion is transparent, allowing light to transmit and
generate a photocurrent in the photodetector. Figure 5c illustrates the photocurrent image of the
letter ‘o> when illuminated at A = 1300 nm, well below the bandgap of Si. The plasmonic NNs-

HE PD produced a detectable and reliable photocurrent. The line-scanning current in Figure 5d
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shows that the current contrast ratio (i.e., the ratio of photocurrent to dark current) can reach
600, which further demonstrates the good capability of the plasmonic NNs-HE PD for NIR

imaging at telecommunication wavelengths.
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Figure 5. Schematic diagram of the NIR imaging measurement system. AOTF is the acousto-optical tunable
filter. (b) Optical image of the mask: Cr/quartz structure. The boxed region indicates the imaged area in (c).
(c) Image obtained by the plasmonic NNs-HE PD. (d) Measured line scanning current along the 17" and 31t

steps in the horizontal direction.

Finally, we compare the fabrication challenge/cost and performance of previously reported
hot electron photodetectors with plasmonic NNs-HE PD. The reported hot electron devices
have a responsivity ranging from 0.008 to 3 mA/W at A = 1300 nm. Most of the devices were

fabricated using electron beam lithography (EBL), UV lithography, vacuum film deposition
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and annealing to prepare Si nanostructures with high/medium fabrication challenge/cost. In
contrast, the nanoneedles structure can be obtained using a simple, scalable, and low-
challenge/cost method of an all-wet MACE process. Besides, the responsivity of the plasmonic
NNs-HE PD is higher than that of most reported devices featuring plasmonic nanostructures,
including nanorods, gratings, nanowires, nanotrenches, nanoholes, nanopillars, and nanobowls,
etc, although the Schottky barrier of our device is higher.[21517:19.20222326521 The performance
can be further improved under backside illumination. Due to the low dark current and enhanced
responsivity, the NEP of the plasmonic NNs-HE PD is among the lowest yet reported. In
addition, the plasmonic nanoneedles exhibit broadband and significant absorption, even at large
incidence angles up to 60°~ 70<for both TE- and TM-polarized incidences (Figure S8 in the
supporting information). Thus, our device has the best application potential among reported hot
electron photodetectors considering ultralow noise, high responsivity, and low-cost fabrication,

which will pave the way for practical applications.

Table 1. Comparison of the fabrication challenge/cost and performance of typical hot electron photodetectors.

) Fabrication Fabrication Barrier Responsivity [mA/W] Dark NEP
Device structure .
method challenge/cost  height (eV) A=1300nm 1500 nm current  [W//Hz]
Au nanoantennas/Si EBL High 0.5 0.008 0.004 NA NA 19
Au grating/Si EBL High 0.5 0.58 0.47 NA NA 20
Metamaterial Au/Si EBL High 0.54 3 1.8 NA NA 15
Au nanowires 1x10° 275" x
o EBL High 0.52 NA 0.065 26
embedded in Si A 10710
Deep-trench/thin o ) 3" 0.5"
) I-line lithography Medium 0.75 NA NA 2
AuU/Si antenna NA 0.23
Disordered Au/Si Sputtering, RTP, 1x10° 1.6 x
Medium 0.66 1.1 0.16 21

nanoholes

wet-etching
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Au film on Si

nanopillar

Au film on Si

nanobowl

Au film on Si
micropyramid
Disordered Au/Si

nanoneedles

Vacuum
deposition,
annealing
Thermal
evaporation, RTP,

wet-etching

Wet-etching

Wet-etching

Medium

Medium

Low

Low

0.81

0.47

0.74cal

0.76

0.43

0.34

0.5

2.56

WILEY-VCH

4 %108
NA
A
2.5 %
0.29
107A
5x 10710
0.1
A
4 x 10710
0.33
A

2.6 x
10710

8.3 x
10710

2.5 x
10711
4.4 x
10712

46

22

23

This

work

Note:

The device performance is measured under no electrical bias.
NEP is calculated at A = 1300 nm unless otherwise specified;

EBL. electron-beam lithography; RTP: rapid thermal process

calculated at A = 1500 nm

*

cal calculated from responsivity spectrum using Fowler fitting method

3. Conclusion

* calculated under low-intensity light using a tungsten lamp with a monochromator

In summary, we have demonstrated an efficient hot electron photodetector based on high

aspect-ratio plasmonic nanoneedles. The multiple optical modes, including localized surface

plasmons, propagating surface plasmons, and waveguide mode contribute to an average optical

absorption of 97.3% over the entire NIR spectral range in the plasmonic nanoneedles with a

thickness of 10 nm. The enhanced hot electron generation, transport, and injection at the

nanoscale apex of the plasmonic nanoneedles contribute to the lowest reported noise equivalent

power of 4.4 x 10712 W Hz %® at the wavelength of 1300 nm. The developed electron transport

model based on a Monte Carlo approach depicts the physical behavior of hot electrons from

generation to injection processes and the predicted efficiency is consistent with the experiment.
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The measured efficiency is greater than the limit that can be achieved under a planar
configuration with a film thickness of 5 nm. Finally, the plasmonic NNs-HE PD exhibits a

superior high-resolution imaging capability with a high current contrast ratio.

4. Experimental Section
4.1 Device Fabrication and Characterization

All devices were fabricated using n-type silicon wafers with a resistivity of 1-10 Q-cm,
which were coated on both sides with a 500 nm thermal oxide layer. To begin the process, the
front side of the wafer was protected using tape with a 5 mm diameter punched hole. The
exposed oxide on both sides was then etched away by immersing the wafer in an HF solution.
Next, the silicon wafer was soaked in a seed solution consisting of 0.02 M AgNOz and 4.8 M
HF for a designated reaction time. The silicon wafer was then transferred to an etching solution
composed of 4.8 M HF and 0.4 M H20- for 15 minutes. Finally, the silicon wafer was immersed
in HNOs solution to remove the Ag catalysts, after which two layers of Au (10 nm) and Al (100
nm) were deposited on the front and back sides, respectively.

To fabricate Si nanowires, small Ag particles were formed using a reaction time of 20
seconds, resulting in etching of only the silicon beneath the particles. To fabricate Si
nanoneedles, a longer reaction time of 60 seconds was used to form large Ag particles that are
closely interconnected, acting not only as catalysts but also participating in the etching process.
As the size of the Ag particles decreased during the etching process, the diameters of the etched
silicon nanostructures gradually increased, leading to the formation of Si NNs. For front-side
contacting, a thin Au film of 100 nm was deposited on a specific region of the plasmonic
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nanoneedles, as indicated by the red circle in the inset of Figure 2k. For backside contacting,
we deposited a 100 nm Al film, that was in contact with a Cu metal piece via Ag paste. As a
result, the active area of the photodetector is approximately 15.7 mm?, which corresponds to
approximately 80% of the area of the hole in the protective tape. The microscopic morphologies
were characterized by scanning electron microscopes (ZEISS, Sigma 300; Hitachi, SU5000).
4.2 Optical and Electrical Measurements

For the optical measurement, all reflectance spectra were obtained using a Perkin-Elmer
Lambda 1050S + UV/VIS/NIR spectrometer equipped with a 150 mm InGaAs integrating
sphere. For the electrical measurement, the device was illuminated by a NKT Photonics
supercontinuum laser with an acousto-optical tunable filter to select the wavelength. The laser
beam was focused by an objective (Mitutoyo, 10x, 0.26 NA). The photocurrent was recorded
with a Keysight B1500A semiconductor device parameter analyzer. The optical power was

measured by an optical power meter from Thorlabs (S148C).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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A hot electron photodetector with enhanced responsivity and record low noise equivalent
power was fabricated based on high aspect-ratio plasmonic nanoneedles using a simple,
scalable, and low-challenge/cost method of an all-wet metal-assisted chemical etching process.
The photodetector achieves broadband perfect light absorption and strong near-field
enhancement simultaneously and exhibits a superior high-resolution imaging capability with a

high current contrast ratio.
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Figure S1. Absorption as a function of wavelength and height (a), bottom diameter (b), and top
diameter (c) in plasmonic Au/Si nanoneedles with D1 = 50 nm, D> = 300 nm, and H =5 um

(unless otherwise specified).
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Figure S2. Fabrication process of plasmonic Au/Si nanowires (NWSs) using the conventional
metal-assisted chemical etching (MACE) method, which involves the deposition of small Ag
particles (a), followed by etching of only Si underneath these particles to obtain Si NWs (b).
By depositing an Au film of 10 nm, plasmonic Au/Si NWs can be formed. Finally, Al is

deposited to form Ohmic contact with n-Si.
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Figure S3. Sectional-view and oblique-view SEM images of Si NWs (a, b) and plasmonic

AuU/Si NWs.
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Figure S4. Examples of the measured heights and bottom cross-sectional diameters from 25 Si

nanoneedles.
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Figure S5. Histogram plot of the height (a) and bottom cross-sectional diameter (b) of the
measured nanoneedles. (c) Average absorption of the plasmonic nanoneedles versus the height

and bottom cross-sectional diameter, with the corresponding measured values of H and D>

marked.
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Figure S6. Optical reflection of the plasmonic nanoneedles coated with a 10 nm ultrathin Au

film on Si nanoneedles that measured in Figure S4.
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Figure S7. Theoretical fitting to the dark 1V curves based on thermal emission model to extract

barrier height.
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Figure S8. Angular dependent optical absorption in the plasmonic nanoneedles with D; = 50

nm, D2 = 300 nm, and H =5 um under (a) TE- and (b) TM-polarized light.
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