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An arrayed silicon-based nanotip optical antenna (NOA) architecture for guiding efficient near-infrared
imaging detection is proposed. The NOA can be effectively actuated based on the geometric field enhance-
ment due to the tip effect and the patterned redistribution of the surface net charges, leading to a highly
localized electron accumulation at the tips, a strong field electron emission away from the tips, and con-
tinuously visible cathodoluminescence. The photoelectronic response measurements reveal an effective
spectral transformation from the initial infrared region to the visible band with a central wavelength of
544 nm. Spectral characterized analyses exhibit a strong electric-field amplitude gain of 84.77 at 1000 nm
and an ultralow radiation transmittance of less than 2% across a broad wavelength range from 400 nm to
14 pm. The measured output electric signal is sensitive to the incident radiation, reaching a high value
of 186.05 mV under illumination of 2.47 W. The photoelectric measurements indicate an intense output
voltage signal with a nanosecond-level time interval between adjacent output peaks and a shorter duration
of a single peak in both the visible and near-infrared regions. The point-spread function of the emitted
light beams away from a single nanotip presents a remarkably strengthened and expanded nanofocusing,
which means a notable arrayed light-field enhancement in the Si-based NOA configuration. A nanotip-
based imaging detector (NID) architecture has been effectively constructed by closely coupling a common
complementary metal-oxide semiconductor sensor array with a compact Si-based NOA chip. An obvi-
ous improvement in the imaging performance has been realized using the NID construction with a wider

radiation response range.

DOI: 10.1103/grxf-mpr4

I. INTRODUCTION

Near-infrared spectroscopy, based on rapidly devel-
oping photosensitive complementary metal-oxide semi-
conductor (CMOS) technology, will conveniently deliver
information that is difficult to obtain from other, tra-
ditional infrared wavelength bands, such as the atmo-
spheric absorption of molecules (greenhouse gases) or
their thermal radiation emission, leading to meteorological
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maps or biological imaging [1-3]. Unlike conventional
imaging in the visible region, the current mainstream
infrared detection schemes already exhibit numerous mer-
its, such as target intrinsic radiation sensing and imaging,
deeper penetration in complex environmental media, and
a remarkably enhanced signal-to-clutter ratio, especially
in night vision and biological imaging [4—7]. Moreover,
despite sunlight being predominantly composed of visible
light (71%), the energy density in specific near-infrared
bands is substantially lower. The reduced solar back-
ground in specific near-infrared bands allows for higher-
contrast imaging with remarkably improved performance
during the daylight period. However, the key limitation
on the imaging efficiency of current CMOS sensors lies
in their inherently low quantum efficiency, particularly
in the near-infrared region, which can be attributed to
several factors, such as the inherent metal-semiconductor

Published by the American Physical Society


https://orcid.org/0000-0001-9812-8499
https://orcid.org/0000-0003-4103-2108
https://ror.org/00p991c53
https://ror.org/00p991c53
https://ror.org/00p991c53
https://crossmark.crossref.org/dialog/?doi=10.1103/grxf-mpr4&domain=pdf&date_stamp=2026-02-23
http://dx.doi.org/10.1103/grxf-mpr4
https://creativecommons.org/licenses/by/4.0/

TAIGE LIU et al.

PHYS. REV. APPLIED 285, 024071 (2026)

energy-band architecture or configuration, relatively strong
radiation penetration in the depletion layer, and gener-
ally insufficient incident photon flux, which remarkably
restrain the generation of photon-induced hole-electron
pairs and thus result in a relatively weak photoelectric
signal creation [8,9]. Therefore, developing strategies to
promote carrier generation is critical.

As typical optical antennas, cone-shaped nanotips
enable remarkable light-wave accumulation and even
nanofocusing, providing a promising micro-nano-optical
platform for highly localized and resonantly amplified inci-
dent light waves [10—15], which can be further used to
realize highly sensitive infrared imaging detection by rea-
sonably matching with a CMOS photosensitive chip. As
demonstrated, an arrayed semiconductive nanotip optical
antenna (NOA) can offer a large number of tip surface
states due to its large top specific surface area over the
apex region. Consequently, it enables a highly efficient
collection or spatial compression of massive surface “free
electrons” toward the sharp apex of a single tip, leading
to an incredibly strong surface “free electron” converg-
ing at or even focusing on the apex [16]. It should be
noted that the above effect is also accompanied by a strong
resonant surface electromagnetic wave field toward the
nearest-neighbor tip apex, followed by a highly localized
geometric surface light-field enhancement, which means a
strong surface light-field resonant accumulation [17—19].
Due to a temporally coherent response [20-22], there is a
significant enhancement of the surface light field, which
is closely related to a dense surface net charge, includ-
ing electron distribution over the apex. Therefore, a highly
localized surface light field around the apex of a single nan-
otip, induced by incident light waves with a featured fre-
quency in a narrow band, also indicates a remarkable boost
in near-field radiation detection at a similar frequency to
that mentioned above [23-25].

As shown, a type of microchannel plate (MCP) is usu-
ally constructed as a beehivelike array comprising tens or
even hundreds of millions of hollow-core glass fibers, act-
ing as an electron multiplier for guiding electron or photo-
electron enhancement and transport. The MCP enables the
electron multiplication through a primary electron enter-
ing a microscopic channel and then being accelerated by
a strong electric field applied across the whole channel.
After an electron obtains sufficient energy, it will strongly
collide with the channel inner wall and then eject several
secondary electrons. The secondary electrons are further
accelerated by the electric field, and then strike the inner
wall and thus release even more electrons. This cascaded
collision will create exponential growth in the electron
population and ultimately actuate a single input electron
into a dense cloud of electrons at the output, thereby
achieving highly efficient signal amplification. Finally,
a large voltage signal ¥ can be produced, as presented
on a common oscilloscope. According to the product

parameters of the intrinsic electric capacity of the oscillo-
scope C, the electron number 7 can be simply expressed as
n= C(;X'eV, where the signal amplification gain of the MCP
is «, and the charge of a single electron is e. Thus, n can
be easily obtained through the measured V. Generally, a
very fast electron amplification through an MCP enables a
variety of surface net-charge measurements based on some
featured behaviors of the surface “free electrons” after res-
onant excitation, patterned redistribution, and short-range
transportation over the optical antenna, so as to provide the
needed spatial and/or temporal information according to
the detected photons, electrons, ions, or neutrons [26—29].
Hence, it also offers a potential approach for evaluating the
weak radiation-induced surface electrons in the near-field
or far-field region of the NOA, utilizing an almost real-time
MCP measurement.

In this paper, an efficient and low-cost light-wave
manipulation strategy based on the localized geometric
field enhancement, mainly using a silicon-based NOA
structure to perform near-infrared imaging of several typ-
ical small objectives with relatively weak electromagnetic
radiation levels, is proposed. The remarkably enhanced
electric field and corresponding featured net-charge behav-
ior, as well as the imaging performance based on the NOA
architecture, are carefully investigated. The near-infrared
photoelectronic response principally concerns several cru-
cial factors, including (1) the geometric field enhancement
closely coupled with the surface net charge, including “free
electron” vibration and short-range tipward transportation;
(2) the field electron emission away from the apex of a
single tip with a top angle 8; (3) the photoelectric signal
collection for the next imaging operation; and (4) the point-
spread function (PSF) measurement and imaging perfor-
mance testing of the constructed nanotip-based imaging
detector (NID) architecture. The featured photoelectrical
response exhibits ideal agreement in spectral electric-field
amplitude gain, which already presents a sharp resonant
peak of 84.77 at 1000 nm wavelength and an ultralow
radiation transmittance of less than 2% across the whole
measured waveband from 400 nm to 14 pm. The output
voltage signal, recorded by directly coupling the NOA with
a commercial MCP, presents a high sensitivity of the inci-
dent light power at a specific wavelength. Numerically,
the strongest photoelectric response can reach 186.05 mV
with an average duration of 16 ns under laser illumina-
tion of 2.47 W at 980 nm. The results of the PSF testing,
based on various measurement configurations, show that
the proposed NOA enables a distinct expansion of the
focused light spots and a higher intensity corresponding to
a single nanotip, manifesting a significant increase in the
light intensity incident on the followed CMOS photosensi-
tive plane. In comparison with the same type of CMOS
detector recoupled with a similar silicon wafer with-
out any patterned structure, the constructed NID exhibits
a more durable and clearer presentation of the drone
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exposed directly to intense sunlight illumination. Notably,
our research already expands the scope of antidisturbance
near-infrared imaging and serves as a catalyst for further
exploration in advanced infrared imaging photography.
The unique combination of nanosecond-scale response and
remarkable near-infrared imaging performance enables
potential applications in advanced light-field photography,
single-shot ultrafast imaging, electrically tunable weak
infrared information transportation, and photoelectronic
interconnection.

I1I. RESULTS AND DISCUSSION

A. Simulated spectral characters

To characterize the light-wave manipulation efficiency
of the arrayed NOA, both performance simulations and
evaluation measurements are conducted, as shown in Fig.
1. The schematic drawing of the simulated system is pro-
vided in the inset of Fig. 1(a). The three-dimensional
electromagnetic fields are simulated using the common
finite-difference time-domain method. A perfectly matched
layer boundary condition is applied corresponding to the
computational domain. The converged broadband imag-
ing light beams, spanning the visible and infrared regions
within a wavelength range of 400 nm to 14 pm, are
directly incident over the planar back of the thinned NOA
to obtain the radiation transmittance and electric-field
amplitude gain data via the power and field monitors,
respectively, which have been normalized according to
|E/Eo|*max, Where E denotes the electric-field amplitude
along the surface of the NOA and £ denotes the electric-
field amplitude of the incident beams. As illustrated in
Fig. 1(a), the value of |E/Eq|?max, basically defined as an
electric-field amplitude ratio, exhibits a wavelike variance
trend across the whole wavelength range selected but obvi-
ously presents a resonant peak with a height of 84.77 at
1000 nm wavelength (orange curve). The spectral anal-
ysis further reveals an ultralow radiation transmittance,
which almost maintains a very low transmittance of less
than 2% throughout the whole waveband mentioned (blue
curve). Notably, both the electric-field amplitude gain and
the radiation transmittance demonstrate an almost consis-
tent spectral variance trend. Considering the constrained
relationship between the spatial electric-field distribution
and the surface net-charge arrangement, the light-wave
transmission should be dominantly manipulated by the
patterned surface net-charge distribution, which is mainly
converged or even nanofocused over the arrayed nan-
otips. Both the spectral electric-field amplitude gain and
the beam transmittance within the relatively narrow wave-
length range of 4002200 nm are further enlarged, as
shown in Fig. 1(b). The spatial |E/Ey|? over the x-z cross
section at 1000 nm is also given in Fig. 1(c). The maxi-
mum value of |E/E|> demonstrates an almost 90 unit peak
according to the color scale, which can be easily explained

based on the traditional half-wavelength theory of common
radio frequency dipole antennas. It should be noted that the
main net-charge accumulating region currently occurs in
the middle of a single NOA without any metallic coating,
which is still consistent with previous work [16].

In order to evaluate the simulation analysis, both the
beam reflection and transmittance characteristics are mea-
sured corresponding to the silicon samples with and with-
out upright nanotips, using the same type of silicon wafer
with a thickness of approximately 150 pum, as indicated
by the two curves colored red and black, respectively. As
shown in the left panel of Fig. 1(d), the reflection spectrum
of the NOA sample presents a gradually decreasing trend
in the visible region, from an initial 28% to a relatively
stable value of 10%, and the silicon sample without any
nanotip structure decreases from a maximum of 68% to a
minimum of 30% and then reaches a relatively stable value
of 45% in the near-infrared region. As for the right panel,
the transmittance of the NOA sample presents an almost
stable value of less than 2%, corresponding to a rapid rise
of more than 50% of the silicon sample after crossing
the approximately 1000 nm wavelength point. The mea-
sured transmittance data show significant agreement with
the simulation demonstrated in Fig. 1(b), with the trans-
mitted value nearing 0 in the infrared band selected. It can
be expected that the difference in the variance trends, espe-
cially at 700 nm, may result from a combination of factors,
including the edge effects of the measurement instrument,
the thickness differences of the silicon substrate used, the
accuracy limitations of the testing equipment, and the
light-wave dissipation in the measuring environment. A
similar spectral variance trend in the two samples can also
be observed in a narrow waveband from 400 to 900 nm.
A remarkable broadband radiation absorption can also be
derived from both the ultralow light-wave reflection and
the radiation transmission. The action above suggests that
the efficient light-wave manipulation stems from a broad-
band resonant response mode with two basic features: (1)
the generation of very strong spatial near-field electromag-
netic radiation; and (2) the patterned surface net charge,
including “free electron” rearrangement in an oscillated
fashion over the surface of the NOA structure. It should
be noted that when compared with the strictly defined
absorber with an absorption maximum of nearly 100%
[30-32], the reflection of the NOA remains about 10%
within the wavelength region of 600—2200 nm, which can
be attributed to the lack of an insulator layer, designed
for presenting better imaging performance, and the fact
that incident near-infrared light beams are not sufficiently
trapped in the NOA architecture designed. So, the light
waves are predominantly backscattered along their origi-
nal incident path, resulting in a higher level of observed
reflection.

To evaluate the spatial extent of the near-field electro-
magnetic radiation, simulations of a gradual decline in the
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Spectral photoelectronic response characteristics of the arrayed silicon-based NOA, corresponding to the silicon sample

without any micro-nano-structures, in a wavelength range from the visible to the broad infrared region. (a) Typical cases of the spatial
electric-field amplitude gain, roughly indicated by |E/Eq|?max, and the spectral transmittance in a broad waveband of 400 nm—14 pm.
The simulated drawing is presented in the inset. Note that the inset only describes the simulated configuration and not the actual size
(e.g., the thickness of the silicon substrate). (b) An enlarged view of |E/E¢|*max and the radiation transmittance in a narrow waveband
of 4002200 nm. (c) The strongest electric-field component is presented mainly in the middle of a single nanotip with a top angle
0, shown only in the x-z cross section illuminated by a plane wave with a central wavelength of 1000 nm, where the electric-field
vectors are highlighted by white arrows and the NOA is depicted by a black dotted line. See the enhanced visualization in Sec. 1 of the
Appendix. (d) Both the reflection and transmittance spectrum of the silicon sample, with and without nanotip distribution, measured in
the visible and near-infrared regions. (¢) The spatial electric-field character expressed by |E/Ey|? upon the distance between the NOA
with different 6 values and the observing distance. The distance Deg corresponding to each k(6) is listed in the inserted table.

spatial electric-field strength as a function of the distance
between the observing location and the silicon-based NOA
structure were conducted, as shown in Fig. 1(e). Note that
the distance between the main net-charge accumulation
region and the observed point is measured only along the
z-direction, as labeled in Fig. 1(c). Currently, the simula-
tion results present a rapid reduction of |E/Ey|?, such as
from 90.39 to 9.95, but only undergoing a 0.3 um distance
increase when 6 = 50° is selected, where D is the observing
distance. So, a normalized difference parameter diff, which
is introduced to directly characterize the electric intensity
reduction ratio, can be defined as

E/E0)> — |E/EO|?
— | / | | 2/ |sta X 100%’
|E/EO|

sta

diff (1)

where |E/Eq|%g. indicates a relatively stable state with a
different base level of roughly less than 11 units, cor-
responding to 6 varying from 10° to 70° with designed

intervals of 10°, which are labeled by different colors in
this figure.

Furthermore, |E/Eq|?ex is defined as a featured |E/E,|?
corresponding to a still strong enhancement of the spa-
tial electric-field strength, and it later turns into a sta-
ble state with a continuously increased D, which can
be easily observed as the point where the decline lev-
els off and stabilizes. The distance corresponds to the
variance |E/Eq|%cqy, which is defined as D.y. Generally,
|E/Eo)* will rapidly decrease to 10% of its initially large
value. The coefficient k(8), which is introduced to high-
light the numerical linear relation between |E/Ey|> and
the change in distance AD~3 varied from 6, can be cal-
culated as an average of every k(6); through an empiri-
cal relation of |E/Eol?,, — |E/Eo|} = k(6)i/(Diy1 — Dy)?
(i=1,2,...,116 corresponds to different points with fea-
tured D). As demonstrated in experiments, a sharp top
angle with a very small 6 will usually introduce a strong
Coulomb blockade, leading to a small £(6), especially at
10°. And a gentle nanotip top will result in a relatively
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weak spatial electric field and a finite enhancement, such
as occurs in a typical top angle region from 60° to 70°. Not-
ing that |E/E(|*max can reach 10 at 800 nm, which seems
to conflict with the results of NOA in Fig. 1(d), this dis-
crepancy can be attributed to the relatively thin substrate of
10 pm utilized in the simulation. Consequently, the numer-
ical simulation indicates an optimal nanotip top angle of
50° for maximizing the top electron number and the local-
ized extent of the spatial electric fields stimulated around a
single tip, which means an ideal photoelectronic response.

B. Photoelectric response

The basic experimental configuration for performing
photoelectric response measurements of the Si-based
NOA, which plays a role as a photocathode for an elec-
tronic supplier, is illustrated in Fig. 2. The basic structural
sizes of the Si-based nanotip array are as follows: a sin-
gle nanotip has an average bottom diameter of 309 nm, a
top angle of 50.85°, and a height of 325 nm. The adjacent
nanotips share a basic structural period of 1130 nm in both
the horizontal and perpendicular orientations according to
the scanning electron microscopy (SEM) photograph, with
several key parameters labeled, as shown in Fig. 2(a). An
MCP characterized by a single anode and an average single
microchannel diameter of 12 pum is effectively introduced
to collect the incident electrons away from the Si-based
NOA, illuminated by near-infrared radiation with a central
wavelength of 980 nm, and then export several typical out-
put voltage signals, as shown in Fig. 1(b). Consequently,
the photoelectric response of the proposed Si-based NOA
coupled with the MCP, leading to an N-MCP assembly,
can be clearly characterized by the recorded output voltage
signal. After roughly aligning the Si-based NOA with the
MCP, they are tightly secured using yellow packaging tape,
so0 as to finish the preliminary adjusting of the N-MCP, as
demonstrated in Fig. 2(c).

The measuring schematic is given in Fig. 2(d). As
shown, a laser beam directly illuminates the back (with-
out any patterned structure) of the Si-based nanotip sample
through an incident window positioned at the bottom of the
vacuum chamber with a working vacuum of approximately
10~° mBar, which allows a further tight coupling between
the Si-based NOA and the MCP chip, which has a thick-
ness of 600 pum and a diameter of 27 mm. First, a rotary
vane pump is utilized to perform an initially short-time
preliminary vacuuming of the chamber. After reaching a
rough vacuum environment of approximately 10~2 mBar,
it is then switched to the working state using a molec-
ular pump to further increase the vacuum degree until
it ultimately reaches a level of 107® mBar. A relatively
small electron flux away from the Si-based NOA is thus
amplified by the MCP by applying a bias voltage between
the NOA and the MCP and then recording the output

voltage signal using a nanosecond-scale high-speed oscil-
loscope (MSO54B, Tektronix Inc). Therefore, the recorded
time-varied output voltage signal is continuously utilized
to characterize the photoelectric response behavior, includ-
ing the tip electron excitation and the in vitro emission of
the NOA stimulated by the incident light waves. Consider-
ing the unidirectional and spatially averaged nature of the
applied electric field across the NOA 4+ MCP system, the
voltage signal directly presents the net-charge accumula-
tion characteristics over the NOA, especially the electron
number. The basic electric circuit of the MCP is also given
in the right panel. Moreover, a vacuum monitoring and
electrical control system has already been added according
to the testing configuration, as shown in Fig. 2(e). A top
view from the observation window of the vacuum chamber
is also illustrated in the inset.

Currently, the photoelectric response of the N-MCP is
mainly indicated by the output voltage signal recorded
under different beam incident conditions, as shown in
Fig. 3. Firstly, the N-MCP without any illumination is
selected as a blank comparison basis, exhibiting a system-
atic noise of 1 mV but having a relatively high abnormal
value of 10 mV at the zero-point, as shown in Fig. 3(a). The
incident light wave with a central wavelength of 980 nm
is generated from a continuous near-infrared laser source
(MRL-III-980, Lier-opto Technology Ltd.). Adjusting the
bias current / of the laser source at 1.50, 2.00, and 2.50 A
means an output laser power of 1.80, 2.00, and 2.47 W,
respectively. Note that the actual incidence intensity over
the N-MCP is substantially lower than the output power
of the laser device above, due to an obvious light attenua-
tion of the window material in the region. A comparison of
the photoelectric response under various incident intensi-
ties mentioned above is illustrated in Fig. 3(b). As shown,
the maximum amplitudes of the voltage signal are 20.77,
84.80, and 186.05 mV, respectively, presenting a signifi-
cant increasing trend as the incidence radiation intensity
strengthens. Moreover, the duration between adjacent volt-
age peaks is shorter, and the larger peak value can be
clearly observed after undergoing more intense illumina-
tion. It can be expected that a more significant voltage
signal can be obtained by further increasing the illumina-
tion intensity, which means that a stronger photoelectric
response of the proposed N-MCP can be achieved by
continuously raising the bias current of the laser source
used.

The photoelectric measurements under different inci-
dent wavelengths A of 473, 655, 980, and 2200 nm are
also performed, as shown in Fig. 3(c). The incident light
waves with different A are generated from varied light
sources featuring the central wavelength mentioned. The
output power of the sources mentioned is set to a uni-
form 0.40 W, which is also the maximum output power
of the 2200 nm laser source. Considering an approximate
10% power loss through the optical window (fused silica)
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FIG. 2. Experimental configuration for performing the photoelectric measurements of the Si-based NOA. (a) Scanning electron
microscopy photographs of an arrayed Si-based nanotip leading to an optical antenna with several key parameters labeled. See the
detailed geometric parameters of NOA in Sec. 2 of the Appendix. (b) The applied MCP assembly has a single anode and an average
single microchannel diameter of 12 um. (c¢) Alignment between an initial Si-based NOA proposed and an MCP fixed by yellow
packaging tape. (d) Testing schematic with a Si-based NOA and an electrical circuit of the MCP coupled. See the key parameters
of the N-MCP measuring circuit in Sec. 3 of the Appendix. (e¢) On-site measurement configuration under a working vacuum of
approximately 10~® mBar for the electronic delivering requirement. A view from the top observation window of the vacuum chamber
is also presented. Noting that the schematic diagram in subfigure (d) only describes a configuring relationship but not the actual

matching.

located at the bottom of the vacuum chamber, the incident
power at the NOA can be regarded as about 0.36 W. The
transmission of the optical window is provided in Sec. 4 of
the Appendix. To the visible beams of 473 and 655 nm, the
output voltage signals exhibit an obvious periodicity with
a relatively stable time interval between adjacent peaks.
The periodicity at 655 nm is more significant, with an
average time interval of 17.4 ps, as well as an average
duration of 500 ns. However, both the electrical signals
generated under the visible beam illumination are compar-
atively weak, with peaks of 2.5 mV and 4.5 mV. To the
beams, two extremely high maximum amplitudes of 186.0

and 87.1 mV can be observed at 980 and 2200 nm, respec-
tively. Nonetheless, it is strange that it no longer exhibits a
periodic voltage signal output in the near-infrared region.
Except for the significantly higher maximum amplitude of
the output voltage signal, a relatively short duration of the
voltage signal wave of 16 ns at a 980 nm wavelength can
be clearly observed, in comparison with the similar case
of 20 ns at a 2200 nm wavelength. The time dependence
of the measured voltage signal may be linked to the res-
onant frequency of the net charge over the NOA surface.
So, the comparison under a series of incident wavelengths
from the visible to the infrared region suggests that the
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FIG. 3.

Comparison of the photoelectric response of the proposed N-MCP under incident illumination with different intensities and

central wavelengths in both the visible and near-infrared bands. (a) Output voltage signal of the N-MCP without any incidence. (b)
Photoelectric responses under the illumination of 980 nm radiation with different light intensities of 1.80, 2.00, and 2.47 W, respectively.
(c) Photoelectric responses by the incident radiation with different wavelengths A of 473, 655, 980, and 2200 nm, respectively. Several
typical voltage peaks are labeled by red dotted boxes, and the corresponding enlarged views are also given in the panel below. (d)
Fluorescent irradiation stimulated by the electron flows away from an assembly of an MCP and a NOA directly illuminated by a
moving 980 nm laser with an average incident power of 22 pW. The moving direction of the laser source is indicated by a red arrow.

The dynamic illumination process is displayed in Video 1.

most remarkable photoelectric response currently appears
at 980 nm, which is consistent with the simulations at a
1000 nm wavelength. The above phenomenon should be
attributed to an adaptability between the structural param-
eters of the Si-based NOA and the incident wavelength, as
well as the intrinsic infrared response characteristics of the
silicon material used.

After adopting a traditional fluorescent screen to replace
the oscilloscope and then setting a guiding voltage of
approximately 5500 V across an approximately 1.5 mm
gap between the MCP and the fluorescent screen, the bright
fluorescent spot variance, resulting from the accumulated
electron emission away from the NOA and finally strik-
ing the fluorescent screen, is recorded using a common

CMOS sensor (see the experimental principle and the setup
design in Sec. 5 of the Appendix). So, a 980 nm laser
driven by a bias current / of 1.5 A is used to directly
illuminate the back of the NOA sample, which is also
loaded with a relatively low operating voltage of approx-
imately 200 V corresponding to the MCP, and thus the
screen is brightened sequentially from the initial all-black
state to the final bright state indicated by the leftmost
and the rightmost figures, respectively, as the laser source
moves along the direction labeled in Fig. 3(d). Conse-
quently, the measured results confirm that a strong electron
flow can be efficiently emitted from the proposed NOA
structure, highlighting the action of performing a spectral
conversion from the initial infrared region selected to the
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visible band with a central wavelength of approximately
544 nm.

C. Imaging performance

Furthermore, a comparison of the PSF according to dif-
ferent detection architectures is also carried out, as shown
in Fig. 4. The measuring light path is given in Fig. 4(a).
As shown, a linearly polarized laser with a central wave-
length of 980 nm and a diameter of approximately 1.7 cm is
shaped after continuously passing through a well-designed
beam expander and a linear polarizer. Then, a liquid-
crystal (LC) device applied with a bias voltage of 10 Vrms
is utilized to produce an arrayed focusing spot [33—35].
The approximate focal length can be calculated based on
the measured interference pattern, as shown below,

f =1r*/2XN, )

where r represents the radius of the lens aperture, A the
wavelength of the incident lasers, and N the number of
observed rings, which should be negatively correlated with
the magnification of the objective.

Based on the traditional Fresnel approximation imag-
ing expression [36], the PSF intensity distribution over a
Fourier plane selected with an axial depth z can be obtained
in a basic relation of

2in M
Af

I(u,v;z) x ‘FFTZ {exp <i -P(x,y) +

2

. 2.
(u-Ax+v-Ay)—m—22(x2+y2)>} , 3

A

where FFT, denotes a fast Fourier transformation, P(x,y)
the phase distribution loaded over the Fourier plane
selected in the Cartesian coordinate system (x,y), M the

MULTIMEDIA MATERIALS

VIDEO 1. Visualization of electron fluorescence excitation.
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FIG. 4. Measurement setups and the infrared imaging perfor-
mance comparison based on the PSF measured with and without
a Si-based NOA. (a) Measuring the light path. (b) Measured
light-field distributions for different infrared detecting configu-
rations. The enlarged views and the intensity variation along the
u- and v-directions of a single focused spot are also given. Note
that the schematic diagrams in the subfigure only describe the
configuration relationship without conducting a structural size
matching; arb. units denotes arbitrary units.

magnification of the near-infrared detecting system, Ax
and Ay the lateral displacement, and (u,v) the position over
the focal plane of the objective with f =~30 cm.

So, the intensity morphology over the focal plane being
axially shifted Az distance can be expressed as

) 2imM
I(u,v;z+ Az) o |[FFT yexp | i- P(x,y) + o .
inM? -z
(MAX‘l‘UAy)—T(XZ‘i‘yz)
imM?- Az, L\
v (u +v)>} , @
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where Az = f — z. Finally, the featured incident light field
can be properly regulated by the detecting system config-
ured with an objective of 40x, the proposed NOA, and a
beam-quality analyzer (Edmund Optics Beam Profiler 4M)
[37]. Through using a silicon wafer of the same thickness
to offset the light energy variance by the silicon material
utilized, the focusing performance according to different
detecting configurations is found and is shown in Fig. 4(b).

As shown, the focusing spots, distributed in an orderly
manner through the regulation of the LC device, can be
observed clearly. A higher intensity and a larger beam
convergence size can be obtained using the proposed Si-
based NOA in contrast to that only employing a silicon
wafer of the same thickness, according to the enlarged
views of a single focusing spot. The intensity variance
along the u- and v-orientations corresponding to a single
focusing spot, obtained by introducing a NOA and then a
silicon wafer, respectively, is also provided in the lower
panels. The full width at half maximum of the peak with
{8.25 pm/u, 12.02/v} of the NOA and {8.85 pm/u, 10.10/v}
of the silicon wafer can be easily acquired along the gray
dotted lines. As shown, an intensity peak based on the
NOA already reaches values of 0.86 and 0.88 along the u-
and v-orientations, respectively, while the maximum inten-
sity acquired using only the silicon wafer is 0.7 along the
same orientations. So, the obvious inconsistency of the full
width at half maximum can be attributed to errors dur-
ing manual focusing, and the proposed NOA presents a
better surface electron collecting and emitting efficiency.
It should be noted that a higher and wider PSF being
formed indicates that a greater number of the surface elec-
trons have swarmed into the tip apex, thereby expanding
the effective light-field emission area of the nanotip top,
and thus there follows a significant improvement of the
detection performance.

Meanwhile, the developed Si-based NOA is further
applied to perform a nearly real-time CMOS-based
infrared imaging detection of an unmanned drone, as
demonstrated in Fig. 5. During outdoor imaging measure-
ments, a common unmanned drone, used as a target, is
exposed directly to intense sunlight. The reflective beams
from the drone are received by the NID, shown by a blue
dashed box in Fig. 5(a), and the imaging data are con-
tinuously uploaded to a PC. The prototyped near-infrared
imaging system is constructed successfully by reason-
ably configuring an imaging lens and a common CMOS
detector chip coupled tightly with a developed Si-based
NOA, which should be correctly mounted over the CMOS
photosensitive end face [37]. A key coupling process is
shown in the right subfigure, where an ideal configu-
ration is realized because of a faint yellow light spot
indicating the Si-based NOA chip is almost in contact
with the CMOS photosensitive surface, which is roughly
labeled by a red dashed line perpendicular to the adjust-
ing direction indicated by a green arrow. For the practical

CMOS
(a) I\o?(li'sr photosensitive region
Imaging
e 1 lens
3 o 1N um \
° Silicon
!'| Camera module 4 NOA
o | testing board
Detected Structural C . )
: o oupling process
target configuration
NID architecture PC
Common detectors without NOA

(b) NID architecture

< 3
<

3’1

FIG. 5. Outdoor real-time infrared imaging measurements
based on a common CMOS imaging detector with and without
a Si-based NOA under intense sunlight illumination. (a) Key
infrared imaging configuration leading to an NID architecture,
where a coupling process is attached by a microscope assembly
of a Si-based NOA and a CMOS photosensitive chip. (b) Imag-
ing comparison according to the detection architecture with and
without the Si-based NOA structure. The enlarged views of the
electronic targets are also inserted.

coupling process in detail and the coupling tolerance, see
Secs. 6 and 7 of the Appendix, respectively. Note that
the mentioned NOA + MCP structure is formed for effi-
ciently extracting the field electron away from the NOA,
which can be obviously observed according to the sim-
ulations via the measured voltage signal recorded by the
oscilloscope. Considering the case of performing an elec-
tron delivery operation, the experimental condition with a
working vacuum of approximately 10~® mBar is set. In
contrast, the proposed NOA-CMOS architecture for per-
forming near-infrared imaging is based on the localized
resonant electric-field enhancement of the NOA, which
can be conducted under common atmospheric conditions.

In order to exhibit the imaging efficiency improvement
based on the Si-based NOA configuration, a pure sili-
con wafer with the same thickness as the NOA chip is
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Common detector

VIDEO 2.

alternatively inserted between the imaging lens and the
CMOS detector, so as to construct a similar infrared imag-
ing architecture for observing the same flying drone. The
practical measurement conditions are as follows: ambient
temperature of 25.3 °C and direct sunlight illumination
of 7.2 x 10% lux. The imaging measurements with and
without a Si-based NOA chip in the takeoff stage of the
drone are illustrated in Fig. 5(b). Two compared imag-
ing configurations were measured within a 20 min interval,
during which we monitored and confirmed the stability of
key environmental factors, such as the temperature. Both
comparable videos are provided in Video 2. It should be
noted that the silicon material functions as a spectral filter
that will effectively block the visible beam while allow-
ing the near-infrared radiation into the CMOS detector,
thereby enhancing the near-infrared imaging performance,
especially through reducing the solar background.

First, the drone will reach a suitable altitude of more
than 10 m in direct sunlight illumination after takeoff, and
its entire construction, including the wings and several
attachments, can be clearly imaged by the NID architecture
as well as by a common CMOS detector without any NOA
structure; in other words, it is only being configured with
the common silicon wafer mentioned, as shown in both the
upper subfigures. After a relatively slow flight, the images
of the drone are already fuzzy at a distance of approx-
imately 60 m from the observing site, where the image
obtained by the NID is relatively clearer than that obtained
by the common CMOS detector against a strong sunlight
background, and the drone’s frame and its wings can still
be distinguished, as shown by both the middle subfigures.
As the drone gradually nears its altitude limit at a distance
of approximately 150 m, its outline is barely discernible
in the image obtained by the NID architecture, in which
its propellers and wings have almost disappeared. As a
comparison, the image of the drone has completely dis-
appeared in the image using the common CMOS detector
only configured with a silicon wafer, as shown by both the
bottom subfigures. So, a gradually disappearing view of

Test comparison of antidisturbance near-infrared-imaging.

the drone’s body can still be recognized by the NID, espe-
cially under intense sunlight illumination, which indicates
a wider radiation response range of the NID architecture.
Finally, the drone is totally buried by the background radi-
ation. It should be noted that although the imaging signals
from a small drone target and the background radiation
are both enhanced by the NOA used, a strong signal only
generated by direct sunlight will result in a rapid satura-
tion of the photosensitive signal of partial CMOS pixels
only sensing incident sunlight in the region. Consequently,
the relatively weak signals from the drone are remarkably
highlighted, which also obviously increases the imaging
contrast.

The imaging detection measurements above demon-
strate that the Si-based NOA can be effectively employed
to significantly improve the antidisturbance ability of the
constructed imaging system, so as to obviously improve or
even strongly enhance the imaging detection performance.
It can be expected that the current imaging detection effi-
ciency can be further boosted by utilizing a better imaging
lens and configuring an efficient matching algorithm, for
example, by adopting machine learning to enhance the
target recognition efficiency. So, the approach will high-
light the continuous development of the imaging detection
method based on the basic NID architecture proposed.

I1I1I. CONCLUSION

In summary, an arrayed silicon-based NOA architec-
ture is successfully developed for guiding efficient imaging
detection based on geometric field enhancement and pat-
terned surface net charge, such as through “free electron”
redistribution, leading to highly localized tip electron accu-
mulation, strong field electron emission away the tips,
and continuously visible cathodoluminescence. Spectral
characterization analyses exhibit a strong electric-field
amplitude gain of 84.77 at a 1000 nm wavelength and
an ultralow radiation transmittance of less than 2% across
a broad wavelength range from 400 nm to 14 um. The
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output voltage signals of the MCP, tightly coupled with
a developed NOA, which induces electrically controlled
electron amplification and spatial transportation in a high
vacuum environment, are sensitive to the incident radia-
tion power, reaching a high value of 186.05 mV under
an illumination of 2.47 W. Additionally, the photoelec-
tric response measurements also present an intense output
voltage signal, as well as a nanosecond-level time inter-
val between adjacent output peaks and a shorter duration
of a single peak at a 980 nm wavelength. A clear visual-
ization, derived from directly striking a small fluorescent
screen with the electrically adjusted electron flows from
the proposed Si-based NOA, is realized experimentally.
The PSF, according to different measurement configura-
tions, indicates that the proposed NOA exhibits a remark-
ably strengthened and expanded light-wave nanofocusing,
which results in a notable light-field enhancement thanks
to the Si-based NOA chip. Furthermore, a type of NID
architecture has already been proposed by tightly coupling
a common CMOS photosensitive array with a highly com-
pact Si-based NOA chip. An effective improvement in the
antidisturbance imaging detection has been realized by uti-
lizing the NID architecture, which demonstrates a wider
radiation response range corresponding to the CMOS sen-
sor without any NOA structure. It can be expected that the
proposed imaging method, with an extremely short electric
pulse duration and a unique imaging detection architec-
ture, can be utilized in many potential applications such
as advanced light-field photography, single-shot ultrafast
infrared imaging, single low-energy-state photon sensing
and tracking, and so on.
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APPENDIX

1. Enhanced visualization of the spatial electric-field
distribution

As an appendix to Fig. 1(c), an enhanced visualization of
the spatial electric-field distribution is provided in Fig. 6.
This view features an extended measurement distance and
uses a color bar with a relatively low maximum to better
resolve the field details, with the featured point highlighted
for clarity.

2. Geometric measurement of the NOA structure

Additional to the overall SEM image of the silicon
nanotip array shown in Fig. 2(a), a close-up with higher
resolution taken at a 70° tilt (left panel) and an enlarged
view of a single nanotip (right panel) are provided to reveal
the detailed morphology, as shown in Fig. 7.

An additional geometric measurement based on atomic
force microscopy (AFM) is displayed in Fig. 8. The aver-
age surface roughness Ra can be represented as

1 L
m:-/ﬁm—ww (A1)
L Jo

where L denotes the measured horizontal length, and
h. and h; denote the experimentally measured and
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FIG. 6. Enhanced visualization of the spatial electric-field dis-
tribution over the x-z cross section. This supplementary figure to
Fig. 1(c) presents the field profile over an extended measured dis-
tance, with an adjusted color bar maximum to improve contrast.
The featured point is also highlighted.
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FIG. 7. Additional SEM image of the NOA structure. (a) A
close-up with higher resolution taken at a 70° tilt of the nanotip
array and (b) an enlarged view of a single nanotip highlighted in
the box with a black dashed line.

ideal height, respectively. With Ra calculated as low as
1.145 nm, the component is well within the acceptable
range for micro-nano fabrication processes.

3. Parameters of the N-MCP measuring circuit

The working circuit of the MCP is displayed in
the right panel of Fig. 1(d). The detailed parame-
ters of the key electronic components are as follows:
C1 =130 pF/7.2 kV; C2=130 pF/10 kV; R1 =20 M;
R2=1MQ; R3 =1MK. The potential at each end is given
as NOA: —200 V; input electrode of the MCP: 0V, in order
to direct the excited electrons from the surface of the NOA
to the MCP. Additionally, the potential difference between
the input and output electrode is set to 2000 V, which
enables the acceleration and amplification of the electrons
mentioned above.

4. Power loss of the vacuum chamber’s optical window

Considering the material of fused silica, the transmis-
sion of the optical window located at the bottom of the
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FIG. 8. Geometric measurement based on AFM. The ideal

contour of the NOA structure is plotted with a black dashed line.

TABLE 1. Measured transmission of the optical window at
473 nm.
Power
Bias Power from  through
current laser source optical
Wavelength  (A) (W) window (W) Transmission
473 nm 0.5 0.20 0.20 100.0%
1.0 0.25 0.24 96.0%
1.5 0.31 0.30 96.8%
2.0 0.35 0.33 94.3%
2.5 0.43 0.43 100.0%
Average 97.4%

vacuum chamber is additionally tested. The transmission
variation from incident wavelength is listed in Tables I-1V.

The average transmission is valued as 97.4%, 97.7%,
88.4%, and 78.3% at an incident wavelength of 473,
655, 980, and 2200 nm, respectively, yielding an overall
average transmittance of approximately 90.0%.

5. Illumination measurement setup

To enable direct visualization of the electronic in vitro
emission from the proposed NOA, a P46 phosphor-coated
fluorescent screen (Photek Ltd., model FS-60) is substi-
tuted for the oscilloscope. An accelerating potential of
2005 V is applied across the 1.50£0.05 mm vac-
uum gap separating the MCP and the fluorescent screen,
establishing an electric-field gradient of approximately
133 V/mm to ensure efficient electron bombardment (Fig.
9). Luminescence intensity variations are then recorded
using a CMOS detector. This configuration permitted real-
time spatial mapping of electron emission patterns across
the 25 x 25 mm active screen area, with temporal resolu-
tion limited by the phosphor persistence (t =~80 ps for
P43).

The emitted electrons from NOA will be continuously
guided into an MCP consisting of a large number of micro-
scopic glass tubes, which are already precoated with a
type of electron multiplier material in their inner walls for

TABLE II.
655 nm.

Measured transmission of the optical window at

Power

Bias  Power from through

current laser source optical
Wavelength (A) (W) window (W) Transmission

655 nm 1.0 0.05 0.05 100.0%
1.1 0.15 0.14 93.3%
1.2 0.23 0.23 100.0%
1.3 0.36 0.35 97.2%
1.4 0.50 0.49 98.0%

Average 97.7%
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TABLE III. Measured transmission of the optical window at TABLE IV. Measured transmission of the optical window at
980 nm. 2200 nm.
Power Power

Bias  Power from through Bias  Power from through

current laser source optical current laser source optical
Wavelength (A) (W) window (W) Transmission Wavelength (A) (W) window (W) Transmission
980 nm 0.5 0.34 0.31 91.1% 2200 nm 0.5 0.16 0.12 75.0%

1.0 0.77 0.68 88.3% 1.0 0.22 0.17 77.3%

1.5 1.79 1.63 91.0% 1.5 0.29 0.23 79.3%

2.0 2.03 1.80 88.7% 2.0 0.36 0.29 80.6%

2.5 2.47 2.05 83.0% 2.5 0.39 0.31 79.5%
Average 88.4% Average 78.3%

inducing a strong secondary election emission. Generally,
the initial output electrons from the NOA, before entering
the MCP, are first accelerated by an external spatial electric
field labeled Vyn and then continuously driven by an inner
electric field of Vycp with a suitable amplitude, which can
be adjusted easily. Consequently, successive collisions in
the inner wall of each tube channel will result in a quick
electron number amplification. To prevent any possible ion
feedback, which would significantly degrade the device’s

durability and lifespan, a protective microstructure corre-
sponding to the NOA is already coupled or integrated into
the MCP. As the fluorescent screen located at the MCP’s
exit is directly struck by the amplified output electron flows
under the guiding voltage Vpy, the incident infrared radi-
ation in a conventional short-, mid-, or long-wavelength
atmospheric window can be efficiently converted into the
visible region, currently at a central wavelength of approx-
imately 544 nm. To efficiently regulate the electron flow

Fluorescent screen

MCP

Arrayed NOA

Surface electromagnetic

{

Energy harvesting

Light waves ~544 nm

Fluorescence excitation

15 Vit = 5500V =

'

Vager = 1600V

Photoinduced Accelerating multiplication

electron

Vay =200V ——
wave-field

R

Photoelectron conversion

FIG. 9. Experimental principle and setup of the illumination measurement. An effective light-wave collection by common CMOS
sensing, based on the direct striking to the fluorescent screen of electronic ir vitro emission from the proposed NOA, can be achieved
by adding a set of voltages including a VN loaded between the MCP and the NOA, a Vycp for actuating the MCP, and a Vg between
the phosphor film and the MCP with a minimum distance of approximately 1.5 mm through utilizing a voltage source adjusted in the

range of 0—10 kV.
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(a) Three-layer spacer

Arrayed Si-based NOA

CMOS photosensitive area

=IAAAAA—,

FIG. 10. The schematic of the coupling process between the
arrayed Si-based NOA and the commercial CMOS photosensi-
tive area from (a) the side and (b) the front perspective.

(b)

between the NOA and the terminal fluorescent screen, all
functional components, such as the arrayed Si-based NOA,
the MCP, and the fluorescent screen, are encapsulated in a
high vacuum cavity of approximately 10~¢ mBar.

FIG. 11.
microscope.

6. The coupling process of the NOA and CMOS

In order to achieve near-field alignment of the arrayed
NOA and detector, the applied CMOS sensor is a cus-
tomized product without a protective glass cover, and thus
the photosensitive region is directly exposed. According
to our group’s earlier publications [33,38—40], spacers for
stress are used to securely connect the surfaces of the
CMOS sensor and the nonstructured portion of the NOA
sample, as shown in Fig. 10. Here, the spacers are selected
as three paper layers, equal to a thickness of approximately
600 pm, which enable as relatively tight a coupling as
possible without damaging the photosensitive components.
This coupling method can also be adopted with the MCP
and the beam-quality analyzer shown in Figs. 2 and 4,
respectively.

In order to ensure the accuracy of the coupling between
the nanotips and the photosensitive region, a square con-
tour of a size consistent with that of the NOA sample
is previously etched on the surface of the CMOS detec-
tor, and the architectural parameters of the NOA sample
are well designed for coupling when prepared. The entire
coupling process is performed under the microscope, and
the directly exposed photosensitive region is as shown

in Fig. 11.

The directly exposed photosensitive region and the previously etched square contour of the CMOS detector under the

=

FIG. 12. The coupling process along the vertical direction. The outline of the NOA sample is highlighted by the red dashed line, and
the green arrows point to the coupling direction. Note that the outline of the NOA sample is relatively fuzzy because the microscope

is mainly focused on the surface of the CMOS sensor here.
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FIG. 13.

The coupling process along the horizontal direction.

The coupling process under the microscope along the
vertical and horizontal directions is presented in Figs. 12
and 13, respectively. As illustrated, the outline of the NOA
sample is highlighted with a red dashed line, the green
arrows point to the coupling direction, and the square con-
tour over the CMOS surface can be clearly observed. As
the NOA sample fits the square contour, the NOA and
the photosensitive pixel are accurately coupled considering
that both of them are periodically arrayed. In addition, the
structural region of the NOA sample is slightly larger than
the photosensitive region of the CMOS sensor, to com-
pensate for allowable matching errors during the coupling
process.

0.644um
14.35%um,

14.36 Su.n}

FIG. 15.

Measuring optical path for performing near-infrared
imaging detection based on the NID configuration.

7. Coupling tolerance measurement

In an ideal design, the periodicity of the NOA should
be rationally related to the CMOS pixel pitch to optimize
light-field sampling and minimize artifacts. As shown in
Fig. 2(a), the periodicity is measured as 1130 nm, which
was first designed to be 1 pm. The applied CMOS detector
features a native resolution of 1096 x 1936 pixels, with a
single pixel size of 3 um x 3 pm. The coupling relation can
be calculated from the configuration where each 3 x 3 nan-
otip submatrix maps to an individual detector pixel. The
whole NOA structure is arrayed in 6 mm x 6 mm, which
is relatively bigger than the size of the entire photosen-
sitive area of the CMOS detector. Although unavoidable

(e) ®

12.821um

9.524ym 11.722um

1.641um 2.154um

FIG. 14. Different coupling conditions observed under the optical microscope. The etched line (mentioned in Sec. 6 of the Appendix)
on the surface of the CMOS detector and the NOA contour are highlighted by the long dashed and short dashed lines, respectively.

The multipoint measured coupling offsets are also labeled.
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FIG. 16. Comparison of imaging performance under varying coupling conditions. The reproduced object is highlighted with a dashed
red box, and an enlarged view in each case is provided in the inset located at the lower-left corner.

fabrication errors exist in the structural parameters of the
NOA, their impact on the enhancement gain of a single
pixel becomes negligible when averaged over the entire
photosensitive area of the CMOS detector.

In order to determine the alignment tolerance, we
have intentionally increased the coupling offset and
calculated D* of the NOA +CMOS imaging architec-
ture. The alignment offset is divided into the horizon-
tal and vertical directions, corresponding to Ax and
Ay, respectively. A positive value of Ax is defined
as the condition where the NOA contour (short dashed
line) extends beyond the line previously etched on the
CMOS detector surface (long dashed line), as shown in
Fig. 14(a). Here, we list six coupling positions tested
via multipoint measurements, including average values
of Ax=+13.698 pm, —1.894 pm, —9.337 pm and
Ay =+14.362 pm, —1.480 pm, —11.356 pm.

The basic experimental setup for performing CMOS-
based near-infrared imaging detection with different cou-
pling conditions is illustrated in Fig. 15. The object is first
illuminated by a laser beam with a central wavelength
of 980 nm, and then the reflective light is received by
the proposed NOA + CMOS imaging system. The incident
near-infrared power at NID is measured by a power meter
for D" calculation. A comparison of the imaging perfor-
mance under various coupling conditions is provided in
Fig. 16. According to the near-infrared reproduction of the
object, D* expressed in units of 10'°cm Hz!/? W~! can
be calculated as 4.489, 4.758, 4.073, 4.489, 3.602, and
4.773, respectively. As shown, although the best imag-
ing performance is observed at Ax=0 and Ay <0, the
performance under various coupling conditions is nearly
identical, demonstrating good tolerance to coupling errors.

However, the cause of the performance difference
remains unclear and cannot be pinned to either sys-
tem error or coupling conditions. Moreover, measuring
the angular tolerance between the NOA and the CMOS

detector poses a significant challenge due to the difficulty
of controlling the angle precisely. In future work, we will
focus on further modifying the coupling process to facili-
tate precise alignment control, thereby enabling a rigorous
assessment of its effect on imaging.
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