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Lightwave nano-converging
enhancement by an arrayed
optical antenna based on metallic
nano-cone-tips for CMOS imaging
detection

Chai Hu%23, Taige Liu'2, Kewei Liu*?, Jiashuo Shi*2, Mao Ye'? & Xinyu Zhang?**

A kind of gold-coated glass nano-cone-tips (GGNCTs) is developed as an arrayed optical antenna

for highly receiving and converging incident lightwaves. A local light field enhancement factor

(LFEF) of ~2 x10* and maximum light absorption of ~ 98% can be achieved. The near-field lightwave
measurements at the wavelength of 633 nm show that the surface net charges over a single GGNCT
make a typical dipole oscillation and the energy transmits along the wave vector orientation, thus
leading to a strong local light field enhancement. An effective detection method by near-field coupling
an arrayed GGNCT and complementary metal-oxide-semiconductor (CMOS) sensor for highly efficient
imaging detection is proposed. The lightwave detection at several wavelengths, including typical

473 nm, 532 nm, 671 nm, and 980 nm, shows a notable characteristic that a better capability of the
net charge distribution adjusting and localized aggregating can be obtained at the absorption peak

of the GGNCT developed and a stronger signal detection achieved. The research lays a foundation

for further developing a light detector with an ideal optoelectronic sensitivity and broad spectral
suitability, which is based on integrating GGNCTs as an arrayed optical antenna with common sensors.

As known, the surface plasmons (SPs) mainly originated from the interaction between surface free electrons and
incident lightwaves, which can be efficiently excited over the surface or interface of some metallic or semicon-
ductive materials. Under the condition of the SP frequency being the same as that of the incident lightwaves and
also the momentum conservation satisfied, a steady SP resonance can be predicted!~. So, a reasonable design of
the functioned micro-nano-architectures over the surface of several common metallic or semiconductive struc-
tures can be performed for efficiently adjusting the regional SP energy and momentum distribution and even
their surface transportation stimulated, which means a feasible approach to efficiently control or finely adjust
the directional propagation and then the spatial resonant aggregation of the surface electromagnetic waves in
a specific band*°. The SP converging towards a metal nano-tip enables a highly localized and then remarkably
enhanced light field in a nanoscale region’=*. However, the local light field enhancement factor (LFEEF, |E|%/|E,|*)
of the SP resonance is often limited due to intrinsic dissipative and radiative losses'°. The plasmonic nanoparticle
structures with a high-LFEF resonance and also suppressed loss would be highly beneficial to many applica-
tions that require a sharp resonant response and an intense enhancement of light-matter interaction. Generally,
the SP nano-focusing not only relies on the interaction of the surface resonant waves excited and the patterned
micro-nano-structures constructed, but also is defined as a transmission phenomenon!!'. Thus, the upright
optical nano-antenna array is proposed compared to the common planar nano-antenna’®. According to a featured
fashion of the surface electron density waves, the SPs will propagate in a specific polarization orientation of inci-
dent lightwaves towards the apex of a single nano-tip. As the effective dimension of a metallic tip is smaller, the
SPs can be more efficiently guided and then squeezed into a nanoscale space such as the apex, and thus present-
ing a very strong near-field lightwave resonant enhancement based on a highly tighter light field confinement of
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nano-tips'®"®, which is generally determined by the sharpness of the nano-tip and also the Coulomb blockade

from the apex as a special quantum point*-2*,

Detectors with several typical performances such as high spatial resolution, high sensitivity, and very
large array scale, are urgently desired in a large number of high-tech applications and manufacturing indus-
try, for example, in both the civilian and defense fields, especially in modern medical imaging and artificial
intelligence*-?’. In recent years, the development of high-sensitivity photodetectors based on the localized
light-field enhancement antenna has gradually become a hot research topic?*-*. So far, several representative
nanostructural photodetectors with some attractive characteristics, for instance, high photoconductive gain,
controllable wavelength sensitivity, fast response, and highly efficient light-to-current conversion, have been
realized and also demonstrated a remarkable optoelectronic characteristic of tunable light absorption and high
carrier mobility*'. This paper proposes a kind of gold-coated glass nano-cone-tips (GGNCTs), as an arrayed
optical antenna for highly efficient receiving and converging incident lightwaves, so as to achieve a typical high
LFEF of ~2 x 10*. The upright GGNCT arrays with different structural sizes are fabricated. As demonstrated
experimentally, the surface free electrons of the GGNCTs can be effectively excited by the lasers with a central
wavelength of 633 nm and then present a dipole of net charge oscillation along the direction of the incident
E-field. Generally, the apex structure means a substantial surface net charge aggregating and then light energy
accumulating, which should be more efficient corresponding to the GGNCTs with a larger cone sharpness, and
thus eventually realize a powerful E-field enhancement effect. It should be noted that when the LFEF and absorp-
tion reach the maximum at the same time, a strong convergence effect will be produced at the top of the cone.
Based on the property, a new detection method by coupling the optical antenna composed of a large number of
nano-cone-tips with COMS sensors is proposed for achieving a very weak lightwave detection and opto-signal
amplification. It highlights the continuous development of the highly efficient infrared photosensitive technique.

Results and discussion

Numerical simulation. Several two-layered structures composed of glass wafer and gold film, including
GGNCT-], 11, III, and IV, are modeled and simulated by FDTD Lumerical Solutions. The main parameters
and the simulations are shown in Fig. 1. Considering a functional architecture with a finite structural size and
suitable to periodic boundary conditions at the x- and y-axes so as to avoid complex edge effects, the perfectly
matched layer (PML) boundary configuration is selected corresponding to the z-axis. And the simulation period
is set as 500 nm and the plane lightwaves with a wavelength range from 0.4 to 2 pum are normally incident from
the bottom. According to the memory size of the simulation files and the reliability of the structural model, the
mesh division accuracy is 2 nm, 2 nm, and 2 nm in the x-, y-, and z-axes, respectively. The frequency-domain
field and power monitors are used to simulate the reflectivity and transmissivity. Both the reflection (R) and
transmission (T) components can be obtained by performing direct measurements, and thus the absorption part
can be easily converted according to the relation of A=1 — R — T. The frequency-domain field profile monitor
is set for obtaining the featured electric field distribution of the nano-cone-tip. Figure la shows a typical cone-
shaped GGNCT-I with main structural parameters. As shown in Fig. 1(a-1), the top and bottom side lengths
are 375 nm and 460 nm, and the height is 300 nm. The thickness of the gold film at the top and bottom is 30 nm
and at the sidewalls is 15 nm. Figure 1(a-2) shows the typical situations of the light absorption and the LFEF
indicated by the blue and red curves, such as significant resonance peaks at six wavelengths including 0.75 pm,
0.86 pm, 1.11 um, 1.20 pm, 1.56 um, and 1.75 pm. The tip of the nanostructure can effectively converge the
near-field light waves leading to large field enhancement. Thus, the tip with the strongest local light field energy
enhancement factor LFEF in the whole nanostructure is the focus of the study. Therefore, the maximum LFEF
at each wavelength, which is also the maximum value in the colorbar of the electric field distribution profiles,
is chosen to plot the LFEF curve. The maximum absorption occurs at 1.75 um and exceeds a high value of 0.8.
But the maximum LFEF appears at 1.11 pm and reaches 1500. The E-field distribution at each peak wavelength
is given for exploring the resonance peak formation. As shown in Figs. 1(a-3)-(a-8), both absorption peak and
LFEF peak can lead to a convergence effect. At the wavelengths of 0.75 um and 1.11 pm, the LFEF is relatively
large but the absorptivity does not show a remarkable increase, where the E-field localized at the bottom of
GGNCT-I. At the wavelengths of 0.86 um and 1.2 pm and 1.75 pm, the absorption is comparatively large but
the LFEF has a lower peak, where the E-field is distributed on the sidewalls of GGNCT-I. At the wavelength of
1.56 pm, it is not shown a relatively great enhancement of both the light absorption and the LFEF, where the
E-fields are arranged at both the bottom and the sidewalls.

By adjusting the structural parameters to obtain more desirable results about the E-field strongly localized
at the top of the GGNCT, so as to maximize the light absorption and the LFEF, a cone-shaped GGNCT-II is
designed, as shown in Fig. 1b. The main structural parameters are demonstrated in Fig. 1(b-1). The top and
the bottom diameter are 215 nm and 300 nm, and the height is 300 nm. The thickness of the gold film formed
at the top and the bottom and the sidewalls are 10 nm and 30 nm and 15 nm. The simulations are shown in
Fig. 1(b-2). As demonstrated, both the light absorption and the LFEF curves present the maximum resonance
peaks (~0.95,~3300) at the wavelength of 0.8 pm. Figure 1(b-3) shows the E-field distribution at the resonance
wavelengths. The instantaneous E-field directions are represented by white streamlines. The E-field profile shows
the electric dipole distribution at the top of the cone in the direction of incident E-field polarization.

The case of further shrinking the lateral dimension of the cone to result in a sharper cone-shaped GGNCT-
III is shown in Fig. 1c. As shown in Fig. 1(c-1), the key parameters including the top and bottom diameter and
the height are 145 nm and 225 nm and 300 nm. The thickness of the gold film at the top and the bottom and the
sidewalls are 10 nm and 30 nm and 15 nm. As shown in Fig. 1(c-2), both the light absorption and the LFEF curves
present the maximum resonance peak (~0.82,~8000) at the wavelength of 0.99 pum, and a couple more robust
electric dipole is formed at the GGNCT top, as shown in Fig. 1(c-3). Furthermore, the case through adjusting
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Figure 1. Simulations of the GGNCTs with the lightbeams in a wavelength range of 0.4-2 pum and illuminating
normally from the bottom. (a) The main simulation results of GGNCT-L. (a-1) Two-layered SiO, and metal
films with critical parameters. The top and bottom side lengths are D, =375 nm and D, =460 nm, and the height
H=300 nm. The thicknesses of the gold film at the top and bottom are h; =h,=30 nm and at the sidewalls
h;=15 nm. (a-2) The LFEF and the light absorption curves. (a-3)-(a-8) The |E| cross-sectional profiles of several
light wavelengths are selected. The enlarged views of the strong near-field convergence spot demonstrated in (a-
3), (a-5), and (a-7), are inserted above the corresponding figures. (b—d) Structural parameters and simulations
for a single GGNCT with a large base area (b), and a small base area (c), and an asymmetrical metal coating

(d). Structural parameters for (b-1): The top and bottom diameters are D, =215 nm and D, =300 nm, and the
height H=300 nm. The thicknesses of the gold film at the top and bottom are #, =10 nm and h,=30 nm, and

at the sidewalls /; =15 nm; Structural parameters for (c-1): The top and bottom diameters are D; =145 nm and
D, =225 nm, and the height H=300 nm. The thicknesses of the gold film at the top and bottom are 4, =10 nm
and h, =30 nm, and at the sidewalls h; =15 nm; Structural parameters for (d-1): The top and bottom diameters
are D; =145 nm and D, =225 nm, and the height H=300 nm. The thicknesses of the gold film at the top and
bottom are i, =10 nm and h, =30 nm, and at the left and right sidewalls ;=20 nm and h,=10 nm. (b-2)-(d-

2) The LFEF and the light absorption curves, and (b-3)-(d-3) show the typical E-field distributions at the
resonance wavelengths. The instantaneous E-field directions are represented by white streamlines.
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Figure 2. SEM micrographs of several GGNCT arrays with different morphology and the process flow. The
main structural parameters (Sy, D, 0) of the GGNCTs are as follows: (a) (500, 461, 82.1°), (b) (500, 301, 82.1°),
and (c) (500, 227, 82.1°). (d) The key fabrication processes including typical EBL, ICP, and RIE.

the surface gold film of the GGNCT-III with an asymmetric coating, so as to result in the film thicknesses of the
left sidewall being 20 nm and the right being 10 nm, is shown in Fig. 1d. The key parameters of GGNCT-1V are
shown in Fig. 1(d-1). The asymmetric mode is achieved by slightly moving the inner glass nano-cone-tip towards
the right by 5 nm based on the symmetric mode during simulations. Similarly, both the light absorption and the
LFEF curves will obtain the maximum resonance peak (~0.98, ~2 x 10*) at the wavelength of 1.05 um, as shown
in Fig. 1(d-2). The E-field is mainly localized at the top of the thinner sidewall leading to a significantly robust
bright spot, as shown in Fig. 1(d-3).

In summary, it can be seen that when LFEF and absorption reach the maximum at the same time, a strong
convergence effect will be produced at the top of the cone, and the peak wavelength will gradually redshift with
the reduction of the lateral size of GGNCT. Moreover, the larger cone sharpness can make the local field enhance-
ment effect more significant. We can predict that the local field enhancement phenomenon should be caused
by the transmission of SP on the surface of the nano-cone-tip from the bottom to the top along the wave vector
orientation. And the asymmetric coating method has a better effect than the symmetric coating. It is known
that at the metal-air interface, the net free-electron oscillations are directly affected by the incident electric field
component. The SPs excited on both sides of a symmetric nanostructure are in anti-phase according to the
polarization orientation of the incident electric field component®. For the symmetric coating method, the SPs
destructive interference occurs at the top of a single nano-cone-tip. The asymmetric coating will eliminate the
SPs destructive interference, and thus lead to a strong near-field nano-focusing.

Absorption spectrum experiment. Considering the feasibility of the current process, the symmetric
coating method is chosen to produce the nano-cone-tip-tips. According to the target design, the anisotropic
plasmonic metasurface is fabricated and then the featured optical character is also characterized. The GGNCTs-
I, -1, and -III are fabricated mainly based on a critical anisotropic etching on a~500 pum thick glass wafer. Then
a gold film is evaporated over the patterned surface of the glass wafer. The surface morphology of the obtained
GGNCTs is characterized by a traditional scanning electron microscope (SEM), as shown in Fig. 2. The top-
view of the GGNCTs is exhibited in Fig. 2a—c, and the 3D stereogram of each GGNCT is observed by tilting the
samples at 30°, 30°, and 5°, which are inserted in the upper right corner. The corresponding structural models
from the same viewpoint are given in the lower right corner for ease of viewing. The acquired GGNCTs are then
characterized by featured parameters including the spatial period S; of 500 nm and the cone bottom diameters
D, of ~227 nm, ~301 nm, and ~461 nm. And the GGNCTs with the same height of ~300 nm and a similar side-
wall with a slope 6 of ~ 82.1°.

The main technological processes are shown in Fig. 2d. Firstly, a layer of negative photoresist (Ma-N2403) is
coated over the glass substrate with a sprayed aluminum film as a conductive layer. Then, the standard electron
beam lithography (JBX 6300FS, JEOL) is utilized to shape a fine resist. Furthermore, the inductively coupled
plasma etching (Oxford Plasma Pro System 100 ICP 380) is used to perform anisotropic etching in a mixed
atmosphere composed of C,Fg and O,. After degumming, the reactive ion etching (ME-3A) is conducted to
shape a relatively sharp sidewall. Finally, the magnetron sputtering (Kurt J. Lesker LAB 18) is utilized to deposit a
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Figure 3. The simulated and measured absorption spectrums of the GGNCT-I and IT and IIT in a wavelength
range of 0.4-2 um, which are colored by orange, purple, and blue, respectively. (a) The simulated absorption
spectrums and (b) the measured absorption spectrums.

30 nm thick gold film over the patterned surface of the glass substrate with a 5 nm thick titanium as an adhesive.
Since the side wall of the nano-cone is relatively steep, and the sputtered titanium on the side wall is thinner and
cannot form a film, so most areas are still basically in contact with the silicon substrate. Therefore, the influence
of titanium was not considered in the simulation.

The simulated absorption spectrums demonstrated in Figs. 1(a-2)-(c-2) are picked out together for com-
parative analysis, as shown in Fig. 3a, where the curves colored by orange and purple and blue represent the
absorption spectrum of the GGNCTs-1, -1, and -III, respectively. The dispersive spectrometer (Model iHR550
of HORIBA), has the following key parameters: the focal length of 550 mm, the resolution of 0.06 nm, the
grating size of 76 mm x 76 mm, and a spectral range of 0.4 to 2.0 um. The reflection (R) and transmission (T)
components can be acquired by direct measurements, and the absorption part easily be converted according to
the relation of A =1-R-T. The experimental absorption curves are shown in Fig. 3b. As demonstrated, the simu-
lated and measured absorptivity curves follow a similar trend, where the GGNCT-I exhibits absorption peaks
near ~ 1200 nm and ~ 1750 nm, and the GGNCT-II an absorption peak near ~ 800 nm, and the GGNCT-III an
absorption peak near ~ 980 nm.

Near-field simulation and measurement. To verify the theoretical prediction proposed that the SP on
the surface of the nano-cone is transmitted along the wave vector, the net charge distribution on the nano-cone-
tip surface under typical incident light wave excitation needs to be explored with the help of near-field experi-
ments. Considering the limitation that the experimental device can only be incident from the top, the theoretical
prediction is verified by simulation and experiment in the top-incidence mode. The GGNCT-III is selected for
evaluating the net charge arrangement behaviors over the sidewall of a single GGNCT excited by the specific
polarized lightwaves. A scattering near-field optical microscope (SNOM, Neaspec GmbH Co.) is used to observe
the near-field behaviors of the sample, where the incident angle 6 and the polarization angle ¢ of the laser beams
of the device are both 45°, as shown in Fig. 4a. The simulations are performed according to the experimental
environment. Firstly, the absorption spectrum is simulated in a broad-spectral wavelength range of 0.4-2 pm.
The broadband light beams are incident over the periodic nanostructures at 45°, and thus the broadband fixed
angle source technique (BFAST) is selected as a plane wave type. The PML boundary condition is selected at
the z-axis, and the simulation period set as 0.5 pm, and the polarization angle ¢ 45°. Considering the memory
size of the simulation files and the reliability of the nanostructural model, the mesh division accuracy is 2 nm,
2 nm, and 2 nm, in the x-, y-, and z-axes, respectively. The frequency-domain field and the power monitors are
used to simulate both reflectivity and transmissivity. The reflection (R) and transmission (T) components can be
obtained by direct measurement, and the absorption part is easily converted according to A =1-R-T mentioned
above.

From the simulation results shown in Fig. 4b, it can be seen that there is an obvious absorption peak near
633 nm. As known, the near-field light convergence enhancement at the absorption peak is the most significant,
so the electric field distribution of the nanostructure mentioned at 633 nm is simulated. The difference according
to the broad-spectrum simulations is that the incident light type is set at Bloch mode and the Bloch boundary
conditions used in the x- and y-axes, respectively. The frequency-domain field profile monitor in 3D mode is set
for obtaining the electric field distribution of the nano-cone-tip, and thus the simulation results are shown in
Fig. 4c,d. Figure 4c shows the top view of the distribution of the electric field intensity |E| with a colorbar for pre-
senting the electric field enhancement factor (|E|/|E,|) up to 30. The blue part of the figure shows the background
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Figure 4. Simulated surface net charge distribution of GGNCT-IIL (a) Schematic diagram of the simulation
model with an incident angle of 6 and the polarization angle of ¢. (b) The simulated absorption spectrum in

a wavelength range of 0.4-2 pm. (c) The top view about the distribution of the electric field intensity |E]|. (d)
Several typical 3D presentations about the surface net charge distribution according to different perspectives at
—45°,45°,135°, and — 135°, are exhibited in (d-1)-(d-4). Several small regions colored red and blue are filled
by the net positive and negative charges, respectively. A detailed arrangement of a dipole of net charges over the
sidewall of the GGNCT excited by the incident polarized light vector E labeled by an arrow.

area where the electric field component is weaker with a field enhancement factor of ~0.1. And the area with a
stronger electric field colored by yellow and also marked by a red dashed line is distributed on the edge of one
side of the nanostructure, indicating a near-field lightwave converging operation. The electric field intensity on
the nanostructure is hundreds of times stronger than that in the background. Figure 4d shows the distribution of
the electric field vector E on the surface of the nano-cone-tip, with (d-1)-(d-4) presenting four views at different
angles of — 45°, 45°, 135°, and — 135°, which are indicated by a red arrow inserted in the upper right corner. The
region with a positive electric field distribution generally means a positive net charge aggregation, and similarly
the negative electric field distribution with respect to negative net charges, which are already marked by symbols
“+7” and “-” in the figure. It is shown that the positive net charges are mainly distributed at the top and bottom
of one side of the nano-cone-tip, while the negative net charges are mainly distributed in the middle part and
the other side. The above distribution behaviors can be attributed to the excitation of the incident electric field
component, and the positive and negative net charges can also be viewed as being polarized according to the
polarization direction of the incident electric field. As shown by the arrows in Figs. 4(d-1) and (d-3), two pairs
of dipoles are formed on the nano-cone-tip along the traveling direction of the incident lightwaves, and also in
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Figure 5. Typical surface net charge distribution of the GGNCT-III fabricated. (a) The SEM morphology of
the GGNCT-III arrays. (b) The near-field light signal scanned by the probe, and the light color represents the
strong signals and the dark color the weak signals. (c) Several typical 3D presentations about the surface net
charge distribution according to different perspectives at — 45°, 45°, 135°, and — 135°, are exhibited in (c-1)—(c-
4). Several small regions colored red and blue are filled by the net positive and negative charges, respectively.

A detailed arrangement of a dipole of net charges over the sidewall of each GGNCT excited by the incident
polarized light vector E labeled by an arrow is also indicated in (c-3).

the direction of the wave vector k. This is caused by the featured transmission behaviors of lightwaves. Since the
height of the nano-cone-tip is ~ 300 nm, which is almost half of the incident wavelength of 633 nm, the two pairs
of dipoles are resonantly coupled so as to produce obvious absorption peaks. In summary, it can be seen that
the net charges on the surface of the nano-cone-tip will make a type of dipole oscillation along the polarization
direction of the incident electric field component, and then transmit along the wave vector direction, which is
also a kind of energy transfer process.

As shown in Fig. 5, GGNCT-III is selected for evaluating the net charge arrangement behaviors over the
sidewall of a single GGNCT excited by incident lightwaves with a needed wavelength. The SEM morphology of
the GGNCT-III arrays is shown in Fig. 5a. The near-field characteristics of the sample are measured using a scat-
tering near-field optical microscope (SNOM, Neaspec GmbH Co.). In experiments, a laser beam with a central
wavelength of 633 nm is incident obliquely upon the patterned surface of the sample. Both the incidence angle
0 and the polarization angle ¢ of the laser beams are 45°. An atomic force microscope (AFM) probe (platinum
needle) is performed to obtain the near-field light vector distribution of the sample according to the initial
incident direction and the polarization state of laser beams. A noncontact probe is also performed to detect the
electrical signals of the near-field lightwaves excited, as shown in Fig. 5b. The light color represents the strong
signals and the dark color the weak signals. The strongest signal is distributed on one side of the nano-cone-tip,
which is already circled by a white dashed line and reaches ~ 24 uV, while the background signal is very weak
and then closes to ~ 0.1 uV. The near-field signal on the nanostructure is hundreds of times stronger than that
in the background. So, the trend of near-field distribution according to the experiments is consistent with the
simulation in Fig. 4c.

The measurements are quantified in terms of the AFM topography of the nano-cone-tip, as well as the mag-
nitude and the phase of the near-field lightwaves. Both the transient magnitude and the phase of the near-field
lightwave according to SNOM measurement contain the information from the first-order to the fourth-order.
Specifically, the amplitude s, and phase ¢, of the near-field lightwaves can be extracted as effective information
for evaluating the GGNCT-III. Generally, the measured near-field signals express a direct response of the surface
lightwaves excited, which can be described by the following fluctuation formula of**:

Fx,y,t) = Re[sa(x, y)e's ) =12t/ Ty (1)
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Figure 6. Time evolution of the near-field lightwaves excited over the outside surface of the GGNCT-IIL. (a)
Surface morphology of a partial GGNCT-III. measured using AFM. (b) Several typical near-field lightwaves
excited at different measurement moment including t=0 to (b-1), t=1/6 T'to (b-2), t=1/4 T'to (b-3),t=1/3 T to
(b-4), and t=1/2 T to (b-5).

where T represents the time period of the near-field lightwaves excited. So, the near-field light vector over the
outside of each nano-cone-tip of the GGNCT-III can be obtained by the near-field measurements. It should be
noted that since the surface electric field intensity is proportional to the surface net charge density, the near-field
light vector character also presents the distribution behavior of the surface net charges stimulated.

Several 3D presentations based on a dipole of net charge distribution fashion over the sidewall of each
GGNCT according to different perspectives at — 45°, 45°, 135°, and — 135°, which are indicated by a red arrow
inserted in the upper right corner, are shown in Figs. 5(c-1)-(c-4). The red region is filled by the net positive
charges and the blue the net negative charges. The net positive and negative charges are distributed over the
sidewall of each GGNCT, as demonstrated in Fig. 5(c-1). The net positive charges occur at not only the sidewall
top of a single GGNCT but also its bottom, as shown in Fig. 5(c-2). However, the net negative charges will dis-
perse in a relatively large region. So, the GGNCTs will present a transient surface beam converging at the top
and bottom due to many surface states constructed over the surface of each GGNCT, which can also be viewed
as a special quantum dot. A detailed arrangement fashion about a dipole of net charges over the outside surface
of a single GGNCT excited by the incident polarized light vector E labeled by a red arrow, which already pre-
sents the polarization orientation, is also indicated in Fig. 5(c-3). Two adjacent areas circled by two dashed lines
are filled by the net positive and negative charges. As shown, the net positive charges present a relatively dense
distribution with a higher charge density. However, the net negative charges or the surface "free electrons" are
relatively dispersed to present a relatively low distribution density. Especially, the net charges will shape a pair
of dipoles along with the polarization orientation of the incident lightwaves and oscillate according to the light
vector frequency. The view shown in Fig. 5(c-4) presents the typical negative net charges distributed mainly and
the dipole distribution can also be seen clearly. Unlike the simulations, only one pair of dipoles appears in the
experiments. This is due to the fact that the curvature radius of the probe tip is not small enough, so as to restrict
the downward movement of the probe. Therefore, the actually measured height of the nano-cone-tip is smaller
than the real value of 300 nm, which is not enough to arrange the two pairs of dipoles.

To carefully analyze the dipole oscillation behaviors of the net charges generated, the time evolution charac-
teristics of the near-field lightwaves excited over the sample of the GGNCT-III are measured in chronological
order, as shown in Fig. 6. A 3D viewing of partial GGNCTs is acquired by AFM, as shown in Fig. 6a. The nano-
cone-tips are colored dark blue from their bottom to Cambridge blue to light green to yellow to red for their top.
The average height of the GGNCTs with a spatial period of 500 nm is ~ 250 nm. The variance behaviors of the
near-field lightwaves excited in a half-time period are already plotted based on the SNOM measurement data at
five specific time points: 0 T, 1/6 T, 1/4 T, 1/3 T, and 1/2 T, respectively, as shown in Fig. 6b. The dashed plane
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corresponding to level 0 of the near-field measurement signal represents the reference plane corresponding to
the near-field light vector f=0, and also the scale plane the current near-field signal magnitude. So, a transient
value on the sine curve indicated by a black arrow can be utilized to present the variation trend of the near-field
lightwave function. The orientation and the magnitude of the solid black arrow mark the transient situation of
the oscillation light vector, and the actual value of fat each moment above is — 1.6x 107, 0.8 x 107, 1.8 x 1075,
2x107, and 1.6 x 107°. The dark red segment of the sine curve exhibits the oscillation trajectory from 0 T to the
current moment. Since the intensity of the near-field lightwaves is proportional to the surface net charge density,
the variation of the near-field radiation also means the corresponding oscillation of the surface net charges.
This verifies the hypothesis that the surface net charges of the nano-cone-tip will oscillate in a dipole manner.

It can be expected that when the incident lightwaves are incident vertically from the bottom of the nano-cone-
tip, the net charges will make a type of dipole oscillation along the polarization direction of the incident electric
field component, and then transfer to the top along the wave vector orientation. Based on a resonant response to
the incident lightwaves, the light energy will continuously accumulate and finally lead to a substantial light field
enhancement over the nano-cone-tips. It can be predicted that when the scale of the nanostructure along the
wave vector direction is large enough, the continuously excited dipole oscillation will perform a more significant
light converging enhancement at the apex.

Signal detection by the antenna-coupled detector. The constructed GGNCT presents a strong local-
ized effect of the E-field at the top, resulting in an evident increase of the excited near-field lightwave intensity
by 4 orders of magnitude over incident lightwaves. Therefore, an effective detection method is proposed for per-
forming a near-field coupling between the nano-antenna and the photosensitive surface of the complementary
metal-oxide-semiconductor (CMOS) sensors for detecting weak lightwaves in a relatively broad wavelength
range. The experiments initially validate the idea above. A semifinished product of a back-illuminated CMOS
chip (Model: C2395, HYLIX) with a 3 um x 3 um sensitive size and 2 megapixels, whose photosensitive surface
is exposed directly, is utilized for performing weak light detection experiments. The sample surface with nano-
cone-tips and the photosensitive surface of the CMOS sensor are laminated together using nanospheres as spac-
ers. The sample is matched onto the CMOS sensor to directly detect the imaging signals through the GGNCTs
as an arrayed optical antenna to efficiently receive and converge incident lightwaves at different wavelengths, as
shown in Fig. 7. The distance between the sample and the CMOS sensors can be adjusted according to the size
of the nanospheres. Here we use nanospheres with a diameter of 300 nm. According to the design, the height
of the nano-cone-tip is~300 nm as well, so as to ensure the nano-cone-tip almost touches the photosensitive
surface, and thus achieve a needed near-field coupling. The sensor is soldered onto the mobile industry proces-
sor interface MIPI (UM330, DOTHINKEY), which is directly connected to the PC via USB 3.0 interface and
the detection signal is visualized by special software. The coupling schematic diagram of the GGNCTs and the
CMOS sensors is shown in Fig. 7a, and an enlarged viewing is inserted. A laser beam is directly incident on the
sample and then detected by an arrayed CMOS sensor, which is closely attached to the sample.

A typical absorption peak such as at the wavelength of 980 nm of the GGNCT-III, is selected for imaging
detection experiments. In addition, considering the case that the red—green-blue (R-G-B) spectroscopic system
is usually used for imaging evaluation, the typical central wavelengths of 671 nm, 532 nm, and 473 nm, are also
selected. Figure 7b—e show the actual images measured at different wavelengths of 473 nm, 532 nm, 671 nm, and
980 nm. The labels I ; and I to III indicate the images detected by the detector coupled to the different functional
structures including the unstructured sample, the functional GGNCT-I, GGNCT-II, and GGNCT-III. The three
kinds of GGNCTs all have a spatial period of 500 nm and size of 1000 x 1000 pixels. The graphic brightness pre-
sents the light intensity detected. To quantify the brightness, the pixel mean values of the R, G, and B channels are
taken for the red, green and blue images respectively, and the corresponding values are inserted in each image.
The larger the mean value, the stronger the detection signal of the corresponding color. As demonstrated, when
detecting blue light at 473 nm, the pixel mean values of the B channels in regions I , to III are 87, 152, 114 and
99. The detector coupled to GGNCT-I detects the most vigorous light intensity, then followed by GGNCT-II,
and the smallest is GGNCT-IIL To 532 nm light beams, the pixel mean values of the G channels in regions I,
to IIT are 94, 149, 153 and 166. There exists a slight difference between the three detected images, and the light
intensity of the -III is slightly stronger. To the red beams with a central wavelength of 671 nm, the pixel mean
values of the R channels in regions I, to IIT are 101, 140, 158 and 197. There is an enhanced trend of the regional
brightness according to a sequence of the -I to -II to -III. And the same trend is taken at the infrared lightwaves
with a central wavelength of 980 nm, even more obviously than 671 nm wavelength. It is worth pointing out
that for all measurement wavelengths, the intensity of the detection signal in the coupled structure region is
significantly higher than that in the unstructured region.

To further analyze the intrinsic reasons for the intensity difference of the images obtained experimentally,
the electric field distributions of the three nanostructures at the corresponding wavelengths are simulated, as
shown in Fig. 8. The values of the corresponding local light field enhancement factor LFEF and absorptivity A
are given at each wavelength to help analyze the near-field convergence effects of the three nanotips GGNCTs-
L, -1I, and -III. Figures 8(a-1)-(a-4) show the E-field profiles of GGNCT-I at typical wavelengths of 473 nm,
532 nm, 671 nm, and 980 nm. The values of LFEF at several typical wavelengths are 2, 7.3, 169, and 25, and the
values of absorptivity A are 0.58, 0.48, 0.22, and 0.07, respectively. It can be seen that there is no strong E-field
convergence effect at the top of GGNCT-III at any of the four typical wavelengths. Figures 8(b-1)-(b-4) show
the E-field profiles of GGNCT-II at typical wavelengths of 473 nm, 532 nm, 671 nm, and 980 nm. The values of
LFEF at several typical wavelengths are 4.8, 10.2, 400, and 576, and the values of absorptivity A are 0.52, 0.31,
0.38, and 0.42, respectively. It can be seen that the convergence effect appears at the top and bottom of GGNCT-
II at typical wavelengths of 671 nm and 980 nm, where the LFEF is relatively large. Figures 8(c-1)-(c-4) show
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Figure 7. Detection of incident lightwaves at different wavelengths by CMOS sensors already coupled with
three types of GGNCTs developed. (a) The coupling schematic diagram of the GGNCTs and an arrayed CMOS
sensor. (b) to (e) The typical images detected at different light wavelengths including 473 nm, 532 nm, 671 nm,
and 980 nm. The labels of I , and I to IIT indicate the images detected by the detector coupled to the different
functional structures including the unstructured sample, the functional GGNCT-I, the GGNCT-II, and the
GGNCT-IIL The graphic brightness represents the strength of the imaging signal. To quantify the brightness,
the pixel mean values of the R, G, and B channels are taken for the red, green and blue images respectively, and
the corresponding values are inserted in each image.

the E-field profiles of GGNCT-III at typical wavelengths of 473 nm, 532 nm, 671 nm, and 980 nm. The values of
LFEF at several typical wavelengths are10.2, 225, 1024, and 7225, and the values of absorptivity A are 0.47, 0.37,
0.27, and 0.8, respectively. It can be seen that at typical wavelengths of 532 nm and 671 nm, the convergence
effect appears at the top and bottom of GGNCT-III, where the LFEF are relatively large. While at 980 nm, the
E-field all converges at the top of GGNCT-III forming a pair of very strong dipoles, and the LFEF reaches a high
value of 7225. In summary, the near-field convergence effect is gradually significant with the increase of LFEE,
and converges at the top when LFEF and A reach the maximum at the same time.

At the wavelength of 473 nm, the LFEF of the three kinds of GGNCTs is at a very low value. However, the
absorptivity of GGNCT-1 is the highest, followed by GGNCT-II and GGNCT-III. High absorptivity will lead to a
relatively strong local field on the sidewall of the nano-cone-tip, which is the reason why the detector coupled to
GGNCT-I detects the strongest signal. At the wavelength of 532 nm, the LFEF of GGNCT-III is relatively larger
than that of GGNCT-I and GGNCT-IJ, and there is a relatively large near-field convergence effect at the top and
bottom of the cone, which leads to the strongest detection signal. At the wavelength of 671 nm and 980 nm, the
value of LFEF increases according to a sequence of the -I to -II to -III. GGNCT-III obtains high values of 1024
and 7225 respectively, and the field enhancement effect is significant. Especially at 980 nm, the LFEF and the
absorptivity A of GGNCT-III reach the maximum at the same time, and the E-field is strongly localized at the
top of the nano-cone-tip. The strong local near-field will be directly received by the photosensitive element of the
CMOS, forming a relatively strong detection signal. Considering the case with greater sharpness and the smaller
transverse dimension of a single nano-cone-tip in the GGNCT-III, the net charges can be effectively squeezed
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Figure 8. The E-field distributions of the GGNCTs at several typical wavelengths selected, such as 473 nm,

532 nm, 671 nm and 980 nm. (a) The E-field profiles of GGNCT-I at 473 nm, 532 nm, 671 nm and 980 nm as
shown in (a-1)-(a-4). The values of LFEF at several typical wavelengths are 2, 7.3, 169, and 25, and the values

of absorptivity A are 0.58, 0.48, 0.22, and 0.07, respectively. (b) The E-field profiles of GGNCT-II at 473 nm,

532 nm, 671 nm and 980 nm as shown in (b-1)-(b-4). The values of LFEF at several typical wavelengths are 4.8,
10.2, 400, and 576, and the values of absorptivity A are 0.52, 0.31, 0.38, and 0.42, respectively. (c) The E-field
profiles of GGNCT-III at 473 nm, 532 nm, 671 nm and 980 nm as shown in (c-1)-(c-4). The values of LFEF at
several typical wavelengths are10.2, 225, 1024, and 7225, and the values of absorptivity A are 0.47, 0.37, 0.27, and
0.8, respectively. The enlarged views of the strong near-field convergence spot are inserted in the corresponding
figures.

towards the apex through SP propagation along the sidewall and thus leading to a denser net charge distribu-
tion, which means a larger surface light field enhancement. It can be speculated that by properly configuring the
structural size of the nano-cone-tips, an obvious lightwave nano-converging performance can be obtained at
the desired wavelength, so as to effectively achieve a localized amplification of very weak incident lightwaves. It
lays a foundation for subsequent research on infrared imaging detection.

Conclusions

In summary, the GGNCTs developed as an arrayed optical antenna can excite SPs in a dipole form and converge
towards the apex. The LFEF can be enhanced to a high value of ~ 2 x 10%, and the most substantial light absorp-
tion peak of ~98% is obtained at the same wavelength. The near-field measurements at the wavelength of 633 nm
show that the surface net charges distributed over a single GGNCT make a typical dipole of resonant oscillation
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and the energy transmission along the wave vector orientation, thus leading to a strong local light field enhance-
ment around the tip. The effective detection method we proposed by performing a near-field coupling between
the nano-antenna array and CMOS sensors can achieve weak lightwave detection in a wide spectral range. In
this case, the nano-antenna array can be considered as a special optical filter placed in front of the CMOS pixels,
facilitating the CMOS pixels to be more capable of detecting the enhanced weak target signals. The experiments
based on coupling CMOS sensors with the GGNCT array to detect different lightwaves at wavelengths such as
473 nm, 532 nm, 671 nm, and 980 nm, show a remarkable character that a better capability about the net charge
adjusting and aggregating can be obtained at the absorption peak of the GGNCTs, and also the stronger detected
signals can be acquired. It can be predicted that by properly configuring the structural size of the nano-cone-tips,
a significant lightwave nano-converging performance can be realized at the desired wavelength for achieving
a very weak light signal amplification and detection for an imaging application. It highlights the continuous
development of infrared photosensitive and imaging methods and technology.

Methods
Sample fabrication. The glass material is selected for the formation of the glass-based GGNCT array
mainly by EBL and ICP etching.

At first, a photoresist array was fabricated over the glass wafer via electron beam lithography (EBL: JBX
6300FS, JEOL). During the EBL exposure, the exposure pattern was set to be nano-blocks (300 nm x 300 nm for
GGNCT-I, 200 nm x 200 nm for GGNCT-II, 150 nm x 150 nm for GGNCT-IIL,) with an arranged frequency of
500 nm. To ensure EBL exposure accuracy, 5 nm aluminum was sprayed on the glass substrate as a conductive
layer at first. Then the spin processor was conducted. The parameters were set to 40 s and 4000 rpm to form a layer
of tackifier (AR 300-80) with a thickness of 20 nm for enhancing the adhesion between the wafer and the pho-
toresist. After spin-coating, the sample was baked at 180 °C for 2 min. Next, the negative photoresist (ma-N2403)
with a thickness of 380 nm was formed with the spin parameters of 40 s and 2000 rpm, and afterward baked at
90 °C for 1 min. Furthermore, the arrayed photoresist mask was defined via EBL exposure and then developed
by Tetramethylammonium Hydroxide (TMAH) for 2 min to acquire the needed pattern on the silicon substrate.

Secondly, the inductively coupled plasma etching (ICP: Oxford Plasma Pro System 100 ICP 380) was adopted
to fabricate the nano-cone-tips array upon the wafer. The reaction gas and concentration parameters used were
O, for 5 sccm and C,Fg for 45 sccm. The process parameters, including the pressure, the ICP power, the RF power,
the reaction temperature, and the etching time were set to 3.7 mTorr, 1200 W, 50 W, 20 °C and 80 s, respectively.
Then, the sample was heated in a water bath of NMP solution at 80 °C for 30 min to remove the unetched pho-
toresist. After degumming, the reactive ion etching (ME-3A) is conducted to shape a relatively sharp sidewall.

Finally, the magnetron sputtering (Kurt J. Lesker LAB 18) is utilized to deposit a 30 nm thick gold film over
the patterned surface of the glass substrate with a 5 nm thick titanium as adhesive.

Near-field measurements. The experimental setup of SNOM measurement is briefly described below.
The p-polarized incident beams with a central wavelength of ~633 nm were incident obliquely along the diago-
nal with an incident angle of 45° upon a horizontal facet, the same as that in Fig. 4a. During the measurement,
the incident beams were focused via a parabolic mirror onto both the sample and the platinum AFM probe
oscillating vertically, which was also applied as a scattering source and its tip-scattered light was modified by the
near-field lightwave properties of the sample below the tip. Then, the tip-scattered light was demodulated at the
n-th harmonics of the tapping frequency yielding background-free images. To filter out the background signal,
n=3 was chosen in this work. Finally, both the amplitude and phase of the tip-scattered light, delivering the
information about the near-field electric-field signals, were recovered via all-optical interferometric detection.

Absorption spectrum measurements. The dispersive spectrometer produced in HORIBA (model
iHR550), has the following parameters: focal length of 550 mm, resolution of 0.06 nm, and grating size of
76 mm x 76 mm. The spectral range of the spectrometer is from 0.4 to 2.0 pm, which already covers the visible
and partial near-infrared bands. The reflection (R) and transmission (7) components can be obtained by direct
measurements, and the absorption part converted according to the relation of A=1-R - T.

Signal detection. A CMOS bare chip (model: C2395, HYLIX) with a 3 pmx3 pum sensitive size and 2
megapixels, is soldered onto the mobile industry processor interface MIPI (UM330, DOTHINKEY), which is
directly connected to the PC via USB 3.0 interface and the detection signal visualized by special software. The
experiments were conducted on the built platform. Adjust the optical axes of the laser, beam expander, and
antenna-coupled detector to the same line. Then turn on the laser and get the detection signal picture on the PC.
Then switch to a laser of a different wavelength and do the same.

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be obtained
from the authors upon reasonable request.
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