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Abstract: Metallic plasmonic probes have been success-
fully applied in near-field imaging, nanolithography, and
Raman enhanced spectroscopy because of their ability to
squeeze light into nanoscale and provide significant
electric field enhancement. Most of these probes rely on
nanometric alignment of incident beam and resonant
structures with limited spectral bandwidth. This paper
proposes and experimentally demonstrates an asym-
metric fiber tip for broadband interference nanofocusing
within its full optical wavelengths (500-800 nm) at the
nanotip with 10 nm apex. The asymmetric geometry
consisting of two semicircular slits rotates plasmonic
polarization and converts the linearly polarized plas-
monic mode to the radially polarized plasmonic mode
when the linearly polarized beam couples to the optical
fiber. The three-dimensional plasmonic modulation in-
duces circumference interference and nanofocus of sur-
face plasmons, which is significantly different from the
nanofocusing through plasmon propagation and plas-
mon evolution. The plasmonic interference modulation
provides fundamental insights into the plasmon engi-
neering and has important applications in plasmon
nanophotonic technologies.
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1 Introduction

Surface plasmon polaritons (SPPs), the collective oscilla-
tion of electrons at the metal-dielectric interface, can
intrinsically carry optical energy into the nanoscale
without suffering from the diffraction limits [1, 2]. The
nanofocusing characteristics of the SPP enabling confine-
ment and enhancement of electromagnetic fields within
nanoscale volumes have resulted in a variety of metallic
structures that can modulate the propagation of SPP, such
as metallic cones [3-5], metal-coated dielectric tapers
[6, 7], wedges [8, 9], and nanogaps [10]. These plasmon
engineerings on chip-based nanophotonic waveguides
and three-dimensional enhanced nanofocusing have been
applied to photonics integrated circuits [11-14], modula-
tors [15-17], near-field super-resolution imaging [18-22],
and nonlinear spectroscopy [23, 24].

The combination of SPP mode modulation and tapered
metallic waveguides has led to many optical probes with
excellent performance in near-field scanning optical mi-
croscopy (NSOM) and tip-enhanced Raman spectroscopy
[25, 26]. In these applications, the metal-coated fiber tip
[7, 27, 28] and nanograting-coupled tapered probes [29, 30]
can realize nanofocusing with a large near field enhance-
ment illuminated by radially polarized light because of the
constructive interference of SPP waves [20, 25-30]. How-
ever, the generation of a radially polarized beam requires
particularly complex processes, and the radially polarized
excitation is sensitive to nanometric misalignments. To
relieve these particular requirements, asymmetric metallic
probes [31-37] have been demonstrated numerically and
experimentally to converge plasmons to a nanoscale spot
at the apex with linearly polarized light. Most of these
cases generated and focused SPP waves on only one side of
the probe [31, 34-36], which depends on plasmon propa-
gation and scales down the near field enhancement.
Additionally, only one resonance wavelength can obtain a
better nanofocusing performance [34, 38—40], which limits
the generation of broadband nanolight sources [35, 36].
Although three dimensional plasmonic nanofocusing has
been demonstrated [32], direct radiation on the tip apex and
spectrally narrow band limit its application. The combination
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of large near field enhancement, broadband nanofocusing,
and a background without noise is still a challenge for pho-
tonic sensing and imaging.

In this paper, an asymmetric fiber tip is introduced and
experimentally demonstrated for the broadband delivery
of light to nanoscale dimensions on a metallic nanotip,
having an apex size of 10 nm, within its full optical wave-
lengths. The asymmetric structure consists of two semi-
circular slits on opposing facets of the tip, which will rotate
plasmonic polarization and transform the linearly polar-
ized SPP mode to the radially polarized SPP mode when the
linearly polarized light focuses and couples to the asym-
metric fiber. The experiments demonstrate that this three-
dimensional plasmonic interference modulation induces
broadband nanofocusing at the tip apex within the full
optical wavelengths of the fiber because of the construc-
tively circumference interference of SPP waves under
broadband spectrum. The broadband interference nano-
focusing could provide for multiple applications, including
sensing, imaging, and nonlinear spectroscopy.

2 Results and discussion
2.1 Plasmonic probe design

A schematic of the asymmetric fiber tip for broadband
nanofocusing is shown in Figure 1a. In this scheme, the
linearly polarized light couples to the optical fiber and
propagates in the HE;; waveguide mode. When passing
through the two asymmetric semicircular slits, the linearly
polarized SPP mode is excited and its polarization is then
reversed, resulting in that the linearly polarized SPP mode
(HE;;-SPP) is converted to the radially polarized SPP mode
(TMy;-SPP), as shown in Figure 1b and c. With the decrease
of fiber radius, the TMy;-SPP mode will not cut off, leading to
constructive interference and a nanoscale spot at the tip
apex (Figure 1d). Here, the HE;;-SPP and the TMy;-SPP
denote corresponding SPP mode on surface of the metal-
lized optical fiber excited by the linearly polarized mode
(HE;4) and radially polarized mode (TMy,) in the optical fi-
ber, respectively. Based on this mechanism, an asymmetric
fiber tip is designed and its diagram and the scanning
electron micrograph (SEM) are shown in Figure 1e and f. The
asymmetric fiber tip was fabricated by tube-etching method
first, which can obtain tapered fibers with uniformly cone
angle of 32° under proper experimental conditions. To ach-
ieve tip apex below 10 nm, the gold was vertically evapo-
rated on the tapered optical fiber and its thickness is 180 nm
that can prevent unwanted transmitted light. Two asym-
metric semicircular silts with width of 120 nm were then
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processed on the opposing facets of the metallic fiber tip by
focused ion beam method to enable nanofocusing with
linearly polarized light (also see Supplementary Figures S1
and S2), and they have an asymmetric degree of H = 935 nm
(phase delay) that conforms to the circumference interfer-
ence condition of SPP waves, determined by Eq. (1), causing
plasmons excitation and modulation. The “circumference
interference” here means that the interference of the SPP
waves occurs around the entire solid circumference of the
cone, and a constant phase difference is obtained at any two
antipodal points of the circumference.

AD; — ADg = (2N - D)7t )

where A®; and Ady are phase delays in the optical fiber
and on the surface of tapered metallic waveguide respec-
tively. A®y, = 271 - H/Agy, ADy = 271 - [H/cos (6/2)]/Aspp, and
Aom = Ao/Nom, Aspp = Ao/ (Eair + €m )/ €air€m’ - The terms ngy
and Aoy represent the refractive index and the effective
wavelength of the optical mode respectively. Terms A, and
Aspp are the wavelength of the incident light and the SPP
waves of Au/air interface, respectively. N is an integer. The
terms €, and €,;, represent the dielectric constants of the Au
film and surrounding medium respectively.

2.2 Nanofocusing mechanism of the
asymmetric fiber tip

To explore the nanofocusing performance of this asym-
metric fiber tip, detailed numerical analysis was calculated
by the finite-difference time-domain (FDTD) method. The
structure parameters of cone angle 0, slit width w and tip
apex r are the same as that of the fabricated fiber tip
(Figure 1e and f). Figure 2 compares the electric field dis-
tributions and phase maps in vicinity of the apex of sym-
metric and asymmetric fiber tips under linearly polarized
light. When the linearly polarized light couples to the
symmetric fiber tip [42—-44], the HE;;-SPP mode is excited
and becomes a leaky and unbound mode at the tip apex,
which indicates that the polarization and the phase dis-
tribution of the SPP mode perfectly match that of the
incident light in this case. Therefore, the HE;;-SPP mode
has a reverse E, phase distribution and the linear polari-
zation, as shown in Figure 2a—c. While the TMy;-SPP mode
has the same E, phase distribution and the radial polari-
zation, which is the only mode without cutoff [41-45] and
can be effectively focused on the apex (Figure 1d). For the
HE,;-SPP mode, the phases of line @ and line @ are
reversal (Figure 2c). There is a  phase delay between the
SPP waves at any two antipodal points of the circumfer-
ence of the conical fiber tip, as shown in Figure 2d, where
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Figure 1: The asymmetric fiber tip for nanofocusing.
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(a) Schematic of plasmon nanofocusing of the asymmetric fiber tip using internal illumination. When the linearly polarized mode (HE;,) with X
polarization internally couples to the fiber, the HE;;-SPP modes are excited and modulated by the two asymmetric semicircular slits.

Approaching the tip apex, the HE;;-SPP waves (b) reverse the polarization and (c) transform to the TMy;-SPP mode, displaying constructively
circumference interference and forming a nanoscale spot at the tip apex. The white lines indicate the incident mode with reverse polarization
(phase) and the SPP waves at any two antipodal points with same polarization (phase). (d) Calculated effective indices of the HE;;-SPP mode
and TM,;-SPP mode with decrease of conical waveguide radius. (e) The XZ section of the asymmetric fiber tip. H indicates the height difference
of the opposing asymmetric slits. 8, r and w indicate cone angle, tip radius and slit width, respectively. (f) The fabricated asymmetric fiber tip

with 10 nm apex.

the SPP waves on the opposing facets can be regarded as
two independent beams of light that display destructive
interference. Therefore, compensating the phase delay will
reverse the polarization of the SPP waves on the opposing
facets, as depicted in Figure 2e, and the HE;-SPP mode can
be transformed to the TMy;-SPP mode (Supplementary

Figures S3 and S4), thus allowing constructive interference
and a nanoscale spot at the tip apex.

The HE ;-SPP mode induced by the symmetric fiber tip
should be removed because of the contribution of the un-
wanted background illumination around the tip, thus the
metal thickness was set to be 180 nm to decrease the
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Figure 2: Nanofocusing comparison of symmetric and asymmetric fiber tips. The symmetric and asymmetric fiber tips are illuminated using a
linearly polarized light at a wavelength of 633 nm. Electric field distribution of the HE;;-SPP mode on the (a) XY plane and on the (b) XZ plane
excited by the symmetric fiber tip. The corresponding E, phase distribution of the symmetric fiber tip on the (c) XZ plane. Electric field
distribution of the TMy;-SPP mode on the (f) and (i) XY plane and on the (g) and (j) XZ plane excited by the asymmetric fiber tip. The
corresponding E, phase distribution of the asymmetric fiber tip on the (h) and (k) XZ plane. Panels (f)-(h) indicate nanofocusing through
plasmon propagation and evolution, and panels (i)-(k) indicate the circumference interference plasmons nanofocusing. (d) Phase delay
between the SPP waves on the opposing facets indicated in (c) and marked as @ and @. The phases of line @ and line @ are reversed, and
Sum = Phase @ + Phase @ = m. (e) The physical mechanism of polarization reversal of the SPP waves at any two antipodal points of the
circumference. The size of the coordinate is scaled down to emphasize the electric field and phase distribution. The yellow and blue arrows
indicate the electric field vector of the SPP waves on the opposing facet of the tip. The “symmetry” indicates no nanostructure on the conical Au
film, while the “asymmetry” indicates one or two slits are etched on the Au film.

conversion efficiency of Kretschmann coupling [27, 33, 43]  direction of the fiber tip [41], in which the main energy
via the illumination of linearly polarized light (Supple- flows to the apex (Supplementary Figure S1). With the
mentary S4). To get larger near field intensity, the orien- design of asymmetric semicircular slits and the introduc-
tation of asymmetric slits is parallel to the longitudinal tion of a m phase delay to the SPP waves at any two
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antipodal points of the circumference, the asymmetric fiber
tip achieved nanofocusing and strong electric fields
confined at the tip apex, as displayed in Figure 2i-k. After
phase delay, the HE;;-SPP mode is transformed to the TMy;-
SPP mode (Figure 2i and j) with the same distributions as
that in Supplementary Figure S3. Figure 2k shows that the E,
phase distribution of the circumference interference is the
same on the opposing facets, which demonstrates the
plasmonic nanofocusing is coupled to and enhanced by the
constructive interference of SPP waves around the entire
solid circumference of the cone. This phenomenon is
different from the nanofocusing through plasmon propa-
gation [35], i.e. one-side plasmonic excitation and nano-
focusing. As shown in Figure 2f-h, the E, phase distribution
is reversed on the opposing facets and only the phase below
the apex is the same because of one-side plasmon propa-
gation and mode evolution near the apex (Supplementary
Figure S9). Compared with one-side excitation method, the

Figure 3: The experiments of plasmon nanofocusing.
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circumference interference method can confine light in the
nanoscale, and converge larger local optical energy due to
constructive interference and plasmonic nanofocusing of
SPP waves.

2.3 Experiments of polarization
nanofocusing

A linearly polarized light with the wavelength of 633 nm was
focused and coupled to the optical fiber to investigate the
plasmon nanofocusing and circumference interference char-
acteristics of the fabricated asymmetric fiber tip, as shown in
Figure 3a. The incident light power can be tuned by an
attenuator (A), and the incident polarization can be continu-
ously tuned by a half waveplate (HWP). The transmitted and
scattered light were analyzed and imaged using a sensitive
complementary metal oxide semiconductor (CMOS) camera.

CMOS

Transmitted

Scattered

— Simulation
60— Transmitted
— Scattered

(a) Schematic of the experimental setup. Optical images of the side-scattered light (b) of the asymmetric fiber tip and (c) of the symmetric fiber
tip. The white arrows indicate the direction of the linear polarizer parallel or perpendicular to the tip axis. (d) Polar graph of the light spot
intensity at the apex with respect to the incident polarization. (e) Optical images of the forward-transmitted light of the asymmetric fiber tip
with respect to the incident polarization. The green arrows indicate the incident polarization. 90° and 270° correspond to the direction of
incident polarization perpendicularto the boundary of the two asymmetric slits, i.e. incident mode with X polarization. 0°and 180° correspond
to the direction of incident polarization parallel to the boundary of the two asymmetric slits, i.e. incident mode with Y polarization.

A: attenuator; HWP: half waveplate; CMOS: complementary metal oxide semiconductor; LP: linear polarizer; MO: micro-objective.
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Figure 3b shows the scattered optical images of a fabricated
asymmetric fiber tip with inserting a linear polarizer (LP,)
before camera. The white arrows indicate the direction of the
LP, relative to the tip axis. A red light spot was clearly
observed at the tip apex, which was the far-field radiation
from the nanolight source. From these images, the side-
scattered light is seen to be purely longitudinally polarized,
implying that it results from plasmon nanofocusing. For a
symmetric fiber tip (Figure 3c) with no slit and a gold film
thickness of 90 nm, there is also a red light spot, but this side-
scattered light is purely transversely polarized, further con-
firming that the scattering of longitudinal components in
Figure 3b is induced by the plasmon nanofocusing, not from
the leaked incident linearly polarized light.

The dependence of the intensity of the light spot on the
polarization of incident light without LP, in front of camera
was explored to further verify that the light spot was
associated with asymmetric geometry and plasmon nano-
focusing. In Figure 3d, the scattered and transmitted light
are all shown as a dipole-like intensity variation in a polar
graph when an HWP was used to adjust the incident po-
larization relative to the boundary of the two asymmetric
slits. The maximum light intensity is observed at the inci-
dent polarization of 90° and 270°, and the minimum light
corresponds to the incident polarization of 0° and 180°.
From the optical images in Figure 3e, a clear maximum
transmitted bright spot was observed only if the incident
polarization was perpendicular to the boundary of the two
asymmetric slits, as indicated by the green arrows. When
the incident polarization was rotated by 90° through HWP,
the intensity of the light spot at the apex disappeared
because of the internally coupling of incident beam and
nanofocusing by SPP mode, resulting in background free of
light. These observations imply that the light spot is indeed
related to the coupling of the incident mode and the
asymmetric slits, and originated from the far-field emission
of the circumference interference plasmon nanofocus spot,
which is also verified by the same dipole-like intensity
variation and electric field distributions of the simulation
results (Supplementary Figure S6).

2.4 Broadband plasmon nanofocusing

The broadband property of plasmon nanofocusing was
experimentally analyzed through coupling broadband line-
arly polarized light to the optical fiber. Figure 4a shows the
transmitted light spots in the vicinity of the apex of the
asymmetric fiber tip over the wavelength range of 500-
800 nm. The white lines indicate the outer shape of the two
semicircular slits. These images visually confirm full optical
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wavelengths plasmon nanofocusing of the asymmetric fiber
tip. Because of optical fiber propagation loss and far-
field scattering efficiency at different wavelengths [32], the
transmitted light intensity is much lower at longer wave-
length in the visible spectrum, and hence, the incident power
was increased by dozens of times to improve the transmitted
intensity of the asymmetric fiber tip, as shown in Figure 4a.
To further elucidate the broadband property, the phase delay
of the excited SPP waves on the opposing facets was calcu-
lated by varying the asymmetric degree H of the two asym-
metric slits based on Eq. (1), as shown in Figure 4b. Near
H = 935 nm, the phase delay is nearly equal to m in the full
visible wavelength range. Considering the slit width, the
deviation error is only 3.2% related to phase m in the wave-
length range of 530-800 nm, indicating that the constructive
interference of the SPP waves will be achieved over a wide
wavelength range.

The electric field distribution and enhancement near the
apex at multiple excitation wavelengths were then simulated
to validate broadband plasmon interference nanofocusing.
Figure 4c shows that the E intensity enhancement spectrum
varies with different asymmetric degrees H. Near H = 935 nm,
the near field enhancement is maximum, which agrees well
with the calculation. Versus the one-side plasmonic excita-
tion (also see Supplementary Figure S9), the circumference
interference method has more than two fold E intensity
enhancement. To verify that the plasmonic nanofocusing is
associated with constructively circumference interference,
the E, phase distribution near the apex of one-side plasmonic
nanofocusing and circumference interference were investi-
gated and compared. As shown in Figure 4e, the E, phase
distribution of the circumference interference is the same on
the opposing facets for the longer wavelength range. In the
shorter wavelength range, SPP waves are submerged by
weak incident light transmitted through subwavelength slits
[46] because of the enormous propagation loss. Therefore,
the phase below the apex is the same, and the phase of the
other areas is opposite. Within the same broadband wave-
length, the E, phase distribution is reversed on the opposing
facets, and the phase below the apex is same for one-side
plasmon propagation and mode evolution (Supplementary
S8). These reversal phase distributions are further evidence
that the asymmetric fiber tip with two slits can form a
nanoscale spot with enhanced electric field intensity over a
wide wavelength range because the constructive interfer-
ence of SPP waves occurs around the entire solid circum-
ference of the cone.

In the spectral experiment, there is a substantial
decrease in transmitted intensity at longer wavelengths,
which is contrary to the simulation results, as shown in
Figure 4a and c. These opposite results are mainly caused
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(a) Optical images of the forward-transmitted light of the asymmetric fiber tip over the broadband wavelength range. The numbers in the upper
right corner of the images represent the multiple of the incident power relative to the incident power at the wavelength of 633 nm. (b) Calculated
phase delay of the SPP waves on the opposing facets of the asymmetric fiber tip varying with asymmetric degree H and wavelength. The pink
points mark the m phase delay positions. (c) Simulated E intensity enhancement spectrum at different asymmetric degrees H. For one-side
plasmons nanofocusing, only one slit was etched corresponding to the position where H=935 nm as indicated by L-935 and R-935, respectively.
(d) E, phase maps in the vicinity of the apex with asymmetric degree H = 935 nm. The coordinate of (d) is the same as that in Figure 2.

to wavelength-dependent fiber transmission and coupling
efficiency. For the real optical fiber, the cutoff wavelength
and working wavelength range are more important, which
cause a certain deviation in transmitted light intensity with
the simulation. The relative coupling efficiency of the op-
tical fiber used in experiment at different incident wave-
length was tested (see Supplementary Figure S8), and it is
found that the coupling efficiency at near-infrared wave-
lengths is much lower than that at the wavelength of
600 nm. So, in the transmitted spectrum, the transmitted
light intensity is much lower at longer wavelength with the
same incident power, and higher incident power was used
to obtain the transmitted spectrum at near-infrared wave-
lengths, as shown in Figure 5a. In experiment, the incident
power of a wavelength of 800 nm should increase by
hundreds of times than that of a wavelength of 633 nm to
obtain a nearly equal transmitted intensity. Further, the
effect of the spectral response of experimental device on

the transmitted spectrum was investigated. At the wave-
length range of 600-720 nm, the transmitted intensity
starts to decrease and the incident power starts to increase,
marked as the shaded area in Figure 5a. The relative
enhancement of these turning points relative to that at the
wavelength of 600 nm was calculated and compared with
the numerical simulations. As shown in Figure 5b, the
trend of relative enhancement is opposite to the trend of
relative coupling efficiency. It is this opposite trend that
leads to a substantial decrease in the transmitted light in-
tensity at long wavelengths. So the relative coupling effi-
ciency was used to compensate the transmitted light
intensity. Considering the spectral response of the experi-
mental device, the experimentally relative enhancement,
defined as the product of relative transmission efficiency
and relative coupling efficiency (Supplementary S7), is
higher at longer wavelengths and its qualitative tendency
is consistent with the simulation results. These results



4120 — S. Li et al.: Plasmonic interference modulation

a ”
' ' i 5)
1 I Transmitted 1 %
= I Incident power &
< 0.8 0.8
3 3
206 063
g 0.4 0.4 '8
8 .5
& 0.2 023
0 =nil 0 g
- - z
550 600 650 700 750 800
Wavelength (nm)
b
o 1 : 25
2 AR + Experiment -
.2 0.8 ) I simulation 1o ©
g% ' N B riber Coupling R =
fam} — 1)
) N 3)
on 0.6 o 15 g
S N7/ 'r_‘:.
= 3
2 04 110 0
Q o=
o 15
2 0.2 15 ©
E ~
2 0 0
600 620 640 660 680 700 720
Wavelength (nm)

Figure 5: Spectral response and analysis.

(a) Transmitted spectrum of the optical spot at the apex of the
asymmetric fiber tip and the corresponding normalized incident
power. The red area indicates the transmitted intensity in visible
wavelengths, and the blue bars represent the normalized incident
power. (b) The relative coupling efficiency of the experimental
device, and the relative electric field enhancement at the turning
points considering the spectral response of experimental device
compared with simulation. The blue area indicates the relative
coupling efficiency of the optical fiber. The brown area indicates the
relative enhancement of the simulation results. The black crosses
indicate the relative enhancement of the experiment results.

further demonstrate that the experiment results are correct
and the transmitted spectrum is significantly affected by
the spectral response of the single-mode optical fiber.

3 Conclusions

The asymmetric fiber tip that was fabricated by standard
processing technologies can create broadband nanoscale
light source at the nanotip with 10 nm apex, which has the
potential to replace aperture fiber tip to improve the
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resolution of scanning near-field optical microscopy. The
broadband interference nanofocusing property within the
full optical wavelengths of the optical fiber provides a high
freedom of wavelength at the nanoscale, which is prom-
ising for multiple applications in all fields of plasmonics.
Because of constructive SPP interference around the entire
solid circumference of the cone, the electric field intensity
of asymmetric fiber tip is two times than that of nano-
focusing through plasmon propagation, which can also be
expected to have twice focusing efficiency. The coupling
efficiency of the asymmetric fiber tip is estimated to be
about 0.2-2% in visible wavelengths. This coupling effi-
ciency is a few times lower than the grating resonance
plasmonic probes designed to couple a particular wave-
length (typically 10%), but it is much higher than the
aperture-type tips (typically 0.001-0.01%). The coupling
efficiency in this structure is high enough for experimental
observations, and the near-field measurement applications
of this asymmetric fiber tip are now studying. With proper
optimization, this three-dimensional plasmonic modula-
tion and nanofocusing method can be extended to the
design of near-infrared band fiber, which offers new
scheme for broadband nanofocusing and plasmon modu-
lation of functional elements.

In conclusion, an asymmetric fiber tip for deep sub-
wavelength broadband interference nanofocusing of light
was implemented and experimentally characterized. By
introducing m phase delay to the SPP waves on the
opposing facets, plasmonic polarization is reversed and
the linearly polarized SPP mode is converted to the radially
polarized SPP mode when the linearly polarized beam
couples to the two asymmetric semicircular slits, allowing
constructive interference and a nanoscale spot at the
nanotip with 10 nm apex. By performing a detailed spectral
and polarization analysis of the transmitted and scattered
light, the scattered light is unambiguously originated from
the longitudinally polarized SPP nanofocusing at the tip
apex. Combined with detailed calculation and simulation,
the experiments demonstrate the broadband nanofocusing
property of the asymmetric fiber tip within the full optical
wavelengths, resulting from constructive interference of
the SPP waves at any two antipodal points of the circum-
ference of the cone over a wide wavelength range. Because
of the broadband plasmon nanofocusing on a flexible fiber
platform, this asymmetric fiber tip with broadband inter-
ference nanofocusing will have more applications in near-
field imaging, nanolithography, Raman spectroscopy, and
sensing of chemical or biological processes.
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4 Methods

4.1 Finite-difference time-domain simulation methods

In the simulation, for the symmetric fiber tip, the thickness of the Au
film was set as 50 nm. For the asymmetric fiber tip, the thickness of the
Au film was set as 180 nm. The slit width was set as 120 nm, and the slit
depth ratio was set as 1 (Supplementary S5). The computation window
was enclosed by a perfectly matched layer (PML) to avoid any artificial
reflection from the boundaries. Near the tip apex, the grid sized was set
as 2 nm to ensure simulation accuracy. The 3D FDTD, lumerical
method was employed to visually investigate the internal illumination
process via HE;; and TMy;. The optical vector modes TMy; and HE;
were selected using the Mode Source function. The dispersion of the
dielectric function of Au was taken from Johnson and Christy. The SiO,
is a dielectric with permittivity &, = 2.12. To calculate the local field
enhancement, the E field intensity factor was defined as the ratio
between the localized E field intensity located 3 nm below the tip apex
and the E field intensity of the incident light.

4.2 Asymmetric probe fabrication and spectral
measurement

In the experiment, the single-mode optical fiber (Nufern, 630-HP) was
etched using tube-etching method first using a dip coater (SYDC-100),
and the tapered fiber with cone angle of 32° was obtained. Then the
tapered fiber was evaporated by 10 nm Cr and 180 nm Au to obtain a
chemically stable metal film by using an electron beam evaporation
coating machine (HHV, TF500). Finally, the metallic tapered fiber was
processed using focus ion beam (FIB, Helios Nanolab 6600) to fabri-
cate two asymmetric slits, as shown in S2. In the FIB process, the Ga
ion beam was facing the tip apex, and the processing parameters were
20 pA and 30 kV. On the tip side, the width and depth of the two slits
were approximately 120 and 180 nm, respectively.

In the spectral measurement experiments, a broadband white
light supercontinuous light source (Leukos, AUT-ROCK) was used as
the incident laser. A color high-definition scientific CMOS camera
(Thorlabs, CS126CU) was used to image the far-field light spot from the
tip apex of the asymmetric fiber tip. In Figure 3a, LP; was used to
ensure the linear polarization of the incident laser and was placed
between an attenuator (A) and a half waveplate (HWP). LP, was used
to extract the longitudinally polarized electric field and the trans-
versely polarized electric field from the side-scattered light, and was
placed in front of the CMOS camera. To investigate the dominant
electric field component of the side-scattered light, the LP, between A
and HWP was fixed, and only the LP, was adjusted. In Figure 3b, when
the white arrow is horizontal, i. e. the LP, is parallel to the tip axis, the
longitudinally polarized electric field is obtained. Similarly, when the
white arrow is vertical, i. e. the LP, is perpendicular to the tip axis; the
transversely polarized electric field is obtained.

Supporting information

The Supporting Information is available free of charge.
Details on the design of slit etching direction and the
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fabrication of the asymmetric fiber tip, the nanofocusing
characteristics of the radially polarized mode and linearly
polarized mode, and the plasmons propagation and phase
distribution on the opposing facets of one side plasmons
nanofocusing (PDF).
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