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1. Detail methods about the simulation and fabrication of the grooved pyramid tip
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Optimization of geometric parameters: The numerical simulation of the electromagnetic
field is performed in COMSOL 6.1 based on the finite element method. The tip apex is modeled
as a hemisphere with a diameter set to 50 nm (Fig. S1d). To ensure smooth connection between
the apex sphere and the pyramidal shaft, the edges of the pyramid are rounded off with the
same radius as that of the sphere at the apex (Fig. S1a). The complex refractive indices of Au
and Ag are taken from Johnson and Christy.! The field enhancement at the very apex of the tip
on the vacuum side is used for evaluation (Fig. S2b). The field distributions in the steady state
are acquired by solving the time-harmonic wave equation. The scattered field is solved under
a background field of an incident laser beam with a Gaussian-shaped electric-field profile, as
shown in Fig. S2a. The incident beam is focused on the groove with its polarization (along the
incident plane), angle (55°), and the focal spot diameter (6A) chosen to match the experimental
conditions (see also experimental part of methods in main text). To avoid artificial reflections,
the pyramid is truncated by a sphere and surrounded by spherical perfectly matched layers. The
mesh size is set to the default physics-controlled "extremely fine" configuration, and all results

pass the mesh convergence test with an error of less than 1%.

Grooved tip fabrication: The grooved pyramidal tip was fabricated using focused ion
beam (FIB) milling on an electrochemically etched Au tip with a Thermo Fisher FEI Helios

NanoLab G3 FIB-SEM DualBeam system. This system provides gallium ions with energies up



to 30 keV, enabling high-precision milling and deposition with critical dimensions below 10
nm. The pyramid shape and groove structure were formed by adjusting the tilt angles of the tip
relative to the Ga* beam direction. To achieve efficient milling, high ion energies (30 keV) and
beam currents (9.3 nA) were used, followed by lower-energy steps (5 keV and 2 keV) to the
pyramid facets to minimize surface damage. The groove was shaped using a volume-per-dose
parameter of 1.5 um*/nC for Au, with a low beam current of approximately 8 pA to prevent
excessive milling and ensure precise groove depth.? Scanning electron microscope (SEM)

images of the fabricated grooved pyramid-shaped Au tip are shown in Fig. S1(b—d).
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Fig. S2. Simulation structures and background field (Ev,) at the excitation wavelength of 780 nm. (a)
(a) Background field of a Gaussian-profile incident laser beam. (b) Simulated field enhancement
distribution for the selected structural parameters (W=900 nm, D=300 nm, 6:=10° and 6,=20°). The
inset highlights the field enhancement distribution in the apex region. (c) Simulation structure of the
STM junction and background field under apex illumination. (d) Simulated field enhancement

distribution for the STM junction under groove illumination.



Simulations of field enhancement within the STM junction: We simulated the electric field
enhancement distributions within the STM junction for both tip-apex and off-site excitation
using the finite element method in COMSOL. The geometry of the STM junction consisting of
the grooved tip and the Ag(111) sample is shown in Fig. S2(c,d). The gap distance of the STM
junction is set to 0.6 nm, which isa typical value for the tunneling setpoint of /=1 V and j=0.1
nA.> We considered two apex geometric structures, with and without an atomic-scale protrusion
attached to the tip apex. The inclusion of such atomic-scale protrusions is crucial, as they
generate extremely confined near-fields, making them essential for achieving exceptional
sensitivity and resolution in tip-enhanced spectroscopy.*> We modified the default physics-
controlled "extremely fine" configuration to change the minimum element size to 1 nm and 0.2
nm for the tip apex without and with atomic protrusion, respectively. This ensures that the
meshes accurately reproduce the STM junctions. The maximum element size was retained at
the default value of 0.2 times the wavelength. The other simulation parameters were kept

identical to those used in the simulation for the free-standing tip.



2. Tip displacement — bias voltage dependencies in constant current mode
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Fig. S3. The measured tip displacement (Az) as a function of bias voltage in constant current mode
(CCM). An increase in Az corresponds to an increase in the gap distance. The excitation

wavelengths are 780 nm in (a) and 633 nm in (b).

At V=1V, the initial gap distance (do) is identical for all three curves, as it is set by the
same tunneling conditions (V=1 V and j=0.1 nA). Under these conditions, the current is
dominated by direct tunneling without photon assistance, making the photocurrent negligible
(see ESI Section 3 for details). At an excitation wavelength of 780 nm (Fig. S3a), due to the
higher near-field intensity under groove illumination, the measured gap distances at the first
plasmon-assisted field emission resonance (FER) peaks are higher under groove illumination
(do+0.2 nm) than under apex illumination (do+0.09 nm). These differences in gap distance
result in varying degrees of potential barrier distortion, leading to an energy shift in the image
potential state.® Consequently, the first plasmon-assisted FER peak appears at different

positions for groove and apex illumination.

In Fig. 3b of the main text (633-nm excitation), the first plasmon-assisted FER peak
exhibits a slight shift of approximately 0.2 V between constant current mode (CCM) and
constant-gap-distance mode (CGM). This shift is attributed to the energy variation of the
image potential state due to differences in gap distance. In CGM, the gap distance remains

constant, whereas in CCM, it increases with bias voltage (Fig. S3b). Consequently, the image



potential state shifts slightly as the potential barrier in the gap is altered by the changing gap

distance.b



3. Confirmation of negligible photocurrent at the tunneling setpoint of }’=1 V and j=0.1
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Fig. S4. Current (j) — tip displacement (Az) curves under groove illumination, apex illumination, and
in the absence of illumination (dark) at a bias voltage of 1 V. Panels (a) and (b) correspond to excitation

wavelengths of 780 nm and 633 nm, respectively.

The identical slope in the tunneling regime (Az < 0.1 nm) suggests that the majority of the
current originates from electrons near the Fermi energy level.>’ Thus, at Az = 0, the n-photon
photocurrent is negligible, indicating that the gap distance set by the tunneling condition of
J=1 V and j=0.1 nA remains consistent under both groove and apex illumination. At tip
displacements between 0.2 nm and 0.6 nm, a two-photon photocurrent® (below 0.1 pA)
begins to emerge at an excitation wavelength of 633 nm, but it does not affect the current at

Az <0.2 nm.



4. Linear dependence of photocurrent on laser intensity
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Fig. S5. (a) Current (j) and dj/dV spectra in the constant-gap-distance mode (CGM) measured under
apex illumination at an excitation wavelength of 633 nm for five different laser intensities (/jaser). (b—)
Photocurrent (jpn) and 9jp,/0V signal at /=2.5V plotted as a function of Jiaser. The red lines represent

ajph

power-law fittings based on j,, = [y, OF o

= I{%,ser» Where n denotes the effective nonlinearity.
An effective nonlinearity of ~1.0 is obtained for both jp, and djpn/0V signals, indicating a linear

dependence of photocurrent and its derivative on laser intensity.



5. Ratio of the photocurrent under groove and apex illumination
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Fig. S6. Ratios of photocurrent (a) and dj,,/dV (b) under groove and apex illumination as a
function of bias voltage at an excitation wavelength of 633 nm. The horizontal lines indicate the

average value.

From eqn (1) in the main text, we derive:

jon(V. EX]) _ |EX

, TN =3 (S
Jon(V |ER)  |EAS?

Thus, the photocurrent ratio under groove and apex illumination is equal to the ratio of %

i~12
EIG
| | and remains independent of bias voltage. Fig. S6

and the ratio of local intensities, | iAlz,
Ep

presents these ratios as a function of bias voltage. The photocurrent ratio does not exhibit the
same oscillatory pattern as the dj,,/0V ratio in Fig. 3f in the main text, suggesting that the

observed oscillations in dj,,/0V stem from noise in the lock-in amplifier. Furthermore, the

average values of both ratios are comparable, confirming their validity.
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