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We report plasmon-assisted resonant electron tunneling from an Ag or Au tip to field 

emission resonances (FERs) of a Ag(111) surface induced by CW laser excitation of a 

scanning tunneling microscope (STM) junction at visible wavelengths. As a hallmark 

of the plasmon-assisted resonant tunneling, we observe a downshift of the first peak in 

the FER spectra by a fixed amount equal to the incident photon energy. STM-induced 

luminescence measurement for the Ag and Au tip reveals the clear correlation 

between the laser-induced change in the FER spectra and the plasmonic properties of 

the junction. Our results clarify a novel resonant electron transfer mechanism in a 

plasmonic nanocavity. 
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Plasmon-induced phenomena have attracted increasing attention due to diverse applications 

in nanoscale science and technology [ 1 ]. Plasmonic nanocavities play a particularly 

important role because of their ability to confine light to nanometric volumes and generate 

a strong field enhancement. In order to elucidate underlying physical mechanisms, it is 

essential to investigate the plasmon-induced processes in well-defined nanocavities with 

precise control of the separation distance. STM combined with optical excitation is a 

suitable method to examine light-induced processes in nanocavities [2]. In addition, the 

light-induced field enhancement and electron transfer (rectification) in STM junctions are 

of great interest as they are a key to realize ultrasensitive spectroscopy at the nanoscale 

down to the single-molecule level [3, 4, 5, 6] and even with ultrahigh temporal resolution [7, 

8, 9, 10, 11, 12, 13, 14]. 

The interplay between plasmon response and electron transfer are intimately related to 

various applications such as photovoltaics, fast electronics, enhanced photochemistry, and 

plasmonic catalysis [1], where resonant electron transfer in plasmonic nanocavities is of 

fundamental importance. Light-assisted electron tunneling into a molecular resonance in an 

STM junction has been proposed previously [15, 16] and this electron transfer could be 

enhanced through surface plasmon excitation. More recently, tip-enhance Raman 

spectroscopy at low temperatures has opened up a new opportunity to investigate the 

plasmonic properties in the STM junction [4]. In this Letter, we report plasmon-assisted 

resonant tunneling in the junction consisting of an Ag or Au tip and an Ag(111) surface 

using the STM equipped with in-situ optics for focusing and collecting light. The resonant 

tunneling occurs through the field emission resonances (FERs) in the junction which appear 
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as multiple peaks in scanning tunneling spectroscopy (STS) [17, 18]. This Rydberg-like 

series of the electronic states serves as a simple model to examine resonant electron transfer 

in the plasmonic nanocavity. 

The experiments were performed in an ultrahigh vacuum (UHV) chamber (base 

pressure <5×10-10 mbar) equipped with a low-temperature STM (modified UNISOKU 

USM-1400) operated with a Nanonis SPM controller. The tip is fixed and the sample stage 

is equipped with the coarse motions (XYZ) and the tube piezo for scanning. All 

measurements were conducted at 78 K. A chemically etched Au or Ag tip was used (the Ag 

tip was supplied by UNISOKU Ltd.). The tips were cleaned by Ar+ sputtering before 

measurement. The bias voltage was applied to the sample with the tip at ground. The 

Ag(111) surface was cleaned by repeated cycles of Ar+ sputtering and annealing up to 670 

K. The UHV chamber has fused silica windows for optical access. A CW laser (446 nm: 

laser diode, 532 nm: solid state laser, 633 nm: HeNe laser) was focused to the STM 

junction using an in-situ Ag-coated parabolic mirror (numerical aperture of ~0.6) mounted 

on the cold STM stage. The beam spot diameter on the tip apex was estimated to be about 3 

μm. Accurate beam alignment and focusing were performed with piezo motors (Attocube 

GmbH) attached to the parabolic mirror which allow three translational and two rotational 

motions. The polarization of the incident beam was parallel to the tip axis if not stated 

otherwise. The emitted light from the STM junction was collected by the parabolic mirror 

and detected outside of the UHV chamber with a grating spectrometer (Andor Shamrock 

303i). The STS (dI/dV) spectra were recorded using a lock-in amplifier with 20 mV 

modulation at 793 Hz which is substantially faster than the STM feedback bandwidth. 
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Illumination of the STM junction led to thermal expansion, however, the feedback loop 

ensured to avoid a crush of the junction and it did not cause any damage on the surface. The 

junction was then equilibrated ~30 min after starting illumination and all STS data were 

measured under stationary conditions. In addition, a small thermal drift did not affect the 

STS spectra since the measurements were conducted with the STM feedback turned on (so-

called constant current mode) and thus the drift was compensated by the feedback loop. 

Therefore, the thermal expansion and drift play a negligible role.  

Figure 1a shows the STS spectra (solid curves) of an Ag tip–Ag(111) junction with 

and without 633-nm excitation (hν=1.96 eV). The multiple peaks correspond to the series 

of the FERs which have been studied previously in the absence of illumination [19, 20]. 

Under illumination the FER peaks are largely shifted to lower voltages and remarkably, the 

shift of the first FER peak (~1.9 V) is nearly identical to the incident photon energy. 

Hereafter we denote the FER peaks by n and n’(=1, 2, 3...) for the case with and without 

illumination, respectively. Note that the STS spectra were recorded in the constant current 

mode which allows to measure a wide voltage range but leads to a continuous increase of 

the tip–surface distance with increasing the bias voltage (see dashed lines in Fig. 1a) [17]. 

Figure 1b shows the dependence of the FER spectra on the incident power density. It can 

be seen that the n’(n)=1 peak at ~2.2 (~4.2) V grows (diminishes) as the power density 

increases. 

It was found that the downshift of the n’=1 peak shows a clear correlation with the 

incident photon energy. As seen in Fig. 1c, when the junction was illuminated with the 

532-nm laser (hν=2.33 eV), the n’=1 peak was shifted by ~2.3 V relative to n=1. 
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Furthermore, it was shifted by ~2.8 V with the 446-nm laser (hν=2.78 eV, see 

Supplemental Material [21]). 

We also found that plasmonic properties of the STM junction correlate with the light-

induced change of the FER peaks. Figures 2a and 2b show the STM-induced luminescence 

(STML) and the FER spectra, respectively, measured for an Au and Ag tip–Ag(111) 

junction. The STML intensity is much higher for the Ag tip than Au most probably due to 

the weak plasmon damping of Ag. The cutoff wavelength (voltage) of the STML (plasmon 

excitation) is determined either by the quantum cutoff [19] that is simply the applied bias 

voltage (Vs=3 V) or by the interband transition that is ~4 eV (~310 nm) and ~2.5 eV (~496 

nm) for Ag and Au, respectively [22]. In Fig. 2a, the cutoff wavelength of the Ag and Au 

tip corresponds to the former and latter case, respectively. Figure 2b displays the FER 

spectra obtained for an Au and Ag tip under 532-nm excitation with the same incident 

power density (0.10 mW/μm2). The light-induced change is observed only for the Ag tip. 

Even at a high power density, no change occurs for the Au tip (see Supplemental Material 

[21]). However, the similar change occurs for the Au tip with 633-nm excitation (cf. Fig. 

3a). The STML spectrum, i.e., the plasmonic properties of the STM junction, is also 

sensitive to the tip shape [23]. We also examined the impact of the tip shape on the light-

induced change of the FER spectra (see Supplemental Material [21]). In addition, the light-

induced change strongly depends on the polarization of the incident beam. When the 

incident beam is linearly polarized parallel to the tip axis (p-polarized), the change is much 

larger than that for the polarization perpendicular to the tip axis (s-polarized). These results 

clearly indicate that the light-induced process is governed by the field enhancement through 
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surface plasmon excitation. The incident beam spot of ~3 μm is significantly larger than the 

very apex of the tip. Therefore, the field enhancement in the junction may result not only 

from a localized surface plasmon resonance (LSPR) at the apex but also from propagating 

surface plasmon polaritons (SPPs) launched on the tip shaft. The latter may lead to 

accumulation of the field enhancement at the apex through the adiabatic nanofocusing 

effect [24, 25]. 

The assignment of the n’=1 peak to the first FER state appears straightforward from 

the unequivocal correlation of the downshift of the n’=1 peak by a fixed amount equal to 

the incident photon energy relative to n=1. In order to assign the higher-order peaks (݊Ԣ ൒2), we performed FER intensity mapping at the respective peak voltages with and without 

illumination. This measurement was carried out using an Au tip with 633-nm excitation. 

Figure 3a shows the FER spectra recorded for an Au tip–Ag(111) surface. The FER signal 

is sensitive to local structures or defects of the surface which cause a modulation of local 

electronic states and the work functions [20, 26 , 27 , 28 , 29 ]. Figure 3b shows the 

topographic image of the measurement area that includes a monoatomic step and an 

intrinsic defect on Ag(111). Figures 3c–e display the FER intensity maps at n=2, 3, 4 peaks 

(labeled by (c), (d), (e) in Fig. 3a). In the defect, a unique feature of the FER state is 

observed, which differs at the respective FER voltages. Figures 3f–h show the maps at 

n’=2, 3, 4 peaks under 633-nm illumination (labeled by (f), (g), (h) in Fig. 3a). The FER 

intensity distributions are very similar at the same ordinal number of the peaks with and 

without illumination. Therefore, we can assign unambiguously the peaks (f), (g), (h) in Fig. 

3a to the second, third, and fourth FER states. 
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Figure 4 illustrates the energy diagram of the STM junction including the FERs along 

with schematic electron wave functions. FERs are quantized standing-wave states that have 

a maximum probability density in front of the surface. Here we assume a single particle 

picture with a simple one-dimensional potential introduced by Chulkov et al. [30] which is 

deformed by the applied bias voltage in the junction. Without illumination (Fig. 4a) the 

FER peaks appear when the bias voltage matches the respective resonances, Vn=1,2,3… at 

which the electron at the Fermi level of the tip is transferred to the corresponding FER state. 

As the field enhancement becomes substantially large, the plasmon-assisted tunneling takes 

place (Fig. 4b) and the bias voltages of the FER peaks downshift to Vn’=1,2,3… at which the 

electrons at the Fermi level of the tip are resonantly excited and transferred to the FER state. 

In Fig. 1b, it can be seen that the threshold power density at which the plasmon-

assisted tunneling occurs is higher for the higher-order FERs. This is explained either by 

the reduction of the field enhancement and/or by a wider tunneling barrier in the junction, 

resulting from the increase of the tip–surface distance at the higher voltages (as explained 

in Fig. 1a). The field enhancement in the nanoscale junction decays rapidly within a few 

nm range [31]. The plasmon-assisted and “normal” STM tunneling processes compete with 

each other. This is observed at intermediate incident power densities in Fig. 1b (e.g., at 

0.03 mW/μm2), where the n=1 and n’=1 peaks appear at ~2.2 and ~4.2 V, respectively. 

However, the normal STM tunneling into FERs becomes negligible when the plasmon-

assisted tunneling is dominant since the tip–surface separation becomes large. 

Previous studies suggest that variation in the peak position of the first FER state is 

sensitive to the change in the local work function [27, 28, 32, 33]. In Fig. 1b, the n’=1 peak 
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position is shifted only slightly as the incident power density increases. We attribute this 

small change to an increased electron temperature and smearing of the Fermi distribution in 

the tip under strong illumination, whereas the local work function change is negligible. 

FERs are also subject to the Stark effect caused by the electric field in the junction 

[17]. While the positions of the higher-order peaks are varied considerably by the Stark 

effect, the n(n’)=1 peak position is much less affected because it is determined largely by 

the image potential rather than the electric field in the junction. At larger gap distances the 

FER peaks are red-shifted and their spacing becomes smaller because the potential gradient 

in the junction is gentler. These variations can be seen in the FER spectra with and without 

illumination (Fig. 1a); the tip–surface distance is larger in the former case due to the 

plasmon-assisted process, resulting in the red-shift and the smaller spacing of the FER 

peaks. Also, in Fig. 1b, the FER peaks show similar variations as the incident power 

density increases. The Stark effect is also responsible for the deviation of the downshift 

value from the incident photon energy for the higher-order peaks in contrast to the n’=1 

peak. As illustrated in Fig. 4, the potential gradient in the junction at Vn’, is smaller than that 

at Vn, causing the different spacing of the FER levels. The Stark effect is dominated by the 

applied DC bias voltage, whereas the influence of the AC near-field oscillating at optical 

frequencies may be negligible as estimated for a nanoscale gap [34]. 

In summary, we demonstrated the plasmon-assisted resonant electron tunneling from 

an Ag or Au tip into FERs of the Ag(111) surface, which is induced by direct excitation of 

the junction with a focused CW laser. Our results revealed a novel electron transfer 

mechanism in a nanoscale plasmonic junction. Precise control of the cavity distance in the 
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experiments combining STM with local optical excitation and detection is advantageous to 

examine the near-field properties particularly at the sub-nanometer scale where quantum 

mechanical effects play a crucial role [35, 36]. Moreover, the image potential states can be 

exploited to investigate excited electron dynamics [37, 38]. Ultrashort optical excitation of 

plasmonic STM junctions therefore will provide an opportunity to trace the ultrafast 

electron dynamics at the nanoscale. 

The authors thank H. Haak for technical support and M. B. Raschke for valuable 

discussion. T.K. acknowledges the support by JST-PRESTO (JPMJPR16S6). T.K. and 

M.W. acknowledge support by the Deutsche Forschungsgemeinschaft through Sfb951. 
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Figure 1. (a) FER spectra (solid curves, left axis) of an Ag tip–Ag(111) surface junction 
with (red) and without (black) 633-nm excitation (hν=1.96 eV). The junction is illuminated 
with a power density of 0.53 mWµm-2. The spectra were recorded in the constant current 
mode at 0.1 nA. The tip–sample vertical displacements (Δz) are also plotted (dashed curves, 
right axis). (b) Incident power dependence of the FER spectra. The power density is varied 
from 0 to 0.53 mWµm-2. The spectra are vertically offset for clarity. (c) FER spectra (solid 
curves, left axis) of an Ag tip–Ag(111) surface junction with (red) and without (black) 532-
nm excitation (hν=2.33 eV). The junction is illuminated at a power density of 0.84 mWµm-

2. The spectra were recorded in the constant current mode at 0.1 nA. 
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Figure 2. (a) STML spectra measured over the Ag(111) surface with an Au (orange) and 
Ag (green) tip (Vs=3 V, It=9 nA). The vertical broken line indicates the excitation 
wavelength in the FER measurement (532 nm). (b) FER spectra of an Au (orange) or Ag 
(green) tip–Ag(111) surface junction under 532-nm excitation with a power density of 0.10 
mWμm-2. The spectra were recorded in the constant current mode at 0.1 nA. (c) 
Polarization dependence of the FER spectra for an Ag tip–Ag (111) junction under 633-nm 
illumination with an incident power density of 0.09 mW/μm2. The inset shows schematic of 
the experimental geometry. The red, blue, and black broken lines correspond to p-, s-
polarization, and non-illuminated cases, respectively. 
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Figure 3. (a) FER spectra of an Au tip–Ag(111) surface junction with (red) and without 
(black) 633-nm excitation. The latter is vertically offset for clarity. The spectra were 
recorded in the constant current mode at 0.1 nA. The power density was set to 0.20 mWµm-

2. (b) Topographic image of the Ag(111) surface with a monoatomic step and an intrinsic 
defect (Vs=1 V, It=0.1 nA, 10×12 nm2). (c–e) The FER mapping at different bias voltages 
(indicated in the figure) without laser excitation. (f–h) The FER mapping at different bias 
voltages (indicated in the figure) with laser excitation (illuminated with a power density of 
0.20 mWµm-2). 
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Figure 4. Schematic energy diagram of the Ag tip–vacuum–Ag(111) surface junction (a) 
without and (b) with illumination. The blue shaded area represents the schematic potential 
in the junction. EF: Fermi level, Evac: vacuum level, Φs(t): work function of the surface (tip), 
Vs: Sample bias, d: gap distance. n(n’): index of the FERs, Vn(n’): FER voltage without 
(with) illumination, red curves: schematic electron wave functions, hν: incident photon 
energy. 
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