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Abstract 

Over the last century, quantum theories have revolutionized our understanding of material 

properties.  One of the most striking quantum phenomena occurring in heterogeneous media is the 

quantum tunneling effect, where carriers can tunnel through potential barriers even if the barrier 

height exceeds the carrier energy. Interestingly, the tunneling process can be accompanied by 

absorption or emission of light. In most tunneling junctions made of noble metal electrodes these 

optical phenomena are governed by plasmonic modes, i.e. light-driven collective oscillations of 

surface electrons. In the emission process, plasmon excitation via inelastic tunneling electrons can 

improve the efficiency of photon generation resulting in bright nanoscale optical sources.  On the 

other hand, the incident light can affect the tunneling behavior of plasmonic junctions as well, 

leading to phenomena such as optical rectification and induced photocurrent. Thus, plasmonic 

tunneling junctions provide a rich platform for investigating light-matter interactions paving the 

way for various applications, including nanoscale light sources, sensors, and chemical reactors. In 

this paper, we will introduce recent research progresses and promising applications based on the 

plasmonic tunneling junctions. 
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1. Introduction 

In quantum theory, a particle with energy 𝐸  can penetrate through a potential barrier whose 

potential is higher than its own energy 𝐸. This is called the tunneling effect. According to the 

WKB approximation, its transmission probability is [1], 

𝑇 = 𝑒−2𝛾 (1) 

where 𝛾 = 1/ℏ ∫ |𝑝(𝑥)|
𝑎

0
𝑑𝑥, 𝑎 is the width of the barrier, and 𝑝 is the momentum of the particle. 

An obvious consequence of this dependence is that the transmission probability decreases with the 

width and the height of the barrier. One of the most frequently encountered cases of tunneling 

effects is the electron tunneling between two materials. Typically, electrons can migrate from one 

electrode to another even if they are separated by a thin insulating layer. Due to the Fermi-Dirac 

distribution of the electron velocities inside of the electrodes, the tunneling current can be obtained 

by integrating the product of the transmission probability (Eq. 1) with the electron velocity 

distribution over the velocity range. The tunneling current density can be written as [2, 3]: 

𝐽 = 𝐽0 [𝜑e−𝐴√𝜑 − (𝜑 + 𝑒𝑉)e−𝐴√𝜑+𝑒𝑉] (2) 

where 𝜑 is the average potential barrier height, 𝐽0 = 𝑒/2𝜋ℎ(𝛽Δ𝑠)2, 𝐴 = 4𝜋𝛽Δ𝑠/ℎ√2𝑚, 𝛽 is a 

correction factor, Δ𝑠 is the width of the barrier at the starting point of the tunneling, and ℎ is the 

Planck constant. The current density includes two exponential terms, which account for two 

opposite electron flows—the reflection and the transmission. Thus, the high bias voltages lowering 

the barrier height and the thinner insulators can be advantageous to realize tunneling resulting in 

larger current densities. In most practical situations, the thickness of insulator layers should be on 

the order of a few nanometers (< ~ 5 𝑛𝑚). 
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In many nanophotonic applications, tunneling junctions consist of noble metal electrodes, which 

can support generation of surface plasmons, typically in the form of gap modes. The excitation of 

strongly confined modes leads to a strong field enhancement due to the small mode volume, 

making them fascinating platforms to study light-matter interactions. The gap plasmons have been 

employed in many applications [4], such as strong plasmon-exciton coupling [5, 6], enhanced 

Raman scattering [7-9], fluorescence modifications [10], and nonlinear light generation [11, 12].  

Combining plasmonic gap modes with tunneling junctions opens up a myriad of possibilities for 

exploring and tailoring the light-matter interactions as we discuss below. 

Plasmonic gap modes can be excited by inelastic tunneling electrons as a byproduct of tunneling 

current generation in the nanometric junctions. The excited plasmons can couple to free-space 

modes resulting in the emission of light. Thus, a tunneling junction can be treated as a nanoscale 

light source, whose properties are determined by its materials’ properties. Besides the traditional 

metal-insulator-metal tunneling junctions [3, 13-18], the inelastic tunneling and light emission 

have been realized in metal-insulator-semiconductor junctions [19, 20], metal-2D material 

junctions [21-24], and molecular junctions [25, 26].  

A larger tunneling current typically provides a higher number of emitted photons. According to 

Eq. (2), a thinner insulating layer and a higher voltage could be beneficial for generating strong 

light emission. The limiting factors for such devices are related to the stability of the junction under 

the high voltages and physical limitations for fabricating tunnel gaps with decreasing thicknesses. 

Furthermore, the plasmonic properties start to diverge from the classical predictions in ultrathin 

gaps because of quantum effects. Specifically, the charge transfer effects diminish the field 

enhancement in the gaps due to the quenching of the near fields [7, 27, 28]. Although these effects 

on light generation in such small gaps are still not completely understood, a recent work has shown 
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that the light emission is indeed related to the charge-transfer modes in the ultrathin gaps [29]. 

However, these effects can usually be ignored because most experimental conditions involve 

tunneling junctions with thick enough insulator layers (>1 nm), that are not dominated by the 

charge-transfer modes.  

The ability to tailor the properties of light-emitting plasmonic tunneling junctions is critical for 

achieving realistic applications. To that end, various configurations and geometric parameters have 

been explored.  For instance, interference and diffraction of the propagating surface plasmon 

polaritons can be achieved in the tunneling junctions [30, 31]. Aperiodic groove arrays have been 

successfully used to control the surface plasmon polariton (SPP) propagation [32]. The spatial 

control of light emissions was realized in the alternating current (ac)-driven Al-AlOx-Cu tunneling 

junctions with the changing barrier thicknesses [33]. Furthermore, in order to increase the light 

emission efficiency, considerable efforts have been dedicated to the optimization of the electron-

to-photon conversion efficiency, including nanostructured optical antennas [3, 18, 21], rough 

electrode surfaces [34], and resonant tunneling junctions [35, 36].  

On the other hand, incident light or excited plasmons can affect electronic properties of tunneling 

junctions as well. Photon-assisted tunneling and optical rectification have been realized in many 

experiments [37-43]. Similar to electric rectifiers, optical rectification can transfer ac signals to 

direct current (dc) signals. This transformation provides a method to detect ultrafast ac signals at 

optical frequencies, which are challenging to be measured directly due to their high frequencies. 

These phenomena that involve interactions between light and electronic excitations can be used to 

characterize properties of sub-nanometric gaps, such as near-field enhancement and temperature 

[38, 44, 45]. 
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Besides direct applications of optically-active tunneling junctions based on light emission and 

absorption, these systems can be attractive for various other indirect applications. The emitted 

photons can be used to monitor the chemical reactions [46, 47], even at single-molecule levels 

[47]. Tunneling junctions encompassing molecules can work as solid-state molecular devices 

controlling charge transport [48, 49]. Finally, the electronic properties of the tunneling junctions 

can be treated as sensors and monitors to reveal physical processes [42, 43, 50-52]. 

In this perspective article, we will first discuss the light emission in junctions based on the inelastic 

tunneling, including its basic mechanisms, generation of plasmonic modes, optical antennas, and 

above-threshold light emission. Next, photon-assisted tunneling will be introduced, focusing on 

optical rectification, thermal effects, and photoemission. Finally, novel chemical applications 

based on the tunneling junctions will be reviewed.  

 

2. Electroluminescence in plasmonic tunneling junctions 

A nanoscale plasmonic light source can be realized using junctions which support inelastic electron 

tunneling. In general, the electroluminescence in the tunneling junctions can originate from two 

possible processes—inelastic tunneling (IET) and electron-hole recombination—dependent on the 

junctions’ properties, such as their materials, geometries, and bias voltages [19]. In particular, 

electroluminescence can originate from electron-hole recombination in junctions including 

semiconductors, such as Si. According to Ref. [19], for Si/SiO2/Au junctions, electroluminescence 

is mainly dominated by the recombination of electrons and holes for Si with low doping level and 

by the quantum tunneling mechanism for Si with high doping level. Here, we will focus on the 

former process in the quantum tunneling regime.  
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Most common tunneling junctions consist of one or two metallic electrodes, typically noble metals, 

such as gold. These metal structures can support plasmonic modes, including gap modes and 

propagating modes. With the bias voltage applied on the junction, the quantum tunneling can occur 

between two electrodes, whose current-voltage (I-V) characteristics can be described by the 

Simmons model [2]. There are two kinds of tunneling electrons generated in this process—elastic 

tunneling electrons and inelastic tunneling electrons, as shown in Figure 1 (a). Due to energy 

conservation, it is obvious that elastic tunneling electrons do not lose energy and will not couple 

to the local density of optical states (LDOS), which is related to the density of electromagnetic 

modes in the volume and is proportional to the decay rate of a system [53]. In contrast, the inelastic 

tunneling electrons can be coupled to LDOS leading to the excitation of gap plasmons. 

Subsequently, the gap plasmons can couple to free-space radiation through some processes (Figure 

1 (b)), which are dependent on the details of junctions. When the bias voltage exceeds the threshold 

that usually is a turning point in the Fowler−Nordheim representation [3], the tunneling regime 

will be established in the field emission leading to photon emission [3, 39]. Additionally, photons 

can be excited by inelastic tunneling electrons directly as well, however the efficiency of this 

mechanism is extremely low because of the momentum mismatch between photons and electrons 

[14]. 



7 

 

 

Figure 1 (a) Schematic of the tunneling process (b) Schematic of the electroluminescence processes in the 

tunneling junctions. 

 

Parzefall and Novotny have previously summarized the inelastic tunneling mechanism and the 

efficiency of the electroluminescence providing a systematic guideline for these processes [54, 55]. 

Here, we briefly introduce this framework as a basis for the following discussions. The inelastic 

tunneling can be typically discussed in the context of three main theoretical approaches—energy-

loss model, current fluctuation model, and spontaneous emission model [54, 55]. The latter model 

offers a connection between IET rate and LDOS 𝜌𝑜𝑝𝑡  and a suitable description of plasmon 

excitation in nanogaps [54, 55]. The IET rate can be calculated by integrating the spectral inelastic 

tunneling rate 𝛾𝑖𝑛𝑒𝑙(ℏ𝜔)  over all energies 𝛤𝑖𝑛𝑒𝑙 = ℏ ∫ 𝛾𝑖𝑛𝑒𝑙 (ℏ𝜔)
∞

0
𝑑𝜔 , where ℏ𝜔  is the mode 

energy. In most cases, 𝛤𝑒𝑙 ≫  𝛤𝑖𝑛𝑒𝑙 , therefore, without considering the optical properties of 

nanogaps the efficiency of IET in vacuum can be approximated as 𝜂𝑒𝑙𝑒 = (𝛾𝑖𝑛𝑒𝑙 (ℏ𝜔, 𝜌𝑜𝑝𝑡 =

𝜌0 )) /𝛤𝑒𝑙 where 𝜌0 is the vacuum LDOS, which is called the source efficiency. This quantity is 

determined by the bias voltage, the gap distance, and the barrier height, however it is not dependent 

on optical properties of the system. Its efficiency is on the order of 10−8𝑒𝑉−1 , which is an 

extremely weak process [54]. 
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The source efficiency of IET in vacuum is only dependent on the electronic properties of the 

nanogaps. However, IET needs to couple to the optical modes to excite plasmons in the tunneling 

gaps. Thus, the optical properties of the system play a significant role in the total source efficiency 

of IET due to the high LDOS in the tunneling junctions. The total electroluminescence efficiency 

𝜂𝑡𝑜𝑡 includes three parts [54]: 

𝜂𝑡𝑜𝑡 = 𝜂𝑒𝑙𝑒 × 𝜂𝑜𝑝𝑡 × 𝜂𝑒𝑚 (3) 

where 𝜂𝑒𝑙𝑒  is the ratio of the inelastic and elastic tunneling, 𝜂𝑜𝑝𝑡 = 𝜌𝑜𝑝𝑡/𝜌0 is the ratio of the 

LDOS of the junction and the vacuum LDOS, and 𝜂𝑒𝑚 is the outcoupling efficiency of the gap 

plasmons to surface plasmon polariton (SPP) or photons conversion. The second part is only 

dependent on the optical properties of the system. There are several contributions to the LDOS in 

the nanogaps, including gap plasmon modes, propagating plasmon modes (SPPs), and free photon 

modes. However, the LDOS of gap modes is several orders of magnitude higher than other 

contributions [54], which means that gap modes dominate the IET excitation process [54, 55]. 

Therefore, the free-space modes or the propagating modes are unlikely to be directly excited via 

IET. Eq. (3) implies that inelastic electrons are coupled to gap modes and omit the direct coupling 

of the inelastic tunneling electrons to free-space mode because the probability of the latter is 

extremely low. Most research studies focus on these three main factors to optimize the 

electroluminescence in the tunneling junctions. 

 

2.1.Plasmons in the tunneling junctions 

Although optically excited plasmons are more common in the recent literature, electron-excited 

modes trace their origin to the first observations of plasmonic phenomena in the 1950s [56]. This 
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was followed by the observation of light emission based on the inelastic tunneling two decades 

later [13]. More recently, this field has attracted renewed attention due to its promising applications 

as nanoscale optical devices [15, 25, 26].  

As mentioned above, exciting gap modes is the necessary and crucial intermediate process to 

induce surface plasmon emission. In Ref. [14], a tunneling junction consisting of a smooth 20 nm 

gold film and a gold STM tip was used to observe the excitation of SPPs on a metal/air interface.  

Thus, the propagating modes were excited by dipole-like gap plasmon formed between the sharp 

tip and the film. However, the emission ring corresponding to the omnidirectional propagation of 

SPPs was replaced with a uniform emission pattern when the gold film is replaced by a 5nm 

granular gold film indicating that the increased surface roughness of the film leads to the 

disappearance of the propagating modes and their replacement with localized modes. It shows that 

gap modes excited by IET are indeed unable to outcouple to free space directly. Furthermore, a 

gold nanowire was used to separate the photon emission region from the tunneling junction region, 

as shown in Figure 2 (a). Photon emissions are detected successfully at the end of the nanowire, 

as shown in Figure 2 (b). Notwithstanding the low efficiency of only 5% due to the not optimal 

tunneling junction structure, these experiments demonstrated a clear pathway for energy 

conversion from electrons to photons and the potential for the development of electrically-driven 

nanoscale photon sources [14, 57]. 
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Figure 2 (a) Diagram of the experimental setup. (b) Photon emission map overlapped with the scanning 

electron microscope (SEM) image; Inset: emission intesity along the nanowire. [14] Copyright © 2011 

American Physical Society. 

 

However, there is not only one pathway for converting plasmons to free-space photons after the 

gap mode is excited. Ref. [34] shows three main paths to outcouple the gap modes in tunneling 

junctions: first, gap mode plasmons can be scattered into photons at the junction interfaces; second, 

gap modes can be coupled to propagating modes at the metal-dielectric interfaces; third, gap modes 

can be coupled to photon modes and propagating modes at the junction edge, as shown in Figure 

3 (a-b). For example, the outcoupling route in Ref. [14] can be attributed to pathway 2, where gap 

plasmons are converted to propagating modes.  

In addition, research has shown that the roughness of the gap has an important effect on its 

plasmonic properties [58]. The outcoupling efficiencies of tunnel junctions can be improved by 

the gap roughness, especially for the pathway 1, because of the roughness-induced momentum 

matching [34]. In Ref. [34], the outcoupling efficiency of Al-Al2O3-Au junctions is successfully 

raised to 0.62% by optimizing the electrode thickness and roughening the junction areas. 
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Figure 3 (a-b) Three outcoupling paths of gap plasmons in a Al-Al2O3-Au junction. [34] Copyright © 

2020 The Authors. (c) Sketch of the source and detector tunneling junctions. (d) Response current 

densities as a function of the time with different bias voltages. [15]  Copyright © 2017 The Authors 

 

Most of electron-excited plasmons are detected by their accompanied light emissions in the 

tunneling junctions. However, they can also be sensed directly by tunneling currents without the 

plasmon-to-photon conversion. As shown in Figure 3 (c), this can be done using two adjacent 

tunneling junctions[15]. One of them is treated as a plasmonic source, and another one is treated 

as a detector. Similar to other tunneling mechanisms, the gap plasmons are excited in the source 

junction first, and then the gap mode couples to the propagating mode, which can cross over the 

gap between the two junctions. Finally, the propagating plasmons are detected by the right 
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tunneling junction via the optical rectification effect. The tunneling current of the detector junction 

can change with the presence of propagating plasmons as shown Figure 3 (d) [15].  

 

2.2. Light emission based on tunneling junctions 

Compared to the plasmonic source, the direct light emission source [3, 16-18, 21-23] is a much 

more attractive potential application based on the tunneling junction because of its compact size, 

ultrafast excitation time, and widely tunable emission wavelength. According to recent studies, 

three factors can affect the light emission rate—the electronic properties, the LDOS of the junction, 

and the output efficiency [54, 55].  

Although roughening of the junctions mentioned above can improve the outcoupling efficiency, 

this approach will lead to saturation with increasing roughness [54]. Another method to increase 

the outcoupling efficiency is to optimize the geometry of electrodes in the junctions, by using 

optical antennas. Instead of using planar electrodes, gratings [59], nanoparticles [23], and nano 

antennas [3, 16, 18] can be employed as the electrodes in the tunneling gaps to improve the 

efficiencies by increasing both the LDOS and the outcoupling efficiency.  

For example, a grating structure—gold periodical antenna—was used as the top-layer electrode in 

an Al-Al2O3-Au tunneling junction [59], as shown in Figure 4 (a). Its electron-to-photon efficiency 

can reach 1.6 × 10−6 photons per electron, which is 2700 times higher than the efficiency of the 

planar junction. Due to modified scattering cross sections, the antenna array significantly modifies 

the electroluminescence (EL) spectra compared to planar junctions, as shown in Figure 4 (b).  
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Figure 4 (a) Optical microscope and SEM images of a junction with grating structures. (b) Left: 

Experimental normalized EL spectra of the periodical antenna junctions with different bias voltages; 

Right: Theoretical normalized EL spectra of the periodical antenna junctions and the planar junction with 

different bias voltages. [59] Copyright © 2019 The Authors.  

 

Similar to the grating nanostructures, a nano antenna with a nanoparticle in the gap was 

successfully used as a tunneling junction to emit light, as shown in Figure 5 (a) [3]. This structure 

not only can improve the electron-to-photon efficiency but can also provide a platform to modify 

the EL spectra by providing gap modes needed to couple to the free-space modes (photon modes) 

via scattering. As shown in Figure 5 (b), the scattering spectrum profiles with different geometries 

match the EL profiles well. Thus, the scattering cross sections of nano antennas can modify the 

EL spectra by changing the outcoupling efficiency. Furthermore, the cutoff frequencies of the EL 

spectra are limited by the bias voltages, which is evidence of the underlying inelastic tunneling 

mechanism. This nanostructure is utilized to realize nanoscale Yagi-Uda antennas [18], as shown 

in Figure 5 (c). These nanoscale antennas can provide a highly unidirectional emission in the 

optical regime with reflectors and directors, as shown in Figure 5 (d). 
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Figure 5 (a) SEM image of tunneling junctions. Nano antennas with different shapes are shwon in (b), 

left: SEM images; right: EL (open circles) and scattering spectra (solid lines). [3] Copyright © 2015 

Nature Publishing Group. (c) SEM image of a Yagi-Uda antenna. (d) The highly unidirectional emission 

based on the simulation of the Yagi-Uda antenna. [18] Copyright © 2020, The Authors 

 

The optical antennas’ output efficiency is mostly dependent on their scattering cross sections. In 

the gaps, however, the LDOS sometimes does not exactly overlap with the scattering cross sections. 

This mismatch can lead to a low total output efficiency. As shown in Figure 6 (a-b), an optical 

antenna with two edge-to-edge silver cubes provides (1.8  ±  0.2)  ×  10−3  external quantum 

efficiency when the scattering cross section is not matched with the LDOS [16]. With geometric 

optimizations, the external quantum efficiency finally increases by a factor of 10 and approaches 

2% after the two are matched with each other, as shown Figure 6 (c). 
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Figure 6 (a) Sketch of an edge-to-edge tunneling juncntion. (b) TEM image of the tunneling junction. (c) 

Simulated and experimental external quantum efficiency (EQE) of different nano antennas with different 

aspect ratios and heights (aspect ratio 𝑏/𝑎, hight 𝑐). [16] Copyright © 2018, The Authors 

 

Furthermore, 2D materials, including van der Waals materials, are widely used in tunneling optical 

antennas due to their special properties. For instance, hexagonal boron nitride (hBN) with its high 

potential barrier can be used as a robust insulator layer to support stable tunneling. In Ref. [21], 

the tunneling junctions are realized using Au-hBN-Au structures, as shown in Figure 7 (a). The 

nanoslots are fabricated on one of Au electrons with four separated sections to support different 

plasmonics modes. The emission profiles are determined by the transmittance spectra of these 

nanoslots and the intensities are improved due to the high outcoupling efficiencies. Simultaneously, 

the fast modulation of the light emission based on the inelastic tunneling was demonstrated in this 

work. In addition to the insulator, 2D materials can also be used as electrodes in the tunneling 

junctions. For example, graphene is a good conductor, which is routinely used as a top electrode 

with a Au bottom electrode and a hBN insulator, Figure 7 (c) [23]. In such structures, the plasmonic 

modes are not supported by the graphene electrode but the silver cubes on the top of the graphene 

coupled to the bottom Au layer. Similarly, the emission profiles are modified by the plasmonic 

modes.  



16 

 

Besides the optimization of the LDOS and the output efficiency, the first term in Eq. (3)—the 

electronic properties of the junction—can be used to enhance the electron-to-photon conversion 

efficiency as well, e.g. by using resonant tunneling structures. Recently, Qian et al. used metallic 

quantum well (MQW)-based tunnel junctions to realize the 30% external quantum efficiency [35]. 

This offers a step forward in the development of the tunneling junctions as compact plasmon /light 

sources. 

 

 

Figure 7 (a) SEM image of bottom electrodes with different slots for the tunneling junctions. (b) Emission 

spectra (open circle) and transmission enahncements (solid line)  of these junctions. [21] Copyright © 

2015, Nature Publishing Group (c) Left: Sketch of the tunneling junction consisting of the gold electrode, 

the hBN insulator layer, the graphene electrode, and the sliver nanocube. Right-top: Spatial distribution of 
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emitted ligth from a nanocube;   Rigth-bottom: Emission spectra from a nanocube. [23] Copyright © 

2019, The Authors 

 

 

2.3. Above-threshold light emission based on the tunneling junctions 

So far, we have discussed light emission in tunneling junctions with photon energies below the 

applied bias threshold. However, above-threshold light emission can be observed in tunneling 

junctions as well. The cut-off frequencies of the light emission excited by inelastic tunneling 

discussed above are limited by the bias voltages applied on the junction due to the energy 

conversion. However, the cut-off frequencies of the above-threshold light emission can be much 

higher than the energy of the inelastic electrons. The above-threshold light emission has been 

observed in the break junctions [60-62], where the electromigration method is used to fabricate 

ultranarrow gaps supporting tunneling [17, 39, 60, 61, 63, 64]. Buret et al. explain this emission 

behavior invoking spontaneous blackbody emission from hot electron gas thermalized by electron 

collisions [62]. Recently, other mechanisms based on hot carriers generated by nonradiative 

plasmonic decay [60] and electrons heated by plasmon decay at source electrodes [20], have been 

used to describe above-threshold light emission processes. 

As shown in Figure 8 (a), a metallic electromigration break junction is used to support tunneling 

and emit photons [60]. Figure 8 (b) shows the Au/Cr junction’s emission spectra, clearly showing 

that huge parts of the emitted light have energies higher than the maximum energy loss of the 

inelastic electrons. The pure gold junctions have the highest photon yield efficiency, compared to 

other lossy metals such as Cr and Pd. Thus, it was concluded that the light emission is indeed 

influenced by the plasmonic decay rate. The lossy metal can decrease the number of plasmons 

excited by the inelastic electrons and reduce the hot-carrier generation rate. In Figure 8 (c), it also 
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shows that the electron effective temperature 𝑇𝑒𝑓𝑓  is linearly increased with the bias voltages, 

𝑇𝑒𝑓𝑓 ∝ 𝑉, which is evidence of the plasmon-induced hot carrier generation [60]. In this mechanism, 

plasmons excited by inelastic tunneling electrons can induce hot electrons and hot holes via 

nonradiative decay, and recombination of these hot electrons and hot holes leads to above-

threshold light emission, as shown in Figure 13 (d). 

 

Figure 8 (a) Sketches of the electromigration break tunneling junction and the setup. (b) Emission spectra 

of the Au/Cr junction with different bias voltages. (c) Effective temperature as a function of the bias 

voltage for different junctions. (d) Sketch of the above-thershhold light emission mechanism [60] 

Copyright © 2020 American Chemical Society 
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In Ref. [20], a metal−insulator−semiconductor structure is used to realize above-threshold 

emission, as shown in Figure 9 (a). Because the electrons flow from the metal to the semiconductor, 

this structure can rule out the possibility of heating electrons by tunneling or by plasmons in the 

drain. Comparing the emission spectra to the bias voltages, it is clear that parts of the emitted 

photons have energies higher than the threshold (𝑒𝑉𝑏𝑖𝑎𝑠), which are shaded in red in Figure 9 (b). 

To analyze the mechanism behind this phenomenon, this paper extracted the electron temperature 

from the spectra by fitting a Fermi−Dirac distribution. In Figure 9 (c), the effective temperature 

linearly increases with the applied bias when the voltage is lower than the plasmonic frequency. 

However, the increase slows down when the voltage is higher than the plasmonic frequency. The 

cut-off frequencies have similar trends. Thus, that plasmon indeed plays an important role in the 

above-threshold light emission and its mechanism is related to hot electrons based on the plasmon-

electron interactions in the metal source electrode. Similarly, Shalem et al. claim that the energy 

of electron bath is proportional to the plasmon energy [20]. Although, both of these studies involve 

excitation of hot electrons via plasmon decay [20, 60], their light emission processes are 

considerably different from each other. In Cui et al., the above-threshold photons are generated via 

the recombination of hot electrons and hot holes [60]. In Shalem et al., however, the mechanism 

involves photon excitation through the inelastic tunneling of hot electrons. 

The mechanism of the above-threshold light emission in plasmonic tunneling junctions is still not 

completely understood. However, it offers a novel approach for controlling light emission in 

tunneling junctions. Recently, for example, the above-threshold light emission was shown to 

increase by thousand times when the electromigration break junction was excited by both the 

tunneling electrons and the laser at the same time, as shown in the Figure 9 (d) [61].  
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Figure 9 (a) Sketch of a metal−insulator−semiconductor (Au/Al2O3/p-type Si) tunneling junction. (b) 

Emssion spectra for different bias voltages. (c) Left axis: electon temperature as a function of the bias 

voltahes for two devices with different plamonic frequencies; right axis: cut-off energy as a function of 

the bias voltages. [20] Copyright © 2021 The Authors (d) Photon intensity as a function of the photon 

enegy with the light and electronic exciation. [61] Copyright © 2021 American Chemical Society 
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3. Photon-assisted tunneling in plasmonic junctions 

After considering light emission from plasmonic tunneling junctions in the previous section, here 

we will discuss a related phenomenon of photon-assisted tunneling, where the energy conversion 

is reversed resulting in current generation upon light absorption in tunnel junctions. The 

experimental observation and theoretical description of the photon-assisted tunneling have been 

first developed in 1960s, and the following research has generated considerable attention for 

decades, especially in the quantum dot systems and molecular junctions [65, 66]. Recently, the 

plasmonic properties of the junctions have also successfully been used to assist tunneling, due to 

their extremely large near fields and increased interaction cross sections [37-39]. 

When the tunneling junction is illuminated by a laser, the ac voltage induced on the junction via 

the optical fields with frequency 𝜔  can be expressed as 𝑉𝑜𝑝𝑡 cos(𝜔𝑡). Thus, its time-average 

tunneling current can be written as [37-39, 67] 

𝐼𝑡𝑜𝑡 = ∑ 𝐽𝑛
2 (

𝑒𝑉𝑜𝑝𝑡

ℏ𝜔
)

∞

𝑛=−∞

𝐼𝑑𝑐 (𝑉𝑑𝑐 +
𝑛ℏ𝜔

𝑒
) . (4) 

where 𝐽𝑛 is a Bessel function of the nth order, 𝑉𝑑𝑐 is the dc bias voltage, and 𝑉𝑜𝑝𝑡 is the amplitude 

of the optical voltage caused by the laser or plasmonic fields. According to Refs [37-39, 67], if the 

variance of the junction conductance is much slower than that of the optical voltage, the dc 

tunneling current can be approximated as 

𝐼𝑡𝑜𝑡 ≈ 𝐼𝑑𝑐(𝑉𝑑𝑐 , 𝑉𝑜𝑝𝑡 = 0) +
1

4
𝑉𝑜𝑝𝑡

2
𝜕2𝐼𝑑𝑐

𝜕𝑉𝑑𝑐
2

(5) 

by omitting the higher orders in Eq. (4). The first term of Eq. (5) is the regular tunneling current 

under the applied dc bias, and the second term is the photon-induced tunneling current which is 

typically called photocurrent. This mechanism is called optical rectification, which has been 
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observed in plasmonic tunneling junctions [37-39, 68]. The photocurrent is proportional to the 

nonlinear conductance and the intensity of the incident light. 

 

3.1. Optical rectification 

Ac tunneling caused by the incident light accompanies dc tunneling in many experimental 

configurations. However, the sensitivity and speed limitation of the measurement devices make it 

extremely challenging to detect the instantaneous ac quantum tunneling currents at optical 

frequencies. The time-average rectified dc tunneling currents can provide a chance to characterize 

the photon-induced tunneling behaviors [69]. The standard lock-in techniques are widely used in 

investigations of optical rectification to extract relationships between the photocurrent and the 

nonlinear conductance [37-39, 41].  

A low capacitance junction can decrease the response time of the tunneling, which can be 

beneficial to the realization of the optical rectification. The electromigration method mentioned in 

the last section is a good approach for fabricating small tunneling junctions supporting optical 

rectification [37, 39, 70]. As shown in the left inset of Figure 10 (a), the electromigration break 

Au junctions were successfully employed to detect the optical rectification [37]. When the laser is 

incident on the gap area, the plasmons are excited leading to the appearance of a photocurrent. The 

signals extracted from the lock-in setups show that the photocurrent is almost the same as the 

nonlinear conductance term with the varying dc bias voltages in Figure 10 (a). Thus, the 

mechanism of the photocurrent generation can be identified as optical rectification. 

Simultaneously, as Figure 10 (b) shows, the photocurrent linearly increases with the incident laser 

power, which matches with the second term of Eq. (5) and is also evidence of the optical 

rectification. 
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Figure 10 (a) Photocurrent (red line) and 1 4 ∙⁄ 𝑉𝑜𝑝𝑡
2 ∙ 𝜕2𝐼𝑑𝑐 𝜕𝑉𝑑𝑐

2⁄  (black line) as a function of the dc bias 

voltage; Left inset: SEM image of the tunneling gap; Right inset: conductance as a function of the dc bias 

voltage. (b) Photocurrent as a function of incident laser power and the linear fitting line (red) [37] 

Copyright © 2010, Nature Publishing Group (c) Measured field enhancement in the tunneling gap as a 

function of the gap size; Inset: Diagram of the tunneling gap. [38]  Copyright © 2011 American Chemical 

Society (d) Top: Laser signal and photocurrent as a fucntion of time; Bottom: geometry of tunneling 

junctions. [41] Copyright © 2021 The Authors. 

 

Molecule tunneling junctions are not only a good choice to realize rectification [71-74], but also 

are suitable for the observation of the effect in the optical regime, because of their well-defined 

and controllable gap sizes [38, 41]. Similar to the surface-enhanced Raman spectroscopy (SERS) 

used to probe molecules in the plasmonic gaps [7, 8, 10, 75, 76], the relationship between the 

photocurrent and the ac voltage can provide a method for detecting the plasmonic near fields in 
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the gaps. In Ref. [38], the Au plasmonic tunneling junctions with the embedded monolayer 1-

octanethiol (C8), 1-decanethiol (C10), and 1-dodecanethiol (C12) molecules, are employed to 

realize optical rectification, as shown in the inset of Figure 10 (c). In this case, the gap distance is 

determined by the length of the molecules. Their I-V characteristics show that the photocurrent is 

proportional to the nonlinear conductance proving that the process is governed by optical 

rectification. The optical ac voltages 𝑉𝑜𝑝𝑡 can be extracted from the measurements, which are a 

measure of the near field enhancement in the plasmonic gaps compared to the incident free space 

power. Figure 10 (c) shows that the filed enhancement extracted from the photocurrent 

measurements decreases with the increasing gap size, which matches with simulation predications. 

Similarly, a self-assembled molecular monolayer (SAM) junction with gold electrodes can used 

for the optical rectification, with photocurrent being modulated by the incident light as shown in 

Figure 10 (d) [41]. 

According to Eq. (5) the photocurrent generation is expected to exhibit linear dependence on the 

incident power. However, this behavior can break down for powers above certain threshold. This 

scenario is explored in Ref. [39], where with the modest incident power, the photocurrent, the 

differential conductance, and the nonlinear conductance are enhanced accompanied with a strong 

SHG signal when the laser illuminates the gap (Figure 11 (c)). This behavior can again be 

described in the framework of optical rectification phenomenon. As shown in Figure 11 (a), the 

photocurrent initially shows linear behavior. However, for larger powers the dependence switches 

to third power, and finally to fifth power for even larger excitation powers. According to DFT 

calculations, these nonlinear photon-assisted tunneling effects can be attributed to d-Band 

electrons of Au, whose density of states and transition processes are shown in Figure 11 (b). When 
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the excitation power is large enough, the d-band electrons can be excited to the states near the 

Fermi level, leading to the nonlinear photocurrent via multiphoton absorptions.  

 

Figure 11 (a) Photocurrent as a function of laser intensity for different dc bias voltages. Inset: Fitting 

photocurrent and laser intensity by power law. (b) Calculated density of states and transition processes. 

(c) Scanning maps for SHG, photocurrent, conductance, and nonlinear conductance with 900 mV dc bias 

voltage. [39] Copyright © 2014 American Chemical Society 

  

3.2. Other mechanisms contributing to currents in plasmonic tunneling junctions 

Besides optical rectification, there are other phenomena induced by incident light, such as thermal 

effects and photoemission currents that can contribute to current generation in plasmonic tunneling 

junctions. Here, we will give a brief introduction of these interesting phenomena, which can 

provide additional avenues for manipulating the tunneling currents. 

Although many investigations of optical rectification claim that thermal effects can be ignored due 

to their thick and symmetric plasmonic tunneling junctions [37-39], it should be noted that thermal 



26 

 

effects, such as thermal voltage and thermal expansion, caused by the incident light can also 

contribute to photon-assisted tunneling in some special conditions [45, 77-79]. For example, due 

to the thermal expansion, the resistance of the junction can decrease for suitable incident power, 

which causes the tunneling currents to increase [77]. 

 

Figure 12 (a) SHG and photocurrent maps with 4MW/cm2 laser. [39] Copyright © 2014 American 

Chemical Society (b) Photovoltage map of Ti-free Au nanogap. [78] Copyright © 2017 American 

Chemical Society (c) Top: SEM images of the nanojunctions before and after laser ablation. Bottom: 

Photoemission current as a function of incident intensity. [40] Copyright © 2019 American Chemical 

Society (d) Photocurrent and Keldysh parameter as a function of the incient power. [80] Copyright © 

2021 The Authors (e) Sketch of hot electrons contributing to the current in a nanojunction. [81] Copyright 

© 2014 American Chemical Society 

 



27 

 

Ref. [39] observes the thermovoltage in the tunneling gaps when the incident power reaches 

4MW/cm2 which is much larger than the power (hundreds of kilowatts per square centimeter) 

used to realize nonlinear photo-assisted tunneling. Figure 12 (a) shows a photocurrent with 

different signs between two sides of the gap. The thermovoltage changes its sign when the laser 

illuminates the different sides of the gap leading to a temperature difference. Similar results are 

observed in Ref. [78], as shown in Figure 12 (b). When light is incident on a tunneling gap, a 

voltage difference is observed across the gap. It is claimed that the laser-induced voltage is caused 

by the electron energy-distribution differences between two sides of the gap, which is different 

from the conventional thermoelectric effect. Recently, Mennemanteuil et al. found both optical 

rectification and thermal effects contribute to the tunneling current [70]. Similarly, the changing 

I-V characteristics of the molecule junction can be used to detect the electronic and local lattice 

temperatures [45]. 

Photoemission caused by multiphoton absorption is another mechanism generating current in 

plasmonic tunneling junctions, although this cannot be classified as a “real” tunneling process as 

the electron energy can be higher the potential barrier. As shown in Figure 12 (c), the tunneling 

junctions are typically formed by laser ablation [40]. Zimmermann et al. find that the photocurrent 

is proportional to the 3.55 power of the squared laser field without bias voltage, which is 

characteristic for the photoemission process. According to the Keldysh theory, multiphoton 

absorption is believed to dominate the photoemission current for weak laser field [40]. For the 

strong laser field, their calculations show that the mechanism can turn into a tunneling process 

[40]. In Ref. [80], three steps of photocurrent are observed with the increasing laser power, as 

shown Figure 12 (d). For the lower power range, the photocurrent is proportional to the 3rd power 

order of the incident low power, which is believed to be caused by a hybrid mechanism, consisting 
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of a two-photon photoemission, one-photon-assisted tunneling, and direct tunneling [80]. For the 

medium power range, the photocurrent increases slowly with the power and even decreases, which 

can be attributed to the disturbed Schottky barrier. The final process shows a strong nonlinear 

behavior which is believed to be caused by the optical field-driven tunneling. Additionally, hot 

electrons excited by the laser can also generate a current in the plasmonic gap without the tunneling 

process, whose mechanism is described in Figure 12 (e) [81]. In conclusion, a plasmonic tunneling 

gap is a suitable platform to realize and monitor light-matter interactions due to its strong 

dependence on the near field enhancement and sensitive current. 

 

4. Chemical applications based on plasmonic tunneling junctions 

In previous sections, we have discussed two main categories of applications. The first was 

nanoscale light sources based on the inelastic tunneling. Second, applications based on the photo-

assisted tunneling, such as nanoscale sensors, which can detect certain physical properties in the 

extremely small volumes with fast response times were discussed. As a final example, in this 

section we will introduce how plasmonic tunneling junctions can be used in chemical reactions. 

Figure 13 (a) shows a plasmonic tunneling junction consisting of Au rods, Al2O3, a monolayer of 

poly-L-histidine (PLH), Ga2O3, and liquid eutectic gallium indium (EGaIn), where PLH is used as 

both a tunnel barrier and a reactant [47]. This tunneling junction can support both oxidation and 

reduction reactions related to O2 and H2 facilitated by hot electrons in the Au rods [47]. The 

interaction between O2 molecules and hot electrons can accelerate the generation of transient 

negative O2
– which finally becomes O atoms to oxidize Au. For the reduction reactions, the 

increased temperature via the relaxation of hot electrons can facilitate the reduction of Au oxides 

with H2. Simultaneously, due to hot electrons H2 molecules can be dissociated to H atoms which 
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can strongly reduce Au oxides. The hot electrons can be excited by both the elastic tunneling and 

the light excitation, although they have different effects on the reactions due to their different 

excitation power densities. With the low optical excitation power, plasmon-induced hot electrons 

cannot increase the temperature to facilitate the reduction of Au oxides. On the contrary, the 

tunneling-induced hot electrons can raise the temperature due to higher electric excitation power. 

Figure 13 (b) shows that the dc bias voltages have a strong influence on the reactions related to 

both O2 and H2, with higher voltages producing faster reaction rates. The chemical reactions driven 

by hot electrons are shown in Figure 13 (c), and oxidation of electrodes and barriers can change 

the electronic and optical properties of the junction leading the varying tunneling currents and 

emitted light. Thus, this junction can be used not only as a nanoreactor but also as a sensor.  

 

Figure 13 (a) Sketch of the tunneling gap used for chemical reactions. (b) Emission intensity changes as a 

function of bias voltages without incident ligth. (c) Processes of the chemical reactions in the tunneling 

junction. [47] Copyright © 2017, The Authors (d) Illustration of the real-time observation for chemical 
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reactions. (e) Top: STM images; Bottom: Tunneling current and bias voltage as a function of time with 

incident ligth. (f) Top: STM images; Bottom: Tunneling current and bias voltage as a function of time 

without incient ligth. Red arrow: rotation; Green arrow: disssociation. [46] Copyright © 2018 The 

Authors 

 

Kazuma, et al. used tunneling currents and tunneling electrons in a scanning tunneling microscope 

(STM) to excite and monitor single-molecule chemical reactions in real time [46]. The dissociation 

reactions of Dimethyl disulfide (CH3S)2 can be induced by the strong field due to LSPR or injecting 

tunneling electrons. Due to the sensitivity of tunneling currents to the gap size, the tunneling 

current can reveal the changes of (CH3S)2 in the gap, as illustrated in Figure 13 (d). As shown in 

Figure 13 (e), the tunneling current with a low bias voltage, where the tunneling electrons with 

low energy cannot induce any reactions, shows the dissociation of (CH3S)2 when the incident light 

exciting plasmon leads to this chemical reaction. When the bias voltage increases, the energy of 

tunneling electrons is high enough to induce rotation and even dissociation reactions without light 

excitation. In this case, these processes can also be detected by the tunneling current in real time, 

as shown Figure 13 (e). In summary, plasmonic tunneling gaps offer a promising functionality to 

control and observe chemical reactions on the nanoscale.  

 

5. Outlook 

In this perspective article, we introduced the recent research and developments of plasmonic 

tunneling junctions, encompassing three main sections. First, we discussed the light emission via 

inelastic tunneling electrons in plasmonic tunneling gaps, which is an attractive photon source on 

the nanoscale. Due to the ultrafast process of tunneling, this light source can provide femtosecond 

response time. Various parameters of the tunneling junctions, including geometries, plasmonic 
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properties, electronic properties, and materials, can be modified to make the emitted light satisfy 

various experimental requirements. Furthermore, above threshold light emission can also be 

realized in plasmonic tunneling junctions providing a wider spectral range of emitted photons. 

Second, we focused on the light-induced currents in plasmonic tunneling junctions which show 

how the light-matter interactions in the nanogaps affect the tunneling phenomena, including optical 

rectification, thermal effects, and photoemission. These effects can be employed as detectors to 

reveal the physical properties of materials and processes in nanogaps. Finally, nanoscale reactors 

and sensors based on the plasmonic tunneling junctions were introduced. These can serve as 

promising platforms for chemical applications. Additionally, many related attractive phenomena 

and applications are not mentioned in this paper, such as the nonlinear light generation in tunneling 

gaps [82], energy harvesting based on optical rectifications [83], and tunneling switches [84]. In 

conclusion, all of these interesting phenomena and unique characteristics make the plasmonic 

tunneling junctions a promising field to study light-matter interaction on the nanoscale and to 

realize potential applications in the future. 
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