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plasmonic metals, such as Au and Ag, 
that are not CMOS compatible.[8] Here, we 
report an all-electrical, CMOS-compatible 
electronic–plasmonic transducer based 
on an Al–AlOX–Cu tunnel junction as the 
plasmon source, a Si–Cu Schottky diode 
as the plasmon detector, both connected 
by a Cu plasmonic strip waveguide. These 
electronic–plasmonic transducers do not 
require bulky off-chip components and 
are useful for future on-chip applications 
where it is vital to interface plasmonics 
with microelectronics.[1,9]

Often, SPPs are excited by optical 
means, which requires momentum-
matching elements such as gratings 
or prisms.[10] One approach to realize 
on-chip excitation of SPPs is to minia-
turize the light sources where first an 

electrical signal is converted to photons which then couple 
to SPPs.[3,11,12] In this context of miniaturization, metal–
insulator–metal tunnel junctions (MIM-TJs) are interesting 
because they can be used as electrically driven plasmon 
sources where SPPs are directly excited via inelastic tun-
neling of electrons.[13–15] The potential of such plasmonic 
tunnel junctions has been explored in terms of two-photon 
emission,[16] above threshold emission (where the emitted  
photons have higher energy than the applied bias),[17,18] and 
nonlinear effects[19] have been demonstrated. It is also possible 

To develop methods to generate, manipulate, and detect plasmonic signals 
by electrical means with complementary metal–oxide–semiconductor 
(CMOS)-compatible materials is essential to realize on-chip electronic–
plasmonic transduction. Here, electrically driven, CMOS-compatible 
electronic–plasmonic transducers with Al–AlOX–Cu tunnel junctions as the 
excitation source of surface plasmon polaritons (SPPs) and Si–Cu Schottky 
diodes as the detector of SPPs, connected via plasmonic strip waveguides 
of Cu, are demonstrated. Remarkably, the electronic–plasmonic transducers 
exhibit overall transduction efficiency of 1.85 ± 0.03%, five times higher than 
previously reported transducers with two tunnel junctions (metal–insulator–
metal (MIM)–MIM transducers) where SPPs are detected based on optical 
rectification. The result establishes a new platform to convert electronic 
signals to plasmonic signals via electrical means, paving the way toward 
CMOS-compatible plasmonic components.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202105684.

© 2021 The Authors. Small published by Wiley-VCH GmbH. This is an 
open access article under the terms of the Creative Commons Attribu-
tion-NonCommercial License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited and 
is not used for commercial purposes.

S.-J. Chua
LEES Program
Singapore-MIT Alliance for Research and Technology (SMART)
Singapore 138602, Singapore
C. A. Nijhuis
Centre for Advanced 2D Materials and Graphene Research Centre
National University of Singapore
6 Science Drive 2, Singapore 117564, Singapore
C. A. Nijhuis
Hybrid Materials for Opto-Electronics Group
Department of Molecules and Materials
MESA+ Institute for Nanotechnology and Center for Brain-Inspired 
Nano Systems
Faculty of Science and Technology
University of Twente
P.O. Box 2017, Enschede 7500 AE, The Netherlands
E-mail: c.a.nijhuis@utwente.nl

1. Introduction

Surface plasmon polaritons (SPPs) have attracted much atten-
tion due to their potential in applications in various areas of 
research, including sensing, catalysis, spectroscopy, imaging, or 
on-chip applications.[1,2] For on-chip applications, it is crucial to 
develop plasmonic components that are electrically driven and 
compatible with complementary metal–oxide–semiconductor 
(CMOS) technology.[3–5] Most plasmonic components, however, 
are optically driven by off-chip light sources[6,7] and limited to 
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to control the direction of SPP excitation and propagation from 
tunnel junctions by integration of edge-to-edge nanorods,[20] 
Yagi-Uda antennas,[21,22] or aperiodic gratings.[23] Furthermore, 
tunneling junctions are arguably the smallest possible plasmon 
sources that can be scaled down to the nanometer scale. For 
instance, plasmonic tunnel junctions are routinely made with 
tips of scanning tunneling microscopes.[24,25]

On the other hand, electrical detection of SPPs is of impor-
tance, and different approaches have been explored based 
on optical rectification,[26,27] thermal heating effects,[28–30]  
electron–hole generation,[31,32] and internal photoemission 
(IPE).[33–35] Tunnel junctions can also function as SPP detectors 
via optical rectification, where SPPs induce an oscillating voltage 
and modulate the tunneling current.[36,37] However, optical rec-
tification is a nonlinear optical process, which requires high 
optical power and dedicated cavities with high-quality fac-
tors.[26] In thermal effects, the detection speed is usually slow 
(approximately ms) since the change of resistivity depends on 
relatively slow heating effects.[28,29] Plasmon detection based on 
electron–hole generation in semiconductors is limited in energy 
range since electron–hole pairs can be generated only when the 
plasmon energy exceeds the bandgap of the respective semicon-
ductors.[31,32] To extend plasmon detection to the near-infrared 
range, Schottky diodes have been widely investigated since the 
typical Schottky barrier (ΦB) is lower in energy than the energy 
of the bandgap of silicon, making it possible to detect near-
infrared photons. For instance, Au/Si Schottky diodes have been 
investigated as plasmon detectors based on IPE, where “hot car-
riers” are generated by nonradiative decay of surface plasmons 
with sufficient energy to overcome the Schottky barrier under 
an applied electric field.[38,39] Another appealing advantage of 
Schottky diodes used as plasmonic detectors is their poten-
tial application in ultrahigh-frequency integrated circuits. For 
instance, a very high cutoff frequency beyond 100 GHz has been 
reported for zinc oxide Schottky diodes.[40–42]

Most plasmonic devices are made of Au or Ag due to their 
high electron conductivity and low waveguiding loss in the 
visible–infrared (vis–IR) spectral region. However, these metals 
are not practical for mass production due to their high cost and 
incompatibility with CMOS technology.[8] On the contrary, Al 
and Cu are commonly used in silicon electronics, especially in 
back-end-of-line applications.[43] Unlike Au and Ag, Al has optical 
properties, making it a promising material for commercial appli-
cations in a wide spectral range, spanning much of the visible 
region of the spectrum and into the ultraviolet.[44,45] Cu gained 
interest in recent years as a plasmonic material at optical wave-
lengths. For example, Fedyanin et al. demonstrated ultralow-loss 
Cu plasmonic waveguides,[43] and Mkhitaryan et al. showed that 
Cu nanostructures could support high-quality plasmons.[46]

Although impressive progress has been made toward 
improving the properties of plasmonic components, integra-
tion of different plasmonic components in electronic–plasmonic 
transducers is rare. For example, ultrafast temporal modula-
tion (>1  GHz) of light emission,[15] directional plasmon excita-
tion,[23,47] or highly efficient plasmon excitation[48] has been dem-
onstrated for tunnel junctions equipped resonant structures. 
To utilize SPPs as information carriers, it is desirable to write 
and read out plasmonic signals via electrical means.[9,49] In our 
previous work, we reported electronic–plasmonic transducers 
based on two Al–AlOX–Au tunnel junctions coupled to Au plas-

monic waveguides, enabling on-chip generation, manipulation, 
and readout of plasmonic signals.[50] However, these electronic–
plasmonic transducers, along with plasmonic tunnel junctions 
studied so far, are made of Au or Ag, which are incompatible 
with CMOS technology. In addition, these reported electronic–
plasmonic transducers detect plasmonic signals via optical recti-
fication, which has a limited efficiency dependent on the mate-
rial properties and geometry of the junctions.[26] Here, we report 
a CMOS-compatible electronic–plasmonic transducer fabricated 
on a Si-wafer. The SPPs are generated by applying a voltage 
across an Al–AlOX–Cu tunnel junction and propagate along a 
Cu waveguide to a Si–Cu Schottky diode, where the SPPs are 
detected via IPE. The overall electronic–plasmonic transduction 
efficiency (η), defined as the ratio between the modulated power 
detected in the Schottky diode and the input power of the MIM-
TJ, is five times higher than that of the MIM-MIM transducers 
(based on Al–AlOX–Au junctions) that were fabricated on glass 
coverslips. These results show that efficient CMOS-compatible 
electronic–plasmonic transducers can be realized, which are 
interesting for a large number of applications where it is essen-
tial to have access to on-chip generation and detection of SPPs.

2. Results and Discussion

2.1. Device Schematics and Working Principles

Figure  1a shows a schematic illustration of our electrically 
driven electronic–plasmonic transducer. The transducer con-
sists of a MIM-TJ of Al–AlOX–Cu as the plasmonic source, a 
Cu plasmonic strip waveguide, and a Si–Cu Schottky diode as 
the plasmon detector. This device works as follows. All the avail-
able SPP modes are excited by applying a bias voltage across 
the MIM-TJ via inelastic electron tunneling.[14,51–53] The Cu strip 
waveguide predominantly supports the SPPs confined at the 
Cu–SiO2 interface (see below), propagating along with Cu wave-
guide toward the detector where a fraction of the SPPs decay 
into electron–hole pairs at the Schottky interface. In case the 
charge carriers have enough energy to overcome the Schottky 
barrier, a photocurrent is generated. A gap of 180  nm in the 
strip waveguide ensures that both the plasmon source and 
detector are electrically isolated from each other. Figure 1b illus-
trates the cross-section profile of the whole device, of which the 
detailed fabrication flow is described in Figure S1 in the Sup-
porting Information. A layer of sputtered silicon oxide with a 
thickness of ≈300  nm was used as a separation layer between 
the electrodes of the MIM junction and the underlying p-type Si 
(doping concentration ranging from 6.7 × 1014 to 1.5 × 1016 cm−3)  
to prevent leakage currents. The SPP source consists of a tunnel 
barrier of ≈2 nm thick AlOx sandwiched between the Al bottom 
electrode (55  nm thick) and Cu top electrode (60  nm thick). 
The Cu electrode of the Al–AlOX–Cu junction also serves as the 
plasmonic strip waveguide with a length of 4 µm. The Schottky 
interface was formed via direct deposition of the Cu (thickness 
≈55  nm) onto the wet-etched silicon surface (silicon substrate 
was wet-etched by buffered HF solution to remove the native 
oxide). One of the critical steps to fabricate a rectifying Schottky 
junction is the formation of Ohmic (nonrectifying) contact 
between the Cu and silicon.[54,55] Al can serve as a p-type dopant 
for silicon via annealing at 450  °C for 2.0 h. Figure S2 in the 
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Supporting Information shows the linear I(V) curve of Ohmic 
contact between an Al electrode and the p-type Si.

Figure  1c shows the mechanism of SPP excitation from 
biased tunnel junctions, where (some) electrons transverse the 
tunnel barrier inelastically and couple with the local optical 
modes (SPPs and photons).[14] Due to the 2 nm tight confine-
ment inside the insulator layer, the local density of MIM-SPP 
mode is high, enabling efficient coupling between this MIM-
SPP mode and the tunneling electrons (Figure S3, Supporting 
Information). Mediated by the surface roughness of the elec-
trodes, the MIM-SPP mode can be outcoupled to other SPP 
modes propagating along the metal–dielectric interfaces or 
photons. This excitation mechanism results in the tunneling 
current to SPPs/photons conversion efficiencies of 1–2%.[48,50,56]

Figure  1d illustrates the energy band diagram of the Si–Cu 
Schottky diode and indicates the SPP detection process via IPE. 
This mechanism consists of three steps: 1) SPP decay to hot 
holes via Landau damping,[57–60] 2) these hot holes diffuse toward 
the Si–Cu interface due to the applied voltage bias, and 3) hot 
holes, with sufficiently high energy to overcome the Schottky 
barrier height, move to the semiconductor resulting in a photo-
current.[61–63] We show in the next section that the SPP modes 
confined at the Cu–SiO2 interface dominate the SPP propagation 
along the Cu waveguide, suggesting that most hot holes are gen-
erated close to the Schottky interface. Figure 1e,f shows the atomic 

force microscopy (AFM) image and a false-color scanning elec-
tron microscopy (SEM) image of the fabricated electronic–plas-
monic transducer (the unaltered SEM image is given in Figure S4  
in the Supporting Information). The junction area of the Al–
AlOX–Cu plasmon source was 5 × 5 µm2 with a root-mean-square 
(RMS) surface roughness of 4.9 ± 0.3 nm (Figure S5, Supporting 
Information). The high surface roughness was introduced during 
the Al wet-etching and is beneficial, as shown before:[64,65] this 
roughness provides momentum matching between the MIM-
SPP and single-interface SPP modes and decreases the effective 
thickness reducing the adsorption, resulting in efficient overall 
SPP outcoupling. The Si–Cu Schottky detector had an area of 
5 × 5 µm2 with a relatively small RMS surface roughness of 1.5 ± 
0.1 nm (Figure S5, Supporting Information).

2.2. Electrical and Optical Characterization of Tunnel Junctions

To demonstrate that SPPs are indeed excited from the biased 
Al–AlOX–Cu junctions, we have characterized their electrical 
and optical performance. It has been reported before that the 
breakdown voltage of tunnel junctions consisting of dissimilar 
electrodes is not symmetrical due to the intrinsic electric field 
caused by the difference in the work function of the electrode 
materials.[66,67] We also found that our devices were not stable 

Figure 1.  a) Schematic illustration of the electronic–plasmonic transducer consisting of an MIM-TJ of Al–AlOX–Cu as the plasmon source and a Si–Cu 
Schottky diode as the detector. b) Schematic cross-section profile of the electronic–plasmonic transducer. c) SPP excitation mechanism via inelastic 
tunneling in Al–AlOX–Cu. d) Energy band diagram of the Si–Cu Schottky interface and SPP detection mechanism via IPE. e) 3D AFM image and  
f) false-color SEM image of the electronic–plasmonic transducer.
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at large positive bias; therefore, we limited the bias window in 
our experiments to −2.0 to 1.0 V to prevent electrical failure. 
To ensure that coherent tunneling dominates the charge 
transport mechanism across the Al–AlOX–Cu junctions, we 
recorded an I(V) before the optical characterization. Figure 2a 
shows a typical nonlinear I(V) response and its associated par-
abolic differential conductance (dI/dV). We also collected I(V) 
curves of the biased Al–AlOX–Cu TJ in the temperature range 
of T = 30–300 K. The tunnel current is almost independent of 
T as expected for coherent tunneling (Figure S6, Supporting 
Information). These results indicate that coherent quantum 
mechanical tunneling dominates the mechanism of charge 
transport.

To characterize the optical properties of tunnel junctions, 
we have fabricated Al–AlOX–Cu junctions on transparent glass 

substrates (Figure S7, Supporting Information). The light 
emission from the biased tunnel junction was collected using 
a wide-field inverted microscope equipped with an electron-
multiplying charge-coupled device (EMCCD) and oil immersed 
objective with a numerical aperture of 1.49. Figure  2b shows 
a collected EMCCD image of the biased tunnel junction 
(V = −2.0 V) integrated with a Cu waveguide with a length of 
4 µm. The light emission mainly originates from the junction 
area due to the high RMS surface roughness in the junction 
area (4.9 ± 0.3 nm) that enhances the outcoupling of the MIM-
SPP mode. The light emission observed at the end of the Cu 
waveguide originates from the excited SPPs scattered into the 
substrate at the end of the waveguide.

Back focal plane (BFP) imaging allows us to characterize the 
light emission in k-space as a ratio of the SPPs momentum 

Figure 2.  Electrical and optical characterization of the Al–AlOX–Cu tunnel junction. a) Current–voltage characteristic and differential conductance of an 
Al–AlOX–Cu tunnel junction, where Cu was grounded with Al being biased. b) Real plane EMCCD image of the Al–AlOX–Cu biased at −2.0 V. c) Experi-
mental BFP image collected only from the end of the Cu waveguide through a pinhole (as indicated by the white dotted circle in panel (b)) and d) the 
corresponding simulated BFP image. e) UV–NIR spectra recorded from the entire device area through the glass support. f) Spectral edge (maximum 
photon energy emitted from the tunnel junction) as a function of V; the dashed red line represents the quantum cutoff energy.
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(k) to the momentum of light in a vacuum (k0). Therefore, we 
can identify different SPPs excited by the source using the 
BFP image.

The Cu waveguide supports two types of propagating SPPs 
(see calculations in Figure S8 in the Supporting Information), 
i.e., a metal–glass SPP mode with wavenumber k/k0 ≈ 1.49 con-
fined along with the metal–substrate interface and a metal–
air SPP mode with k/k0  ≈ 1 bound at the metal–air interface. 
Figure  2c shows the experimental BFP image collected only 
from the end of the Cu waveguide, excluding the junction area 
(as indicated by the white dashed circle in Figure 2b) through a 
pinhole. We observed the three distinct features corresponding 
to the two types of SPPs. The Cu–glass SPP (k/k0 ≈ 1.49) mani-
fests itself as two arcs at the circumference of the BFP image 
defined by the numerical aperture of our lens. The left outer-
most arc in Figure  2c represents the leakage radiation of the 
left-propagating Cu–glass SPPs since, effectively, the Cu wave-
guide extends to infinity on the left side. The right outermost 
arc in Figure 2 is due to both the scattering and leakage radia-
tion of the right-propagating Cu–glass SPPs.[23] The third fea-
ture appearing along the inner circle (k/k0 ≈ 1) represents the 
Cu–air SPP that approaches the Cu waveguide end. This wave-
guide end scatters the Cu–air SPPs to photons. Our simulation 
results for the SPP leakage and scattering agree well with the 
measured BFP image, as shown in Figure  2d. These results 
agree well with our earlier results Al–AlOX–Au junctions, where 
we solely relied on modeling to assign all features in the BFP 
images recorded from the entire junction area.[50] In Section S9 
in the Supporting Information, we present a thorough analysis 
by recording BFP images from specific locations of the junction 
through a pinhole, allowing us to experimentally determine the 
origin of all features in the BFP images.

Figure  2e demonstrates the collected vis–NIR spectra from 
the biased Al–AlOX–Cu tunnel junctions from 500 to 1100 nm. 
The spectral peak blueshifts as the voltage increases, which 
is typical for light emission due to inelastic tunneling. In 
the inelastic tunneling mechanism, the maximum energy of 
emitted photons (hν) cannot exceed the corresponding applied 
bias (hν  ≤ eV),[51] where e is the charge of an electron and h 

is Planck’s constant. Figure  2f plots the maximum energy of 
the collected spectra as a function of V. Generally, our results 
follow the quantum cutoff law, represented by the red dashed 
line. The collected vis–NIR spectra are similar to the results 
obtained with other MIM tunnel junctions based on Al and Au, 
suggesting that Cu is a promising alternative material for the 
vis–NIR light source based on tunnel junctions.

2.3. SPP Propagation Length along Cu Waveguides

Next, we study the propagation loss of the SPPs by measuring 
the scattered radiation at the end of the Cu waveguide as a 
function of the length of the waveguide. The SPP propagation 
length (LSPP) is defined as the distance for SPP intensity to 
decay by a factor of 1/e. In the optical characterization, the SPP 
intensity is measured as the scattered light intensity at the end 
of the waveguide, ISPP, given by Equation (1)[68]

I I x LeSPP 0
/ SPP= − � (1)

where I0 is the pre-exponential factor, LSPP is the propagation 
length, and x denotes waveguide length. We have fabricated 
tunnel junctions with different waveguide lengths varying 
from 5 to 25  µm on the same chip. Figure S10 in the Sup-
porting Information illustrates the EMCCD images collected 
from these tunnel junctions. Figure 3a shows one typical image 
for the case with a 15 µm long Cu waveguide at V = −1.7 V. To 
evaluate LSPP, we normalized ISPP with the corresponding tun-
neling current. By fitting the normalized ISPP for a given V to 
Equation (1), we obtain LSPP. Figure 3b shows the fitting results 
for V  =  −1.5, −1.6, and −1.7  V giving LSPP  = 6.2 ± 0.1  µm.  We 
note that this value of LSPP of SPPs propagating along a 
Cu strip waveguide is close to that of a Au strip waveguide 
(≈5.2 ± 0.4 µm) in our previous report[50] and that of others.[69,70] 
To theoretically understand the energy attenuation along the 
Cu plasmonic waveguide, we carried out a numerical simula-
tion of the SPP excitation with the MIM tunnel junction and 
Cu waveguide using the commercial software of COMSOL (5.6) 

Figure 3.  Determination of the propagation length of SPPs along the Cu waveguide with different lengths ranging from 5 to 25 µm. a) Representa-
tive EMCCD image of a biased Al–AlOX–Cu tunnel junction with a Cu plasmonic waveguide of 15 µm long. b) Normalised scattered light intensity as 
a function of waveguide length when the tunnel junction was biased with three different voltages. Square, circle, and triangle symbols represent the 
normalized intensity collected at the end of the Cu waveguide, and the dashed lines are fits to Equation (1).
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Multiphysics. The propagation length of the SPPs is estimated 
from the damping profile of magnetic field distribution in the 
cross-section of air/Cu/SiO2 structure (Figure S11, Supporting 
Information). We obtained the simulated propagation length of 
6.3 ± 0.2 µm, which agrees well with the experimental value of 
6.2 ± 0.1 µm.

2.4. Schottky Barrier Height of Si–Cu Diodes

To determine the Schottky barrier height (ΦB), we recorded 
and analyzed current–voltage I(V) curves. Figure 4a shows the 
dark I(V) curve (without SPPs/photons coupling to the device) 
at room temperature (T  = 300 K), showing typical rectifying 
behavior with a rectification ratio of 43 (the ratio of the current 
determined at V = ±1.0 V). The charge transport across a metal–
semiconductor junction originates from majority carriers with 
three possible conduction mechanisms: carrier diffusion, 
quantum-mechanical tunneling, and thermionic emission over 
the Schottky barrier. Typically, these three conduction mecha-
nisms can coexist; however, thermionic emission dominates 
the charge transport for most metal–silicon Schottky interfaces. 
Equations (2) and (3) describe thermionic emission[55,71]

= 













exp0

B

I I
eV

nk T
� (2)

I AA T
e

k T
exp0

2 B

B

= − Φ





∗ � (3)

where I0 is saturation current, A is junction area, A* is the 
Richardson’s constant, e is element charge, and kB is the Boltz-
mann constant. The ideality factor (n) is commonly used to 
characterize the conduction mechanism, where n  = 1 means 
ideal thermionic emission and n  >  1 indicates that others 
charge transport mechanisms, such as diffusion or quantum 
tunneling, should also be considered. It should be noted that 
the thermionic emission, Equation (2) is only valid in a limited 
voltage range.[55,72] At smaller voltages (V  <  3V0, V0  = kBT/e), 
Boltzmann statistics are no longer valid for carrier distribution 
in Schottky diodes, while Ohmic resistance cannot be ignored 
at higher voltages (V > 5V0).[73,74] Thus, the I(V) relation can only 
be fitted to Equation (2) in the bias window of 3V0 < VD < 5V0. 
Figure 4b shows the fitting result of ΦB = 0.49 eV with n = 1.47, 
suggesting that the electron conduction mechanism is not 
purely thermionic emission.

To verify the accuracy of the fitting result, we recorded I(V) 
characteristics over the range of T = 140–300 K at intervals of 20 K  
(Figure  4c). Figure  4d illustrates the temperature dependency 
of the forward current measured at V = 0 V, which is linear in 
the range from 140 to 300 K with a slope of, using Equation (3),  
a value of ΦB of 0.47 eV. This value of ΦB is close to the reported 
value (0.48 eV) for other Si–Cu Schottky diodes.[55] These results 

Figure 4.  . Electrical characterization of Si–Cu Schottky diodes. a) Semilog plot of the I(V) curve measured at room temperature. b) Fitting (dashed 
line) of the data for V = 0.080 to 0.135 V to Equation (2) to obtain ΦB. c) Forward current–voltage characteristics of Si/Cu Schottky diode as a function 
of T. The inset shows the calculated n for each measured T. d) Temperature dependency of the forward current measured at zero bias; the dashed red 
line is a fit to Equation (3).

Small 2022, 18, 2105684



www.advancedsciencenews.com www.small-journal.com

2105684  (7 of 9) © 2021 The Authors. Small published by Wiley-VCH GmbH

show that our devices function well as Schottky diodes and that 
they can be used for applications in the near-infrared range. We 
also note that the rectifying Schottky characteristics disappear 
if measured below 90 K due to the “freeze-out region” of doped 
Si, where dopants are not fully ionized (see Figure S12 in the 
Supporting Information).

2.5. Electronic–Plasmonic Transduction

To determine the overall transduction efficiency (η) of electronic–
plasmonic transduction, a square voltage waveform (VS) with 
a period of 10 s was applied to the MIM-TJ plasmon source 
(Figure  5a shows the VS as a function of time (t) trace). At 
the same time, the Schottky diode was biased with a constant 
negative voltage (VD). Here, SPPs are excited by the source at 
high voltages resulting in SPP pulses propagating along the 
Cu strip waveguide toward the detector, where they modu-
late the current flowing across the Schottky diode. We define 
the η as the ratio between the modulated power detected in 
Schottky diodes, and the input power of MIM-TJs, where 
the voltages applied on the plasmon sources and detectors 
are equal (VS  = VD). We note that this approach is a rough 
approximation, but it allows us to compare these devices to our 
earlier results[50] without elaborate modeling, as expressed via  
Equation (4)

P

P

I V

V I

Modulated power
Incident power

out

in

D D

S S

η = = ∆ = ∆ ⋅
⋅

� (4)

Here, ΔID is the modulated current in the detector, VD is the 
bias applied to the Schottky diodes, and VS and IS stand for the 
applied bias and current of MIM-TJs, respectively. Figure  5c 
shows the detector’s response or changes in ΔID in response VS 
(Figure 5b) for different values of VD (while keeping VS = VD). 
The detected current follows the square voltage waveform 
closely, proving that our device works as a plasmonic trans-
ducer that generates and detects SPPs via electrical means 
on the same chip. Notably, already at a rather low voltage 
of VS  = VD  = 0.5  V, significant transduction can be observed. 
Figure 5d shows ΔID as a function of VS = VD. The value of η is 
1.85 ± 0.03% for the case of VS = VD = −1.4 V determined with 
Equation (4).

MIM tunnel junctions can also function as plasmon detec-
tors via optical rectification, where SPPs modulated their tun-
neling current.[26,50] In our previous report,[50] we demonstrated 
an electronic–plasmonic transducer consisting of two Al–AlOX–
Au tunnel junctions (one junction functions as a plasmonic 
source, while the other one acts as a plasmonic detector). The 
obtained η was around 0.13 ± 0.01% (VS = VD = −1.4 V). Here, 
for a fair comparison from a materials perspective, we per-
formed modulation measurements for plasmonic transducers 
consisting of two Al–AlOX–Cu tunnel junctions (fabrication 
details are given in Figure S7 in the Supporting Information), 
which have η  = 0.36 ± 0.02%  (Figure S13, Supporting Infor-
mation). We note that η for the MIM–Schottky transducer is 
five times higher than that of the MIM–MIM transducer with 
two Al–AlOX–Cu junctions. To characterize the responsivity 
of Si–Cu Schottky diodes as photodetectors, we aimed a laser 

Figure 5.  Overall efficiency of electronic–plasmonic transduction. a) AFM image of the MIM–MIM electronic–plasmonic transducer based on two 
Al–AlOX–Cu junctions. b) Time traces of the square waveform applied to the source at a period of 10 s. c) Time traces of ID as a function of VS = VD. 
d) ΔID as a function of applied voltage while keeping VS = VD.
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beam (λ = 632 nm) with a spot size of 2 µm onto the Schottky 
device directly. Figure S14 in the Supporting Information dem-
onstrates the measured photocurrent increases proportionally 
as a function of incident laser power, giving rise to photode-
tection responsivity of 0.32 A W−1. We note that this respon-
sivity is comparable to contemporary silicon photodiodes[75] and 
can be further improved by replacing Cu electrodes with novel 
materials (graphene[76,77]) or via the integration of plasmonic 
nanoantennas such as gratings,[78,79] nanoparticles,[80,81] and 
pyramidal-shaped concentrators.[82]

3. Conclusions

In summary, we have demonstrated a fully electrically driven, 
CMOS compatible electronic–plasmonic transducer based on 
a tunnel junction as the SPP source and a Schottky diode as 
the SPP detector, bridged by a Cu plasmonic waveguide. We 
demonstrate that the SPPs propagate along with the Cu–SiO2 
interface with a propagation length of 6.2 µm. The electronic–
plasmonic modulation efficiency of the MIM–Schottky trans-
ducers is around 1.85 ± 0.03% (VS = VD = −1.4 V), which is a 
significant improvement compared with the efficiency of 0.36 
± 0.02%  of the corresponding MIM–MIM transducer, where 
one MIM structure serves as the SPP source and the other 
as a SPP detector (via optical rectification). This improve-
ment is mainly the result of replacing the MIM detector with 
a Schottky junction. There is plenty of scope to further push 
the overall transduction efficiency by, for instance, improving 
the internal detection efficiency of Schottky diodes up to 
7%,[83] using resonant tunnel junctions as the SPP source 
(2% external quantum efficiency was demonstrated[48]), or 
integrating hybrid plasmonic waveguides to increase SPP 
propagation lengths to 40–150 µm[6] or gain materials for loss 
compensation (a factor of 50 has been reported[7]). Our pro-
posed electronic–plasmonic transducers, in principle, can also 
be combined with other components to create, for example, 
modulators, opening up more possibilities for research and 
potential applications.
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