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imaging[5] and sensing[6] for biological 
species, and for spatial differentiation 
and edge detection without optical lenses 
that perform the Fourier transform,[7,8] to 
name a few. SPPs are coherent due to the 
collective nature of free electron oscilla-
tions[9] and are bound to the metal–dielec-
tric interfaces which provides unrivalled 
field confinement at the nanoscale,[10] 
opening up a plethora of applications 
ranging from sensing[11] to quantum 
information processing.[12,13] Plasmonic 
metal–insulator–metal tunnel junctions 
(MIM-TJs) offer a unique platform for the 
electrical excitation of SPPs by low energy 
(<2.5 eV) tunneling electrons[14–18] because 
of their nanoscale footprint and potential 
for device-integration for subwavelength 
imaging, or nano-optoelectronics.[19,20] In 
MIM-TJs, the SPP or photon emission 
originates from a three-step outcoupling 
process in which, first, the energy quanta 
(ℏω) given off by inelastically tunneling 
electrons can couple predominantly to a 

highly-confined cavity mode (MIM-SPP,[18] Figure  1a), which 
then outcouples to SPPs and finally to photons.[21] Here we 
show that this entire three-step process remains coherent as the 
excitation originates from a single inelastic tunneling event and 
is important for areas of research where spatially correlated and 
actively modulated sources are essential, such as, plasmonic 
interferometry,[22] plasmonic analogue of quantum optics  
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1. Introduction

Tailoring the spatial coherence in a source-waveguide intercon-
nect system is an essential step in many state of the art plas-
monic applications, for instance, in modulated data transfer 
for information processing,[1–4] in on-chip platforms for surface 
plasmon polariton (SPP) mediated interferometric plasmonic 
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experiments,[23] SPP coherence lattice generation[24] and plas-
monic beam shaping.[25]

Light emission from planar MIM-TJs was first reported by 
Lambe and McCarthy in 1976.[14] Since then both photon and 
SPP emission have been reported from various macroscopic 
MIM tunneling devices including scanning tunneling micro-
scope (STM),[26] molecular junctions,[27] metallic break junc-
tions,[28] nanowire-metal stripe junctions,[29] and metal-2D 
material hybrid systems.[30] In the past, modulation of the spa-
tial coherence of light by plasmonic near-field has been dem-
onstrated in Young’s interference experiments,[31,32] in metal 
stripe waveguides supporting SPPs[9] and also in the context of 
inelastic tunneling, with STM light emission,[33,34] where the 
localized plasmonic response of the STM tip[35] plays a crucial 
role. For large area TJs,[18] the lack of correlation between ine-
lastic tunneling events typically results in spatially incoherent 

and spectrally broad (lack of temporal coherence) photon or 
plasmon emission. However, for MIM-TJs with conductance 
G  << G0 (conductance quantum), the tunnel current typically 
ranges from nA to µA and leads to ≈109–1012 electrons tun-
neling per second and essentially results in a single MIM-SPP 
mode excitation during an inelastic tunneling event as the 
decoherence time of these modes is typically of the order of few 
fs.[36] It is of fundamental interest to investigate whether this 
initial coherence, originating from the tunneling event, is pre-
served as the MIM-SPP outcouples to all available modes (SPP 
and photons) leading to a mutual correlation between different 
SPP modes excited by the MIM-TJ. Even though previous 
works have clarified the outcoupling mechanisms of the MIM-
SPP mode,[37–39] the correlation between the MIM-SPP and the 
outcoupling channels (SPPs and photonic modes) for biased 
MIM-TJs still remains elusive.

Adv. Optical Mater. 2021, 2101804

Figure 1. a) Schematic of the MIM-TJ. Inset gives the schematic representation of the (i) inelastic tunneling, (ii) MIM-SPP, and (iii) SPP mode. The pro-
cess ‘1e−’ represents the inelastic electron tunneling related to the source current density J (upward vertical arrow represents the tunneling). Photonic 
outcoupling channels S1 and S2 represent the scattering of the MIM-SPP and SPP respectively and leads to interference in the far-field. Ω denotes the 
correlation and Δk represents the momentum mismatch between MIM-SPP and SPP. The length of the Au waveguide is given by L. b) Topography of 
the MIM-TJ and associated waveguides obtained by AFM. Representative device for the L dependence study (width (W) is fixed at 5 µm and L is varied 
from 2 to 14 µm). The Au waveguides are 150 nm thick in all cases. The Al stripe has a fixed length (20 µm), width (6 µm), and thickness (70 nm).  
c) Real plane image of the light emission from a representative device for L = 6.5 µm. The image is collected for Vb = −1.5 V. d) Intensity profile along 
the horizontal dotted line through the middle of the Au waveguide in (c). Two peaks are demarcated that represent S1 (TJ right-end) and S2 (waveguide-
end) equivalent to the sources represented in (a). The inset shows the emission spectra from MIM-TJs for varying W from 200 to 1000 nm, with an 
applied bias of −1.5 V. Spectral plots are shifted vertically for better visibility. In both (c) and (d) the rectangular dotted-line box represents the end of 
the Au stripe where the intensity is rescaled by a factor of 4.
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Here we show that the coherence of the MIM-SPP mode with 
its outcoupling pathways (single interface SPPs and photo ns) 
is preserved and leads to strong interference in the far-field. 
We experimentally demonstrate, for the first time, that the 
photon emission from the MIM-SPP mode and the SPP scat-
tering share a common source viz. the MIM-SPP mode and we 
unambiguously prove the role of the MIM-SPP modes in light 
emission from plasmonic TJs. SPP waveguides are employed to 
demonstrate the spatial correlation between two mutually corre-
lated photon sources, originating from MIM-SPP (S1; Figure 1a) 
and SPP (S2; Figure 1a) scattering and results in alternate bright 
and dark fringes in the Fourier plane (or back focal plane, BFP) 
of the detection setup. The fringe-spacing provides the direct 
evidence for the mutual correlation.[40]

2. Results and Discussion

For this work, we fabricated Al-AlOx-Au MIM-TJs which are 
well-characterized in literature.[15,18,37,41] Figure  1a shows a 
cross-section of the TJ used in this study where the Au and Al 
stripes constitute the electrodes of the TJ and the AlOx serves as 
the tunnel barrier. In the linear energy transfer limit, all energy 
quanta (ℏω) in the range of 0 ≤ ℏω ≤ eVb (where Vb is the applied 
bias) are accessible by the tunnelling electrons (indicated as 
‘1e−’ process in the inset of Figure 1a).[42] From the 1e− process, 
the source current density, J, excites the MIM-SPP mode, which 
subsequently outcouples (via the momentum transfer Δk) to 
SPPs and photons. Since the MIM-SPP originates from the 1e− 
process, an inherent correlation (Ω)[43] between MIM-SPP and 
SPP is preserved. This is demonstrated here by investigating 
the interference between the two mutually correlated sources, 
S1 and S2, which are the far-field outcoupling of the MIM-SPP 
and SPP respectively, by varying the length of the Au stripe 
waveguide (L). The MIM-SPP mode scattering at the junction-
edge gives S1, where the tunnel barrier (AlOx) is exposed to the 
glass medium, and the bound SPPs (Au–glass) outcouple to 
S2 at the waveguide-end.[44,45] We chose a Au waveguide thick-
ness of 150 nm so that it is greater than the skin depth of Au  
(≈25 nm[46]) which restricts the excitation to the bound-SPP 
modes and minimizes any cross-coupling with the Au–air 
interface. The Al electrode is partially embedded in the glass, 
and it extends ≈ 20 µm on each side of the MIM-TJ to avoid any 
interference effects associated with the SPPs supported by the 
Al stripe (see Section S1 in the Supporting Information).

Figure  1b shows a representative atomic force microscopy 
(AFM) image of the fabricated devices. From the AFM images 
a root-mean-square (over 1 × 1 µm2 area) surface roughness of 
8 ± 2 nm and 1 ± 0.2 nm is obtained for Al and Au metal stripes 
respectively. We also extracted the thicknesses of the stripes, 
where the bottom Al electrode is 68  ± 5 nm, with 30  ± 4  nm 
above the glass substrate and 38 ± 1 nm sunken into the glass, 
and the thickness of the top Au electrode is 150  ± 2  nm. For 
the charge transport studies, a negative bias was applied to the 
Al electrode with the Au grounded to avoid the breakdown of 
the TJs at positive bias, as was previously shown.[18] We observe 
an exponential behavior of the I(V) curves and a positive para-
bolic shape of the differential conductance (see Section S2 in 
the Supporting Information) which are signatures that the  

MIM-TJs are dominated by tunneling and do not suffer from 
pinholes, showing that the characteristics of the TJs investi-
gated in this work agree with previous findings.[18,19,37]

We recorded the photon emission from the TJs using an 
inverted optical microscope equipped with a spectrograph 
for collecting the emission spectra (400–1100  nm spectral 
range) and with an electron multiplying charge-coupled device 
(EMCCD) camera to record the real and BFP images (see  
Section S3 in the Supporting Information). The emitted light is 
collected from the glass-side of the TJs using a 100× oil immer-
sion objective of numerical aperture (NA) = 1.49. Figure  1c 
shows the real plane image of the light emission for a repre-
sentative device with L = 6.5 µm and Figure 1d shows the inten-
sity profile along the horizontal dotted line in Figure 1c through 
the middle of the waveguide. The rectangular box represents 
the end of the Au stripe where the intensity is rescaled by a 
factor of 4, to enhance the visibility of the scattering at the 
end of the waveguide as compared to the intense light emis-
sion from the junction area. The first peak of the intensity pro-
file corresponds to S1, and the second peak represents S2. The 
inset in Figure  1d shows the emission spectra from TJs with 
Au stripe width varied from 200 to 1000  nm, with an applied 
bias Vb = −1.5 V. For all cases, the spectra show a peak around 
wavelength ≈ 900 nm with a full width at half maximum of ≈ 
140 nm, independent of the waveguide width.

The far-field intensity (Iph) recorded in the BFP can be  
represented as

EEss EEss EEss EEss EEss EEss EEss EEssph 1 2
2

1
2

2
2

1 2 1 2I ∑ ∑( )( )= + = + + × + ×
λ λ

∗ ∗  (1)

where Es1 and Es2 represent the electric field (Esi* is the com-
plex conjugate of Esi) corresponding to S1 and S2 respectively. 
The cross-terms between Es1 and Es2 represent the interfer-
ence contribution and the summation over wavelength (λ) 
takes the broadband nature of the MIM-SPP into account.[33] 
The left panels of Figure  2a–d show the experimental BFP 
images corresponding to MIM-TJs with Au waveguides of L = 
2.4 µm (Figure 2a), 3.5 µm (Figure 2b), 6.5 µm (Figure 2c), and 
8.5 µm (Figure 2d). The Fourier axes are restricted to the posi-
tive kx/k0 from 0 to 1.5, as the features in the BFP images are 
prominent in this range and the color scales are adjusted to 
give the best possible contrast for the fringes (see Section S3.3  
in the Supporting Information for the full data set). We make 
the following observations from the BFP images which are 
the main results of this Communication: 1. Alternate bright 
and dark intensity bands (fringes) are observed in the range  

1 ≤ k/k0 ≤ 1.5 (where 2 2k k kx y= + ) and are centered around the 

kx axis; 2. As L is increased from 2.4 to 8.5 µm, more fringes 
are visible with a reduced spacing (fringe periodicity, Δkx/k0) 
between them.

Observation 1 clearly indicates the dominance of the light emis-
sion through glass at high angles (1 ≤ k/k0 ≤ 1.5). Fringes with reg-
ular spacing in the Fourier plane are a characteristic feature of the 
interference between two coherent sources.[47] The dependency of 
the spacing between the bright/dark bands on L strongly suggests 
the interference between S1 and S2, as the increase in L essentially 
increases the distance between the two sources, inducing an addi-
tional phase offset and thereby decreasing Δkx/k0. Furthermore, 
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the orientation of the fringes is mainly around the kx axis which 
also is a strong indication that the Au waveguide controls the 
interference between S1 and S2 as the kx axis coincides with the 
waveguide alignment in the experimental setup.

To confirm the experimental observations, we performed 
3D finite difference time domain (FDTD) simulations using 
Lumerical.[48] Inelastic tunneling in MIM-TJs is represented by 
a dipole source with a broadband spectral response (similar to 
the spectra shown in Figure 1d inset; see Section S4 in the Sup-
porting Information for more details) and the BFP images are 
obtained from the near-to-far-field transformation of the near-
field for the MIM-SPP and SPP scattering through glass. As 
the inelastic tunneling is spatially delocalized over the MIM-TJ 
area, more than one dipole is used to simulate the far-field 
light emission. The location of the sources is restricted along 
the edges of the MIM-TJ because the propagation length of the 
MIM-SPP is ≈ 50 nm[18] and sources positioned beyond this 

limit from the junction edge will have negligible contributions 
to the outcoupling as photons or plasmons (see Section S4 in 
the Supporting Information for more details). However, since 
the tunneling events are assumed to be completely noncor-
related,[49] an incoherent summation is applied to the far-field 

intensity ( 2E
i

i∑ , where 2Ei  is the far-field intensity from a dipole 

located at (xi,yi,z) within the tunnel junction) to obtain the 
effective BFP images (see Section S4 in the Supporting Infor-
mation). Simulated BFP images (right panels of Figure  2a–d) 
clearly reproduce the experimental observations. In particular, 
they reproduce the evolution of the fringe patterns with L 
where an increase in the number of fringes is observed con-
sistently. The fringe periodicity Δkx/k0 also shows a consistent 
trend and is further analyzed in Figure 3.

To gain deeper insight into the spatial correlation between 
S1 and S2 and to further compare the experimental and  

Adv. Optical Mater. 2021, 2101804

Figure 2. BFP images of the light emission from the TJs for L = a) 2.4 µm, b) 3.5 µm, c) 6.5 µm, and d) 8.5 µm. All images are collected for Vb = −1.5 V. 
Left panels show the experimental BFP images, and the right panels show the BFP images from FDTD simulations. Fourier axes are restricted to the 
positive kx/k0 (from 0 to 1.5), as the fringe patterns are dominant in this range. Δkx/k0 represents the fringe periodicity. Color scales of the BFP images 
are adjusted to give the best possible contrast for the fringes.
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simulation results, we evaluated the BFP emission intensity along 
the horizontal dotted lines shown in Figure  2a–d and plotted 
in Figure  3a. To visualize the evolution of the fringes with L  
(=2.4, 3.5, 6.5, and 8.5 µm), the line profiles are normalized to 
unity and are shifted vertically in the y-axis. The dotted lines are 
from the experimental BFP images and solid lines are from the 
FDTD simulations. For L = 6.5 µm (Figure 3a) the fringe peak 
positions (upward vertical arrows) from the experiments are in 
excellent qualitative agreement with the simulations results (in 
terms of kx/k0).

Minor offsets in the peak positions are observed for L  = 
8.5, 3.5, and 2.4  µm (Figure  3a) between the experiment and 
simulation and can be explained as follows. In general, the 

phase offset between S1 and S2 dictates the peak positions of 
the fringes and in our case, it crucially depends on the SPP 
propagation losses of the Au stripe waveguide. Apart from 
the material absorption, these losses are at a minimum in the 
simulations due to the lack of the roughness factor and the 
discrepancy of the FDTD with the experiments will be higher 
for longer Au stripes, particularly for L = 8.5 µm. On the other 
hand, SPP reflection at the stripe-end may not be completely 
neglected due to the impedance mismatch, especially for 
L  = 2.4 and 3.5  µm and can lead to the observed discrepancy 
between experiment and simulation. For L = 6.5 µm, a trade-off 
between these two effects can be observed, resulting in a good 
agreement between the FDTD simulation and the experiment.

From Figure  3a, the fringe periodicity (Δkx/k0) is calculated 
as a function of L and is plotted in Figure  3b. Open rhombs 
represent the experimental data; open circles are the results 
from the 2D FDTD simulations (see Section S4.3 in the Sup-
porting Information). From the phase offset between S1 and S2, 
Δkx/k0 can be written as[34]

0

0k

k L
x λ∆

=  (2)

where λ0 represents the excitation wavelength. The solid line 
in Figure 3b is a fit to Equation 2 with λ0 = 900 nm (peak posi-
tion in the emission spectra, see Figure 1d inset). Good agree-
ment is observed between the experiment, FDTD results, and 
the model given by Equation 2, which further confirms the pro-
posed interference model in the present study.

As L increases beyond the propagation length of SPPs, the 
propagation losses of the Au waveguide will further increase 
the phase offset between S1 and S2, eliminating any interfer-
ence effects. In Figure  4a, we show the real plane (left) and 
BFP (right) of a MIM-TJ with an Au waveguide of L = 13.5 µm. 
We observe that, even though S1 and S2 are both visible in the 
real plane image, the BFP image does not reveal any fringe 
patterns, which indicates the uncorrelated nature of the two 
sources leading to the absence of interference fringes.

We further discuss the BFP images from the devices with 
S1 selectively masked by a spatial filter (pinhole).[50] Figure  4b 
shows the real plane (left) and BFP (right) images for the case 
of L = 6.5 µm (Figures 1c and 2c). The real plane image is over-
laid with the bright-field image of the device from the EMCCD 
to explicitly show the device-outline and the position of the pin-
hole (dotted-line circle with radius ≈ 6  µm). So, only the far-
field emission from the exposed region (stripe-end) is recorded 
in the BFP with a pinhole inserted to the image plane[51] (see 
Section S3 in the Supporting Information). The source S1 
(Figure  1) from the junction edge is mainly directed towards 
the forward propagation direction (+kx) of the SPP modes in 
the Au stripe waveguide. As S1 is blocked, the far-field interfer-
ence between S1 and the forward scattering SPPs is completely 
absent and thereby the fringe patterns are not observed in the 
BFP which only shows the SPP scattering from the stripe-end. 
We contrast this with our recent work,[39] where S1 is inherently 
absent due to the geometric orientation of the TJ (in-plane,  
vertical to the glass substrate) and therefore fails to generate 
distinct fringes in the BFP. Similarly, we blocked S2 and 
recorded the BFP image, which only shows the light scattering 
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Figure 3. a) BFP emission intensity evaluated along the horizontal dotted 
lines shown in parts (a)–(d) of Figure 2, respectively, showing the evolu-
tion of the fringe patterns with the waveguide length (L = 2.4, 3.5, 6.5, 
and 8.5  µm). The line profiles are normalized to the maximum value 
and are shifted vertically for better visibility. The dotted lines are from 
the experimental BFP images and colored solid lines are from the FDTD 
simulations. b) Evolution of the fringe periodicity (Δkx/k0) as a function 
of L. Open rhombs represent the experimental data; open circles are the 
results from the 2D FDTD simulations and the solid line is a plot of λ0/L, 
with λ0 = 900 nm.
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off the surface roughness in the MIM-TJ area, with no distinct 
fringes as the far-field interference is absent in this case as well 
(see Section S3 and Figure S6 in the Supporting Information 
for the recorded images).

Finally, to further validate the insights gained from the 
fringe-analysis, we discuss the experimental and simulation 
results from the width dependence study (Figure 4c) where the 
width (W) of the Au stripe is changed whereas L, which cru-
cially affects the periodicity of the interference fringes, is kept 
constant at 3.5 µm. In Figure 4c we plot the BFP intensity along 
the kx/k0 axis (see Figure S5 in the Supporting Information 
for the real plane and BFP images), where the dotted lines are 
from the experimental BFP images and solid lines are from the 
FDTD simulations. As expected, the number of fringes remains 
constant in the BFP images with the change in W, which fur-
ther corroborates the interference model. The experimental 
and simulation results are in excellent agreement. We also note 
that for W = 0.8 µm, the fringes show a straight-line character 
(Figure S5, Supporting Information) as compared to the case 
of W = 2 µm where the fringes are semi-circular in shape with 
respect to the kx/k0 axis.

3. Conclusions

The study presented here demonstrates the coherence in plas-
monic outcoupling channels from biased MIM-TJs. As the MIM-
SPP excitation corresponds to a single inelastic tunneling event, 
its coherence with the outcoupling channels (photons and SPPs) 
is preserved and by a systematic control of the SPP stripe wave-
guide length, the spatial coherence between MIM-SPP and SPP/
photons can be controlled. Alternate bright and dark fringes 
observed in the Fourier plane images are the indicators of the 
strong interference in the far-field photon outcoupling, and the 
calculated fringe-spacing as a function of the stripe-length fol-
lows the phase correlation relation between two coherent sources 
separated by the stripe length L. Numerical FDTD simulations 
support the findings and the results from long SPP stripe wave-
guides (> 8.5 µm) and spatially filtered BFP images (where one of 
the sources is selectively masked) further corroborate the spatial 
correlation picture. This correlation further unambiguously con-
firms the two-step plasmonic decay process in biased plasmonic 
TJs where an electron first excites the MIM-SPP junction mode 
which then excites other available optical modes. For the broad-
band excitation from inelastic tunneling, the SPP stripe wave-
guide crucially maintains the correlation, leading to a coherent 
superposition in the far-field between individual frequency com-
ponents. Furthermore, the electrical excitation scheme employed 
here readily excites bound-SPP modes as compared to the optical 
schemes where leaky-SPP modes are mainly excited,[52] thereby 
minimizing the SPP leakage losses in spatial correlation studies.

Adv. Optical Mater. 2021, 2101804

Figure 4. a) Real plane (left) and BFP image (right) for the light emis-
sion from the junction with an associated Au waveguide of L = 13.5 µm, 
where the BFP image does not show a fringe pattern. The images are 
recorded for Vb = −1.5 V. Intensity is rescaled by a factor of 8 at the Au 
stripe-end (rectangular dotted-line box in left panel). b) Real plane (left) 
and BFP image (right) for the light emission from the junction with a 
spatial filter introduced for the L = 6.5 µm case (Figures 1c and 2c). The 
real plane image is overlaid with the bright-field image of the device from 

the EMCCD. The dotted-line circle represents the pinhole with radius ≈ 
6 µm. c) BFP emission intensity showing the evolution of the fringe pat-
terns with the waveguide width (W = 0.8, 2, and 4 µm). For the Au stripes, 
L = 3.5 µm and thickness = 150 nm. Line profiles are normalized to the 
maximum value and are shifted vertically for better visibility. Dotted lines 
are from the experimental BFP images and solid lines are from the FDTD 
simulations.
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The inherent coherence associated with the electrically excited 
SPPs demonstrated here with a simple and efficient experimental 
design points to the potential of these systems towards the plas-
monic computation at the nanoscale[7] where the spatially corre-
lated and actively modulated sources are essential. Our study also 
indicates that the plasmon excitation from tunneling can be further 
exploited for plasmonic applications with tailored spatial coher-
ence, especially for phase correlated measurements in quantum 
information processing that benefit from spatially coherent 
sources, particularly with electrical and optical control over the 
excitation and propagation. Moreover, the composite device struc-
ture of a TJ and a plasmonic waveguide used here can be further 
extended for temporal coherence studies in mode outcoupling 
from tunnel junctions which support resonant MIM-SPP modes.
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