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Electrical excitation of surface plasmons via metal-insulator-metal tunneling junctions (M-I-M TIJs)
has recently been demonstrated to have experimental conversion efficiencies of 1% [W. Du et al. Nat.
Photonics 11, 623 (2017)], 5—6 orders of magnitude higher than theoretically predicted by Parzefall and
Novotny [ACS Photonics 5, 4195 (2018)]. In this work we resolve this discrepancy between theory and
experiment, and report a rigorous analytical and experimental study on the role of surface roughness in the
near-field coupling of the initially excited M-I-M TJ cavity surface plasmon polariton (M-/-M SPP) to the
daughter radiative and nonradiative modes. We find that varying the roughness profile of the M-I-M TJ
significantly (which is determined with atomic force microscopy and cross-section scanning transmission
electron microscopy) improves the near-field outcoupling efficiency for two reasons: the effective thick-
ness of the electrodes reduces with increasing roughness, and roughness provides momentum matching
for mode overlap. The role of surface roughness in near-field outcoupling is analysed quantitatively by
incorporating a conformal random roughness profile in the finite-element electromagnetic modeling of a
plasmonically active M-I-M TJ. We show that the outcoupling efficiency can be enhanced up to 15% for
the M-I-M SPP coupling to daughter modes, and demonstrate an overall electron-to-plasmon conversion
efficiency of 1.5% (based on an inelastic tunneling efficiently of 10%), supporting recent experimental
findings. This work provides an explanation for the high observed experimental efficiencies and bridges
the knowledge gap between prior theoretical works and experiments by including the role of roughness in
the electromagnetic near-field coupling in M-1-M TlIs.
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I. INTRODUCTION

Metal-insulator-metal tunnel junctions (M -1-M Tls) can
excite—by inelastic electron tunneling—surface plasmon
polaritons (SPPs) and photons under an applied bias [3—6].
Therefore, M-1-M TlJs offer (potentially) complementary
functionality across a myriad of applications in sensing
[7-9], nano-optics [1,10,11], and nonlinear plasmonics
[12,13]. However, there remains a large discrepancy in the
literature over experimentally reported overall electron-
to-SPP excitation efficiencies—especially in large area,
nonresonant M-/-M TJs (1%) [1]—and those theoretically
calculated by Parzefall et al. (10~8) [2]. Later, Qian ef al.
reported 2% free-space photon emission efficiencies from
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plasmonically resonant junctions based on Ag nanocubes
[14]. This discrepancy between theory and experiment
needs to be addressed to deepen our understanding of light-
matter interactions in plasmonic tunneling junctions and to
continue to explore their potential.

Light emission and SPP excitation from M-I-M TlJs
under applied bias is a well-known phenomenon that
has been extensively explored [1,3,4,6,15]. Initially, an
electron inelastically tunnels through the dielectric tun-
neling barrier between two electrodes and couples a frac-
tion of its energy to various decay channels defined by
the local density of optical states (LDOS). M-I-M TlJs
can excite the M-I-M TJ cavity mode (M-I-M SPP),
which outcouples to radiative and nonradiative modes, as
well as directly excites photons and single-interface SPPs
[1620]. These two phenomena are usually examined
separately: (i) exploration of cavity-mode excitation via
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tunneling [20,21], and (ii) single-interface SPP and/or pho-
ton outcoupling via surface modification in the far field
[4,15,22-25]. Examining the role of the M-/-M TJ in the
near-field interaction between the highly confined, non-
radiative M-I-M SPP mode and the local topographical
features—combining (i) and (ii)—has not been examined
in detail, due to the complexity in analytically study-
ing nanoscale interactions with statistically meaningful
M-I-M TJ topographies.

This paper quantifies the pivotal role that the surface
roughness of the electrode materials plays in the outcou-
pling of the M-I-M SPP mode to daughter modes. Theo-
retically, the internal quantum efficiency of M-/-M TJs for
the excitation of M-I-M SPPs is limited to 10% (because
of the presence of various radiative and nonradiative decay
channels) [5], which is the upper limit for total electron-to-
plasmon conversion efficiency. However, in planar M-/-M
TJs (where the insulator usually has a thickness of only 2—
3 nm) with a smooth interface, the outcoupling efficiency
is predicted to be < 107® due to the large momentum
mismatch between the M-/-M SPP and daughter modes
[2,23], but recent experimental works with inherent elec-
trode roughness report outcoupling efficiencies 4 orders of
magnitude higher [1,6].

To date, it is not clear how such a high outcoupling of
the M-I-M SPP efficiency to single interface propagat-
ing SPPs and photons can be achieved given the highly
confined nature of the M-/-M SPP mode. Due to this con-
finement, the propagation length of the M-/-M SPP mode
is of the order of a few tens of nanometres (see Sec. S1
within the Supplemental Material [26]). For this reason,
Parzefall et al. [2] argued that in smooth, large-area M-
I-M TJs, the only efficient outcoupling of the mode can
take place at the M-I-M TJ edges. Recently, we [6] have
demonstrated three efficient outcoupling channels that can
be controlled by electrode thickness, and suggested that
roughness in the electrode materials is important to provide
momentum matching and associated M-/-M SPP mode
scattering, resulting in an increase of the outcoupling effi-
ciencies by at least 2 orders of magnitude higher than
previously suggested [2,23]. Here we report an analyti-
cal model, supported by experimental data, for plasmon
outcoupling in M-I-M TJs predicated on incorporating
surface roughness of the electrode into electromagnetic
mode scattering, and show that this can lead to up to 15%
outcoupling efficiency of the M-/-M SPP mode (limited
by losses in the electrode) and therefore an overall excita-
tion and outcoupling efficiency of up to 1.5%, supporting
our recent experimental results [1].

Using surface modification to increase light-emission
intensity from M-I/-M TlJs is a known technique that facil-
itates exploration of the spectral properties of different
modes by statistical (random) roughening [1,6,15,27—37],
grating patterning [38—42], and prism outcoupling [25,36,
43,44]. In these studies, light emission from M-I-M TJs

is typically investigated in the far field where the role of
roughness in near-field outcoupling is ignored, although
roughness is known to be a crucial factor in single-
interface systems [45]. Roughness is always inherently
present in interfaces due to grains and grain boundaries,
ad atoms, step edges, and other types of defects, except
for a few systems where atomically smooth interfaces can
be fabricated only under extremely well-controlled condi-
tions [46,47]. Moreover, in designed rough topographies
that can support picocavities, coherent physical effects
can be exploited to further amplify near-field phenomena
[48,49], whereas other surface-plasmon-based technolo-
gies like surface-enhanced Raman spectroscopy (SERS)
exploit surface roughness to increase near-field signal
intensity [50]. However, the role of surface roughness in
M-I-M TJs in the near field and the near-field coupling
to both radiative and nonradiative modes remains so far
unexplored and this is the main focus of this work.

II. RESULTS AND DISCUSSION

A. Theory
1. SPP excitation in smooth M-I1-M TJs

When a voltage is applied across two electrodes sep-
arated by a dielectric of 1-3 nm in thickness, electrons
will tunnel elastically and inelastically across the tunneling
barrier, with inelastic tunneling represented in the energy-
level diagram in Fig. 1(a) with a white arrow, where the
energy difference from the applied voltage el is the dif-
ference between the Fermi energy of the Au (sf‘“) and
Al (¢/'), and the inelastic tunneling energy loss is given
as hw. The heatmap in Fig. 1(a) shows the symmetric
mode profile of the M-I-M SPP (normalized electromag-
netic field intensity) highly confined within the insulator,
obtained from the two-dimensional- (2D) mode analysis
of the smooth M-I/-M TJ using COMSOL Multiphysics 5.1
[51]. Here we discuss SPP excitation in ideally smooth
junctions, and in the next section we include surface
roughness in our model.

Inelastic tunneling is modeled using an oscillating elec-
tric current dipole, which is used as the excitation source
for the M-I-M SPP. In the time harmonic limit an oscillat-
ing point dipole e ! located at a point ry is equivalent
to a line current density j(r) [52]:

i) = —iwpd(r — o), (1

where p is the amplitude of the dipole oscillation, w is the
angular frequency and & (r — ry) is the Dirac delta function.

From the angular representation of the electromagnetic
fields, the electric E(r) and magnetic B(r) fields can
be represented as a superposition of plane waves and
evanescent waves: E(r) = f dkEg exp(ik - r) and B(r) =
f dkBy exp(ik - r), where Ey and By represent the Fourier
amplitude of the electric and magnetic field, respectively.
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FIG. 1. (a) Energy-level diagram of the M-I-M TJ with
the normalized electromagnetic field intensity indicated, (b)
(ko/Po)(dP /dk) [Eq. (3)] evaluated for a flat Au-AlO,-Al junc-
tion for thick (da; = 1000 nm; red solid line) and thin (da; =
20 nm; blue dashed line) Al electrode; day, =20 nm, Ay =
900 nm. (¢) (1/Py)(dP/dk) [Eq. (3)] evaluated as a function of
energy and k, representing the dispersion of the supported plas-
monic modes for an air-Au-AlO,-Al-glass system (da, = 20 nm,
dalo, = 2 nm and du; = 20 nm). The dashed lines represent the
light dispersion for the corresponding dielectric medium (air and
glass).

The power dissipation spectrum P can be used to obtain
the plasmonic mode dispersion from the dipole model [53]:

P= %Im(u* 'E), )

where pu* gives the complex conjugate of u and retardation
effects are neglected in the calculations [54]. From Eq. (2)
the k-space power-dissipation spectrum is defined as the
integral of the dipole power dissipation dP /dk over all in-
plane wave vectors k:

© (dP
P:/O dk<%>, 3)

which can be decomposed into P = Ppypoton + Pspp +
Pnr, where Pphoton, Pspp, and Pnr represent the dipole
power dissipated into photons, SPPs, and nonradiative and
thermal decay, respectively. The power dissipation of a
vertically oriented dipole (normal to the M-I-M TJ inter-
face), representing the normalized decay rate P’, can be
written as [53]

3o [ K (+d) (1 +d)

where a"; , represents the effective field amplitude at

the dipole’s position, ky = w/c, g; = \/k? — k* and k; =

(w/c)\/e; with &; representing the permittivity of the insu-
lator where the dipole is located (see Sec. S2 within
the Supplemental Material for details [26]). Figures 1(b)
and 1(c) show energy-dependent power-dissipation spec-
tra, which gives the dispersion of the supported plasmonic
modes for a smooth (no roughness) Au-AlO,-Al M-I-M
TJ. Figure 1(b) gives (ko/Po)(dP/dk) [normalized inte-
grand of Eq. (3), where Py is the free-space LDOS]
evaluated for a flat Au-AlO.-Al M-I-M TJ with a thick
(da; = 1000 nm, blue dashed line) and thin (da; = 20 nm,
red line) Al electrode, for a given Au electrode thickness
day = 20 nm. Figure 1(b) is evaluated at excitation wave-
length A; = 900 nm and kj represents the free-space wave
number corresponding to A,. The Au electrode is bounded
above by air with refractive index n,;; = 1 and Al electrode
from below by glass where 7,5 = 1.52.

The broad peak at normalized wave number k/ky =~ 10
corresponds to the M-/-M SPP mode, which represents the
predominant plasmonic decay channel for the energy from
the inelastically tunneling electrons. When the Al elec-
trode thickness dy; is much larger than the skin depth A aj,
excitation of the single-interface SPP mode (SPPaj.glass,
k/ky ~ 1.52) is completely absent due to the large elec-
tromagnetic screening [Fig. 1(b), blue dashed line] in the
Al electrode. When da; becomes comparable to A ap [55],
coupling to the SPP4g1ass is observed [Fig. 1(b), red line,
narrow peak at k/ky ~ 1.52] [4,38,56]. In both cases, cou-
pling to the Au-air SPP mode (SPPa,.,i:) is observed at
k/ky ~ 1 since the thickness of the Au electrode used in the
calculation (da, = 20 nm) is comparable to skin depth of
Au [57]. Integrating the area under each peak in Fig. 1(b)
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gives the corresponding LDOS for the given energy (1.37
eV = 900 nm).

Evaluating (1/Py)(dP/dk) for the broadband energy
range (0.8 to 2.2 eV) gives the dispersion relation for
the smooth M-I-M TJ [Fig. 1(c)]. The dotted lines rep-
resent the light dispersion for the corresponding dielectric
media (air and glass). The large momentum mismatch
in the LDOS between the single-interface SPP modes
(1 < k/ky < 1.52) and photonic band (k/ky < 1) with the
M-I-M SPP mode (k/ky ~ 10) is evident from the dis-
persion relation [Fig. 1(c)]. Also, the coupling strength of
the dipole energy to Pphoton, Psep, and Pyr can be qual-
itatively understood from the intensity of each mode in
the dispersion relation. The relative coupling strength of
the M-I-M SPP mode is 45 orders of magnitude higher
than to SPP modes or photons. It is important to note
that the large normalized LDOS (approximately equal to
10* — 10°) associated with the M-I-M SPP mode is highly
confined within the insulator layer and, without the pres-
ence of surface features to assist in momentum matching
the M-I-M SPP, we calculate similar outcoupling efficien-
cies to Parzefall et al. [2]. In contrast, in the presence of
surface features, a near-field interaction between the M -/-
M SPP and the roughness can induce momentum matching
via scattering, significantly increasing the M-/-M SPP
outcoupling efficiency as shown in the next section.

2. Surface roughness

Interface inhomogeneity is parametrized by surface
roughness. Surface roughness is a broad term that can be
measured by various methods, but here we examine 2D
surfaces, which can be described meaningfully with the
statistical rms roughness §,. In a 2D system, the surface
can be divided into regions of local height variation (local
peak-to-valley roughness). These regions of local height
variation can then be averaged across the entire surface
to create a statistical distribution of the roughness of the
film. Due to the random nature of the grain size distribution
in the metal film, the film topography can be realistically
described with a Gaussian distribution; these statistical fea-
tures can then be incorporated into an analytical model
and used to calculate modifications to the electromagnetic
nature of the system induced by roughness and their effect
on outcoupling behaviors of the SPP modes.

Roughness can be considered as a perturbation &(x,y)
to a smooth planar surface from a height 7(xy, ) given by
the surface topographical function ¢ (x,y) [22,58,59]:

¢(x,y) = r(xo,y0) + &(x,y)

(%)
such that (¢ (x,y)) = r(x,y0).

The statistical character of the roughness along the elec-
trode surface is implemented by the correlation function

defined as (¢ (x)|¢(x + x')). For a typical Gaussian corre-

lation
—|x — x|
——— ©

(@)L +x)) =83,exp[

where the transverse correlation length o and 6, is given
by the average of n samples of & (x, y):

1
b= | =) ECy)?, (7)
xy
o=ty x &,y ®)
xy

The presence of surface roughness on the electrodes causes
a change in the electromagnetic attenuation compared to if
the interface was smooth. This change in attenuation can
be defined an effective thickness d. in terms of 8, and o
as [60]

82
def’f = dm - 3\/5_(1’ (9)
o

where d,, = da; or day. Physically, this results in regions
of higher electromagnetic attenuation and regions of lower
attenuation as the thickness profile varies, which has a sig-
nificant influence on the overall outcoupling of the M-1-M
SPP.

3. Role of roughness on outcoupling pathways

For large-area M-I-M TJs where both electrodes are
plasmonically active within the same wavelength range,
the M-I-M SPP mode is the main plasmonic decay path-
way other than energy dissipation into the lattice (Fig. 2,
indicated in red). The M-I-M SPP can then outcouple to
various radiative (Fig. 2, indicated in green) or nonradia-
tive (Fig. 2, indicated in blue) modes through momentum
matching, which is facilitated by the near-field interac-
tions with the surface features. M-/-M SPP outcoupling to
daughter electromagnetic modes in M-/-M TJs can occur
via three pathways that we have recently reported [6] (Fig.
2): direct outcoupling via momentum matching to free-
space photons, that then travel through the electrode and
are detected optically (pathway 1), in-plane mode overlap
through the electrode (pathway 2), and mode overlap at the
edge of the M-I-M TJ (pathway 3).

All pathways rely on near-field interactions of the M-
I-M SPP with surface roughness that induces momentum
matching with the daughter modes, but pathways 1 and 2
are especially sensitive to the attenuation by the metal elec-
trode. This attenuation length has an exponential decay,
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FIG. 2. The three main outcoupling pathways of the M-I-M
SPP via scattering to photons (pathway 1), mode overlap and
roughness-induced momentum matching through the electrodes
(pathway 2) and mode overlap at the M-/-M TJ edge (pathway
3). The deposited thickness d of each layer is indicated, where d
varies across the M-/-M TJ surface for each §,.

therefore a local difference of 10 nm in the electrode thick-
ness due to surface roughness will have a large effect on
the absorption of the evanescent field in the electrode.
As we discuss below in detail, in systems with a large
deviation in electrode thickness, this can result in certain
areas with outcoupling efficiencies orders of magnitude
larger than others. Moreover, when the thickness of the
Al film is below A 4j, the metal becomes electromagneti-
cally transparent, significantly reducing any attenuation of
the evanescent field [61]. We note that plasmonic losses
are large for thin metals, but here such “thin-area” defects
are only local and will have only a small effect on the
plasmonic properties of the entire film. Given the sen-
sitivity of the momentum matching to de.y we can then
develop a finite-element-method (FEM) model to analyze
the dependence of M-I-M SPP outcoupling on d.g.

4. FEM modeling of M-1-M TJ

Using 2D FEM in CcOMSOL Multiphysics [51] we
develop a two-step dipole model for analyzing the M-I-M
SPP excitation and outcoupling efficiency in rough Au-
AlO,-Al M-I-M TJs and thus quantify the importance of
defr (see Sec. S3 within the Supplemental Material for more
details [26]). In the first step both Au and Al are assumed
to extend to infinity. A dipole source at the center of the
M-I-M TJ (oscillating normal to the M-I-M TJ inter-
face) excites the M-I-M SPP mode, which subsequently
dissipates within the metal electrodes. The time-averaged
electromagnetic power S = %Re(E x H*) crossing the M-
1-M TJ boundary P is calculated and normalized by the
M-I-M TJ surface area. In the second step we treat the
thickness of the Al electrode as finite, so that the M-I-
M SPP mode outcouples to photons or SPPs from the
M-I-M TJ area. The Al electrode outcoupling power Py
is calculated by integrating the Poynting vector S across
the Al-glass interface and normalizing with the M-1-M TJ
area. The overall plasmon outcoupling efficiency 1 from
the M-I-M TJ is evaluated as twice the ratio (since both
top and bottom interfaces can be coupled to) of energy

converted as SPPs and photons to the total electromagnetic
power generated within the M-/-M TJ (for a symmetrical
system) and reported as a percentage:

P
n:zp—’“ x 100.

oo

(10)

For ease of numerical convergence, we use a roughness
profile represented by a 2D cross section of a statistically
random surface s(x, y):

+n +m

s(x,y) = Z Z R(n, m) cos[2m (nx + my) + ¢ (n,m)],

—n —m (11)

which can be described as a combination of multiple sinu-
soidal profiles with amplitude R(n, m) and random phase
factor ¢ (n,m) [62]. Given this roughness model, we can
now modify the analytical model for the LDOS of a
smooth M-I-M TJ to also analytically model the LDOS
of an M-I-M TJ with surface roughness.

5. SPP excitation in rough M-1-M TJs

The near-field interaction between a dipole source
and roughness features can be approximated in terms of
effective dipole moment u, and is equivalent to a cur-
rent source, induced by the polarizability per unit area
h(r) [53]:

h(r) =" a;8(r —ry), (12)
J

where «; is the polarizability of the roughness feature
at rj. We modify the dipole model (Eq. 1) for the near-
field dipole-roughness interaction by considering rough-
ness features as polarizable ellipsoids with the polariz-
ability axis normal to the M-/-M TIJ] with an average
polarizability per unit area (4?):

12 _ (ce1/3m)(e2 — €1)

() ,
g1+ L(ex — €1)

(13)

where L is the depolarization factor for an oblate spheroid
[63]:

1 +é?
o3

L= (e —tan"'e), (14)

where e = y/a?/c? — 1 is the eccentricity and a = b > ¢
are the semiaxes of the ellipsoid. ¢; and &, correspond
to the dielectric functions of the insulator and metal,
respectively. In terms the o of the roughness features, the
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effective magnitude of p, can be approximately written as
[53]

647 (h?)

elo?

el = , (15)

Modified dipole power dissipation is given by

R:%mm;m. (16)
By calculating P, in Eq. (16) with experimentally derived
roughness parameters (see Sec. 112), we can conduct a
quantitative analysis of the LDOS enhancement from the
roughened electrodes and compare to experimental light-
emission trends to corroborate the model.

B. Experiments

We fabricate M-I-M Tls with different §, to experimen-
tally explore the change in outcoupling efficiency of the
M-I-M SPP mode from light emission in the far field.
Roughness parameters 8, and o for the fabricated M-7-M
TJs used in the light-emission experiments are quantified
with atomic force microscopy (AFM) analysis and used for
the analytical modeling throughout the rest of this study.

1. M-I-M TJ fabrication

The M-I-M TlJs are fabricated on borosilicate cover-
slips as previously reported using thermal evaporation of
the bottom electrode, ambient oxidation of the Al to form
the native oxide, and thermal evaporation of the top elec-
trode with a 1-nm Cr adhesion layer [6]. All devices have
the same top and bottom electrode thickness (70 + 2 nm
and 65 &£ 2 nm, respectively), but we controlled the value
of 8, by controlling the wet-etching time of the Al elec-
trode using tetramethylammonium hydroxide (TMAH; see
Appendix A for details). We note that wet etching has been
used often in the past to “roughen” the electrode and to
enhance light emission from M-7/-M TlJs [3,15,35] with-
out a quantitative characterization of the role of surface
roughness in the enhancement.

2. Experimental determination of surface roughness

We perform AFM imaging with a fast-scan AFM scan-
ner in tapping mode (Bruker, FastScan) over a 1 x 1 um
area on each sample. Figures 3(a)-3(g) show the 2D sur-
face topography for all M-I-M TlJs from AFM imaging,
with §, labeled for each, all scaled to the same height pro-
file (given by the color bar on the right of the images). We
determine the 2D roughness power spectral density (PSD)
for each sample using the analysis software Nanoscope
Analysis v1.8 to obtain the §, directly from the Fourier
amplitude, and the PSD data is fitted with a k-correlation
model [ABC model; Fig. 3(h)] to obtain o [64]:

A/

= (1 + B 2)eth/2’

(17

where IT represents the PSD, A" = (1/2/7){TC[(C + 1)/2]
/T (C/2)}(4 x B) and A4, B, and C are fitting parameters
with f representing the spatial frequency of surface fea-
tures and I' representing the gamma function. Figure 3(h)
shows the raw data along with the fits to Eq. (17) (solid
black lines)—raw data is shifted in the y axis for clarity.
The value of ¢ is extracted from parameter B by o = B/2x
[which is intrinsically related to the height-height correla-
tion function (¢ (x)|¢(x +x)), see Eq. (6)], and is listed
alongside §, in Fig. 3(h). Figure 3(i) shows histograms
of the grain widths for each §, using the data from Figs.
3(a)-3(g) along with the fit to a Gaussian distribution.
From Fig. 3(1) we see that the Gaussian peak positions
increase with increasing §,, implying that average grain
width is increasing with increasing §,. The full width at
half maximum of the Gaussian fits in Fig. 3(i) are used
in Egs. (14) to (16) as the semiaxis a and the §, values
are used to represent the semiaxis ¢ in the polarizability
model to calculate the modified dipole power dissipation
[Eq. (16)]. In total, we study seven different junctions with
8, ranging from 3.4 to 14.3 nm and o from 18.8 to 68.3
nm [Figs. 3(g)-3(i) inset]. From these results, we conclude
that we are able to introduce a roughness varying from the
electromagnetic screening length of the metal to an order
of magnitude smaller than this screening length.

Surface-roughness-induced inhomogeneity results in a
decrease of d.g, which is smaller than the nominal
film thickness, and with reduced electromagnetic atten-
uation—this coupling is especially efficient if the local
roughness feature has a comparable size to the M-I-M
SPP propagation length. Figure 3(j) shows a false-color
cross-section scanning transmission electron microscopy
(STEM) image of an Al-AlO,-Au M-I-M TJ that has a
large variation in electrode thickness due to roughness. In
regions in the M-I-M TJ with local electrode thickness
0 < da; < Ay (broken white circle 1), the mode over-
lap is almost par, whereas in regions where da; > Ap
(dashed white circle 2) the outcoupling efficiency is orders
of magnitude smaller.

3. Optical characterization

The electrical characteristics of the M-I-M TJs are
given in Sec. S4 within the Supplemental Material [26]
from which we conclude that the mechanism of charge
transport is quantum-mechanical tunneling, similar to our
previous works and that of others [1,6,65]. The opti-
cal properties of the M-/-M TJs are measured under an
applied bias Vpi,s of —1.3 to —1.6 V, with an inverted
microscope equipped with an electron multiplying CCD
(EMCCD) and back-focal-plane (BFP) lens, which is
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(a)~(g) AFM images for all Al-AlO,-Cr-Au M-I-M TJs with §, defined, all scaled equally, for 1 x 1-um images. (h) 2D

PSD for the AFM surface topography shown in (a)~(g). Solid lines show the k-correlation fit [Eq. (17)] for 2D Fourier transform of
the surface topography. Plots in PSD are vertically shifted to increase visibility; the inset summarizes the values of §, and o for each
device. (i) Grain width histograms (dots) and Gaussian fit (solid line) for each roughness value. (j) False color STEM image of the

M-I-M TJ with changing Al thickness due to surface roughness.

described in detail in Appendix B and Ref. [1]. All exper-
iments are carried out with a 100x oil immersed lens with
a numerical aperture of 1.49. Individual M-I-M TJs are
biased and the light emanating from the M-I-M TJ is
integrated over a period of time of 120 s. Figures 4(a)
and 4(b) show the real-plane EMCCD images recorded
from junctions with high (8, = 14.3 nm, Vyjps = —1.6 V)
and low (8, = 3.4 nm, Vyias = —1.3 V) §, values; Figs.
4(c) and 4(d) shows the corresponding BFP images (see
Sec. S5 within the Supplemental Material [26] for all
the corresponding EMCCD and BFP images of all M-
1-M TlJs, respectively). Different biases are applied as
the voltage and corresponding current that light emis-
sion occurs at varies from device to device due to the
inhomogeneity introduced from the wet etching, with all
EMCCD image intensities normalized by current in our

analysis (see Sec. IIC). The EMCCD images in Figs.
4(a) and 4(b) have the same intensity to compare M-
I-M TJ light emission and scattering at the end of the
waveguides. The intensities of the BFP images in Figs.
4(c) and 4(d) are chosen such to give the best con-
trast.

The real-plane EMCCD [Figs. 4(a) and 4(b)] images
show that, for M-/-M TJs with low values of §,, light
is emitted mainly from the M-I-M TJ edges (pathway
3) but for high values of §, light originates mainly from
the M-I-M TJ area (pathway 1). This observation indi-
cates that with increasing M-/-M TJ interface roughness,
the efficiency of M-/-M SPP scattering into the radiative
mode increases as the near-field interaction with the inter-
face becomes stronger. For all devices, the scattered SPP
modes are visible at the end of the Au waveguide; this
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(a),(b) Wide-field inverted optical microscopy images for the sample with (a) §; = 3.4 nm and (b) §, = 14.3 nm, measured

at Vpias = —1.3 V and Vyias = —1.6 V, respectively. (¢),(d) Corresponding BFP images, the inner white dashed line in the BFP refers
to the critical angle of the total internal reflection at the air-glass interface (k/ky = 1.0); the outer white dashed line indicates the
maximum angle of the collected light limited by the NA of the objective (k/ky = 1.49).

observation is corroborated by their presence in the BFP
images, with intensity fringes detected between the outer
ring corresponding to the NA of the objective (k/ky =
1.49) and when the normalized momentum is unity (k/
ko = 1). Only scattered photons from the M-I-M TJ can
be detected within k/ky < 1, whereas only scattered SPPs
can be detected when k/ky > 1, which can be seen by the
increase of intensity in the central ring. Figures 4(a) and
4(b) show that the light emission increases from the area
of the M-I-M TJ relative to the edges as a function of
84, implying that the outcoupling efficiency of the M-I-
M SPP mode by pathway 1 increases with increasing §,.
This is further corroborated by the experimental BFP data
[Figs. 4(c) and 4(d)] that shows sharp fringes for the SPP

compared to more diffuse light emission from the photonic
contribution.

C. Discussions

Here we quantitatively investigate the role of sur-
face roughness in outcoupling efficiency by analyzing
the experimental results within the framework of FEM
and the analytical LDOS model discussed in the theory,
Sec. 114-15. The key role played by d.y in enhancing
the outcoupling efficiency of a rough M-/-M TJ is ana-
lyzed using the 2D FEM modeling of the M-I-M TJ
plasmonic response and is given in Figs. 5(a) and 5(b).
Figure 5(a) shows the in-plane electric field distribution
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(a) FEM modeling of M-I-M SPP mode outcoupling via the Al-glass interface for a rough junction. The dipole source is

represented by the orange vertical arrow. The color map shows the simulated in-plane electric field E, of the system. White arrows
represent the electromagnetic power flow. (b) Outcoupling efficiency (calculated from the FEM model) as a function of deg of the
Al electrode (left axis, with dashed red line as a visual guide) and the normalized LDOS [obtained from dipole power dissipation
model—Eq. (16)] of the system for the SPP5j.g1as mode (dark blue, right axis) and radiative mode (light blue, right axis) evaluated at
1.37 V. (c) Normalized LDOS as a function of energy for a smooth (dashed lines) and rough (8, = 3.4 nm; solid lines) air-Au-AlQO,-
Al-glass system for both SPP (Al-glass in green and Au-air in blue) and photon (red) emission. (d) Normalized experimental intensity
as a function of device roughness (red; left axis) and the outcoupling enhancement P,/P from LDOS calculations as a function of
roughness for the radiative and nonradiative modes (blue; right axis).

of the roughness-induced outcoupling of the AM-I-M SPP
mode. In Fig. 5(a), the Au electrode is assumed to be
infinitely thick (represented by the Drude model) [57] so
that outcoupling via the Au-air interface is completely
absent to focus on the outcoupling via the Al-glass inter-
face (since in our light-emission experiments, collection is
performed from glass side only using high NA objective
leakage radiation microscopy). The white arrows in Fig.
5(a) show the electromagnetic power flow from the M-I-
M TIJ through the Al-glass interface. The power flow has
an asymmetry with respect to the location of the dipole due
to the inhomogeneity of the roughness profile close to the
excitation point. Figure 5(b) shows n [from Eq. (10)] as a
function of der of the Al electrode (on the left y axis). The
calculated efficiency can be as high as 15% when d.g =

3 nm, which is 6 orders of magnitude larger than hypothe-
sized for outcoupling from idealized, flat junctions without
roughness [2] and 2 orders of magnitude larger than we
recently estimated using an ad hoc roughness profile [6].
Consequently, the overall electron-to-plasmon conversion
efficiency 7, = 1.5%, which can be obtained from Fig.
5(b) for the specific roughness and effective thickness pro-
file by multiplying n with theoretically predicted M-I-M
SPP excitation efficiency approximately 10% [5], is in
agreement with experimentally measured values [1,14].

In simulating the outcoupling efficiency of the M-I-
M TJ in terms of M-I-M TJ plasmonic response, we
restrict the modeling to 2D to circumvent the numerical
convergence and meshing issues associated with a com-
plex roughness topography. To gain more physical insight
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for the roughness-enhanced outcoupling in M-I-M TlJs,
in terms of LDOS and experimentally obtained roughness
parameters, we use the modified dipole power-dissipation
model [Eq. (16)] with the roughness parameters readily
available from the AFM analysis of M-I-M TJ devices (see
Sec. 112).

Figure 5(b) (right axis) shows the change in normalized
LDOS with deg calculated for the rough case [Eq. (16),
8, = 3.4 nm] and the trend is compared with the outcou-
pling efficiency obtained from the FEM modeling [Fig.
5(b), left axis]. The calculated LDOS of the photonic mode
(light blue) and SPPjglass (dark blue) is shown in Fig.
5(b) (right axis) for comparison. The near-field interac-
tion of the M-I-M SPP with the interface does not result
in equal outcoupling contributions to radiative and non-
radiative modes. The outcoupling to the SPPaj_gjas mode
is approximately 3x larger than to the photonic mode at
der = 3 nm, which is due to the M-I-M SPP to SPP4j_gjass
mode being a near-field to near-field interaction, compared
to the far-field scattering of the M-I-M SPP to photons.
This implies that not only are SPPs more likely to be
excited than photons, but also using optical detection to
measure the intensity underestimates the outcoupling to
SPPs; these M-I-M TlJs are better SPP sources than pho-
ton sources since light emission is less efficient than SPP
excitation.

Figure 5(c) shows the impact of roughness in the nor-
malized LDOS for a smooth M-I-M TJ (P/P,, dashed
lines) and for an M-I-M TJ with §, = 3.4 nm (P, /P,, solid
lines) as a function of energy, which are obtained from
Egs. (2) and (16), respectively. In short, surface rough-
ness increases coupling to SPP modes (Al-glass in green
and Au-air in blue) as well as the radiative mode (red)
by modifying the LDOS, with preferential outcoupling to
the SPPA1glass mode by around twice that of the radiative
mode as discussed above. By using Egs. (2) and (16) we
can calculate the outcoupling enhancement (the ratio of the
normalized LDOS P, /P) between the rough and flat case
for each sample and compare to experimentally measured
light emission.

To meaningfully compare the experimentally measured
emission intensity to theory, we normalize the light emis-
sion from the M-I-M TJ area. The total photon intensity
of the scattered light (k/ky < 1) is measured from the BFP
images for all M-I-M TJs of different roughness values
since the BFP cleanly separates scattered light from leak-
age radiation [66], and then normalized to photon count
per pixel per unit current and plotted [Fig. 5(d), left axis]
against the theoretical calculation P,/P [Fig. 5(d), right
axis].

Figure 5(d) shows two interesting trends: (i) as the
roughness increases, light emission from the MIM-TJ area
increases, and then saturates for 8, > 5 nm, which is
consistent with previous experimental observations [29].
Broadening of the M-/-M SPP mode dispersion due to

the decrease in effective thickness of the electrodes results
in the observed saturation in emission intensity. (ii) We
observe a local maximum in the emission intensity for §, ~
5 nm, which is consistent with the LDOS calculations.
This indicates that there is a preferential enhancement in
the effective dipole amplitude with a local maximum in
the ratio of (h?) to o [Eq. (15)] for a given M-I-M T1J.
If we compare this trend with the outcoupling efficiency
plot in Fig. 5(b) calculated from the FEM model, which
shows a monotonic increase with reduced effective thick-
ness, we conclude that in the FEM model the outcoupling
mechanism is mainly dominated by the near-field interac-
tion between the source dipole and the roughness features.
In the analytical LDOS calculations, however, the effective
dipole amplitude [Eq. (15)] takes not only the roughness
into account, but also the average polarizability per unit
area, which explicitly depends on the grain size distribu-
tion [see Fig. 3(i)] at the electrode surface. This effective
medium approach qualitatively replicates the observed
trend and local maximum in the emission enhancement
with roughness. Therefore, the local maximum can be
attributed to an optimum roughness distribution result-
ing in an effective electrode thickness maximizing the
outcoupling efficiency.

At extremely high roughness values of §, > 12 nm, the
experimental data deviates from the theory (seen from the
increase in the trend of the experimental data but decrease
in the LDOS enhancement). For a highly rough M-I-M
TJ [64 ~ 14.5 nm, Fig. 3(i)], the effective thickness of the
electrodes becomes extremely small compared to the skin
depth of the metal and the electromagnetic properties of
the metal electrode begin to mimic those of an array of
nanoscale grains rather than a continuous film [see Eq.
(9)]. From Eq. (8) for large values of o, the surface grain
dispersion is larger than the propagation length of the M-
I1-M SPP Lys-;-as spp (see Sec. S1 within the Supplemental
Material for details [26]) and there are no significant scat-
terers for the M-I-M SPP to interact with. In contrast,
when o — 0 the entire film behaves as a highly dense
array of scatterers, causing high scattering and thus a high
enhancement of 2 orders of magnitude (see Fig. 6 for the
discussion). This is equivalent to the Purcell effect in plas-
monic cavities due to the presence of a highly dense array
of noninteracting nanoantennas [67]. These two effects
define the limit of the LDOS enhancement calculation
observed as the downtrend in Fig. 5(d) (see Sec. S6 within
the Supplemental Material [26]).

To further understand the interplay between 4, and o,
we analyze the outcoupling enhancement P, /P as a func-
tion of both parameters against the effective mode index
(k/ko) (Fig. 6) at ,; = 900 nm. For both plots, the fol-
lowing features are observed around SPP modes at the air
and glass interfaces (effective index of 1 and 1.52, respec-
tively). In Fig. 6(a), as §, increases for a fixed o = 35 nm,
P./P increases by 2 orders of magnitude, with an upper

044021-10



CAVITY PLASMONICS IN TUNNEL JUNCTIONS...

PHYS. REV. APPLIED 14, 044021 (2020)

Outcoupling enhancement (log, )

1.5
1.0
0.5
0.0

1.0 15 20 25 30 35 40
Kk,

L

M-1-M SPP

Outcoupling enhancement (log, )

o
o

5
05 10

1.5 20 25 3.0 35 40
Kk,

FIG. 6. Heat maps showing the outcoupling enhancement
P./P as a function of (a) §, vs k/ky and (b) o vs k/ko (cal-
culated at A; = 900 nm), where Lys-;-ps spp 18 indicated by the
white dashed line. Note the intensity bar is in logarithmic scale.

bound where the roughened film turns into an array of
nanoscale holes. Figure 6(b) shows P,/P evaluated as a
function of k/kg and o for §, = 4.3 nm and the enhance-
ment of 2 orders of magnitude in P,/P decreases with
increasing o. We indicate Ly;-;-ps spp With a white dashed
line to confirm that, for o > Lys-j-ys spp, there is no sig-
nificant outcoupling enhancement. These calculations not
only elucidate the interplay between §, and o, which
also explain the experimental peak seen in Fig. 5(d), but
uncover competing effects that could be exploited by care-
fully designed metasurfaces. Instead of randomly rough-
ening these systems to gain an average effect, a purposely
designed metasurface could be built around the optimal
combination of §, and o and integrated into M-I-M TIJs
to attain higher efficiency than statistical roughening, and
by designing metasurfaces that can tune o to move from
the continuous film limit to nanoscatterers with different
height and periodicity, could also enable selective mode
excitation.

III. CONCLUSIONS

In this work we develop a mathematical framework to
describe surface roughness in M-I-M TJs and use it to

explore outcoupling efficiencies of the M-I-M SPP mode
to single-interface SPP modes and photons. We formulate
a phenomenological model for the LDOS and mode disper-
sion of a roughened M-I-M TIJ, by exploring the near-field
coupling of the M-I-M SPP to radiative and nonradiative
modes. By FEM modeling of the M-/-M SPP excitation
in the roughened M-I-M TJ, we show that outcoupling
efficiency can be as high as 15% for effective thicknesses
of 3 nm, giving total electron-to-SPP conversion efficien-
cies > 1% (when multiplied with the internal quantum
efficiency of the M-I-M TIJ), which corroborates recent
experimental results demonstrating total device efficien-
cies of 0.1% [1,6]. We demonstrate that two competing
physical parameters 6, and o can also lead to optimal
outcoupling (in this work for §, ~ 5 nm).

This work explores the near-field interaction of the M-
I-M SPP mode with nonradiative and radiative daughter
modes, emphasizing the crucial role that surface roughness
can play in M-I-M TJs. Here we highlight the importance
of the contribution of all outcoupling pathways to interface
SPP excitation—especially from direct scattering to pho-
tons as roughness increases—unlike previous works [2,23]
that only considered excitation from the edge of the M-/-
M TJ (pathway 3). While this study focuses on the M-1-M
SPP outcoupling, the theoretical analysis presented here
could also be further expanded by incorporating the effect
of M-I-M TIJ roughness on theories for inelastic tunnel-
ing of electrons [68] to explore the upper limit of plasmon
excitation efficiency in large area M-I-M TlJs. This work
establishes theoretically the high observed experimental
efficiencies of M-I-M TlJs as electrical SPP sources, and
posits that further optimization potentially can improve
efficiencies.
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APPENDIX A: DEVICE FABRICATION

All devices are fabricated using a similar method to
our previous work [1] on borosilicate coverslips (Paul
Marienfeld GmbH, 22 x 22 mm, 0.16-0.19 mm thick).
Contact pads (100 x 100 wm) are patterned using a laser-
writer (Microtech, LW405B), with bilayer resist with a
total resist thickness of approximately 1.3 pum: LOR
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3A, (prebake at 170°C for 5 min) and S1805 (prebake
at 115°C for 1 min) exposed with a 405-nm beam at
320 mJ/cm?, before electron-beam deposition (AJA) of
the bimetal layer of Ti/Au (3/30 nm) with Ti as the adhe-
sion layer. After liftoff, the bottom electrode is patterned
by electron-beam lithography (JEOL, JBX-6300FS), using
bilayer PMMA A3 495/A5 950 resist (MicroChem, pre-
bake at 180°C for 5/2 min) and exposed with a 5-nA
current. After development in MIBK 1:3 IPA, Al is
deposited by thermal evaporation (Kurt J. Lesker, NANO
36) at 1 nm/s for a final thickness of 45 nm. Finally, the
top electrodes are patterned exposed using electron-beam
lithography again with the same parameters.

After resist development, the samples are immersed into
MF-319 optical developer, with active ingredient TMAH,
which is an Al etchant, to remove AlO, for 20 s and rinsed
with water for 1 min. Etching thins the Al electrodes in
the region under the top electrode, so that the final thick-
ness in the M-I-M TJ area (5 x 5 um?) is da; = 40 nm.
Fresh native AlO; is then grown in ambient conditions for
2 h, before the Au layer with 1 nm of Cr adhesion layer
is deposited using a thermal evaporation again to a thick-
ness 60 nm. Cr here allows better adhesion of the Au to
the AlO, as cleaner liftoff, as well as smooth film forma-
tion as can be seen from the AFM and STEM images [Figs.
3(a)-3(g) and 3(j)]. Due to the high deposition rate of Al,
coupled with the wet etching, significant inhomogeneity
in surface roughness across the sample is evident; this is
used to obtain different M-I-M TJs with different rough-
ness conditions by simply controlling the immersion time
and thus the etching rate of Al in TMAH.

APPENDIX B: OPTICAL SETUP

Optical light-emission measurements are performed
with an inverted microscope system (Nikon Eclipse Ti-E)
using a 100x oil objective (Numerical Aperture, NA =
1.49) collected by both a spectrometer with a Si-based
detector and wavelength range 400—-1100 nm (Andor,
Shamrock 122 303i) and an electron multiplying CCD
(EMCCD, iXon Ultra 897). Both real and BFP images are
taken with the EMCCD, with a BFP lens placed at the
Fourier plane of the optical path to project the BFP onto
the EMCCD.
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