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ABSTRACT: Light can drive charge transfer across metal nanogaps via
quantum tunnelling processes, underpinning diverse molecular optoelectronic

devices. However, such optical quantum tunnelling effects are usually significant AR
at the subnanometer scale, which is not readily accessible. Here, we
demonstrated that the threshold tunnelling gap distance, below which the | | .

. e . | c—> ‘" eeeee /
quantum tunnelling effects become significant, strongly depends on the gap | ; - ~
morphologies and can be significantly extended to >1.3 nm in planar plasmonic ‘& e I I

- i 80@® ' :
gaps. Furthermore, a phenomenological model was developed to illustrate how &b | .
this threshold gap distance correlates with gap morphology. These findings || Tunneliing eeees,
provide new insights into quantum tunnelling effects in plasmonic nanogaps and '8! ehctyon : T1TIT :
point out how to relax the size requirement for accessing quantum tunnelling +sv ‘seeee’
effects in plasmonic nanosystems, significant for quantum plasmonics and AU
relevant applications.
KEYWORDS: quantum tunnelling, charge transfer, quantum plasmonics, plasmonic gaps, nanoparticle-on-mirror
H INTRODUCTION (diameter <10 nm).”*** Although full quantum analysis is

technologically limited to small plasmonic structures, it
predicted extended threshold gap distances for larger plasmon
coupling systems.”* A line of studies examined the practical
plasmonic dimers gaps formed with particle size >30 nm,
resolving a d, typically in the range of ~0.5—0.8 nm.'®*>***
Particularly, a recent study tracked particle size-dependent d,
for individual dimer gaps, finding that it increases with particle
diameter.'® Following analysis based on the quantum-
corrected model (QCM) attributed the extended d, of larger
nanospheres to increased surface curvature,'® which results in
higher effective gap conductance compared to small plasmonic
particle pairs.”®

In the extreme case, spherical particle dimers with infinitely
large particle sizes give rise to planar gap surfaces. The infinite
surface curvature of such planar gap junctions suggests a
significantly extended threshold tunnelling gap distances with
respect to curved gap surfaces. Similar planar gap conﬁg-
urations can be formed with individual nanocube dimers,***°
which have been found to exhibit an enhanced quantum
tunnelling rate and even produce charge transfer plasmon
(CTP),”" a phenomenon conventionally associated with highly
conductive nanogap.’” Verifying the extended d, of these
nanocube dimer gaps seems practicable, but it requires

Charge transfer between metal surfaces underpins diverse
optoelectronic nanodevices and applications, such as single-
molecule switches," ultracompact light sources,”* and
scanning tunnelling microscopies (STM).>° In the classical
regime, these carrier transports can be triggered by external
electric bias or intense optical field (like ultrashort laser pulses)
induced surface photoemission,”~'* with a tunnelling length up
to the 10s nm scale. Through localized surface plasmon
excitations,'”'* quantum effects such as surface electron spill-
out can also induce charge transfer across thin metal gaps."
However, such quantum tunnelling effects usually become
significant at the subnanometer scale, not readily accessible
through established fabrication approaches.''” To harness
such nonclassical effects for potential quantum applications, it
is required to extend the observable quantum tunnelling
regime to a larger size scale,'® but it remains unknown to what
extent this boundary can be pushed.

Light-driven quantum tunnelling effects in plasmonic gaps
were mainly probed through associated plasmonic responses
and intensively addressed in individual nanoparticle dimer
structures, the simplest plasmon coupling system.' 11973 I
such nanoparticle pairs, the dominant plasmonic response
originates from bonding dipolar plasmon (BDP) coupling
between the two particle plasmons and is significantly modified
by quantum tunnelling effects. Early studies based on the full
quantum mechanical model revealed a nonmonotonic spectral
shifting of the BDP resonance with decreasing dimer gap
distances. This defines a threshold gap distance (termed d,
hereafter) at which quantum tunnelling effects come into play,
typically ~0.4 nm for small nanosphere dimer systems
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Figure 1. Schematic illustration of the quantum tunnelling channel in plasmonic gaps with controlled geometry morphologies. (a, ¢, e) The
geometry transition from a nanosphere-on-mirror (NSoM) construct (a), then a moderately truncated nanocube-on-mirror (tNCoM)
configuration (c), to a NCoM with small corner curvatures (e). A geometry parameter (/) defined by the size ratio between the planar gap area (S,
the red domain) and the nanoparticle cross section (S, the white area), is used to characterize the morphology of plasmonic gaps formed in these
nanoparticle-on-mirror (NPoM) nanoconstructs. (b, d, f) Normalized conductivity (6) profiles at the gap center (z = d/2) calculated based on the
quantum-corrected model (QCM), indicating the maximum width of the quantum tunnelling channel that electrons can transfer through. In
calculations, all the lateral sizes (diameter or side length) of the nanoparticles are SO nm and all the gap sizes (d) are 1 nm. The curvature (r) of the
round corners of the tNCoM and NCoM constructs are 18 and 6 nm, respectively.
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Figure 2. Quantum tunnelling effect modified scattering plasmon responses of individual NCoM and NSoM constructs. (a) Schematic of individual
gold nanocubes (left) and nanospheres (right) respectively approaching a gold mirror. (b, ¢) Gap distance-dependent scattering spectra of
individual NCoM (b) and NSoM (c) constructs, calculated based on both the classical electromagnetism model (CEM) and quantum-corrected
model (QCM). Dashed lines (red) indicate the spectral shifting of the dominant coupling plasmon resonances.

nanometer-scale control of the gap distances and high- tracked the gap distance-dependent plasmon resonances of
precision alignment of the nanocube facets, which are individual NCoMs and revealed a significantly extended
33738 tunnelling gap distance up to >1.3 nm. This largely relaxes
the size requirement for accessing quantum effects in
plasmonic gaps, conventionally limited to the subnanometer

technically demanding.

In this paper, instead of using nanocube dimer structures, we
employed planar gaps formed in the gold nanocube-on-mirror
(NCoM) construct to resolve the maximum tunnelling gap
distance, the threshold below which quantum tunnelling effects
become significant. Such NCoMs exhibit similar plasmonic

scale.

B RESULTS AND DISCUSSION

responses to individual nanocube dimers, yet they constitute a To illustrate how the gap morphology affects quantum
preferred plasmon coupling configuration that benefits from tunnelling (QT) effects in individual plasmonic gaps, we
their ease of fabrication.”* ™ Supported by quantum-corrected began by inspecting nanoparticle-on-mirror (NPoM) con-
electromagnetic simulations and scattering spectroscopy, we structs with controlled gap morphologies (see the insets of
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Figure 3. Correlation of the threshold tunnelling gap distance with gap morphology. (a) Morphology (f3)-dependent threshold tunnelling gap
distance (d,, orange), gap conductance (G, gray) and filling factor (I', red), calculated for the structures as indicated. (b) The lateral distribution of
normalized |E,| at the gap center (z = d/2) of structures shown in (a). (c¢) Comparison between the line-cut of |E,| (extracted from (b)),
conductivity profile (extracted from Figure 1), and the product between them, i.e., 6lE], all normalized to their maximum value. The geometry
parameters in these calculations are the same as those shown in Figure 1, except for the gap distances controlled in (a).

Figure 1a, ¢, and e). In this NPoM architecture, continuously
reducing the curvatures (r) of the round corners of single
nanocubes results in the structural evolution from a nano-
sphere-on-mirror (NSoM) configuration to a typical nano-
cube-on-mirror (NCoM) construct. As depicted in Figure 1a, c
and e, the size ratio () between the area of the planar gap
facet (S,) and the whole nanoparticle cross section (S), i.e.,, f =
Sy/s is used to characterize the morphology of different
nanoparticle-mirror gaps. Optically exciting these nanoparticle-
on-mirror (NPoM) structures can induce near-field coupling
between the particle plasmons and their images in the mirror,”’
producing strong light confinement in the gap region and
enabling quantum tunnelling events when the gap distance is
sufficiently small.

Quantum tunnelling across the plasmonic gaps results in
conductive coupling between the facing gap interfaces. This
conductive coupling modifies the gap-associated plasmon
responses, which can be described using the so-called
quantum-corrected model (QCM).**~*' The QCM theory
views the gap region as bridged by a fictitious conductive
material, with the conductivity determined by the separation
distances of facing gap surfaces (J, see Figure 1b) as well as the
frequency (@) of light driving the quantum tunnelling process
(for more details, see Supporting Information). Based on this
treatment, we calculated the conductivity profiles of the
different NPoM nanogaps. As displayed in Figure 1b, d, and f,
the plasmonic gaps with different morphologies exhibit
dramatically different conductivity profiles. For plasmonic
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gaps with the same gap distance d (the minimal separation
distance between the facing gap interfaces), the one with a
larger morphology parameter f8 exhibits a broader conductivity
line width, thereby providing a wider quantum tunnelling
channel for more surface charges to transfer through. This also
suggests that the onset of quantum tunnelling effects could be
spotted at a larger gap distance in planar gaps than in curved
ones.

Significant quantum tunnelling effect in gapped metal
structures reduces surface charges and weakens gap-mediated
plasmon coupling interactions. This modifies the structural
plasmon responses, allowing quantum tunnelling events to be
probed. To confirm and resolve the extended threshold
tunnelling gap distance d, for planar plasmonic gaps, we
simulated the scattering plasmon responses of individual
NCoM structures with decreasing gap distances and compared
them with the NSoM construct (depicted in Figure 2a). As
shown in Figure 2b,c, when the gap distances are relatively
large (d > 2 nm), the scattering responses of both the NCoM
and NSoM constructs are dominated by a strong antenna
plasmon resonance. This radiative antenna mode originates
from the vertical bonding between the particle dipolar plasmon
and its image induced in the mirror, and red-shifts when the
gap distances are further reduced (see the Mode analysis in
Supporting Information). For the NSoM gaps, several previous
studies resolved a blue-shifting of the antenna resonance when
the gaps are further reduced to below 1 nm, in line with our
observation shown in Figure 2c. Such blue-shifting resonances
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Figure 4. Measurement of the scattering plasmon responses of individual NCoM structures with controlled gap distances. (a) Schematic illustration
of the dark-field microscope setup (upper) and the content of NCoM gaps. The gap distance (d) of individual NCoM structures is determined by
the thickness of the CTAB layer coated on nanocubes (t) and a monolayer of alkanethiol molecules self-assembled on a gold film (£), i.e., d = t + t.
Cn specifies individual alkanethiol molecules containing n carbon atoms. (b) The typical scattering spectra of individual NCoMs with different gap
distances. (c) Corrective dark-field (DF) images (left) and scanning electron micrographs (SEM, right) of the NCoM structures in (b). The scale

bar in each SEM image is 50 nm.

can be attributed to the intensifying quantum tunnelling across
the subnanometer gap, which is also evidenced by the
significant deviation of the QCM simulation results from the
classical electromagnetism model (CEM). The nonmonotonic
resonance shifting as well as the divergence between the QCM
and CEM simulations resolves a threshold gap distance d; ~ 1
nm, which marks the onset of quantum tunnelling effects. It
should be noted that this threshold value is slightly larger than
the dy reported for individual spherical nanodimer gaps
(typically ~0.5—0.8 nm).'®'®** We attributed this to the
asymmetric gap geometry of individual NSoM constructs, in
which the underlying planar mirror can be seen as a plasmonic
particle with infinite large diameter (or curvature),*” thus
increasing the gap conductivity and widening the quantum
tunnelling channel.

Similar plasmon evolution characters have been observed for
the NCoM constructs with varying gap distances (see Figure
2b). However, their scattering responses calculated with the
QCM approach start to deviate from the CEM simulations at a
significantly larger gap distance (dy &~ 1.75 nm) with respect to
the NSoM geometry. Such a large tunnelling distance has
never been resolved in plasmonic nanostructures with curved
gap surfaces, but it is possible for planar nanogaps. To illustrate
how gap morphology affects the threshold tunnelling distance
dy, we extracted the d; of NPoM constructs with different
morphology parameters (). As shown in Figure 3a, the
threshold tunnelling distance d, increases monotonically with
increasing f, basically following the evolution of $-dependent
gap conductance. Nevertheless, the d; vs. § seems to evolve to
an upper limit capped by the NCoM construct, yet alongside
an ever-increasing gap conductance. This trend consists with
previous theoretical studies involving planar dimer gaps,*' and
is further confirmed by experimental observations for the
NCoM constructs (as will be seen later), suggesting that the

1813

extended d, for larger B cannot be attributed solely to
increased gap conductance.

The quantum tunnelling process across the NPoM gaps is
driven by the plasmonic fields localized in the center region
(see Figure 3b). This hot spot domain is regulated by the
lateral distribution of gap conductivity, creating the effective
quantum tunnelling channel across a gap. For the NSoM
configuration, the gap conductivity profile is found to be much
narrower than the associated plasmonic field profile (upper
panel in Figure 3c), suggesting that only a small fraction of the
plasmon-induced surface charges can tunnel across the gap.
This marginally modifies the structural plasmon responses and
explains why quantum tunnelling effects are only observable in
subnanometer-sized plasmonic gaps. In contrast, the lateral
distribution of the NCoM gap conductance is much broader
than the associated plasmonic field profile (see middle and
bottom panels in Figure 3c), making it possible to deplete all
the surface charges via a quantum tunnelling process. Based on
this phenomenological treatment, we define a filling factor I' to
evaluate the effect of quantum tunnelling process on the
structural plasmon responses; it writes as

[S 61E_Ids
JIEJds )

where S denotes the planar integration domain across the gap
center (z -cut plane), & is the normalized gap conductivity and
E, the dominant plasmonic field component inside the gap.
The product 6lE,| determines the tunnelling domain and
measures the width of the effective quantum tunnelling
channel across a gap. The I' of NPoM constructs with
different morphology parameters (ff) are calculated and
displayed in Figure 3a. The I first rapidly increases with
increasing f, then slowly evolves and finally saturates at large f3,
following precisely the evolution trend of d; vs. 8. In particular,
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Figure 5. (a) Statistics of spectral wavelengths of the dominant NCoM resonances. The measurement for each gap distance was performed over
hundreds of individual NCoM entities. (b) Particle-size dependent threshold tunnelling gap distance (d,, orange bar), gap conductance (G, gray
bar) and filling factor (I, red line) for NCoM constructs. The round corner curvatures of the nanocubes are set as S nm in the simulations.

the NSoM (f = 0) configuration exhibits a much smaller filling
factor ('~0.23) than the NCoM gaps with # > 0.5 (showing I"
> 0.9), suggesting the NSoM plasmon resonances are much
less affected by the tunnelling events than the NCoM
constructs. This also explains why the threshold gap distance
for quantum tunnelling effects in NCoM constructs is
significantly larger than the NSoM configuration.

To experimentally verify the extended threshold tunnelling
gap distance in planar plasmonic gaps, we fabricated gold
NCoM structures with controllable gap distances (as depicted
in Figure 4a). Individual nanocubes are spaced from the
underlying gold mirror by a self-assembled monolayer (SAM)
of alkanethiol molecules, plus a CTAB (Cetyltrimethylammo-
nium Bromide) bilayer coated on the nanoparticle (as
surfactant, with reduced thickness ~0.25 nm, see Supporting
Information).””~* Controllable gap distances are achieved by
employing alkanethiol linkers with varying chain lengths, which
depend on the number (1) of constituent carbon atoms. Here
we chose the molecular linkers with n = 0, 7, 10, 14 and 18,
which together with the CTAB coating layer, give rise to a set
of gap distances of ~0.3, 1.1, 1.3, 1.5, and 2.3 nm, respectively
(for more details, see Supporting Information).

Figure 4b shows the typical scattering spectra of individual
NCoMs (cube size L = SO + S nm) with different spacer
thicknesses, captured using a dark-field objective with high
collection efficiency (NA = 0.8). These scattering spectra well
reproduce the spectral characters displayed in Figure 2b, with
the main plasmon resonances initially red-shifting with
decreasing gap distances and then blue-shifting when the gap
is narrowed to below a critical distance at approximately 1.3
nm (corresponding to the layer thickness of C;, + CTAB).
This threshold gap distance is slightly smaller than the
simulated threshold tunnelling distance resolved for the
NCoM gaps shown in Figure 2b. However, the molecular
gap content in the experimental condition is expected to lower
the tunnelling barrier," ™" and give rise to a larger threshold
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gap distance compared to air gaps. This discrepancy could be
attributed to underestimation of the molecular gap distances,
to which the minimum evaluation value is assigned for each
kind of molecular gap (as detailed in the Supporting
Information). It should be noted that the split resonances
observed for gaps of C,, C,y and C,, (Figure 4b) arise from the
plasmon hybridization between the antenna plasmon mode
and the waveguide-like cavity mode emergent at small gap
distances.>*” Nevertheless, the waveguide-like plasmon mode
is essentially subradiative, a so-called dark mode. It gains
radiation strength through mode hybridization with the
antenna mode, so the total scattering responses of individual
NCoMs are featured by the radiative antenna mode character,
as evidenced by the doughnut-shaped scattering pattern
observed in the dark-field (DF) images of individual NCoMs
(Figure 4c).””" Intensifying quantum tunnelling reduces also
the charge densities associated with these subradiative
waveguide modes, not only blue-shifting their resonance
wavelengths but also weakening their strengths. As seen in
Figure 4b, the waveguide resonances completely vanished for d
< 1 nm, leaving the antenna mode resonance dominant.
Similar measurements as in Figure 4 were repeatedly
performed over hundreds of NCoMs with varying gap
distances, from which a statistic of the resonance wavelengths
was extracted and shown in Figure Sa. Due to the
inhomogeneity in nanocube sizes (see Supporting Informa-
tion), the NCoM resonances for each gap distance exhibit
significant fluctuations in their spectral positions. Despite this,
tracking the average spectral positions of these dominant
plasmon resonances still resolves a nonmonotonically shifting
trend with decreasing spacer thickness. A crossover can be
clearly identified for the Cy-associated gap distance, which
corresponds to a threshold tunnelling gap distance of ~1.3 nm
(plus the CTAB coating), in line with the QCM simulations
shown in Figure 2b. Such excellent agreement is astounding,
given the large spectral fluctuations of the resonance
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wavelengths; it appears that the threshold gap distance of QT
effects is invariant to the nanocube sizes. To further confirm
this, we simulated the particle size-dependence of the threshold
tunnelling gap distance for individual NCoM structures. As
shown in Figure Sb, the threshold gap distance d, for each
particle size indeed remains constant (~1.75 nm) with
extending surfaces (L). To shed more light on this, we
evaluated the filling factors (I') of these NCoM constructs
according to eq 1. It turns out that all the I are nearly identical
and approximate to the maximum value, i.e, I" ~ 1. Further
extending the lateral gap width continuously increases the
conductance of NCoM gaps but does not lift the influence of
QT effects on the plasmon responses. Together with the d; vs.
L shown in Figure Sb, it can be concluded that an ultimate
limit of the threshold tunnelling gap distance exists for these
plasmonic nanogaps. Such extreme plasmonic gaps feature a
planar metal—insulator—metal (MIM) configuration, as
formed in the NCoM constructs, nanocube dimers and
between nanoparticles having relatively large facets.”"

It should be noted that, in the above discussions, verifying
the extended threshold tunnelling gap distance of plasmonic
junctions is performed by tracking the plasmonic responses.
The exact value of this threshold depends on the sensitivity of
the plasmon resonance to quantum tunnelling events. Beyond
this threshold gap distance, the quantum tunnelling process is
too weak to be probed via plasmon responses. Besides, we
would like to emphasis again that the electron tunneling
discussed in this study is limited to the quantum effect driven
process, which is much different from other classical and
nonlinear tunnelling effects, for example, conductive bridging
guided charge transfer,”** intense electric or optical field-
induced surface photoemission. Particularly, the photoemission
process ejects electrons into the gap, which can tunnel through
a gap spanning up to 10s nanometers, depending on the
electric or optical bias amplitude applied.7_12 In contrast, the
quantum tunnelling originates from the quantum mechanical
effect, like the surface electron spilling-out, is not so sensitive
to the strength of external excitations.”’ This quantum
tunnelling is significant at the atomic length scale and usually
observable in between nearly touching metal surfaces.** In this
regard, extending this quantum tunnelling regime to a larger
length scale has significant implications for quantum nano-
optics and relevant applications. Following the QCM treat-
ment (as described in the Supporting Information), this
quantum tunneling distance may be further extended by trying
other kinds of molecular gap content, but detailed discussion
on this topic is beyond the scope of this study.

B CONCLUSIONS

In summary, we’ve examined the quantum tunnelling effects in
plasmonic gaps with different morphologies, and revealed a
significantly extended threshold tunnelling gap distance (d,)
below which quantum tunnelling effects become significant. A
phenomenological model was developed to illustrate how this
threshold gap distance is correlated with the gap morphology,
successfully explaining why a subnanometer threshold
tunnelling gap distance was found for curved plasmonic gaps
and why planar nanogaps exhibit the maximum d, among
various geometry configurations. Both numerical simulation
and experimental measurement over the nanocube-on-mirror
constructs validated the model and revealed the ultimate limit
of the threshold tunnelling gap distance, which is greater than
1.3 nm. Such a significant extension of the threshold tunnelling
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gap distances relaxes the size requirement for accessing
quantum tunnelling effects in plasmonic nanostructures,
thereby facilitating the fabrication of quantum plasmonic
systems, relevant to quantum nanophotonics and associated
applications.”**’

B METHODS

Sample Preparation

CTAB (Cetyltrimethylammonium Bromide) capped gold nanocube
colloids were purchased from Nanoseedz, Inc. The side length of
individual nanocubes is ~50 nm, and the CTAB coating is ~1 nm in
thickness. These colloidal nanoparticles are then sparsely dispersed on
a template-stripped gold film that possesses an atomic-scale surface
smoothness. Before the particle deposition, alkanethiol molecules with
different chain lengths are self-assembled on the film following the
protocol in ref 58.

Single-Nanoparticle Scattering Spectroscopy

The scattering plasmon resonances of individual nanocubes are
characterized using a reflective-type dark-field microscope (BX 51,
Olympus) equipped with a spectrometer. A dark-field objective with
NA = 0.8 was used to focus a hollow white light beam on the sample
and simultaneously collect the scattered light from individual
nanoparticles. The scattered light was then delivered through a tube
lens to a CCD camera (Retiga R6, Teledyne Photometrics) for
imaging or the spectrometer (QE Pro, Ocean Optics) for spectral
analysis.

Numerical Simulations

A commercial finite element solver (COMSOL Multiphysics) was
used to simulate the electromagnetic response of individual
nanoparticle-on-mirror structures. A quantum-corrected model
incorporating the quantum tunnelling effects in plasmonic nanogaps
was embedded into the classical electromagnetic framework to
simulate quantum-modified plasmonic responses of differently shaped
NPoM nanostructures (for more details, see Supporting Information).

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.5c02595.

Details on the sample characterization, implementation
of the quantum-corrected model, and the approach to
evaluate the gap distances of nanocube-on-mirror
constructs with different molecular linkers (PDF)
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