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ABSTRACT: The gap length between plasmonic nanoparticles deter-
mines the strength of the optical coupling that results in electromagnetic
field enhancement for spectroscopic and other applications. Although gap
plasmon resonances have been the focus of increasing research interest,
experimental observations have primarily been limited to the coupling of
spherical nanoparticles that may not provide clear spectral contrast of the
optical response as the interaction evolves from capacitive to charge
transfer with the gap size decreasing to sub-nanometer. Here, by taking
advantage of the sharp plasmon resonances of colloidal gold nanorods
coupled to gold film, we present the spectral evolution of gap plasmon
resonance as the particle−film spacing varies from over 30 nm to the
touching limit. We find that the capacitive gap plasmon resonance of the coupled system red-shifts and narrows continuously until it
vanishes at the quantum tunneling limit, in contrast to the nonlocal and Landau damping effects that are expected to result in relative
blue-shifting and spectral broadening. When the spacer thickness is further decreased, high order cavity modes appear, and
eventually single peak broad resonances that are characteristic of tunneling and direct contact particle−film interaction emerge. The
experimental observations show that nanorods are better suited for creating cavity plasmon resonances with high quality factor, and
the spectral contrast at the transition provides clarity to develop improved theoretical modeling of optical coupling at sub-nanometer
gap lengths.
KEYWORDS: particle on metal film, plasmon coupling, cavity modes, charge transfer, tunneling, gold nanorods, atomic layer deposition

A surface plasmon field enhancement that is large enough
for single molecule detection can be obtained when two

or more resonant plasmonic metal nanoparticles are coupled
through dipole−dipole and higher order mode interactions.1,2

According to classical electromagnetic (CEM) theory, the
plasmon resonance energy of the coupled system continuously
shifts to the red, and the field enhancement in the gap between
the particles increases exponentially as the gap length decreases
to sub-nanometer scale.3 However, recent theoretical4−6 and
experimental7−10 advances indicate that CEM theory over-
estimates the energy shift and the field enhancement as the gap
size decreases to a nanometer and sub-nanometer regimes.11

Electron tunneling,4 nonlocal effect,12 and Landau damping13

have been proposed as possible mechanisms that contribute to
the deviation from the CEM simulation that uses the dielectric
function of the bulk metal as an input. Various experimental
approaches have been implemented to achieve sub-nanometer
gap lengths. Savage et al. used electrostatic force and
piezoelectric actuation stages to bring the tip-to-tip gap
between two ball-type Au-coated atomic force microscope
tips within the tunneling regime.7 Scholl et al. used the
electron beam of a transmission electron microscope to
manipulate the gap length in dimers of silver nanospheres,
while monitoring the plasmonic optical response using electron
energy-loss spectroscopy.9 The classic experimental results of

Savage et al.7 and Scholl et al.9 appear to indicate smooth
transition of the plasmonic response when the gap length
between the spherical nanoparticles varies from a nanometer to
a tunneling and touching limit.
Placing plasmonic metal nanoparticles on metal film has

been used as a more convenient approach for investigating
plasmon coupling with accurate control of the gap size.8,14 In
this particle-on-film configuration, the dipole−image dipole
interaction as a function of particle−film separation mimics the
dipole−dipole interaction between two nanoparticles.15 For
particle−film coupling, the gap distance can be controlled
conveniently by depositing a spacer layer on the film prior to
placing the nanoparticle using different materials including self-
assembled thiol molecules,8,16 graphene,17,18 DNA origami,19

and atomic layer deposition (ALD) of aluminum oxide.20,21

Particle-on-film plasmonic systems have been used for studying
molecular conductance,22,23 single molecule detection,24−26
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and electron nonlocal screening effects8 as well as for other
interesting studies of optical properties and applications.27−35

In this work, a nanoparticle-on-film configuration is
implemented by coupling colloidal gold nanorods (AuNRs)
to gold film (AuF). The choice of AuNRs, as opposed to
nanospheres that have been used as the classic model system in
the investigation of nonlocal effect8 and quantum tunneling,7,9

is critical for revealing the nature of the coupling interaction at
sub-nanometer separation distances. First, the inherently much
narrower resonances of AuNRs than those of gold spheres36

are desirable to probe the plasmonic responses of the coupled
system with higher sensitivity, particularly at the tunneling
limit. Second, for AuNRs coupled to AuF, the plasmon
resonance peak energy shifts from red to near-infrared with
decreasing gap and then jumps to the charge transfer plasmon
resonance that peaks at ∼1.8 eV at the touching limit.37 This
spectral contrast is critical in understanding the transition of
the coupling interaction from capacitive to charge transfer as
the gap length decreases to the touching limit. In addition, as it
will be shown, the excitation of cavity resonances of gold
nanorods on metal film is more efficient for the in-plane
polarized excitation field than for the out-of-plane polarization
that is required for inducing dipole−image dipole interaction
that couples the excitation of spherical particles to metal film.
By taking advantage of the desirable optical properties of

AuNRs coupled to AuF, we show the evolution of gap plasmon
resonances as the gap length varies from over 30 nm to the
touching limit, providing a complete picture for understanding
the coupling properties. We observe that, with the gap size
decreasing to the tunneling limit, the peak energy shifts to the
red continuously, shifting from 1.87 ± 0.06 eV at 33 nm to
1.32 ± 0.03 eV at the tunneling limit. The resonance energy
shift is accompanied by significant narrowing of the spectral
linewidth, decreasing from 151 ± 27 to 49.0 ± 0.6 meV.
Interestingly, the spectral red-shifting and narrowing appear to
be accelerated as the gap length approaches the quantum
tunneling limit, which is in contrast to quantum mechanical
tunneling and Landau damping effects. When the gap size is
further decreased by reducing the oxide thickness, high order
cavity modes start to appear, gradually converging to a single
peak resonance that is characteristic of tunneling and direct
contact interaction between the gold nanorod and the gold
film.37

The AuNR−AuF coupling geometry is shown by the
schematic in Figure 1a. The procedure for creating the
aluminum oxide film using ALD as well as the optical
measurement is provided in the Supporting Information. The
oxide film is deposited on e-beam evaporated Au film (∼50 nm
gold/2 nm Ti/silicon) by pulsing trimethylaluminum and
water vapors alternately in N2 carrier gas using the Picosun
ALD system at 150 and 200 sccm flow rates, respectively. The
optimal growth temperature (100 °C) is determined based on
morphological and optical analyses of the film using atomic
force microscopy and variable angle spectroscopic ellipsometry
(VASE), and the oxide thickness d is varied by changing the
ALD cycle numbers. A representative cross-sectional trans-
mission electron microscope (TEM) image in Figure 1b shows
the thickness of the oxide layer on the AuF for 55 ALD cycles.
The thickness determined using VASE is in good agreement
with the corresponding value obtained using TEM as shown in
Figure 1c. Hence, for a broad range of ALD cycles, the
thickness is determined using VASE. Based on the slope of a
linear equation fitted to the data, the growth rate is estimated

as 1.2 Å per cycle for 20−280 cycles, and 1.63 Å per cycle for
10−20 cycles. These growth rates are in good agreement with
reported growth rates on silver (0.98 Å per cycle for 30−425
cycles and 1.65 Å per cycle for 0−20 cycles).38 However, for
ALD cycles smaller than 10, the oxide growth rate on gold film
appears slower, although it is difficult to determine the
thicknesses reliably using ellipsometry. The slower rate for
fewer than 10 cycles may indicate inhibition of growth during
the initial few cycles, and may result in nonuniform oxide film
thickness. For ten cycles, the oxide spacer thickness can be
estimated as ∼0.6 nm, and in order to achieve continuous
variation of smaller gap sizes, the ALD growth cycles have been
decreased one-by-one starting at five cycles.
The optical properties of the AuNR−AuF plasmonic system

are studied by measuring the dark-field scattering spectra of
individual AuNRs (see Figure S1) at different aluminum oxide
spacer thickness d, ranging from 33 nm to direct contact limit.
The sample is excited by focusing unpolarized white light using
a dark-field objective with numerical aperture of 0.9. The high
focusing angle results in excitation field projections parallel and
perpendicular to the sample plane, possibly resulting in the

Figure 1. (a) Schematic showing the coupling of a gold nanorod
(AuNR) to gold film (AuF) through aluminum oxide dielectric spacer
layer of thickness d that is controlled using atomic layer deposition
(ALD). (b) Representative TEM image showing the oxide thickness
formed using 55 ALD cycles. The scale bar is 5 nm. (c) Oxide
thickness as a function of the number of ALD growth cycles. The
error bars indicate the fitting error in determining the thicknesses
using the VASE procedure, and the linear trend is indicative of the
fabrication reproducibility. The deviation of the thicknesses from
fabrication to fabrication is within the fitting error bars.
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excitation of both the longitudinal and transverse modes of the
AuNR as illustrated in Figure S2. There are two mechanisms
that should be considered to understand the AuNR−AuF
optical coupling: dipole−image dipole interaction and cavity
mode excitation. For the AuNR dipole that is parallel to the
film, the dipole and the image dipoles cancel out due to their
antiparallel orientation.32 However, the excitation field
oriented along the long axis of the AuNR excites the cavity
mode effectively39,40 as demonstrated in the finite-difference
time-domain (FDTD) simulation results (Figures S2 and S3),
presumably because of high reflection coefficients of surface
plasmon polaritons at the ends of the gold nanorod.39,40 The
cavity mode can hybridize with the fundamental longitudinal
mode of the AuNR,41 resulting in the intense field localization
in the gap region as shown in Figure S3.
The evolution of the cavity resonance as a function of

dielectric spacer thickness is studied by recording 25−50
spectra that represent different AuNRs for each spacer

thickness. The intensity map in Figure 2a represents 534
spectra, and it shows the variation of the plasmon resonance as
d decreases from 33 nm to zero. For d = 33 nm to five ALD
cycles (5C), the scattering spectra is dominated by single peaks
that have Lorentzian shapes, and the average peak position
shifts to red due to the increasing strength of capacitive
coupling with decreasing gap size. Starting at 4C, the scattering
spectra start to change drastically as shown in Figure 2a. First,
broad resonances with very weak scattering intensity start to
appear, and upon decreasing the gap length further by reducing
the cycle numbers, multipeak resonances becomes apparent.
The normalized representative single particle spectra in Figure
2b show the spectral evolution with decreasing aluminum
oxide layer thickness up to 4C. The results of the electro-
magnetic simulation carried out using FDTD reproduces the
overall trend of the observation qualitatively for d ≥ 1 nm as
shown in Figure 2c,d. Next, we discuss the evolution of the

Figure 2. Optical responses of AuNRs coupled to AuF through the aluminum oxide spacer of different thicknesses (d). (a) Intensity map
representing 534 spectra of individual AuNRs for d = 33 nm to d = 0 (no ALD layer) as labeled on the right side on the plot. The labels 1C−5C on
the plot indicate the number of ALD cycles. (b) Single particle dark-field scattering spectra that represent the average characteristics for the
different thicknesses of the spacer layer. (c, d) Scattering cross-section calculated using the finite difference time domain method of electromagnetic
simulation.
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cavity resonances based on the average values of peak energy
and linewidth.

■ SPECTRAL RED-SHIFTING AND NARROWING
UNTIL VANISHING

In Figure 2b, single particle spectra that are representative of
the average spectral characteristics at different spacer layer
thicknesses are presented. The plasmon resonance peak
energies and linewidths extracted from the scattering spectra
by fitting the Lorentzian function to the data are plotted in
Figure 3a. With d decreasing from 33 nm to the thickness
obtained at 4C, the average peak energy shifts from 1.87 ±
0.06 to 1.32 ± 0.03 eV, and the linewidth decreases from 151
± 27 to 49.0 ± 0.6 meV as shown in Figure 3a. In Figure 3b,c,
the average resonance energy and linewidth are plotted as a
function of d (the same data are plotted in Figure S8 in log
scale). Clearly, as can be seen in Figures 2a,b and 3c, the
resonance energy continuously shifts to the red until the sharp
gap plasmon resonances vanish apparently at the tunneling
limit.
The experimental and calculated peak energies are compared

in Figure 3c. At large gap length, the calculated peak energy is
larger than the experimental values, which may partly be
attributed to molecular adsorbates that are not accounted for
in the calculation. In addition, the facet width used in our
calculation (12.5 nm) may be smaller than the actual
dimension, and the resonance energy is expected to decrease
with increasing facet width.34,41 As the spacer thickness
decreases, the calculated peak energy decreases rapidly,
crossing the experimental trend line at d ∼7 nm and diverging
to the infrared region. Overall, the average peak energy
determined from our experiment shifts at a slower rate than the
classical prediction. However, it is interesting to note that the
spectral red-shifting and linewidth narrowing continues as the
ALD oxide growth cycles are decreased to 4C which is
expected to yield a spacer thickness smaller than 0.5 nm. This
observation is in contrast to the relative blue-shift expected due
to electron nonlocal screening and Landau damping effects
that reduce the capacitive coupling strength.4,5,7−9,11 By fitting
a biexponential function (E = E0 − a1e

−d/d1 − a2e
−d/d2, where E

and E0 are the resonance energies at gap length d and infinite
particle−film separation, respectively, and d1 and d2 are decay
lengths) to the experimental data points in Figure 3c, the
resonance decay rates can be estimated as 1/d1 = 8.2 nm−1 and
1/d2 = 0.2 nm−1. Similar fitting to the calculated values yields
0.7 and 0.2 nm−1 decay rates. While the experimental decay
rates depend on determining the d values accurately, it is clear
that the red-shifting and spectral narrowing appear to be
accelerated rather than slowing as the gap length approaches
the quantum tunneling limit.
The accelerated red-shifting is accompanied by linewidth

narrowing as can be seen comparing the trends in Figure 3b,c.
Narrowing of plasmon resonances of a nanoparticle coupled to
a metal film is expected based on the principles of classical
electromagnetics due to hybridization of dipolar and
quadrupolar plasmon modes.42 Here, the surprising observa-
tion is that the narrowing effect continues as the particle−film
separation shrinks to the quantum tunneling limit. The spectral
narrowing observed for the AuNR−AuF plasmonic systems is
in contrast to the broadening expected in dimers of small
nanoparticles due to enhanced rate of surface collision induced
plasmon damping that increases with decreasing gap size.13

The nonlocal effect and surface collision plasmon damping

reduce the maximum field enhancement that can be attained in
the sub-nanometer gap.12,13 However, the reduction of the
optical field enhancement in sub-nanometer gaps due to
surface collision becomes less drastic with increasing size of the
nanoparticles.13 It appears that, for AuNRs coupled to AuF, the
surface collision plasmon damping is less significant than
expected in dimers of nanoparticles possibly because of the

Figure 3. Plasmon resonance energy and linewidth extracted from
single particle spectra by fitting the Lorentzian function to the
experimental data. (a) Linewidth plotted as a function of the
resonance energy. The small symbols represent the values extracted
from the spectra of individual AuNRs coupled to the AuF at different
d indicated on the plot. The large symbols are average values, and the
error bars (one standard deviation) indicate the fluctuation from
nanorod to nanorod. (b) Average linewidth as a function of d. (c)
Average resonance energy (black circles) as a function of d compared
to results of FDTD simulation (red line). The black solid line is
biexponential functions fitted to experimental data (see text).
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relatively large effective mode volume as well as the superior
optical quality of the AuNRs compared to spherical nano-
particles.36 The cavity resonances of the AuNR−AuF
plasmonic system can have different properties from that of
the dipole−dipole coupling. For example, at the narrowest gap,
the quality factor (the average peak energy divided by the
average linewidth) is ∼27, compared to ∼15 for a silver
nanosphere on gold film.33 The large value of the quality factor
indicates that photons can be confined in the AuNR−AuF
cavity for a relatively long time.

■ APPEARANCE OF HIGH ORDER MODES
The spectral red-shifting and sharpening of the capacitive gap
plasmon resonance with decreasing gap length are accom-
panied by weakening of scattering intensity. As the relatively
sharp peaks in the near-infrared region weaken and vanish,
broad resonances that have very weak scattering intensity start
to appear in the visible spectral region. We note that the
observation of different spectra for different AuNRs starting at
4C can be attributed to the nonuniformity of the oxide
thickness at such a small number of growth cycles as
mentioned earlier. The spectra indicated by the red lines in
Figures 4a-c show that the sharp gap plasmon resonances
further shift to the near-infrared region as the ALD cycles
decreases from 5C to 4C and 3C. The spectra shown by the
violet line reveal multiple high order cavity mode resonances as
shown in Figure 4b−e and Figure S9. In the calculated spectra,
signatures of high order modes are apparent starting at d = 5
nm (see Figure S5). Their experimental observation appears to
depend on the specific excitation and detection setups. For
example, using all the pixels of the CCD camera of the
spectrometer as opposed to the center one pixel enhances the
relative signal intensity of higher order modes as demonstrated
in Figure S10. In general, it appears that the scattering spectra
shown by the violet lines that show multiple cavity modes
(Figure 4 and Figure S9) can be induced by strong capacitive
coupling, in line with past experimental observations33 and
theoretical analysis.41 However, high order modes can also be
induced due to conductive coupling,43−45 and hence, they may
not be unique spectral features to indicate the transition from
capacitive to charge transfer interaction. When the oxide
growth cycle is further reduced, in addition to the higher order
multiple peaks, broad resonances with single peaks and
stronger scattering intensity start to appear as indicated by
the black lines in Figure 4c−e and Figure S9. Interestingly, the
peak energies and linewidths of the broad resonances are
within the range obtained in the absence of the ALD layer (d =
0), where direct physical contact between the AuNR and the
AuF can be assumed because the surface ligand on the
colloidal AuNRs (cetyltrimethylammonium bromide, CTAB)
does not provide complete electrical insulation due to
nonuniform surface coverage.37 In the FDTD simulations,
broad resonances appear in the 2.25−2.13 eV energy range for
d = 5−1 nm as can be seen in the normalized spectra in Figure
S7. The fact that the peak energy is insensitive to the gap size
indicates that the high energy resonance is due to the
transverse mode of the rod. We note that the lowest calculated
peak energy (2.13 eV) is higher than the highest
experimentally observed peak energy that ranges from 1.64
to 2.02 eV.
To explain the observed spectral evolution with diminishing

thickness of aluminum oxide, we have performed FDTD
simulations by adding conductivity to the oxide as well as by

considering metal contact points. The conductivity (σ) is
added by modifying the dielectric function (ε) of the oxide as ε
= 3.1 + iσλ/(2πε0c), where ε0 is the permittivity of vacuum, c is
the speed of light, and λ is the wavelength of light. The results
for 3 nm spacing with conductivity are shown in Figure 5a
(similar results are shown for 1 nm spacing in Figure S11).
Figure 5a shows that the scattering cross-section of the dipolar
gap plasmon resonance at 1.43 eV decreases with increasing
conductivity and disappears completely at σ = 5 × 104 Ω−1

m−1. At the same time, the small high order peaks are
smoothed out while the peak at ∼2.25 eV broadens and
slightly red-shifts when σ is increased from 1 × 104 to 5 × 104

Figure 4. Scattering properties of AuNR on AuF at the spacer
thickness obtained using 5C−0 ALD cycles. (a) For 5C, the scattering
spectra are dominated by single peak resonances that appear in the
near-infrared region. (b) For 4C ALD cycles, the single peak
resonances (red line) shift further to the red, and multipeak
resonances (violet lines) appear at higher energy. (c) At 3C, single
peak resonances (red line) become rare, while the higher order modes
(violet line) dominate, and signatures of tunneling and direct contact
interaction start to appear (black line). At 2C (d) and 1C (e) ALD
cycles, both the violet and black spectra become prevalent. (f) For the
AuNR placed directly on the AuF, only the black spectra are observed,
with average peak energy centered at 1.84 ± 0.09 eV.
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Ω−1 m−1. A further increase of the conductivity shifts the peak
position to the blue, which means that tuning the conductivity
does not explain the range of peak positions (1.64−2.02 eV)
observed experimentally. On the other hand, the peak position
in the simulation can be tuned broadly by introducing a
cylindrical metal bridge as shown in Figure 5b. The peak
positions obtained in the presence of metal contact points can
further be tuned by varying the refractive index of the interface.
We note that the metal bridges account for direct AuNR−AuF
contact points because of the nonuniformities of surface
coverage of the AuNRs with CTAB49,50 and the AuF with
aluminum oxide as well as the roughness of the film.46 The
dielectric spacing obtained using the aluminum oxide refers to
the minimum particle−film separation, presumably at a point
where there is no CTAB.
In Figure 5a,b, the dipolar gap plasmon resonance in the

near-infrared region disappears due to conductive particle−film
interaction, suggesting that it is an excellent ruler for indicating
the nature of the particle−film interaction. The aluminum
oxide spacer thickness obtained at 4C may provide a minimum
gap size smaller than 0.5 nm as can be estimated based on the

trend observed in Figure 1c. At this gap size, electron tunneling
through the dielectric spacer may be expected. According to
the analysis of gold−vacuum−gold electrodes by Teague,47 for
tunneling to take place the vacuum spacing has to be smaller
than 0.25 nm, which is comparable to the interplanar spacing
in gold crystals.48 This tunneling gap length is also in
reasonable agreement with the results of a recent theoretical
and experimental analysis.49,50 However, for a nonvacuum
medium, the tunneling barrier height depends on the
molecular and dielectric properties of the interface.51 In
general, it is clear that the sharpening and narrowing of the
dipolar gap plasmon resonance of the AuNR−AuF plasmonic
system continue until it vanishes at the tunneling and
conductive limit.
We note that the spectral evolutions observed in the sub-

nanometer gap regime for the AuNRs coupled to AuF is not
obvious when spherical gold nanoparticles are coupled to AuF.
For gold nanospheres on AuF, the plasmon resonance energy
monotonically shifts to the red, merging to the touching limit
charge transfer plasmon resonance energy that peaks on
average at ∼1.8 eV as shown in Figure S12 for the coupling of
100 nm diameter gold spheres to gold film. The trend observed
in Figure S12 agrees with published data that show continuous
red-shifting of peak energy when the aluminum oxide spacer
thickness between 60 nm gold spheres and gold film
decreases.20 In agreement with the experimental observations,
the results of the FDTD simulations presented in Figure S13a
indicate that the sharp resonance of the rod−film system is
excited with in-plane polarized light, while out-of-plane
polarization is needed for exciting the sphere−film system.
That is, the vertical polarization that is most favorable for
coupling the excitation of the sphere to the film is least
favorable for exciting the cavity resonance of the rod−film
system as can be seen comparing the results in Figure S13a,b.
This confirms that the sharp resonances observed for the
AuNR−AuF plasmonic system in our experiment are due to
cavity mode resonances that have a different excitation
mechanism from the excitation of the nanosphere on metal
film that couples through dipole−image dipole interaction.
In summary, by varying the dielectric spacing between gold

nanorods and gold film from over 30 nm to the touching limit,
a complete picture of plasmon coupling is provided. In contrast
to the nonlocal, quantum mechanical, and Landau damping
effects that induce relative spectral blue-shifting and broad-
ening, continuous peak energy red-shifting and linewidth
narrowing are observed apparently up to the tunneling limit.
The experimental results presented here suggest that as the
red-shifted sharp gap plasmon resonances vanish at the
quantum tunneling limit, high order cavity modes takes
precedence. With the gap length decreasing to the direct
contact limit, the resonances converge to a single peak charge
transfer plasmon resonance that appear at ∼1.8 eV, regardless
of particle size. The results presented here provide a clear
picture for the properties of gap plasmon resonances as the
coupling interaction transitions from capacitive to charge
transfer and may facilitate the development of improved
theoretical modeling.
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Figure 5. Spectral evolution upon increasing conductivity of the
spacer layer. (a) The dipolar gap plasmon resonance at 1.43 eV
disappears as the conductivity of the spacer between the AuNR and
the AuF increases. (b) Effect of the cylindrical gold bridge with
different diameters when the refractive index of the gap is n = 1
(dashed lines) and n = 1.45 (solid lines). In a given medium,
increasing the diameter of the bridge results in blue-shifting of the
peak position.
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