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e report herein characterization of

the so-called “plasmon nanoruler

(PNR)” in a coupled film nanopar-
ticle (film-NP) configuration that is especially
well-suited to interrogate the angstrom spa-
tial sensitivity that should be attainable with
such rulers, but that has not yet been sys-
tematically demonstrated due to experi-
mental challenges in their fabrication. PNRs
leverage the distance-dependent coupling
of the surface plasmons between two or
more plasmon-supporting surfaces. An
early demonstration of the PNR made use
of coupled plasmon resonant nanoparticle
(NP) dimers, whereby DNA hybridization
was visualized by a blue shift in the localized
surface plasmon resonance (LSPR) of the
dimer as the NPs were physically separated
by DNA hybridization.' Since this early de-
monstration, the PNR effect has been
further characterized, both in experimental
and theoretical studies,>™® and has also
been implemented in various biosensing
schemes.”~ '3 The attraction of PNRs from a
sensing standpoint lies in the fact that PNRs
can be extremely sensitive to distance, espe-
cially at very short separation distances, as
the plasmon resonance shift as a function
of distance follows a nonlinear trend that
dramatically increases as the surfaces are
brought closer together and generate high-
er field enhancements due to increased
plasmonic coupling.>~®'*">  Furthermore,
PNRs are generally sensitive over longer
distances than Forster resonance energy
transfer (FRET)-based rulers,' and signal
transduction arises from an extremely bright
scattering event that does not degrade over
time, as is the case with photobleachable,
fluorescence-based transduction.

However, the sensitivity of PNRs has been
challenging to experimentally characterize
because of the need to reliably exert precise
control over the separation of two plasmon
resonant nanostructures in three dimensions.
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We demonstrate a plasmon nanoruler using a coupled film nanoparticle (film-NP) format that is
well-suited for investigating the sensitivity extremes of plasmonic coupling. Because it is
relatively straightforward to functionalize bulk surface plasmon supporting films, such as gold,
we are able to precisely control plasmonic gap dimensions by creating ultrathin molecular spacer
layers on the gold films, on top of which we immobilize plasmon resonant nanoparticles (NPs).
Each immobilized NP becomes coupled to the underlying film and functions as a plasmon
nanoruler, exhibiting a distance-dependent resonance red shift in its peak plasmon wavelength
as it approaches the film. Due to the uniformity of response from the film-NPs to separation
distance, we are able to use extinction and scattering measurements from ensembles of film-NPs
to characterize the coupling effect over a series of very short separation distances—ranging from
5 to 20 A—and combine these measurements with similar data from larger separation distances
extending out to 27 nm. We find that the film-NP plasmon nanoruler is extremely sensitive at
very short film-NP separation distances, yielding spectral shifts as large as 5 nm for every 1 A
change in separation distance. The film-NP coupling at extremely small spacings is so uniform
and reliable that we are able to usefully probe gap dimensions where the classical Drude model of
the conducting electrons in the metals is no longer descriptive; for gap sizes smaller than a few
nanometers, either quantum or semidlassical models of the carrier response must be employed to
predict the observed wavelength shifts. We find that, despite the limitations, large field

enhancements and extreme sensitivity persist down to even the smallest gap sizes.

KEYWORDS: nanoparticles - gold film - localized surface plasmon resonance -
plasmon coupling - plasmon ruler - sensor - nonlocal effects
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individually selected with confidence for optical/
spectroscopic analysis using spectroscopy, light polar-
ization studies, or electron microscopy, which adds
complexity to PNR analysis. These challenges have
prevented access to controlled, high-throughput
experimental studies within the high-sensitivity PNR
regime (separation distance < ~2 nm).

Lithographic patterning of NP dimers has been
instrumental in calibrating the PNR response and
understanding it with theoretical analysis,*>'>"® which
is essential if the PNRs are to become useful metrology
devices. With lithography, NP separation distance is
easily set with high precision using a direct-write ap-
proach capable of creating arrays of perfectly oriented
NP dimers for analysis. Hence, it is fairly straightforward
to use lithography to systematically vary the NP se-
paration distance and empirically measure the plas-
monic response. These studies have helped eluci-
date the currently well-accepted nonlinear plasmonic
coupling trend as a function of separation distance
and have been used as calibration standards for many
of the PR sensing studies presented to date. However,
lithographically deposited plasmonic dimers are phy-
sically fixed in place, which prohibits their use as
displacement sensors. Furthermore, the resolution
limitations of the patterning techniques used in these
studies have resulted in rather coarse step sizes, with
the minimum NP separation distance being ~2 nm.
While this minimum is impressive, the current under-
standing of plasmon coupling theory®>7'*'3 suggests
that significant sensitivity improvements can be rea-
lized if this separation distance can be minimized even
further.

A simple approach toward creating PNRs that have
the potential for increased spatial control over the
plasmon-supporting surfaces is to couple plasmon
resonant NPs directly to a metal film (Figure 1A), as
we and others have demonstrated previously.'” 2
Here, the NP can be thought of as becoming coupled
to its electromagnetic image induced within the film.?>
We create film-NP PNRs by simply functionalizing the
film and/or the NPs with an organic, dielectric spacer
layer of an appropriate thickness and then depositing
the NPs on top of the spacer layer. The result is that
every NP that is immobilized to the film becomes a
PNR, and that every PNR created on the film has exactly
the same alignment, which greatly simplifies their
optical interrogation.'® The use of a planar surface as
the plasmonic coupling agent enables the application
of a wide array of robust and tunable bulk surface
functionalization and patterning techniques to create
PNRs and minimizes the need to functionalize and
assemble complexes of multiple NPs.

We have characterized both the PNR effect® and the
field enhancement capabilities'® of film-NP coupling
using gold NPs separated from gold films by molecular
spacer layers. In this case, the step size, or resolution, of
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Figure 1. Film-coupled nanoparticle (film-NP) plasmon
nanorulers (PNRs). (A) An ensemble of film-NP PNRs is
created by coupling gold NPs directly to a gold film. NPs
become coupled to their electromagnetic image induced
within the film, and the film-NP plasmon resonance red
shifts as the spacing between the NPs and film decreases. (B)
Self-assembled monolayers (SAMs) of amine-terminated
alkane thiols are used to create ultrathin gaps for film-NP
PNR measurements in the angstrom regime. The cartoon in
(B) is drawn to approximate scale and shows a 60 nm gold
NP separated from a 30 nm gold film by an amine thiol SAM
with a 2-carbon alkane chain length (n). A series of amine
thiols with n of 2, 3,6, 8, 11, and 16 were used to create film-
NP spacer layers ranging from 5 to 20 A.

the experimental PNR demonstration is limited by the
thickness of the molecular spacer layers deposited on
the gold films. We used layer-by-layer (LBL) deposition
of polyelectrolytes (PEs)?” to create relatively coarse
PNR step sizes in these earlier studies. Through single
film-NP and ensemble film-NP measurements, we
have shown that the film-NP coupling effect follows the
expected LSPR blue-shifting trend with increasing film-
NP separation distance.'®?**> We note, however, that
our initial characterization®® did not show an abun-
dantly nonlinear film-NP coupling trend with separa-
tion distance. In hindsight, we attribute this to three
important factors. First, this initial study used only a
handful of single film-NP scattering measurements per
spacer layer to determine the average plasmonic
scattering response per layer. We have shown in sub-
sequent publications'®?* how it is advantageous to
use scattering and extinction measurements from
large ensembles of film-NPs to more accurately reveal
the average plasmonic response for each film-NP
separation distance. Second, the initial study included
a non-ideal 0 nm film-NP separation data point, which
was created by incubating NPs with bare gold film and
later finding NPs that had become immobilized to the
film to characterize spectroscopically. As these NPs
were likely physisorbed to contaminants of unknown
size on the gold film, we consider these 0 nm data
points to be lacking in accuracy. Third, this study, along
with all of our other previous studies, did not include
multiple step sizes of film-NP separation distance in the
high-sensitivity PNR regime where the plasmonic cou-
pling should be the strongest.

In this article, we build upon our previous work by
experimentally characterizing the PNR in its extreme
sensitivity regime (less than 2 nm film-NP separation
distances) using amine-terminated alkane thiol self-
assembled monolayers (SAMs, Figure 1B) with varying
alkane chain lengths to create high-resolution, atomic
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Figure 2. Amine-terminated alkane thiols with 2, 3, 6, 8, 11, and 16 carbons were used to create self-assembled monolayer
(SAM) film-NP spacer layers. (A) Ellipsometric thicknesses of the layers depicted by the open circles are found to be
systematically skewed relative to theoretical thicknesses of the layers with the amine thiols standing straight up on the gold
film (short dashed line) as well as the case when the amine thiols are tilted by 30° relative to the normal of the gold film surface
(long dashed line). Theoretical heights of amine-terminated alkane thiols are depicted standing straight up on the gold film

(B) and tilted 30° relative to the gold surface normal (C).

bond length step sizes in film-NP separation distances
ranging from 5 to 20 A. Since these SAMs directly
promote the chemisorption of gold NPs, we are able
to make extinction and scattering measurements from
ensembles of film-NPs and accurately determine the
plasmonic response from each spacer layer. We com-
bine this precise and extremely small gap dimension
characterization with data from low-resolution film-NP
separation step sizes extending out to ~27 nm, which
allows us to probe the ultimate sensitivity limits of
PNRs. Our results are supported by numerical models
published elsewhere?® that account for the nonlocal
response of the conduction electrons, which begins to
play a significant role when the dimensions of the
nanostructures are on the order of a few nanometers
or smaller.

RESULTS AND DISCUSSION

To gain access to the highly sensitive PNR regime,
we created ultrathin molecular spacers on gold film by
depositing SAMs of amine-terminated alkane thiols
of chain lengths n = 2, 3, 6, 8, 11, and 16, where n
represents the number of carbons in the alkane moiety
of the molecule (Figure 1B and Figure 2B,C). These
molecules were chosen for several reasons. First,
amine-terminated thiols have optimal functionalities for
coupled gold film/gold NP studies since the thiol end
groups have a strong affinity for the gold film surfaces,
which promotes self-assembly of molecularly thin
monolayers.?® Also, the terminal amine groups render
the gold surface positively charged during the incuba-
tion procedure used to immobilize negatively charged
citrate-stabilized gold NPs. Second, this set of mol-
ecules represents an ideal series with which to probe
the ultrasensitive PNR regime because it provides six
incremental separation distances within 0—2.5 nm
with step sizes on the order of atomic bond lengths,
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as determined by the increment in n. Third, this series
of molecules is conveniently available from commer-
cial sources.

Amine thiol SAMs were formed on 30 nm thick gold
films and were characterized in the dry state by vari-
able angle spectroscopic ellipsometry. Ellipsometric
thickness data from the amine thiol SAMs are plotted
in Figure 2A. We were consistently unable to obtain
fitted thickness values for the thinnest, C2 amine thiol
layer, which we attributed to the lack of optical contrast
between the extremely thin SAM and the gold film.
Furthermore, extrapolation of the thickness data from
the series of amine thiols produced unreasonable,
negative thickness values for the C2 layers. This finding
is consistent with the findings of Bain et al.,>** where
a similar ellipsometric characterization was performed
on methyl-terminated alkane thiol and carboxy-
terminated alkane thiol SAMs formed on gold films.
This work demonstrated that the thicknesses of
thin molecular layers as determined by ellipsometric
measurements can be systematically smaller than pre-
dicted by theory. This error was attributed to the
presence of ubiquitous contaminants on gold films,
especially during the blank measurement of the bare
gold film. This blank measurement is used to deter-
mine the unique optical constants of the bare gold film,
which are used later to fit thickness values of layers
subsequently added to the gold films. It can be as-
sumed that during SAM formation at least some of
the contaminants are displaced by the thiol molecules
and solvent rinses, and hence, the final ellipsometric
thickness measurements of the SAMs become skewed.
An obvious manifestation of this measurement error is
a negative y-intercept produced from linear regression
of measured thickness versus thiol chain length data
(which our data and that of Bain et al. produce), when
the y-intercept should actually be a nonzero, positive
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number representing the smallest theoretical thiol
chain length.

To generate realistic thickness values for the amine
thiol SAMs, we used a 3D chemical modeling program
(Chem3D Pro 7.0) to calculate the theoretical lengths of
each amine thiol attached to a gold atom via a thiolate
bond using theoretical bond lengths and angles. The
molecular lengths were calculated as the distance from
the gold atom (representing the gold film surface) to
the most distant hydrogen atom of the terminal amine
group as if the molecule was standing straight up
on the gold surface (Figure 2B). With the theoretical
molecular lengths known, we then calculated the
heights of the molecules as if they were tilted by 30°
relative to the normal of the surface (Figure 2C), as it is
commonly accepted that SAM formation of thiols
on gold surfaces results in thiol molecules assuming
some degree of tilt.3%*' Thus, from this analysis we
generated two sets of theoretical SAM spacer layer
thicknesses; one set from the straight up and tilted
thiol configurations, respectively. Linear regression of
this molecular length versus n data produced a slope
and y-intercept of 1.2 A/carbon and 3.8 A for the
straight up thiol configuration (Figure 2A, short dashed
line) and 1.1 A/carbon and 3.3 A for the tilted thiol
configuration (Figure 2A, long dashed line). Our mea-
sured ellipsometric thickness data from three sets of
amine thiol samples produced slopes and intercepts
ranging from 1.6 to 2.0 A/carbon and —6.0 to —0.9 A
when all values of n are included. However, when the
C16 points are removed from the regression, the slopes
and intercepts were 1.1—1.4 A/carbon and —2.5—-4.4 A,
which are more similar to the theoretical values. It
should be expected that the slope over the range of
n=2—16 might not be constant in reality, as longer chain
lengths of thiols tend to form more ordered and well-
packed SAMs, which should result in slightly varying
degrees of amine thiol tilt with varying n. Our ellispo-
metric data are similar to that of Bain et al.*° where
the ellipsometric thickness versus thiol chain length
data produced somewhat reasonable slope values,
compared to theoretical data, but unrealistic y-intercepts.
We conclude from this analysis that our ellipso-
metric data qualitatively show SAM formation from
the amine thiols, as indicated by the expected trend of
increasing layer thickness with increasing n. However, due
to limitations inherent to ellipsometry as a metrology tool
in this case, the ellipsometric thickness values obtained are
not accurate. Nevertheless, we find from the set of
measurements and modeling that the amine thiol SAMs
can provide reliable film-NP spacer layers that, according
to theoretical molecular lengths, range between roughly
5and 20 A, in steps as small as 2 A. This exquisite control
over the spacer layer allows us to probe the most sensitive
and least understood plasmonic regime.

To generate accurate PNR measurements in the
extreme sensitivity regime of the film-NP ruler, we
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used measurements from ensembles of film-NPs in a
manner comparable to that reported previously®*
to statistically average any local variations in the gold
film quality, the SAM quality (which is a concern with
amine-terminated thiol SAMs3%33), and the NP shape/
size distribution. This type of measurement is only
useful if the PNR fabrication process has a high yield
(NP image dimer formation = 100%) and the PNR gap
dimension variation is quite low. We targeted a rela-
tively high NP surface coverage—as indicated by the
optically unresolved 60 nm gold NPs and the respec-
tive scanning electron microscope (SEM) images in
Figure 3—to generate easily detectable ensemble
film-NP scattering and extinction. The average NP sur-
face coverage and percentage of NP scatterer popula-
tion that were composed of single NPs were calculated
for each sample from SEM analysis of three 100 um?
areas per sample. These were found to be 2.6, 1.0, 1.5,
2.8, 2.6, and 2.4 NP scatterers per um? and 97.7, 75.9,
89.5,99.4, 99.5, and 99.9% forn=2, 3,6, 8, 11, and 16,
respectively. We have shown previously that there is
no significant lateral interparticle NP coupling at these
levels of surface coverage.>* We note that clean deposi-
tion of the NPs on the amine thiol surfaces required
an optimized protocol relative to those used previously
for deposition on PE layers (see Methods) to try to
minimize the formation of NP aggregates on the SAM
surfaces. Despite our efforts, however, the C3 and C6
samples still produced a significant, but low, number of
NP aggregates during the NP deposition. These aggre-
gates appeared mostly as white scatterers under dark-
field microscopy, which we eliminated from our scatter-
ing data to the best of our ability via spatial filtering.
We characterized the plasmonic properties of the
film-NP samples in the dry state (superstrate = air)
using color dark-field microscope images (Figure 3A)
and ensemble spectroscopic measurements (Figure 4).
While we find it quite impressive that the color differ-
ences of the PNR scattering using SAM spacers of
different carbon chain lengths are apparent in the
Nikon D90 color images, due to the limited near-
infrared sensitivity of the commercially available cam-
era, the spectroscopic measurements are more useful
for PNR characterization. Spectroscopic measurements
were taken in two separate configurations. In scatter-
ing mode, we illuminate with unpolarized white light
and collect the signal from the film-NP samples using a
dark-field microscope objective (100x, 0.9 NA). Plots of
the scattering spectra in Figure 4A show the expected
blue shift in film-NP plasmon resonance scattering as
the chain length of the amine thiol SAM increases. In
reflectivity mode (Figure 4B), a 3 mm diameter beam
of p-polarized white light was reflected off the gold
film surface containing the molecular spacer layers and
immobilized NPs at 70° relative to the surface normal
and into a spectrometer. After normalizing to the
reflectivity of the substrate containing no immobilized
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Figure 3. Images of the series of film-NP samples using amine thiol spacer layers of varying alkane carbon chain lengths
(n, denoted by Cn). (A) Series of dark-field microscope images (100x, 0.9 NA) showing optically unresolved 60 nm gold NPs
immobilized to underlying gold film using amine thiol spacer layers of varying thicknesses. Scanning electron microscope
images in (B) showing a 4 x-magnified field of view relative to the dark-field images in (A) reveal the NP surface coverage on
the various samples (see Results and Discussion for surface coverage statistics). High NP surface coverage was targeted for the
film-NP plasmon nanoruler demonstration so as to be able to use ensemble film-NP measurements to efficiently determine
the average film-NP plasmonic response to the spacer layer thickness.

NPs, we obtained spectra showing the loss of light due
to the absorbance and scattering—or extinction—of
incident light from the plasmon resonance of the
film-NP samples. Relative to the scattering spectra in
Figure 4A, the extinction spectra plotted in Figure 4B
show a similar, though overall blue-shifted (Figure 4C,D),
plasmon resonance shift with increasing spacer layer
thickness. The consistent offset between the two lines
(scattering versus extinction) plotted in Figure 4C,D can
be attributed in the simplest terms to an increasing rate
of absorption for gold at shorter wavelengths.

The differences in spectral collection configurations
resulted in our spectra being produced from signifi-
cantly different numbers of scatterers per measure-
ment. The dark-field scattering measurements were
made using an apertured 10 um diameter field of view,
which we used to the best of our ability to select
regions of the film-NP samples that were free of NP
aggregates, present mostly on the C3 and C6 samples
and visible as bright white scatterers in dark-field
illumination. On the basis of the NP surface coverages
determined from SEM, each scattering spectrum from
these film-NP samples resulted from 80 to 220 scat-
terers, depending on the sample. We made reflectivity
measurements using a collimated 3 mm diameter
beam, which probed 10s of millions of film-NP scat-
terers with no way of filtering out the response from
any NP aggregates that were present on the samples.

HILL ET AL.

Both the scattering and extinction data sets repre-
sent ensemble film-NP measurements and thus can
be considered to represent a more averaged—and hence,
broadened—plasmonic response from each of the
film-NP samples. Nevertheless, the ensemble measure-
ments—as opposed to accumulating single film-NP
measurements one-by-one—enable efficient and ac-
curate characterization of the thin SAMs used to probe
the PNR high sensitivity regime since each spectro-
scopic ensemble measurement probes hundreds to
millions of film-NPs at once. We demonstrate this in
Figure 4C by plotting the centroid values from the
scattering and extinction spectra taken from each film-
NP sample versus the number of carbons in each SAM.
These data show the ability of the PNR to outperform
our ellipsometric analysis with the distinct detection
of the C2 SAM, along with each of the incrementally
thick amine thiol spacer layers. To gain a sense of PNR
calibration with film-NP separation distance, we plot
the plasmonic response of the film-NP samples against
the theoretical amine thiol heights in the tilted config-
uration (Figure 2C) in Figure 4D. We assume here
that the loosely bound citrate molecules that serve as
stabilizers for the gold colloid are displaced by the
amine groups,** which terminate our molecular spacer
layers, due to amine—gold interactions.>**>3¢ We also
assume that there is no deformation of the SAM spacer
layers upon NP immobilization. From these data in
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Figure 4. Spectroscopic response of the film-NP samples to variation of the amine thiol spacer layer thickness. Normalized
ensemble scattering spectra (A, with instrument ray diagram in upper C inset) and extinction spectra (B, with instrument ray
diagram in lower C inset) both show the expected blue-shifting plasmonic response of the film-NP samples to increasing
spacer layer thickness. Peak centroids were calculated for each set of data and plotted against the number of carbons in each
of the amine thiol spacer layers in (C) and against the theoretical amine thiol SAM thicknesses in (D). The scattering (open
circles) and extinction (closed squares) data plotted against the film-NP spacer layer show the ability to discriminate between
the number of carbon atoms in the amine thiol chain length. The same data plotted against separation distance show the
ability to discern angstrom-scale changes in spacer thickness. S and D stand for source and detector, respectively.

Figure 4CD, it is clear that the extinction follows
roughly the same trend as the scattering, which sug-
gests that the presence of a small number of NP
aggregates on the C3 and C6 samples in the extinction
data does not adversely affect our ability to determine
the average, non-aggregated film-NP extinction values
for these samples. Furthermore, the plasmonic shift per
film-NP separation distance is sufficient to differentiate
between the various spacer layers, some of which vary
in thickness by distances on the order of single atomic
bond lengths. We subjected this resonance data gath-
ered over this small range of separation distances to a
linear regression, which showed that the film-NP PNR
generates a ~5 nm spectral shift in the resonance peak
for every 1 A change in film-NP separation distance
when the NPs are positioned very close to the film. We
note that we use a linear regression here solely for
the purpose of generating a figure of merit for distance
sensitivity over the PNR extreme sensitivity regime. We
show in the discussion below how the data set actually
follows a nonlinear trend with separation distance.

HILL ET AL.

To gain further perspective on these PNR data
generated from extremely thin film-NP spacer layers,
we also characterized the ensemble film-NP extinction
and scattering at larger spacer distances using LBL
deposited PE layers'®**?>27 with coarse step sizes in
spacer layer thicknesses extending out to ~27 nm.
Figure 5A shows the resonance peak per separation
distance for the combined data sets from the amine
thiol SAM and PE layers. The broader view of the
extinction and scattering resonance shifts with separa-
tion distance both follow a nonlinear trend, where
the largest resonance shifts per distance occur when
the NPs are very close (i.e., < 2 nm) to the film. Both
extinction and scattering data sets exhibit a high
degree of linearity when plotted on a log—log scale
(Figure 5B, R? = 0.99337 for extinction and 0.99622
for scattering), which indicates that the plasmonic film-
NP coupling can be fitted quite well to a power
law function, as has been suggested previously.'*%*
While at first this overall trend seems reasonable, it is
found from numerical simulations that, based on the
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Figure 5. Spectroscopic response of the film-NP samples
with spacer layers of varying thickness from 5 A to 27 nm.
Film-NP scattering (open circles) and extinction (closed
squares) data shown in Figure 4D from the thin amine thiol
samples are combined with data from samples using thicker
polyelectrolyte spacer layers. (A) Scattering and extinction
data from the film-NP samples display a nonlinear trend
with increasing film-NP separation distance. (B) Same data
plotted on a log,0—log,, scale and following a linear trend,
which is a signature of a power law function. Linear re-
gression of these data produces best-fit functions of
y =—0.07652x + 2.8489 (R? = 0.99622) for the scattering data
(dashed line) and y = —0.07719x + 2.83434 (R* = 0.99337)
for the extinction data (solid line). These functions are also
displayed in (A) as the power functions y = 706.155x %-°76>2
for scattering (dashed line) and y = 682.873x %779 for
extinction (solid line).

standard Drude response of the metal, there should be
a substantial deviation for spacer layers smaller than
~2 nm, and thus, one should expect that the power
law would not persist down to the smallest gap sizes.
In recent theoretical studies, two related mechanisms
have been identified that are expected to significantly
alter the properties of plasmon scatterers with extreme
dimensions. The first is the possibility of quantum
tunneling,®”’ 3% in which charge transfer between the
film and NP can be expected to occur. The second
mechanism relates to the hydrodynamic model of the
conduction electrons, which includes a quantum pres-
sure term that accounts in an approximate manner for
electron—electron repulsion.**~*? Both models predict
striking behavior for plasmonic structures with features
or gaps on the subnanometer scale—the exact scale
that we can access using the film-NP system presented
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here.® Our group has recently shown?® that, upon
careful inspection, the plasmon resonance spectral
shifts observed for extremely small film-NP gap dimen-
sions reveal the expected deviation from the conven-
tional Drude model, indicating that one or more of the
proposed mechanisms gains predominance. We re-
cently developed theory and numerical simulations®®
taking into account the hydrodynamic model of elec-
tron response that has predicted spectral shifts for
dimers and film-NPs consistent with our experimental
measurements, suggesting that in the film-NP system
studied here, nonlocality of the field-induced polarized
surface charges is possibly one of the more domi-
nant mechanisms. Taking the various theoretical ap-
proaches into account, we believe that the data shown
here demonstrate what should be at, or at least very
close to, the absolute distance sensitivity limit achiev-
able for PNRs. Additionally, we believe that even
though the data and theory we present suggest slight
deviations at very short gap dimensions (i.e., less than
~25 A), the power law functions shown here should
prove to be useful predictive design tools as they
provide reasonable fits of the overall response of the
film-NP PNR over a wide range of separation distances,
especially at gap dimensions that will become most
useful for sensing and device applications.

CONCLUSIONS

We have shown that the coupled film-NP system
provides an excellent opportunity to experimentally
characterize PNRs in a high sensitivity regime. The use
of the coupled film-NP format is advantageous here
because it greatly simplifies the task of creating uni-
form, intimately spaced plasmonic structures. We used
a series of extremely thin bifunctional SAMs to serve
as ultrashort film-NP molecular spacer layers as well as
thicker PE molecular layers to probe larger separation
distances. We characterized the film-NP spectral re-
sponse to separation distance using measurements
from ensembles of film-NPs, which enabled efficient
and accurate determination of the average film-NP
plasmon resonance over large populations of film-NP
scatterers. We found that over the extremely short film-
NP gap dimensions of 5—20 A, the film-NP PNR out-
performed our ellipsometric spacer layer characteriza-
tion and produced a plasmonic resonance shift of 5 nm
for every 1 A change in film-NP distance, which, given
current spectrometer resolutions, suggests that careful
implementation of PNRs could result in the ability to
make atomic-scale distance measurements. This dis-
tance sensitivity is 8.3 times greater than our initial
film-NP PNR sensitivity report of ~6 nm spectral shift
for every 1 nm change in distance®® and ~50 times
greater that of the initially reported DNA linked dimer
PNRs, where ~1 nm spectral shifts per 1 nm dis-
tance changes were reported.” The high sensitivity
reported here is due mainly—material and surrounding
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medium differences aside—to the fact that these film-
NP ruler measurements are made using plasmonic
structures separated by extremely small distances,
where the plasmonic coupling changes dramatically
with subtle changes in distance. Finally, the film-NP
system is a useful tool for addressing one of the most
challenging regimes of plasmonics to study. Achieving
reliable and reproducible subnanometer gap features
enables the ultimate coupling and field enhancements

METHODS

Film-NP Molecular Spacer Layer Preparation. Thirty nanometer
gold films were deposited by an electron beam evaporator
(CHA Industries) at 2 A/s onto clean room cleaned Nexterion
Glass B slides (Schott North America, Inc.) using a 5 nm chro-
mium adhesion layer (deposited at 1 A/s). Polyelectrolyte (PE)
spacer layers of up to 27 nm thickness were prepared by layer-
by-layer (LBL) deposition?” of poly(allylamine)hydrochloride
(PAH, M,, = 70 kDa, Aldrich) and polystyrene sulfonate (PSS,
M,,=70kDa, Aldrich). For each deposition step, the gold-coated
glass slides were immersed in 0.003 moles-of-monomer/L
(monomol/L) PE and 1 M NaCl for 30 min, rinsed thoroughly
with a gentle stream of ultrapure water (18 M, used
throughout), and immersed in fresh ultrapure water for 1 min,
after which the substrates were either immersed in 1 M NaCl
for 30 s before repeating the same steps for deposition of the
oppositely charged PE or dried with a stream of high-purity
nitrogen for analysis. All LBL depositions were initiated and
terminated with the cationic PAH layer to facilitate both the
attachment of the first PE layer to the gold film through
amine—gold interactions>>*>3¢ and the electrostatic immobili-
zation of gold nanoparticles to the PE spacer layer.

Self-assembled monolayers (SAMs) of amine-terminated
alkane thiols on gold films were fabricated using using chain
lengths of n=2, 3, 6,8, 11, and 16 where n equals the number of
carbon atoms along the alkane portion of the molecule. Amine
thiols of n =2, 3, 6, and 11 were purchased from Sigma-Aldrich
(product numbers 30070, 739294, 733679, and 674397, res-
pectively), and amine thiols of n = 8 and 16 were purchased
from Dojindo (product numbers A424 and A458, respectively).
All thiols were used as received. The SAMs were fabricated by
incubating a gold slide in a clean glass vial containinga 1—5 mM
thiol solution in 200 proof ethanol for 18 h. Following the
incubation, the vials containing the gold slides and thiol solu-
tions were sonicated in a water bath at low power (power “4”
out of “10” using a Crest Ultrasonics model 230D sonicator) for
2 min and then overflow rinsed with five reaction volumes of
200 proof ethanol. This sonication and rinsing step was per-
formed a total of four times for each slide before removing the
slide from the ethanol solution and drying it with a stream of
high-purity nitrogen.

We investigated several SAM formation techniques to cre-
ate the most optimal amine-terminated alkane thiol SAMs for
film-NP PNR studies. The goal of these studies was to create
SAMs that would promote immobilization of large numbers of
NPs on the SAMs without producing NP aggregates. Guided by
a recent publication,32 we made a series of amine thiol SAMs
using gold slides that had been exposed to UV-ozone cleaning
for 5 min (Jelight Company Inc.,, UVO Cleaner model no. 42,
samples were ~5 mm away from the UV source) and then
incubated in acidic amine thiol solutions (5.71 mL of 1.0 N HCI
added to 34.29 mL of ethanolic amine thiol solutions) in hopes
of preventing the amine groups from interacting with the gold
films by keeping them in a protonated form and forming more
ordered SAMs. However, we had several problems with these
samples. First, these samples produced erratic ellipsometric
thickness data. Second, these samples produced SAMs that
displayed extremely low water contact angles, which presum-
ably indicated a highly hydrophilic surface. This should be
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to be explored; it is precisely in this regime that the
greatest benefits from plasmonic media are expected.
The spectral properties of film-NPs provide a measur-
able feature that can be used to gain information about
the fundamental electron processes occurring within
the metal, including quantum effects and nonlocality.
In short, the film-NP system should prove to be a useful
tool to explore the ultimate limits and possibilities
associated with plasmonics.

expected with well-ordered amine-terminated SAMs. However,
we believe that this extremely low contact angle inhibited our
ability to deposit NPs on the film cleanly and non-aggregated.
As contact angle decreases, the NP droplet applied for NP
immobilization spreads further, which we hypothesize pro-
motes more evaporation and hence more NP aggregate forma-
tion during the NP deposition step. Third, we found that film-NP
samples created using this method contained unacceptable
amounts of NP aggregates, and thus we could not use data
generated from these samples. We also briefly investigated the
use of only UV-ozone cleaning of gold before SAM formation. C2
amine thiol SAMs created using UV-ozone cleaning also created
surfaces with lower water contact angles than when UV-ozone
cleaning was not used. However, the film-NP extinction from
the C2 SAM did not differ significantly from the case where UV-
ozone cleaning was not used. For this reason, we chose not
to use the UV-ozone cleaning since we are under the impression
that that lower contact angles produced by this method
adversely affect our ability to cleanly deposit single NPs onto
the films. Thus, we found that gold films that had been
subjected to no pretreatment other than storage in absolute
ethanol from the time of gold film deposition to the time of SAM
fabrication produced the most reproducible film-NP samples.
While it may seem that lack of rigorous cleaning would produce
SAMs with less overall long-range order (i.e., uniformity and lack
of defects over large surface areas), we found that fabricating
the SAMs in this way was the best compromise for creating
clean film-NP samples.

NP Deposition. Sixty nanometer gold NPs (BBI) were electro-
statically immobilized on the top surfaces of each molecular
spacer layer. Deposition of the gold NPs onto the PE layers was
done by applying ~400 uL drops of the undiluted stock solution
of gold colloid to each PE-functionalized gold film for an incuba-
tion time of ~30 min in a humidity chamber followed by rinsing
with ultrapure water and drying with a stream of high-purity
nitrogen. For the PE layers, this NP deposition procedure pro-
duces a uniform population of single film-NPs with an average
surface coverage of 5.1 scatters/um? and 99.6% of those
scatterers being single film-NPs.2* Deposition of gold NPs
onto the amine-terminated alkane thiol SAM layers required
an optimized protocol in an attempt to reduce the number of
NP aggregates that formed during the deposition process. It is
not yet clear as to why the NP deposition on the amine thiol
layers produces more NP aggregates than deposition on the
PE layers. This remains under investigation. The NP deposition
procedure on the amine thiol SAMs began by placing a 200 uL
drop of the undiluted stock solution of gold colloid onto a 22 x
22 mm? glass coverslip. Next, the downward facing functiona-
lized gold film was lowered over the droplet until capillary
action initiated by contact caused the droplet to spread out
onto the film and the coverslip to be picked up by the slide. The
slide remained upside down for 30 min, allowing the spherical
NPs to attach to the surface of the film while discouraging
aggregates from accumulating, followed by rinsing the cover-
slip off the surface with ultrapure water and drying under
a stream of nitrogen. Scanning electron microscopy (SEM,
FEI XL30 SEM-FEG) analysis of three 100 um? areas per sample
was used to determine the NP surface coverage of each sample
(see Results and Discussion section for these values). Curious

VOL.6 = NO.10 = 9237-9246 = 2012 K@N&NJK)\

WWwWW.acsnano.org

WL

9244



is the fact that the C3 and C6 layers produced a significant
amount of NP aggregates during the NP deposition despite our
efforts to prevent NP aggregates. These aggregates appeared
mostly as white scatterers under dark-field microscopy and
were eliminated from our scattering data to the best of our
ability via spatial filtering.

Ellipsometry. PE spacer layer thicknesses were measured
using a J.A. Woolam Co., Inc., M-88 spectroscopic ellipsometer
and WVASE32 software (version 3.460). Spectroscopic scans
(277.5—763 nm) of each spacer layer were performed in three
distinct regions of the functionalized gold films that did
not contain immobilized NPs at 65, 70, and 75° relative to the
normal of the surface of the slide. Ellipsometry data were
analyzed using a two-layer model** composed of a bulk gold
layer underneath an organic layer, which was used to represent
the molecular layer. The thickness of each spacer layer was
fitted using the Cauchy expression for a normal dispersion**
provided by the WVASE32 software, where parameters “Thick-
ness” and “A” of the model were fitted, leaving all other
variables at the default values, such that the mean standard
error of the fit was minimized. The nominal thickness of each
spacer layer was determined to be the average of the three
thickness measurements taken per spacer layer. The optical
constants of each bare gold film were determined immediately
prior to LBL depositions by taking spectroscopic scans of the
bare gold films at 65, 70, and 75° and fitting n (n = refractive
index in this case) and k to the known values of bulk gold, which
were provided by the WVASE32 software, to account for any
shifts in the optical constants due to the thicknesses of our gold
films. These fitted optical constants for each gold slide were
saved and used later when fitting for thickness of the molecular
layers deposited onto the gold slides.

The amine thiol SAM spacer layers were also characterized
by ellipsometry using the same procedure described above
except for the fact that only “Thickness” (and not “A”) was fitted
in the Cauchy model. Fitting A produced unrealistic thickness
and A values, which we assumed was due to the lack of contrast
between the extremely thin molecular layers and the gold
film. We were unable to obtain fitted thickness values for our
thinnest C2 amine thiol layers using ellipsometry. Furthermore,
we found that extrapolation of the ellipsometry thickness
data produced unreasonably thin values for the C2 layers. This
is supported by the findings of Bain et al.,** which is discussed
in more detail in the Results and Discussion section of this
article.

Film-NP Plasmonic Characterization. Plasmonic properties of the
film-NPs were characterized by scattering spectra, reflectivity
spectra, and color images. Scattering spectra and images were
taken using a customized Nikon dark-field (DF) microscope
with a 100x DF 0.9 NA objective. Glass slides containing the
gold films with spacer layers and immobilized NPs were index-
matched with oil to the top surface of a hemicylindrical lens.
In dark-field mode, the samples were illuminated from above
using unpolarized white light from a 75 W xenon lamp (Oriel).
The microscope light path was directed to a Nikon D90 color
camera to obtain color images. Scattering spectra were ac-
quired using a T mm image plane pinhole aperture to reduce
the field of view to ~10 um in diameter, containing small
numbers of film-NPs, which enables the user to remove un-
wanted scattering from contaminants in the spectroscopy path.
This field of view was directed through a spectrometer (Acton
2300SPI) and onto a detector (Photometrics CoolSnap HQ). All
scattering spectra were background corrected by subtracting
the spectrum from an apertured region of the substrate con-
taining no film-NPs and normalized by dividing the spectrum
from a white scattering standard (Labsphere) to correct for the
wavelength response of the imaging system. The reflectance
properties of the samples were measured by coupling white
light from a 75 W xenon source (Oriel) through a 1 mm diameter
multimode optical fiber, collimating lens, and p-polarizer and
directing it to the sample surface at a 70° angle of incidence,
relative to the normal to the sample surface. The beam diameter
at the surface of the sample was approximately 3 mm. The
reflected light was collected through a second identical lens
fiber assembly and directed to the spectrometer where the

HILL ET AL.

spectrum was normalized by the reflectance spectrum of
the bare gold film. Plasmon resonance peak positions were
calculated by taking the centroid of the top (or bottom in the
case of reflectivity spectra where peaks are “dips”) 30% of the
resonances observed in either the scattering or the reflectivity
curves.
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