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ABSTRACT: That a nanoparticle (NP) (for example of gold) residing
above a gold mirror is almost as effective a surface enhanced Raman
scattering (SERS) substrate (when illuminated with light of the correct
polarization and wavelength) as two closely coupled gold nanoparticles
has been known for some time.1,2 The NP-overmirror (NPOM)
configuration has the valuable advantage that it is amenable to top-down
fabrication. We have fabricated a series of Au-NPOM substrates with
varying but thin atomic layer-deposited oxide spacer and measured the
SERS enhancement as a function of spacer thickness and angle of
incidence (AOI). These were compared with high-quality finitedifference time-domain calculations, which reproduce the observed spacer thickness and AOI dependences faithfully. The
SERS intensity is expected to be strongly affected by the AOI on account for the fact that the hot spot formed in the space
between the NP and the mirror is most efficiently excited with an electromagnetic field component that is normal to the surface
of the mirror. Intriguingly we find that the SERS intensity maximizes at ∼60° and show that this is due to the coherent
superposition of the incident and the reflected field components.3 The observed SERS intensity is also shown to be very sensitive
to the dielectric constant of the oxide spacer layer with the most intense signals obtained when using a low dielectric constant
oxide layer (SiO2).
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perfectly conducting metal plane mimics the interaction of the
nanoparticle with an image particle on which the charges are
conjugate to those on the nanoparticle. Hence, one expects the
greatest SERS enhancements to occur with light polarized
along the surface normal, and the least when the light is
polarized along the surface of the film1,3 since in the latter case
the dipolar component for the distribution of the charges and
the image charges vanishes when the magnitudes of the image
charges equal those of the original charges.
A more complete analysis treats the dynamical interactions of
the localized surface plasmons (LSPs) of the nanoparticle with
the surface plasmon polaritons (SPPs) supported by the
underlying metal film (and takes into account the actual optical
constants of the materials involved). This can lead to some
interesting and complex optical effects.
The NPOM configuration is especially promising as a SERS
substrate since it is compatible, at least for most of its
construction, with well-developed top-down foundry processes,

urface-enhanced Raman scattering (SERS) is an extensively
studied, label-free spectroscopic technique for obtaining
molecule-specific information. The SERS enhancement arises
from the concentration of the local electromagnetic (EM) fields
near appropriately nanostructured metal systems resulting from
localized surface plasmon excitations. For excitation in or near
the visible portion of the spectrum the effect is most
pronounced in gold and silver (and, for completeness, the
alkalis).4−7 It is now almost universally acknowledged that the
largest contributions to SERS arise from molecules located in
nanogaps or clefts where the electromagnetic field enhancement is especially concentrated. Under favorable circumstances
the field concentration is sufficient to enable the detection of a
single molecule.8−10
A large array of SERS substrates, and materials on which
SERS substrates may be based, have been developed and
reported.11−23 One of these, first proposed theoretically by
Metiu,1,2 the nanoparticle-on-mirror (NPOM) configuration in
which a nanoparticle is separated from a bulk metal surface,
such as a thick metal film24−38 is the subject of this report. To a
first approximation, the physics of this system is isomorphic to
that of two coupled nanoparticles since the electrostatics of the
charges on a metal nanoparticle located above a semi-infinite,
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Figure 1. (A) Schematic and (B) cross sectional HAADF STEM images of Au-NP near a gold film separated by a thin dielectric spacer deposited
using ALD technique. (C) High-resolution TEM image of an individual Au-NP on a 2 nm SiO2 spacer showing its clear separation from the
underlying gold film. (D) SERS spectral maps of two regions of the substrate. The first (“A”) is the NPOM; the second (“B”) is a region where the
Au-NPs are deposited on the SiO2/Si surface with no Au film. Representative SERS spectra of each region are shown to its right. The strong Raman
line at ∼520 cm−1 is due to Si. (E) Calculated spatial distribution of the EM field with 633 nm excitation for a Au NPOM assuming a 3 nm SiO2
layer.

thicknesses of 2 nm and above were found to have the
structural integrity and uniformity required for this study.
Briefly, the fabrication process consisted of preparing a gold
film on a Si/SiO2 wafer substrate by e-beam evaporating 20 nm
of Ti followed by 200 nm of gold at a deposition rate of 1 Å s−1.
The Au film was then coated with an oxide layer of varying
thickness using ALD and the oxide-covered gold substrates
were incubated in aminopropyltriethoxysilane (APTES)
solution to help immobilize the AuNPs that were subsequently
deposited on the oxide surface by dip-coating the substrate in
an aqueous Au-NP (diameter ∼30−35 nm) solution (∼2 ×
1011 particles/ml) for varying lengths of time. Dipping times in
the range 5−30 s produced sufficient coverage to produce
strong SERS signals yet kept the particle surface density sparse
with well-separated Au-NPs. The devices produced for these
studies were exposed to the Au-NP solution for ∼10 s resulting
in nanoparticle coverage ∼4−6 Au NPs per μm2 (see
Supporting Information Figure 1). These low NP converges
were purposely selected to minimize NP−NP coupling so as to
restrict the plasmonic properties to those originating from the
hot spots located between the Au-NPs and its underlying gold
film with negligible contribution from hot spots located
between neighboring Au-NPs. Of course, much stronger
SERS signals could be obtained at very high NP coverages as
we show below and as observed recently by Tian et al.40 But
then the substrate would lack the structural simplicity that
allows us to compare measured and calculated data
quantitatively. A schematic representation of the nanoparticle
on mirror architecture is shown in Figure 1A. The NPOM
architecture was confirmed by high-angle annular dark field

which can lead to the manufacture of large area SERS substrates
with great spot-to-spot uniformity. Because the aforementioned
electrodynamic interactions are critically sensitive to the
distance between the nanoparticle and the mirror,28,35,39
especially at very close distances (<∼5 nm), a key issue is to
develop strategies for organizing nanoparticles uniformly on a
macroscopic mirror film that is covered with a very thin
dielectric spacer with high structural integrity. Several strategies
have been reported in the context of producing NPOM SERS
substrates for laying down the dielectric spacer including
surface functionalization of the metal film using a polyelectrolyte layer,30 self-assembled molecular layers,31,35,37 or
polymer brushes.26 Stable oxides like SiO2 produced using
conventional evaporation techniques have also been reported.24
In this report, we describe the fabrication of devices
consisting of well-separated gold nanoparticles (Au-NPs)
residing on a thin oxide spacer layer covering a gold mirror
(∼200 nm of gold deposited on a silicon wafer) using a
combination of top-down nano and microfabrication technologies and bottom-up nanoparticle synthesis. The plasmonic
properties of these devices were interrogated as a function of
spacer thickness and angle of incidence (AOI) of both s- and ppolarized light, using SERS as a probe. Very thin oxide films
with high structural integrity and thickness uniformity were
produced using atomic layer deposition (ALD). Devices with
silica (SiO2), alumina (Al2O3), and zirconia (ZrO2) spacers
were fabricated. They all showed similar trends with respect to
the above-mentioned variables. The substrates fabricated with
silica spacer layers produced the most intense SERS signals.
Accordingly, we will concentrate on those samples. Oxide
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are concentrated in a hot spot in the vicinity of the space
between the Au-NP and the Au film.
To better understand the plasmon couplings in the NPOM
system, full wave electromagnetic simulations were performed
using finite-difference time-domain (FDTD) software (Lumerical FDTD Solution 7.5.1). The sample geometries assumed in
the calculations closely matched those of the actual samples,
that is, a 35 nm Au-NP sitting on a 200 nm thick Au film was
assumed with a dielectric spacer of varying thickness and
dielectric constant in between. The silicon substrate was also
included, and the computation domain was truncated by a
perfectly matched layer to mimic a situation in which the air
above the sample and the Si substrate were infinite. The
excitation source was assumed to be a linearly polarized plane
wave. A mesh of 0.25 nm was used that ensured the validity of
field enhancement in the vicinity of the hot-spot. The optical
constants of gold and silicon were taken from ref 4 and ref 41,
respectively. In all of the simulations, the measured enhancement factor (EF) was assumed to be proportional to the fourth
power of the modulus of the computed fields and averaged over
a surface 1 nm above the Au-NP’s surface where the molecules
were assumed to reside (see Supporting Information Figure 2).
And although the adsorbed molecules likely cover the
nanoparticle uniformly and fill the interstices to the extent
that they can, the SERS signals arise disproportionately from
the annular hot-spot region between the NP and the oxide.
Figure 1E shows the calculated EM field for a Au-NPOM
with a 3 nm silica spacer layer illuminated with 633 nm laser
light. A p-polarized laser beam illuminating the system at an
AOI of 15° simulated the 15° focal cone corresponding to the
numerical aperture used. (All calculations simulating normal
incidence were actually carried out at an AOI of 15° to account
for the focal cone of the illuminating laser. For AOI values
greater than 15° no correction for the focal cone was made or
necessary, since the effect of the field component normal to the
Au film’s surface greatly exceeded the effect due to the finite
optical aperture.) The strongest EM fields in the hot spot
region result from the small incident field component polarized
normal to the gold film surface. The enhanced field strength
appears to be suddenly compressed on passing from the region
of space between the NP and the oxide into the interior of the
oxide spacer. This is a manifestation of Maxwell’s continuity
conditions, which require the normal component of the electric
displacement (D⃗ = εE⃗ ) to be continuous across the interface
between two materials. Accordingly, on passing from the oxide
to air the normal component of the electric field strength in air
will be larger than its value in the oxide by a factor
approximately equal to the dielectric constant of the oxide.
This gives the impression that the hot spot is compressed in
size in the oxide as compared to the region between the oxide
and the NP.
Also, with illumination at 15° AOI the hot spot seems a little
asymmetric. This is because at such small angles of incidence,
the normal component of the incident field is of the same order
of magnitude as the tangential component, so that the field
component excited in the NP by the tangential component
which is slightly tilted from the poles of the NP on account of
the direction of the wave vector of the incident light can
compete successfully with the field due to the normal
component, resulting in the observed asymmetry.
As the AOI increases, the tangential field component in the
hot spot region can no longer compete efficiently with the
normal component (Figure 2) causing the distribution of

scanning transmission electron microscopy (HAADF STEM;
Figure 1B,C). Figure 1B,C shows the ∼2 nm thick SiO2 spacer
separating the Au-NPs and the underlying gold film, clearly.
Following their fabrication, the devices were incubated
overnight in a 100 μM aqueous thionine solution, a reporter
molecule with an excellent Raman cross section. The strong
SERS signals observed are undoubtedly dominated by signals
originating from thionine resident in the annular interstice
surrounding the point of contact between the nanoparticle and
the substrate (as shown in Figure 1A).
Raman spectra were recorded using a LabRam system
(Horiba Jobin Yvon) equipped with 1200 grooves/mm
holographic gratings and Peltier-cooled CCD detector.
Continuous wave 633 nm He−Ne laser was used to excite
the spectra that were collected in a backscattering geometry
using a confocal Raman microscope (high stability BX40)
equipped with Olympus objective. A 10× objective lens with a
numerical aperture (NA) of 0.3 was used to focus the laser. The
illuminating laser beam for the above NA is estimated to have
an outer conical envelope for which the half angle is 15°. Angledependent SERS spectra were measured by attaching the
substrates to a rotation stage. Measurements were taken with
light polarized both in the s and p directions. In the former, the
incident polarization of the laser (and of the collected light)
remains in the plane of the substrate independent of the angle
of incidence, while for the latter the component of light
polarized normal to the substrate’s surface increases with
increasing angle of incidence. (Although one needs to keep in
mind that the cylindrically symmetric geometry of the focal
cone means that there will always be a small normal component
present even for nominally s-polarized light.)
Despite the low density of particles, the SERS signals were
found to be rather uniform across the sample as shown in the
SERS spectral map (Figure 1D). For SERS spectra collected at
100 different locations on a single substrate (the substrate area
was ∼1 × 1 cm2 and measurement area was 50 × 50 μm2), the
greatest variation in the 479 cm−1 SERS band intensity was
found to be 9%. Figure 1D also illustrates the dramatic effect on
the SERS intensity of the coupling between the Au-NPs and the
underlying gold film. Region A (in Figure 1D) corresponds to
an area of the substrate where the Au NP were placed above a
gold mirror separated by 2 nm of SiO2, while in region B the
Au-NPs were attached to SiO2 with no underlying gold film.
No discernible SERS spectra could be detected from the NPs
resident on SiO2 without an underlying gold mirror.
It will also be evident on the basis of the computations,
which we present below, that the SERS spectra observed at
normal incidence (i.e., with the electric vector of the incident
laser ostensibly polarized in the plane of the substrate) in
region A are preponderantly due to the small component of
light polarized normal to the substrate’s surface arising from the
conical geometry of the focused laser beam. In fact, for
illumination with light strictly polarized tangential to the metal
surface the coupling between the Au-NP and the metal surface
actually results in a lower level of overall enhancement than for
an isolated NP. This is because the dynamics of system
consisting of the light-induced dipole on the Au-NP plus that
due to its charge-conjugate image have the overall symmetry of
a quadruple. In contrast, for an incident field polarized normal
to the metal surface the electrodynamic interactions between
the LSP of the Au NP and the metallic film produce a system
with a strong overall dipole wherein the electromagnetic fields
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Figure 2. Effect of angle of incidence for p-polarized laser excitation on (A) the measured SERS spectra and it is corresponding calculated EM field
distribution and enhancement factors for a gold NPOM with 3 nm SiO2 thickness. (B) Averaged SERS intensities for the 479 cm−1 compared with
calculated EM field enhanced factors for different incident angle. (C) Response of SERS intensities to polarization of the incident beam.

(which for gold occurs at ∼60°) producing this maximum. For
AOI values below the principle angle, the SERS intensity
increases as the AOI increases because the field component
normal to the substrate’s surface increases and the field
component of the direct beam adds to the field component of
the reflected beam. Beyond that angle, the magnitude of the
normal field component continues to increase; however, the
change in phase of the reflected beam now causes it to subtract
from the field component of the direct beam. This result is
isomorphic with what was predicted for p-polarized spectroscopy of a molecule above a silver surface.3
This effect is faithfully reproduced in the calculated EM field
images that show stronger confinement of the fields with
increasing angle of incidence for p-polarized light reaching a
maximum at ∼55° (Figure 2A,B). No such dependence is
expected nor was it observed with s polarization (Figure 2C).
Thus the optimal experimental configuration to ensure
maximum SERS activity for NP on mirror configuration is to
position the incident beam at ∼60° to the substrate surface
normal. One way to accomplish this is to create a substrate that
consists of pyramids or pyramidal pits whose sides slope at 60°,
rather than on a plane substrate.
The ability of ALD to produce oxide film thicknesses of high
precision allowed us to investigate the spacer layer dependence

enhanced field values in the region of the hot spot to become
progressively more symmetric.
Hence our observations accord completely with the
computations. For the single NPOM configuration, the SERS
intensity is dominated by the normal polarization component,
which at normal incidence arises entirely from the conical shape
of the focused beam (with, for the numerical aperture used has
a cone half angle of 15°). For AOI values greater than ∼20°, the
much larger incident field component polarized along the
surface is predicted to contribute negligibly in contrast to the
normal field component.
Figure 2 shows the effect of angle of incidence dependence
on illuminating a NPOM system fabricated with a 3 nm SiO2
spacer for both s- and p-polarized light. For p-polarized
excitation (and collection) the SERS intensity initially increases
with increasing angle of incidence reaching a maximum value
when the AOI is ∼60° (Figure 2A). With further increase AOI,
the SERS intensity decreases. This maximum arises from the
fact that the EM field at a given point above a mirror can be
considered to be a coherent superposition of the EM field for
the light ray directly illuminating that point plus that for a ray
that is reflected from the surface. For p-polarized light the
phase difference between the field components of the incident
and reflected rays changes by π-radians at the principle angle
2091
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Figure 3. (A) Representative SERS spectra of thionine excited with 633 nm for a Au NPOM as a function of SiO2 layer thickness. (B) Averaged
intensities for the 479 cm−1 SERS band compared with calculated EM field enhanced factors for varying SiO2 layer thickness. Other peaks in the
SERS spectrum show identical trends. (C) SERS spectra obtained at normal incidence for NPOMs fabricated with 2 nm thick spacer layers
composed of one of three metal oxides: SiO2, which has the lowest dielectric constant, followed by Al2O3 and ZrO2. (D) Calculated EFs for NPOMs
with 2 nm layers of different dielectrics (their corresponding refractive index shown in the inset), as a function of excitation wavelength. The
calculations were carried out assuming 45° AOI.

of the electromagnetic film concentrated in the annular gap
surrounding the point of contact between an Au-NP and the
oxide, assuming that the SERS signals originated primarily from
molecules residing in that region. This trend could then be
compared to what calculations predict. Ellipsometric measurements were performed on witness samples to determine the
relationship between the oxide thickness and the number of
ALD deposition cycles. The relationship was found to be
proportional (see Supporting Information Figure 3), consistent
with previous studies.42,43 The SERS spectra obtained for
varying SiO2 thickness at normal incidence are shown in Figure
3A. The spectrum agrees well with previously reported spectra
of thionine.44 Not unexpectedly, the SERS intensity drops
significantly on increasing the silica film thickness from 2 to 10
nm (Figure 3A,B). The trend in the enhancement versus oxide
layer thickness matches the enhancement factors calculated
using FDTD very satisfactorily (Figure 3B).
Although the electrostatic picture of a metal nanoparticle
resident on a metal mirror has some elements in common with
a system of two interacting metal nanoparticles, there are also
some seminal differences. Some of these are trivial. For
example, the image particle is not in general perfectly
complementary to the actual nanoparticle because the metal
mirror is not a perfect conductor. Less trivially, the time-varying
dipole induced in the junction at the metal NP/mirror interface
can launch SPPs that can propagate outward as circular waves
along the interface and contribute to the electromagnetic fields
resident in the NP-mirror hot spot of neighboring NPs when it

crosses those points, and even at the original launch point when
the SPP reflects back from the film’s edge or is secondarily
scattered from sites where other NPs reside. The contribution
of these processes can be quite complex since the various
propagating waves can result from multiple scattering events
that add coherently, and their amplitudes diminish with
propagation distance both on account of intrinsic losses and
because the energy is distributed over expanding circular
wavefronts.
Hence, the SERS enhancement observed for molecules
resident in the cleft between the Au-NP and oxide film can be
broadly viewed as originating from the following two
contributions: (1) the electromagnetic field associated with
the incident laser light that excites the gap modes at the site of
the NP-surface junction that functions as an antenna
concentrating radiant energy in the gap where molecules reside
(the electrostatic part); and (2) the electromagnetic energy
concentrated at that junction derived from SPPs, which are also
excited in step 1, that then propagate outward and couple
energy into the junctions of neighboring NP-mirror sites. Since
the illumination is CW, the energy in the polaritons can build
up to a significant level until the rate of energy infusion equals
the rate of energy losses.
We believe that the first effect, namely the electromagnetic
energy concentration in the hot spot formed between the AuNP and the underlying gold mirror will be the dominant
contribution on account of the aforementioned loss mechanisms affecting the propagating SPPs. Hence, the simulation
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approach we used in this report is expected to describe our
observations adequately.
The simulations reproduce the observed angle-of-incidence
behavior of the SERS intensity and the effect of oxide thickness
very well. The only observation that is not predicted entirely
correctly is the dependence on the dielectric constant of the
oxide spacer. Three materials were used to fabricate the spacer:
SiO2, Al2O3, and ZrO2, whose reported dielectric constants (at
optical frequencies) are, respectively, 2.1, 2.6, and 4.3.45−47 The
observed SERS intensities at all of the spacer thicknesses used
were greatest for SiO2, less intense for alumina and very much
less intense for zirconia. For substrates fabricated with 2 nm
spacer layers, the SERS intensity was found to be 7-fold more
intense with a spacer layer of SiO2 than that with Al2O3 for 633
nm illumination. The SERS intensity decreased even more with
ZrO2 spacers (Figure 3C).
The calculations predict a rather complex dielectric constant
behavior that depends sensitively on the spacer layer thickness,
the diameter of the NP and also the location within the cleft
formed by the NP resting on oxide layer where the molecules
might be located. For example, for a 2 nm spacer layer at 45°
AOI, and values for the other parameters as given in the caption
of Figure 3D, the SERS intensity with 633 nm laser excitation is
predicted to have approximately twice the intensity with an
alumina spacer as with a silica spacer (the observations showed
the reverse order), while with the zirconia spacer the SERS
intensity was calculated to be ∼50-fold smaller, which is more
or less as observed. A clue to explaining the discrepancy
between what is observed with silica and alumina and what is
calculated might be the rather narrow resonances calculated for
wavelength dependence of the fields concentrated in the hot
spots. This means that rather small variations in the dielectric
constant values of the spacer layers, or in the size of the cleft
(due, for example, to lack of perfect sphericity of the NP) could
easily reverse the order of SERS intensities for observed for
silica and alumina whose dielectric constants do not vary greatly
but would correctly predict the behavior with zirconia spacers,
whose dielectric constant is significantly larger.
A set of experiments were carried out as a function of Au-NP
coverage on substrates consisting of 5 nm SiO2 covered Au
films by changing the immersion time of the substrates in the
gold colloid solution, while keeping all other parameters
constant. As shown in Figure 4, the SERS intensity increases
almost linearly for NPOMs with increasing particle coverage
when the particle densities were low enough for the Au-NPs to
remain isolated. No observable SERS signal was obtained for an
equal number of isolated AuNPs on substrates without the Au
mirror. Prolonged exposure to Au-NPs (1 min), however,
produced substrates with dramatically increased SERS activity.
Moreover, strong SERS signals were observed both from the
region with and without the Au mirror. This was attributed to
the formation of Au NP dimers and higher aggregates (see inset
Figure 4), which create hot spots between nanoparticle
aggregates oriented appropriately for excitation with s-polarized
light even at normal incidence. However, the SERS intensity
measured from the NPOM region was 10-fold greater than in
the absence of the mirror even for substrates dominated by Au
dimers and larger aggregates for which the hot spots are
disposed appropriately for excitation by s-polarized light. This
possibly implies that for 2D nanoparticle aggregates residing
above a mirror the hot spot residing between the particle and
the mirror that can normally only be excited with a field
component normal to the mirror surface will now also be

Figure 4. Effect of Au-NP particle density (varied by varying the
dipping time) on the SERS intensity of Au NPOMs fabricated with 5
nm SiO2 spacers. With a dipping time of 1 min (and greater), Au-NP
dimers and trimers were observed. (See SEM image in the inset; scale
bar = 200 nm.) Note the scale break in the y-axis that affects the last
point.

excitable with s-polarized light likely due to the (diagonal)
cross-coupling between nanoparticles and the images of
neighboring nanoparticles in addition to the normal coupling
that occurs between nanoparticles in dimers or aggregates and
between a given nanoparticle and its own image.
In conclusion, NPOMs fabricated with very thin ALDdeposited spacer layers are SERS substrates with highly
reproducible and uniform SERS activity. Their physical
properties are excellently predicted using full-wave electromagnetic field calculations based on FDTD. When using ppolarized light and an angle of incidence ∼60°, these substrates
produce very high SERS enhancements even for Au-NPs that
are isolated from one another. Au-NP aggregates, which show
very intense SERS signals on their own, still benefit from the
presence of an underlying Au mirror by enhancement factors
∼10. Finally, these systems can be reproducibly and scalably
fabricated since many of the steps are compatible with well
established and low-cost wafer processing technologies.
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