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Abstract

Gold plasmonic nanostructures with several different adhesion layers have been studied with
monochromated electron energy loss spectroscopy in the scanning transmission electron
microscope (STEM-EELS) and with surface enhanced Raman spectroscopy (SERS). Compared to
samples with no adhesion layer, those with 2nm of Cr or Ti show broadened, lower intensity
plasmon peaks as measured with EELS. This broadening is observed in both optically active
(“bright”) and inactive (“dark™) plasmon modes. When the former are probed with SERS, the
signal enhancement factor is lower for samples with Cr or Ti, another indication of reduced
plasmon resonance. This work illustrates the capability of STEM-EELS to provide direct near-
field measurement of changes in plasmon excitation probability with nano-scale spatial resolution.
Additionally, it demonstrates that applications which require high SERS enhancement, such as
biomarker detection and cancer diagnostics, can be improved by avoiding the use of a metallic
adhesion layer.
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Metal adhesion is a necessary but often ignored aspect of plasmonic device synthesis. Top-
down approaches including nanosphere-, photo- and electron beam lithography require a
layer between the substrate (typically glass, silicon, or indium tin oxide) and the optically
active material (almost always Au or Ag) to avoid delamination. While evaporation of Cr or
Ti adhesion layersl3 is effective, the influence they have on optical device performance is
not fully understood. Direct near field observation of plasmon excitation as a function of
both energy and position can provide valuable information of both scientific and practical
interest.

There have been several optical studies which observe the effects of transition metal
adhesion layers by various methods. These include surface enhanced Raman spectroscopy
(SERS),*-6 optical scattering spectroscopy’ and fluorescence enhancement spectroscopy8
measurements. All three of these techniques are sensitive to the enhanced local electric field
at or around a nanostructure when the incoming photon energy matches a resonant plasmon
energy. Greater fields increase the probability of inelastic scattering, elastic scattering, and
absorption, thus increasing the signal obtained from each of the above techniques.

In those optical studies, samples generated with Cr or Ti layers beneath the optically active
layer are found to generate reduced signal intensities in all three methods as compared to
samples with no metal adhesion layer4-8, These studies primarily cite changes in the local
real and imaginary dielectric function to explain the effects observed. This in turn affects the
way conduction electrons in the material respond to a driving field.>:9 Other proposed
mechanisms involve non-radiative dissipation of the plasmon energy, such as Cr or Ti
reducing the resonance lifetime due to charge transfer across the metal-metal interface. All
of the experimental results from these studies are collected in the optical far-field, and
therefore the resolution is diffraction limited. The methods require both excitation and
radiative emission in order to collect a signal.

In this work, we aim to compare plasmon excitation of gold nanostructures with no adhesion
layer to those with 2nm of Ti or Cr. The limitations of optical techniques — limited
resolution, indirect probing of the near field, and inability to excite some plasmon modes —
are avoided by the use of electron energy loss spectroscopy in the scanning transmission
electron microscope (STEM-EELS). In this technique, an electron probe is focused to the
sub-nm scale and rastered over the sample for local mapping of excitation energy and
probability.10 This technique has been demonstrated to be capable of measuring dark modes,
which only weakly couple to optical excitation, allowing for full characterization of all
plasmon resonances present in a structure, 11-14

The same structures are investigated with Raman spectroscopy for comparison. This
technique measures inelastic scattering of an excitation laser by a dye molecule. The SERS
signal enhancement factor scales with the local electric field enhancement,1® which results
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from plasmon excitation at the selected laser energy. By choosing relevant laser
wavelengths, we gain information complementary to that obtained with EELS regarding the
optical response of structures at specific energies.18 Additionally, we show the influence of
adhesion layers on the intensity of the SERS signal, which is important for medical
applications including biosensing”:18 and cancer detection,1%-21 where high signal
intensities are critical to ensure sufficient sensitivity.

Samples were created for this study by electron beam lithography, followed by evaporation
of metallic thin films. For Raman spectroscopy samples, a thin film of polymethyl
methacrylate (PMMA\) was spin-coated onto a silicon wafer. Regions of the PMMA were
exposed to the electron beam and removed with a weak solvent to form the desired pattern.
If applicable, an adhesion layer was deposited first, followed by 30nm of Au via electron
beam evaporation. A schematic of the final structure, an Au thin film with a square array of
round holes (containing Au nanodisks), is shown in Figure 1a. The arrays were then coated
with 4-mercaptopyridine Raman dye. SERS testing was performed using 785nm (1.6eV) and
532nm (2.3eV) lasers. A full description of the fabrication can be found in the Methods
section at the end of this article.

In order to create structures thin enough to be electron transparent for STEM-EELS, the
procedure described above was modified to use commercially available 35nm thick silicon
nitride membranes as a substrate. No dye was applied to these samples to minimize
contamination in the electron microscope.

For each sample, monochromated STEM-EELS spectrum images were collected from a
region containing four nanodisks near the center of a larger array. Because the data contains
a 1D spectrum at each pixel within a 2D image, it can only be fully represented in 3
dimensions. However, selected data is represented in several different ways. Spectra can be
plotted from a selected region within the sample. Alternatively, an image — hereafter referred
to as an “energy slice” — can be generated by assigning a color based on the number of
counts within a particular energy range at each pixel. Both of these methods are used in this
work to give a more complete representation of the results. Spectra are background
subtracted to compare peak width and position, while raw data is used when comparing
relative intensities. Energy slices have been normalized by total counts reaching the detector
at each pixel. A full description of the experimental procedures can be found in the Methods
section of this paper.

RESULTS AND DISCUSSION

A scanning electron micrograph of one of the arrays is shown in Figure 1b, illustrating the
consistency of feature size, shape, and spacing achieved. Three STEM annular dark field
images (Figure 2) show the microstructure of arrays with no adhesion layer, Ti, and Cr
underlayers respectively from left to right. The speckled contrast is a result of the
polycrystalline nature of the evaporated films. No difference in morphology or grain
structure between the three samples is observed, suggesting that any changes in plasmon
resonance behavior do not result from a physical change in the Au layer.
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Figure 3 shows EEL spectra before and after background subtraction integrated over a
500nm x 500nm area. The sample with no adhesion layer (top) shows two peaks, while
samples with Ti and Cr (middle and bottom respectively) show a single broad peak. The
plasmon peak energies observed in all three samples are in agreement with previous EELS
studies of gold nanoparticles,12:13 which find resonances in the 1-2.5 eV range.

Energy slices were generated from each spectrum image in 0.1eV intervals. Resonances with
four different energies were found in the sample with no adhesion layer, and are shown in
Figure 3a. If we define a square unit cell for the array with the center of one nanodisk at
each corner, the positions of the resonances can be described. In order of increasing energy,
they are: at the array corners at 1.3eV, in the centers at 1.6eV, along edges at 1.9eV and at
the corners again, but more localized, at 2.3eV. The 2.3eV resonance has the lowest apparent
intensity. Only two of these peaks are apparent in the spatially averaged spectrum,
illustrating the need for high resolution methods to fully probe all resonances present in the
nanostructure.

When the same energy slices are generated from samples with an adhesion layer, with the
same color scale (Figure 3b,c), the results are visibly different. For both samples, and in all
four selected energy slices, the localized high intensity features described above are no
longer present. Thus we can infer that Cr and Ti reduce the probability of plasmon excitation
at the energies selected. In order to address the possibility that peaks had red- or blue-
shifted, every energy slice between 1 and 3eV was inspected. However, the periodic high
intensity features shown in Figure 3a were not found in either sample with an adhesion layer
anywhere within this energy range (Supporting Information, Figure S1).

Background subtracted spectra were extracted from each position of interest: the array
corners, centers and edges. The spectra give some information which is not visible in the
energy slices or the spatially averaged spectra. For example, in the sample without an
adhesion layer (Figure 4a—c), there is a peak near 1.3eV at all three positions, but the
intensity is much greater at the array corners, where it appears in the energy slice.
Additionally, the peaks at 1.6, 1.9 and 2.3eV are easily visible when viewing spectra from
each region in the sample separately, unlike in the spatially averaged spectrum in Figure 3a.
In the presence of Cr or Ti (Figures 4d—f and g-I respectively), a number of changes occur.
The lower energy peak in Figure 4a is broadened in 4d and 4g. The higher energy peak also
appears broader, particularly in Figure 4g. The two peaks in Figure 4b are no longer resolved
in 4e and 4h. The same is true when comparing Figure 4c with 4f and 4i, with an additional
redshift in the peak energy for the latter two. Overall, the peaks are broader and less well
defined in the presence of an adhesion layer.

Spectra extracted from the array center position without background subtraction are shown
in Figure 5, normalized by integrated counts. This data is used to compare relative peak
intensities, as small changes in the background fit can result in large changes in calculated
counts. In addition to being narrower, the sample with no adhesion shows greater peak
intensity. The vertical dashed line marks the energy corresponding to a 785nm laser, which
was used to collect SERS data on similar structures fabricated onto a Si wafer. Structures
with plasmon energies matching the excitation laser energy are expected to more efficiently
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collect and emit photons, resulting in an increase in the SERS signal intensity. Therefore, the
sample with no adhesion layer, showing the strongest plasmon peak at the marked energy,
should demonstrate the greatest enhancement factor. The SERS results, shown in Figure 6,
show greater intensity peaks for the sample with no adhesion layer, in agreement with this
prediction, as well as previous Raman studies*°. The relative enhancement factors, as
calculated from the peak at 1094cm™1, for the sample with no adhesion layer, Cr, and Ti
respectively are 1 (by definition), 0.55, and 0.35.

Although another plasmon peak is present at 2.3eV, Raman spectra collected with a 532nm/
2.33eV laser (Figure 7) show no SERS signal from any of the arrays, as explained below.

Resonances which can be excited by an electron beam include both ‘bright” modes which
couple to light and ‘dark” modes which do not. It has been shown that when an electron
beam passes through a sample along a mirror symmetry axis, it can generate a dark
resonance with two or more antisymmetric dipole moments which sum to zero2. These
types of modes have been demonstrated for several sample and measurement geometries,
including passing an electron beam between through the gap between two nearby
nanoparticles!1:14 or through the center of a round nanodisk?2. The latter, referred to as a
breathing mode, involves the electron cloud of a metal nanoparticle expanding and
contracting radially. The symmetry of the charge distribution results in a vanishing net
dipole moment (/.¢e. the sum of all dipoles over a small volume goes to zero) and therefore
they do not efficiently couple to light23. Such modes are found to be excited when the
electron probe is placed at the center of a lithographically patterned nanodisk, but not near
the edges?2. The same excitation pattern is observed in the 2.3eV energy slice in Figure 3a,
suggesting the resonance at this energy is a breathing mode.

The idea that the resonance at 2.3eV is a dark mode is further supported by the Raman
results. Excitation with a 2.3eV laser does not result in the observation of a SERS signal, in
spite of the EELS peak present at that energy, indicating poor coupling of light to the
structure. To confirm the mode does not have a dipole moment in the direction normal to the
substrate, Raman spectroscopy was also performed with the sample tilted relative to the
illumination axis by 10°. Again, no significant signal was found (Figure S2).

In comparison, the excitation at 1.6eV shown in Figure 3a does not have radial symmetry.
Therefore, it is not surprising that this resonance is optically active, as indicated by the
SERS signal collected using a 1.6eV laser.

The peak width of plasmons measured by EELS has been shown by Bosman et a/24 to be
inversely proportional to the quality factor Q of the resonator, and therefore directly
proportional to the damping constant of the resonance. Instrumental broadening can be
removed in specific scenarios in order to quantify the Q-factor, but requires specific beam
conditions. These include collecting spectra several nanometers away from the edge of the
metal nanoparticle in an aloof beam setup, such that the electron probe only passes through
the silicon nitride support film. This is not possible in the current work due to the sample
geometry and our interest in plasmons excited by placing the electron beam directly onto the
metal structures. Therefore, we report only a qualitative comparison of the three structures.
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We find that the same trends of plasmon peak broadening and intensity reduction observed
in EELS also appear in Purcell factor simulations of the three structures (Figure S3).
Additionally, while the structure geometry is different, the results presented here match the
trends predicted by EELS simulations from Nordlander et. a/. who compared samples with
thicker and thinner Cr adhesion layers.25 They find that a 2.5nm Cr adhesion film results in
much lower electron energy loss probability than a sample with only a 1nm film.

Broader plasmon peaks are observed in EELS as a result of both adhesion layers, indicating
a decrease in Q-factor, in agreement with previous optical scattering studies®. Additionally,
the broadening effect appears more severe in the case of Cr as opposed to Ti. This is
attributed to the more dissipative dielectric function of the former.? The increase in plasmon
resonance width suggests that the introduction of an adhesion layer results in shorter
lifetimes of plasmonic modes®, which in turn reduces their contribution to far field radiation.
As a result, photons which are coupled to these modes have a higher chance of being
absorbed by the structure. This explains the diminished SERS intensity observed in Figure 6
and elsewhere.#5.26 The shape of the features in the Raman spectrum is determined by the
dye molecule rather than the plasmonic structure, and therefore no broadening is observed in
the SERS data.

Unlike standard optical techniques, the high spatial resolution of STEM-EELS allows
resonances excited in different positions within a single nanostructure to be probed
separately. While the peaks at 1.6 and 1.9eV overlap in energy and are not both apparent in a
spatially averaged spectrum, they are resolved by viewing spectra from different regions less
than 100nm apart in the sample.

STEM-EELS also provides the unique ability to measure optically inactive modes. The
feature at 2.3eV (Figures 3a,d,g) is one such mode. The same peak broadening effect which
was observed in the optically active mode at 1.6eV is apparent here, particularly in the Cr
containing sample (Figure 3g). This cannot be confirmed with the SERS data, as no signal is
observed for any of the three structures.

CONCLUSIONS

From the results shown above, we conclude that STEM-EELS is sufficiently sensitive to
measure changes in plasmon excitation in gold thin films due to the presence of as little as
2nm of a metallic adhesion layer, while providing nanometer scale spatial resolution. Both
Cr and Ti cause broadening of the observed plasmon peaks, in agreement with measured
SERS signals as well prior optical studies and EELS simulations. Therefore, metallic
adhesion layers should be minimized or avoided when generating plasmonic structures
which will be excited by light or by electrons, including SERS arrays and structures to be
studied by EELS. The link between SERS intensity and plasmon peaks measured with the
electron beam continues to be a promising opportunity to develop new structures with
greater signal strength, which will improve biosensing and early cancer detection
capabilities. Additionally, broadening of an optically inactive peak is observed in EELS,
demonstrating the capability of this technique to provide both complementary and new
information on plasmon damping in conjunction with optical scattering measurements.
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Silicon wafers were spin coated with 2% 950,000 molecular weight PMMA in anisole at
2500 rpm, and baked for 5 minutes at 180°C. TEM grids with silicon nitride windows (Ted
Pella Inc. 35nm thick 0.5 x 0.5mm) were coated and baked in the same way by adhering the
grid to a piece of silicon with polydimethylsiloxane, and affixing the silicon to the spin
coater. Prior to lithography, the electron beam tool was run as an SEM to target the small
electron transparent windows. Because the electron beam exposes the PMMA resist as it
images, it is important not to image the region which will be patterned. To avoid this, the
stage positions of two opposite corners of the window are found, and the pattern is exposed
at the center, as calculated by the mean position. Electron beam lithography was performed
on a JEOL JBX 6300 lithography system using a 100kV 500pA beam. 144nm diameter
disks were patterned with a dose of 2000uC/cm?. Arrays of approximately 4x4um were
patterned for STEM-EELS testing, while those for SERS were 30x30um (e.g. approximately
15,000 disks). These dimensions ensure that both measurements can be performed away
from the array edges, where the material response may differ. After lithography, the samples
were submerged in a 1:3 methyl isobutyl ketone/isopropanol solution for 30 seconds to
dissolve the regions illuminated by the beam. The samples were then rinsed in isopropanol
and blown dry with compressed air. Metal depositions were performed in a Kurt J Lesker
electron-gun evaporator and film thickness was tracked with a crystal monitor.

Scanning Electron Microscopy

STEM

Scanning electron micrographs were collected using an FEI Magellan XHR with a field
emission gun source. Secondary electron images were generated using a 5kV beam and
collecting signal using an Everhart-Thornley detector.

STEM-EELS data were collected in an image Cs corrected monochromated FEI Titan 80—
300 at 300kV. The monochromator was excited in order to obtain a zero loss peak full width
at half maximum ranging from 0.13eV-0.19eV with the probe on the sample. The
microscope was operated at spot size 11 with a 38mm camera length, and C2 and C3
apertures of 150 and 50 pm, respectively. Under these conditions the probe size is estimated
to be 0.5nm. Spectra were collected with a 2.5nm pixel size and a 0.01eV dispersion using a
Gatan Quantum GIF with a 2.5mm entrance aperture. Under these conditions, the
convergence and collection angles are 8.4mrad and 18.3mrad respectively. Spectrum
collection times were selected to maximize signal without saturating the EELS detector, and
ranged from 5-11 ms. Spectrum images sizes were approximately 200x200 pixels.

Surface Enhanced Raman Spectroscopy

Samples for SERS testing were submerged in a 0.1mg/mL aqueous solution of 4-
mercaptopyridine. After 4 hours, the samples were removed, rinsed in deionized water, and
blown dry with compressed air. Raman spectroscopy was performed on a Horiba LabRam
system using a 50x objective to focus the laser to the smallest possible spot, and collected
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with a 1 second acquisition time. A linear background fit was applied in OriginPro 9.1 to
obtain quantitative signal intensities for the peak at 1094cm™1. The resulting values were
normalized relative to the sample with no adhesion layer.

Data processing

‘Energy slices’” were generated using a MATLAB script. For each pixel, the number of
counts reaching the detector over a 0.1eV energy range was summed, and divided by the
total number of counts reaching the detector. This normalizes the fluctuations in the number
of counts as a result of thickness variations, Bragg diffraction and other effects. These values
are then plotted as a colormap. Spectrum images were imported into MATLAB using a
modified version of the algorithm available online at: http://www.mathworks.com/
matlabcentral/fileexchange/29351.

Extracted spectra in Fig. 5 were normalized by integrated counts from 0-10eV. Those shown
in Figure 4 were background subtracted using power law background subtraction in Gatan
DigitalMicrograph software. Curves were smoothed using 5-point adjacent averaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic diagram of the structures investigated. The thicknesses are 30nm for Au, 2nm

for the adhesion layer, and ~100nm PMMA. Full details are available in the Methods
section. (b) Scanning electron micrograph of the actual structure. The sample is tilted to
illustrate better the vertical offset between the gold nanodisks and the surrounding thin film.
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Figure 2.
Plan view annular dark field scanning transmission electron micrographs of samples with

and without an adhesion layer. The speckled contrast is a result of differently oriented grains
within the samples. No morphological differences between the three structures are apparent.
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Left: Spectra summed over the whole 500 x 500nm region of interest before (black) and
after (red) background subtraction of samples with (a) no adhesion layer (b) 2nm Ti and (c)
2nm Cr. Right: Normalized STEM-EELS energy slices generated from the three samples at
energies 1.3, 1.6, 1.9 and 2.3 eV. Each slice is generated from a £0.05eV range of the listed
energy and normalized by total detector counts. The four nanodisks shown here are within a

larger array, with the array unit cell outlined in black. In order of increasing energy,

resonances appear in the sample with no adhesion layer (a) at unit cell corners, face centers,
edge centers, and corners again. Samples with Ti (b) and Cr (c) adhesion layers do not show

such localized high intensity features.
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Background subtracted EEL spectra extracted from different locations (indicated by the inset
in each column) for samples with (a—c) no adhesion layer, (d—f) 2nm Ti and (g—i) 2nm Cr.

The peaks are broader and less resolved in the presence of an adhesion layer.
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Figure5.
Normalized EEL spectra from array centers without background subtraction. The peak

intensity is greater for the sample with no adhesion layer, in addition to being less broad as
shown more clearly in Figure 4. The 785nm laser line (vertical dashed line) matches well
with the peak energy. The three curves converge at higher and lower energy losses (inset).
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Figure®6.
Vertically offset Raman spectra taken from the arrays described in the text using a 1.57eV/

785nm laser. The signal intensity is lower for samples with 2nm of Cr or Ti, indicating a
lesser local field enhancement.
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Figure 7.
Vertically offset Raman spectra collected using a 2.3eV/532nm laser. No signal is observed

for any of the samples, indicating light at this energy does not couple well to the
nanostructures, in spite of the 2.3eV peaks observed in EELS.
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