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T
he plasmonic properties of noblemetal
nanostructures have been widely stud-
ied and pursued in various applications

ranging from molecular sensing1�3 to light
manipulation.4�7 Since the optical properties
of plasmonic systems are closely related to
the morphology of the nanostructures, there
is a strong need for the development of fabri-
cation methods that provide precise geo-
metrical control and at the same time have
high-throughput yields. Among the large
variety of plasmonic nanostructures, dimers
have received particular interest, as they are
able to confine and localize the electromag-
netic field down to the nanoscale and pro-
vide near-field enhancements by several
orders ofmagnitude, leading to the formation
of plasmonic hot-spots.8,9 These hot-spots
are of high interest in a wide range of appli-
cations such as surface-enhanced spectros-
copies,3,10�12 bio- andmolecular sensing,13,14

optoelectronics,15 andplexcitonics.12,16,17 The
plasmonic dimer geometry is also often

adopted as a model system for studying
plasmonic interactions and how these can
be employed for tuning the near and far-
field.18 Chemical syntheses, such as seed-
mediated growth19 and induced aggrega-
tion,20,21 have been explored to fabricate
dimer structures due to their high-throughput
capacity, but the former can yield only
dimers with a conductive junction, and the
latter typically suffers from poor control
over the sizes of the aggregations. Electron-
beam lithography (EBL),18,22 electron-beam
manipulation,23 and Heþ-ion lithography24

have proven to be very efficient for making
small-scale few-dimer substrates, yet they
are not suitable for wafer-scale production.
Angle-resolved nanosphere lithography25,26

and stencil lithography27 can make large-
scale dimer structures, yet it is not trivial to
reach a sub-10-nm gap size.
Here, usingacombinationofnanoimprinting

lithography (NIL)28�31 and shadow evapo-
ration,32we reportanewmethod forproducing
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ABSTRACT Fabrication of high-density plasmonic dimers on a

large (wafer) scale is crucial for applications in surface-enhanced

spectroscopy, bio- and molecular sensing, and optoelectronics. Here,

we present an experimental approach based on nanoimprint

lithography and shadow evaporation that allows for the fabrication

of high-density, large-scale homo- (Au�Au and Ag�Ag) and hetero-

(Au�Ag) dimer substrates with precise and consistent sub-10-nm

gaps. We performed scanning electron, scanning transmission

electron, and atomic force microscopy studies along with a complete

electron energy-loss spectroscopy (EELS) characterization. We observed distinct plasmonic modes on these dimers, which are well interpreted by finite-

difference time-domain (FDTD) and plasmon hybridization calculations.

KEYWORDS: plasmonic dimers . nanoimprint lithography . shadow evaporation . electron energy-loss spectroscopy (EELS) .
finite-difference time-domain (FDTD) . plasmon hybridization
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wafer-scale, high-density Au�Au and Ag�Ag dimer
arrays with uniform size, well-defined orientation,
and controllable gap morphology. Protocols have
been adapted to be able to achieve sub-10-nm gap
configurations. This facile technique also allows, with
minor adjustments, the fabrication of heterodimers,
in which each particle in the dimer is made of a different
metal (e.g., Au�Ag dimers). Meanwhile, protocols have
been established to pattern dimer nanostructures on a
50 nm thin Si3N4 membrane, which allows us to use
scanning transmission electronmicroscopy (STEM) and
perform electron energy-loss spectroscopy (EELS) on
individual dimers. Here we present EELS measure-
ments on Ag�Ag, Au�Au, and Au�Ag dimers with
sub-10-nm gaps. We complement these measure-
ments with EELS calculations carried out using the
finite-difference time-domain (FDTD) method, which,
together with a plasmon hybridization (PH) model,33,34

allows a deeper understanding of the experimental
results and provides a qualitative picture of the plas-
monic modes involved in these strongly coupled
dimers.

RESULTS AND DISCUSSION

The dimer patterning procedure is illustrated in
Figure 1. Dimers are patterned on either Si or Si3N4

substrates. In step 1, two layers of resist, poly(methyl
glutarimide) (PMGI) and poly(methyl methacrylate)
(PMMA), are sequentially spin-coated onto the sub-
strate. Then (step 2), the top PMMA layer is nano
imprinted with a self-assembled template patterned
with pillar array to generate a hole pattern. In the cur-
rent setup, the pillars are fabricated using nanosphere
lithography29 and have a diameter of 150 nm and a
pitch sizeof 390nm. In step3, the substrate is reactive-ion
etched to remove the residual PMMA in the hole and
wet-etched to partially dissolve the PMGI layer through
the holes, forming an undercut structure. Shadow
evaporation occurs in steps 4 and 5, noted as first-
run and second-run deposition, respectively. Contrary
to the usual normal incidence deposition, noblemetals
are here evaporated into the holes at oblique inci-
dences. The deposition angles R (first run) and β
(second run) are adjusted such that each part of the
dimer takes half of the bottom of the hole. The control
over the deposition angles determines the nanoparticle
spacing (i.e., gap size). The residual metallic sheet atop
the PMMA layer is then removed by lift-off (step 6). The
detailed process is described in the Methods section.
Figure 2A shows a scanning electron microscopy

(SEM) image of Ag�Ag dimers forming hexagonal
patterns all over the surface. Because themetal deposi-
tion direction is universal, all the dimers are aligned
along the same direction. As it can be seen from
Figure 2B,C, the dimers consist of two disk-like nano-
particles separated by a gap. Due to the evaporation
process, the gaps are elongated and perpendicular to

the dimer axes. Since the gap sizes are approaching the
SEM spatial resolution, they can barely be identified.
The gap structure can be characterized in a more
detailed manner using transmission electron micros-
copy (TEM) and atomic force microscopy (AFM), as we
will discuss later.
The deposition angles, R and β, are crucial for

obtaining the desired dimer structure, as the process
is purely geometrical.25 Larger deposition angles lead

Figure 1. Schematic of dimer array fabrication. Step 1: resist
spin-coating. Step 2: nanoimprintingwith a pillar-patterned
template. Step 3: dry-etching and wet-etching to form
undercut structures. Step 4: first-run angular e-beam evap-
oration of metal with an angle R with respect to the wafer
normal. Step 5: second-run angular depositionofmetalwith
an angle β with respect to the wafer normal, having a 180�
azimuthal angle with respect to the first-run deposition.
Step 6: lift-off to expose the dimer array on the substrate.

Figure 2. As-fabricated dimer structure. (A) SEM image of a
plane-view Ag�Ag dimer array on a Si substrate before
PMGI removal (scale bar: 1 μm). (B, C) SEM images of a side-
view Ag�Ag dimer array on a Si substrate (scale bar:
200 nm). (D�G) SEM images of a plane-view Ag�Ag dimer
array on a Si3N4 substrate with a fixed first-run deposition
angle R = 35� and different second-run deposition angle
β of (D) 25�, (E) 27.5�, (F) 30�, and (G) 32.5� (scale bar:
200 nm). (H) Relationship between the gap size and the
deposition angle β. (I) Gap size distribution of Ag�Ag
dimers with wafer-scale inspection of 70 dimers.
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to the displacement of the dimer further away from the
center of the deposition hole and narrower nanopar-
ticles (i.e., more elliptical). When R and β have similar
values, the deposition process leads to asymmetrical
dimer structures. The reason is that the deposited
materials on the side wall of the PMMA during the first
run will play the role of an additional, undesired, mask-
ing layer during the second-run deposition (Figure S1,
Supporting Information). To avoid this undesired effect,
a smaller value of β (compared with R) is necessary to
obtain a dimer with two nanoparticles of similar sizes.
As shown in the SEM images, by increasing β (keeping
R constant), the dimers change from partially over-
lapping (Figure 2D,E) to well separated (Figure 2F,G).
AFM images are shown in Figure S2 of the Supporting
Information. Figure 2H shows the statistical measure-
ment of the average gap size as a function of the
deposition angle β, while R is kept at a fixed value of
35�. It is revealed that a 1� increase of β leads to a
4.5 nm increase of the average gap size. Importantly,
the gap sizes are sampled over a centimeter-sized area.
Across the entire area, a simple geometrical calculation
revealed that the gap size variation caused by the
difference in deposition angle as a result of shadow
evaporation is only 1.1 nm under the current deposi-
tion configuration (Figure S3, Supporting Information).
Even considering the full-wafer fabrication (i.e., 4 �
4 cm2 nanoimprint template), the corresponding size
variation is 4.5 nm. To further demonstrate the wafer-
scale control of the gap sizes, dimers were fabricated in
a square area of 4� 4 cm2, andgap sizeswere surveyed
from center to edge. The gap size distribution of a
given optimized process, shown in Figure 2I, shows an
average gap distance of 7.7 nm and a standard devia-
tion of 3.1 nm. Consequently, by tuning the deposition
angle, sub-10-nm gaps can be consistently gener-
ated over wafer scale. The negative values of the gap

distance for β e 28� stand for the cases when dimers
are in an overlapping configuration, and their absolute
values represent the width of the overlapping region.
Since the generation of the dimer structure is purely
geometrical, the thickness of PMGI and PMMA layers
and the diameter of the holes will also directly affect
the dimer geometry. Therefore, a careful optimization
should be performed for each distinct situation to
obtain the desired nanostructure.
The dimer density, i.e., the number of dimers that

can be fabricated per surface area, is determined by the
pillar structure on the template. Here, using a template
with pillars of 390 nm pitch size, the fabricated dimers
have a surface density of 8 dimers/μm2. Notably, tem-
plates with pillars of 200 nm pitch size have also been
reported,29 which can potentially reach a higher dimer
density. This value can be further increased by using a
more advanced technique to pattern templates, such
as block copolymer self-assembly.35 Using this tech-
nique holes with a 28.6 nm pitch size have been
already patterned.36 If dimers were fabricated using a
similar template, one could expect a surface density of
∼1500 dimers/μm2. However, such high dimer den-
sities may not always be desirable depending on the
targeted application. When the dimers are brought in
close proximity to each other, dimer�dimer interac-
tions can occur and strongly influence the optical
properties of the patterned substrates (e.g., localized
surface plasmon resonance (LSPR) shift and hot-spot
alteration).
To better visualize and spatially resolve nanoscale

geometrical features, we perform TEM imaging of
these dimers by placing the plasmonic dimers onto a
50 nm thin Si3N4 substrate. As shown in Figure 3A,
a double-sided polished Si (100) wafer is coated on
both sides with a thin Si3N4 membrane first (step 1),
followed by the patterning of a plasmonic dimer array

Figure 3. Fabricating a dimer array TEMsample. (A) Fabrication schematic: step1, nitride coatingontoboth sides of a Siwafer;
step 2, patterning of the dimer array structure on one side of the wafer; step 3, patterning of a square TEM observation
window on the photoresist on the other side of the wafer; step 4, dry-etching through the nitride layer; step 5, KOH etching
through the Si layer to expose the bottom nitride window. (B) Au�Au dimer array on a Si3N4 membrane (scale bar: 200 nm)
under a bright-field TEM image. (C) Zoomed-in image of one Au�Au dimer with a sub-10-nm gap (scale bar: 50 nm). (D)
Au�Ag heterodimer array (scale bar: 500 nm). Inset shows elemental mapping of one dimer, with red representing Au and
green representing Ag. (E) Zoomed-in image of one Au�Ag dimer with a sub-10-nm gap (scale bar: 50 nm).
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on one side according to the protocol described earlier
(step 2). The silicon nitridemembrane on the other side
is subsequently patterned to have 0.5� 0.5 mm2 open
windows where the underneath Si is exposed (steps 3
and 4). KOH etching is then used to etch through the Si
wafer in the window area to expose the nitride layer
with the dimer array structure atop (step 5). The final
Si3N4 membrane has a length of 0.2 mm, smaller than
the initial patterned region, as a result of KOH aniso-
tropic etching (Figure S4, Supporting Information).
Detailed fabrication information can be found in the
Methods section.
Figure 3B shows a TEMbright-field image of a typical

Au�Au dimer array supported by a thin silicon nitride
membrane. Essentially, the dimer structure is the same
as the sample fabricated on the Si wafer. The gap
structure ismore clearly resolved owing to the subnano-
meter resolving power of the instrument. From the TEM
images, we demonstrate that sub-10-nm gaps can be
consistently fabricated (Figure 3C and Figure S5, Sup-
porting Information). One can notice the presence
of subnanometer metallic particles surrounding the
dimers, possibly resulting from the lift-off process.
FDTD simulations have shown that these particles have
negligible effects on the overall plasmonic properties
of the dimers (data not shown here). Although the
fabricated dimer structures are not perfect compared
with those patterned by e-beam lithography, the
fabrication efficiency is orders-of-magnitude higher.
There is a trade-off between precise shape control
and large-scale production.
The flexibility of our fabrication method also allows

for fabricating heterodimers with nanometer-sized
gaps. As shown in Figure 3D, Au�Ag heterodimers
are fabricated on the entire wafer area. In the TEM
bright-field image, the Au nanoparticle appears darker
than the Ag nanoparticle due to the difference in
atomic numbers Z. Indeed, such a color contrast cannot
be caused by the difference of either the metal thick-
ness or diffraction plane, as both components of the
dimer are designed to have the same thickness and are
both polycrystalline. Additionally, elemental mapping
(inset of Figure 3D) confirms that the dimers consist of
one Ag and one Au nanoparticle. Similarly to the
homodimers the gap can be controlled within 10 nm
by adjusting the deposition angles (Figure 3E).
EELS has been extensively used in the past few years

to investigate theplasmonicproperties of singlemetallic
nanostructures,37,38 and in particular of small nanopar-
ticle dimers and clusters.18,22,39�41 Here, we performed
EELS measurements on the sub-10-nm-gap Au�Au
and Ag�Ag dimers (Figure 4). EELS spectra are ac-
quired with an acceleration voltage of 300 kV and with
the electron beam incident on the edge of the dimer
(Figure 4A,C) and at the center of the gap (Figure 4B,D).
The electron beam impact is indicated as a red spot in
the high-angle annular dark-field (HAADF) images in

the inset of the figure panels. The zero-loss peak
(Figure S6, Supporting Information) has been sub-
tracted from each EELS spectrum using the reflected
tail model. The measurement of the full-width at half-
maximum (fwhm) of this zero-loss peak in turn deter-
mines the spectral resolution. Here, the fwhm was
found to be 0.15 eV.
Due to the relatively large dimer�dimer distance

(g100 nm), the electromagnetic interaction between
two neighboring dimers is negligible. Due to the local
nature of the excitation source (i.e., the electron beam),
it is possible to excite and probe all the plasmonic
modes of a single dimer (i.e., bright and darkmodes) by
selecting specific impact parameters. For Au�Au di-
mers, the EELS spectrum associated with the electron
beam spotted on the edgepart (Figure 4A) exhibits two
peaks at 1.2�1.3 and 1.8 eV, respectively, while the
spectrum for an electron impact at the center of the
gap (Figure 4B) exhibits one broad peak around 2.1 eV.
For Ag�Ag dimers, the edge excitation reveals three
peaks at 1.3�1.4, 2.1�2.2, and 3.3�3.4 eV, and the gap
center excitation allows us to detect a broad peak from
2.3 to 2.6 eV and another peak at 3.6 eV. It should be
noticed that the EELS spectra were measured at both
ends of the dimers and did not show significant dif-
ferences, despite the slight geometrical differences be-
tween the two nanoparticles. Systematic measurements
have been conducted for several dimers, proving that
the peaksmentioned above are common features of the
system (Figures S7 and S8, Supporting Information).

Figure 4. EELS spectra of Au�Au and Ag�Ag dimers. (A, B)
EELS of a Au�Au dimer with the electron beam directed on
(A) the edgepart (i.e., end) and (B) the center part (i.e., gap) of
the dimer. The orange solid lines represent the experimental
data, and the blue dashed lines represent the theoretical
results. (C, D) EELS of a Ag�Ag dimer with the electron beam
directed onto (C) the edge part (i.e., end) and (D) the center
part (i.e., gap) of the dimer. The green solid lines represent
the experimental data, and the red dashed lines represent
the theoretical results. For all cases, the insets are the
corresponding HAADF images, with the red dots indicating
the position of the incident electron beam (scale bar: 50 nm).
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Numerical simulations of electron-based spectro-
scopies have been proven to be useful in the under-
standing of the plasmonic properties of complex geo-
metries.42�45 Here, we use the FDTD method and a
recently developed EELS-FDTD implementation.45 More
details on this approach can be found in the Methods
section and in ref 45. On the basis of the HAADF (inset
of Figure 4) data, the dimers are modeled as two
hemiellipsoids supported by a silicon nitride mem-
brane (Figure S10, Supporting Information). The maxi-
mum thickness of the dimer is 40 nm, and the gap size
is fixed at 5 nm. For the Au�Au dimer, the long/short
axis lengths for the two nanoparticles are 190/150 nm
and 170/130 nm, respectively. For the Ag�Ag dimer,
these values are set at 160/130 nm and 155/110 nm,
respectively. The calculated EELS spectra are shown in
Figure 4 (dashed lines). The numerical simulations are
in good agreement with the experimental results and
capture the salient features observed in the EELS
measurements. More specifically, EELS-FDTD calcula-
tions on the Au�Au dimer reveal LSPRs around 1.2 and
1.6 eV for the edge excitation (Figure 4A) and several
LSPRs between 1.6 and 2.1 eV for the gap center
excitation (Figure 4B). Similarly, the calculations for
the Ag�Ag dimer reveal LSPRs around 1.3, 1.8�2.1,
and 3.3�3.6 eV for the edge excitation (Figure 4C) and
from 1.8 to 2.2 eV and at 3.6 eV for the gap center
excitation (Figure 4D). It is important to notice that the
EELS-FDTD spectra for Au�Au and Ag�Ag dimers
exhibit multiple smaller peaks with spectral separations
approaching the experimental resolution (150 meV),
which result in the broad bands observed experimen-
tally. As the dimers are formed from elongated

nanoparticles, the position of the LSPRs depends
on the geometrical aspect ratios. Variations in aspect
ratios across the entire sample will contribute to
inhomogeneous broadening of the LSPR when col-
lectively probed by optical spectroscopy. However,
EELS is much less sensitive to this source of inhomo-
geneous broadening, as it probes individual nanopar-
ticles. Other morphological details such as surface
roughness, small height inhomogeneity, and deviation
from the ideal semiellipsoidal geometry used in the
theoretical EELS-FDTD calculations contribute to LSPR
broadening and LSPR shift. Contrary to ensemble
measurements, fine morphological details play a sig-
nificant role in EELS measurement of individual nano-
structures due to the highly localized nature of the
electron beam. Local irregularities (e.g., curvature,
indentations) in the gap region strongly influence the
local density of states in this particular region and,
therefore, are reflected in the associated EELS spec-
trum. Moreover, such irregularities, by introducing gap
size variations, directly affect the PH (cf. Figure S11,
Supporting Information). Also, as it can be seen from
the bright-field and HAADF images (cf. Figure 3 and
Figures S5, S7, and S8, Supporting Information), tiny
nanometric dots are formed around the metallic di-
mers. The change in surrounding environment also
introduces spectral shifts of the observed LSPRs. Such
morphological features can be accounted for in the
EELS-FDTD calculations by introducing a very fine sub-
nanometer FDTD mesh. However, we decided to keep
the geometry ideally smooth, thus allowing us to in-
vestigate the physics of the system while keeping the
computational cost reasonable.

Figure 5. Schematics of the plasmon hybridization in a hemispherical dimer. In all cases, the gray disks and hemidisks are
the top and side view of the nanoparticles, respectively. The arrows illustrate the electric dipoles induced by surface
oscillating charges in each nanoparticle. Their colors represent different modes: green and yellow are the bonding and
antibonding interactions for the dipolar (l = 1, light blue) modes, respectively; brown and orange represent the bonding
and antibonding interactions for the quadrupolar (l = 2, dark blue) modes, respectively. The first column combines the
hybridized modes in the longitudinal coupling configuration (i.e., charge oscillations parallel to the dimer axis), while the
second and third columns combine the hybridizedmodes in the transverse coupling configurations (i.e., charge oscillations
perpendicular to the dimer axis). The horizontal colored lines stand for the energy levels of the different hybridizedmodes.
The energy levels of all the hybridized plasmonmodes sustained by the dimer (longitudinal and transverse) are highlighted
by the purple area.
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Small spherical nanoparticle dimers usually exhibit
a bonding and an antibonding dipolar LSPR.22,40

However, this simple situation does not apply to the
current dimer system due to its much larger particle
size and lower symmetry. PH theory has been used to
qualitatively account for the complexity of the EELS
spectra.33,34 Figure 5 shows a qualitative illustration of
the complex plasmon hybridization in these large,
symmetry-broken dimers. The gray disks and hemi-
disks represent the top view and side view of the
dimer, respectively. The arrows represent the local
dipoles induced by the surface charge oscillation
associated with the plasmon modes in these two
different views.
First, due to the large size of the nanoparticles

(∼150�200 nm), retardation effects become signifi-
cant and contribute to the enhancement of higher
order modes.22,39 For the sake of simplicity, Figure 5
illustrates only the dipolar (l = 1, light blue) and
quadrupolar (l = 2, dark blue) primitive modes. Sec-
ond, due to the hemiellipsoidal shape, each nanopar-
ticle of the dimer can have distinct energy levels
identified by differentm values (m = 0,(1) for dipolar
and (m = 0, (1, (2) for quadrupolar modes. These
azimuthal numbers, degenerated for a spherical
nanoparticle, correspond to the charge oscillation
along the three principle axes of the nanostructure
(x-, y-, and z-directions).38,46,47 In Figure 5, we show
them = 0 modes (first column, longitudinal coupling)
and the m = (1 modes (second and third columns,
transverse coupling). Third, when two particles are
brought in close proximity, the hybridization between
the primitive modes of each particle in the dimer
causes energy level splitting, thus leading to the
formation of bonding and antibonding combinations
of the nanoparticle plasmons of the same multipole
order l.18,22,34,48 These bonding and antibonding
hybrid modes are schematically shown in Figure 5 in
yellow/green and orange/brown for l = 1 and l = 2,
respectively.
Finally, the asymmetry of the dimer (i.e., nanoparti-

cles of different sizes) adds an additional level of
degeneracy lifting. However, to keep the level of
complexity reasonable, this effect is not shown in
Figure 5. As a result of these different effects, a variety
of possible energy levels appear in the energy diagram
(highlighted by the purple area in Figure 5), leading to
a high density of states, which are observed as broad
bands in the EELS spectra (Figure 4). Under these
circumstances, it is impractical to distinguish the en-
ergy level of each mode. Therefore, the peaks that
appear in both experimental and theoretical spectra
should be attributed to the superposition of several
modes with similar energy levels. The relative intensity
of each of these modes, determined by the previously
discussed morphological effects, can induce apparent
spectral shifts of the resulting broad bands observed in

the EELS spectrum. This may result in additional dis-
crepancies between experiment and theory. The com-
plexity of the EELS spectra can also be observed for
large dimers of spherical nanoparticles with very low
gap-to-diameter ratios. A PH diagram has been calcu-
lated analytically for dimers of 160 nm Ag spheres
(Figure S11, Supporting Information).34 Even though
these PH calculations do not include retardation ef-
fects, they highlight the critical role of the gap size and
clearly show that, even for such a simple spherical
particle case, the mode labeling becomes challenging
due to the energy level crossings and anticrossings.
EELS-FDTD calculations performed for such a dimer of
nanospheres (a = 160 nm, g = 5 nm) clearly show the
appearance of higher order LSPRs in the spectrum.45

The fact that EELS allows to probe both dark and bright
modes has been shown to be very useful for mode
analysis in individual nano-objects.18,22,23,37�40,45,47

However, the mode analysis becomes very complex
in our system due to the large number of modes
involved and to the strong plasmon hybridization
between all these modes. In particular, the strong
spectral overlap of the different modes does not allow
us to properly map individual modes.
EELS spectra were also acquired for Au�Ag hetero-

dimers. Measured and calculated spectra are reported
for electrons incident on the edges and the center of
the heterodimer (Figure S9, Supporting Information).
Unlike homodimers, the primitive Au and Ag plasmon
modes differ in energy, thus leading to much weaker
hybridization.

CONCLUSIONS

In conclusion, we have developed a method com-
bining NIL and shadow evaporation to pattern wafer-
scale Au�Au, Ag�Ag, and Au�Ag plasmonic dimers
with sub-10-nm gaps. We demonstrated gap size tun-
ing via the control of the material deposition angles.
The flexibility of the method allows for the dimer
fabrication on a thin electron-transparent substrate
such as a thin Si3N4 membrane, allowing TEM and EELS
measurements, and can be extended to materials
other than Au and Ag. An EELS-FDTD method and PH
theory have been employed to interpret the EELS
measurements and revealed the complex surface plas-
mon mode configuration in the current symmetry-
broken nanostructures.
The ability to pattern wafer-scale dimers with very

small gap-to-diameter ratios is crucial for practical
applications. Thanks to the extremely large local-field
enhancements generated within the sub-10-nm
gaps consistently patterned throughout the surface,
the substrate can be used in surface-enhanced spec-
troscopies, as well as in bio- and molecular sensing.
The approach can also be used to tailor substrates
for fundamental studies such as plasmon hybridiza-
tion, second-harmonic generation, plasmon-exciton
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and plasmon-molecule coupling, and nonlocal ef-
fects. However, these aspects are beyond the scope

of the present work and will be the focus of future
work.

METHODS
Patterning of Dimer Structure. After the substrate (either Siwafer

or Si3N4membraneona Siwafer) was cleanedbyUV irradiation, it
was sequentially spin-coated with PMGI (SF3, MicroChem,
3000 rpm, postbake at 200 �C) and PMMA (75k200, MicroResist-
Technology, 6000 rpm, postbake at 140 �C). A self-assembled
stamp with pillar structure (∼150 nm in diameter, 390 nm pitch
size) was then used to nanoimprint a hole pattern in the PMMA
layer (180 �C, 40 bar, 60 s). After that, the wafer was dry-etched
with O2 (100 mTorr, 20 sccm, ∼15 s) to remove the residue
PMMA layer, followed by wet-etching using the developer
(MF26A, Shipley, tetramethylammonium hydroxide based,
15 s) to form the undercut structure. The evaporation process
was divided into two runs. In the first run, a pure Au or Ag source
was e-beam evaporated onto the Si wafer at an angle R with
respect to the normal axis of the wafer. Then, the wafer was
rotated by 180� around its normal axis, and another pure Au or
Ag source was evaporated at an angle β. The evaporation
directions in the first and second runs and the normal axis of
the wafer stayed within the same plane. The evaporation film
thickness was chosen such that a 30�40 nm thickness could
be reached if the evaporation direction was normal to the
wafer plane. After film evaporation, a lift-off process was con-
ducted with acetone to dissolve the PMMA layer and MF26A to
dissolve the PMGI layer. Now the continuous metal sheet had
peeled off and only dimer structures stayed attached atop the
Si wafer.

Preparing the Dimer Sample on a Thin Si3N4 Membrane. As shown in
Figure 3A, the TEM sample preparation process was divided into
five steps. Here, double-side polished (100) Si wafers with a
thickness of ∼250 μm were used. In step 1, ∼50 nm low-stress
silicon nitride layers were coated onto both sides of the wafer
through chemical vapor deposition (CVD). In step 2, a Ag�Ag,
Au�Au, or Ag�Au dimer array was patterned onto one side of the
wafer following the same protocol described earlier. In step 3,
photoresist (Shipley 3612) was spin-coated onto the other side
of thewafer (5500 rpm, 30 s, baked at 90 �C) with a thickness of∼1
μm, followed by exposure using a transparency mask of a
0.5 � 0.5 mm2 square window array with 1.5 mm pitch size (Carl-
Suss, 365 nm incident light, 10 s exposure, soft-contact). The wafer
was then hard-baked at 115 �C for 1 min followed by developing
using MF26A for 2 min. After rinsing with distilled water, the
0.5 � 0.5 mm2 square window array appeared on the photoresist
layer, where the underneath silicon nitride layerwas exposed. In
step 4, using the patterned photoresist as the mask, the
exposed silicon nitride layer was dry-etched by a gas mixture
of SF6 andO2 (500W, SF6 100 sccm, O2 10 sccm), and the etching
time was adjusted to be long enough to ensure the exposure of
the Si layer. After the exposure of the Si surface, the photoresist
was removed using acetone. Then in step 5, the Si wafer was
mounted onto a special Teflon wafer holder, where the wafer
side with dimer feature was protected from the KOH solution
when the wafer holder was dipped into the etchant. The KOH
concentration was 30%, and the temperature was set to∼90 �C.
Under this condition, the exposed Si was etched at a rate of 1
μm/min. Five hours was then necessary to etch through the Si
wafer and expose the silicon nitride windowwhere dimers were
patterned on the other side.

A piece of the sample with a silicon nitride square window
was loaded into the TEM (FEI Tecnai G2 F20 X-TWIN) for
morphology characterization. EELS experiments were per-
formed in STEM mode using an FEI 80�300 Cs (image) cor-
rected environmental Titan operated at 300 kV. It was equipped
with a monochromator and a Tridiem 866 EEL spectrometer
(Gatan Inc.). A C3 aperture of 50 μm, spectrometer entrance
aperture of 2.5 mm, and camera length of 38 mm were used in
the STEM-EELS data acquisition. This corresponded to a con-
vergence semiangle of 8.4 mrad and a collection semiangle of

18.3 mrad, respectively. The energy resolution is 0.15 eV, as
determined from the full-width at half-maximum of the zero-
loss peak (Figure S6, Supporting Information). The area covering
an entire dimer was scanned, with a typical areal size of 200 �
200 nm2. The EEL spectrum was mapped out over the entire
area, with a pixel size of 5 � 5 nm2. After measurement, data
processing was conducted to subtract the zero-loss peak using
the reflected-tail model.

Numerical Simulation of EELS Measurement. We used the com-
mercial package Lumerical FDTD Solutions to solve Maxwell's
equations using the FDTD method. In the case of EELS-FDTD
simulations, electric dipoles are placed along the electron beam
trajectory (here taken as the z-axis). The electric field induced by
these electric dipoles is then calculated along the z-axis and
used to compute the EELS spectrum at each electron beam
impact position. The complete description of this EELS-FDTD
implementation alongwith the detailed numerical protocol and
the mathematical formalism can be found in ref 45.

Dielectric permittivities tabulated by Johnson and Christy49

and by Palik50 were used for gold and silver, respectively. A
constant refractive index of 2 was used for the 50 nm thick
silicon nitride substrate.51 The geometrical and size parameters
of the dimers were extracted from the HAADF and SEM images.
The systems are modeled as dimers consisting of two flat
hemiellipsoidal nanoparticles with long axes L1 and L2, short
axes l1 and l2, and height h = 40 nm. The two nanoparticles are
separated by a nominal gap g = 5 nm (Figure S10, Supporting
Information).

In the EELS-FDTD simulations presented here (Figure 4 and
Figure S9, Supporting Information), the size parameters are
taken as (L1/l1, L2/l2) = (190/150, 170/130) nm for the Au�Au
dimer, (L1/l1, L2/l2) = (160/130, 155/110) nm for the Ag�Agdimer,
and (LAu/lAu, LAg/lAg) = (175/100, 175/110) nm for the Au�Ag
dimer. To account for the small geometrical features (e.g., small
gap), an FDTD mesh grid of 1.5 nm was used to discretize the
nanostructure. The dimensions of the FDTD simulation domain
are set to 1.5 � 1.5 � 1 μm3.

More specifically for EELS-FDTD calculations, the electric
dipole is displaced with a 2 nm step along the z-axis. EELS-FDTD
calculations were performed for electrons impacting on both
the edge parts (i.e., dimer ends) and the center part (i.e., dimer
gap) for each dimer, as performed experimentally (insets of
Figure 4). The electron velocity was fixed at 0.78c, correspond-
ing to a kinetic energy of 300 keV.
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