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Abstract A finite element solver is used to design a

metamaterial structure with large and stable Raman scat-

tering enhancement. The metamaterial consists of an array

of tapered nanowells etched into a metal/dielectric multi-

layer stack. The plasmonic activity as a function of the

number of layers and sidewall angle of the nanowell is

investigated. As the nanowell side wall angle is increased,

the tops of the nanowells are drawn closer together, greatly

increasing the local electric field intensity. The taper is

designed such that the patterned layers at the bottom of the

nanowell would have a negative refractive index if isolated

from the stack, and patterned layers at the top of the stack

would have a positive refractive index if isolated from the

stack. Simulations predict that coupled layers at the bottom

of the tapered nanowell, exhibiting a negative refractive

index, experience a blue shift in local resonant frequency

as the well diameter is increased or the period is decreased.

The upper layers, with positive refractive index, exhibit a

red shift as the well diameter is increased or the period is

decreased. These opposing responses stabilize the resonant

frequency with respect to variations in diameter and peri-

odicity commonly encountered with nanofabrication

techniques.

1 Introduction

Surface enhanced Raman scattering (SERS) has become one

of the most studied plasmonic applications to date because of

the unparalleled sensitivity and selectivity of the technique.

Inelastic Raman scattering, an inherently insensitive pro-

cess, can be enhanced by as much as 14 orders of magnitude

through electromagnetic coupling between the molecule of

interest and a plasmonic surface [1]. The majority of scien-

tific research in the field has been focused on increasing the

performance of the plasmonic surface. Two major thrusts for

SERS surface research have been the increase in the local-

ized electric field strength, and the reproducibility/uni-

formity of the field enhancement across the surface. These

two thrusts appear to compete against one another in

experimental demonstrations, leading to the relationship

known as the ‘‘SERS uncertainty principle’’ [2]:

substrate uniformity� enhancement factor � constant

ð1Þ

The first observations of large Raman scattering

enhancements were on substrates with roughened metal

surfaces. The enhancements, at least partially, were

attributed to an electromagnetic mechanism. Under this

mechanism, the amount of energy coupled into and out of

surface bound analytes was magnified by the local electric

field. The electric field intensity at the tip of a rough spot

would be considerably higher due to the ‘‘lightening rod’’

effect [3]. These localized points of huge field strength,

known as hot spots, gave rise to large Raman scattering

enhancement. In accordance with the SERS uncertainty

principle, these sharp points created from surface

roughening suffered from problems with uniformity.

Surface roughening would randomly produce sharp points

that delivered high enhancement factors (EF). These random
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high EF points were surrounded by a low EF area, such that

surface averaged enhancement was only a fraction of the

sharpest point EF. In addition, surface stability posed a

significant challenge. The EF from an SERS surface is highly

dependent on nanoscale feature geometry [4], but fine

features tend to be sensitive towards various chemical, high

field, and temperature environments [5].

A more recent approach for Raman enhancement has

been demonstrated by dispersion engineering through sur-

face modification. By systematically adding or subtracting

surface features, it is possible to tune the plasmonic

response of the surface. Common types of modified sur-

faces are photonic crystals and metamaterials. By modi-

fying the dispersion of the surface, it is possible to

maximize the plasmonic activity at a select wavelength,

and thus maximize the EF of the surface for a particular

molecule. These surfaces are generally periodic structures,

so the enhancement is uniformly distributed at the scale of

the period. However, these engineered lattices can have

strong nearest neighbor interactions that make the average

EF susceptible to disorder, greatly reducing Raman per-

formance [6, 7]. Although the resolution of nanofabrication

techniques is constantly improving, disorder in the fabri-

cation of nanoscale structures suitable for SERS is still

highly probable. Therefore, an error-tolerant design is

highly desirable.

Multilayer resonators have previously been studied for

dispersion engineering in the field of metamaterials [8, 9],

and show promise in the field of SERS [10, 11]. This study

focuses on a multilayer resonator design because of the

excellent dispersion tunability of the system. The modeled

material in this paper is similar to the 3D fishnet meta-

material structure proposed by Valentine [12]; however,

the rectangular holes of the previous work are replaced

with tapered circular holes that extend through the metal/

dielectric layers. The unit cell can be seen in Fig. 1. The

repeating unit cell design distributes the electric field

across the x,y-plane, effectively spreading the enhancement

across the substrate to improve the signal uniformity. These

circular holes were modeled with varying degrees of side

wall angle and will be referred to as tapered nanowells for

the remainder of the article.

Increased nanowell taper not only generates a stack of

graded resonator geometries, the structure also has potential

to produce significant localized electric field enhancements.

By increasing the side wall angle to the extent that the

adjacent nanowells in an array are almost touching, it is

possible to explore the compliment of nearly touching

plasmonic spheres. The investigation into the electric field

enhancement between two closely spaced spheres has been

explored previously [13, 14]. These previous works dem-

onstrated that the electric field was greatest when the gap

between adjacent spheres was very small. According to the

Babinet principle, complimentary systems produce reso-

nances at close to the same frequency and of similar strength

[15]. Therefore, because the closely spaced spheres pro-

duced a significant EF, one would also expect a high EF from

a complimentary void structure. In addition, Raman scat-

tering enhancement from concave versus convex structures

has been studied theoretically, in which the concave voids

were shown to have superior performance [16].

If the tapered nanowells are allowed to overlap, the top

metal ring becomes discontinuous. In this case, lower

layers still closely resemble the high electric field

enhancement from the closely spaced voids, while the top

layer now mimics the shape and function of a bowtie

nanoantenna. Bowtie structures have also been reported in

recent publications to produce significant local field

enhancements [17, 18]. Again this structure was predicted

to produce an SERS hot spot.

X Y

Z
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Z

Top View of 9 Unit Cells

Side View 1 Unit Cell Side View 1/2 Unit Cell

Fig. 1 Images of the nanowell

surface etched into a metal/

dielectric multilayer stack. The

yellow layers represent gold, the

bright blue layer is aluminum

oxide, and the nanowell

structure sits atop a grey glass

substrate
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In the case of both nearly touching nanowells and the

slightly overlapped nanowells, the electric field intensity

was highest when their respective gaps were very small.

This represents a big problem as very small gaps are dif-

ficult to fabricate reproducibly, and small variance can lead

to a significant resonance frequency shift. The gap sensi-

tivity is a perfect example of the SERS uncertainty prin-

ciple, as the higher performance structure is more likely to

have poor uniformity. The multilayer tapered nanowell

array is uniquely well adapted to overcome this problem.

The multilayered nanowell with large side wall angle

exhibits very large enhancements and is stable with respect

to potential fabrication errors due to coupling between

progressively lower effective refractive index resonators

stacked atop one another.

2 Model description

A commercial finite element solver, High Frequency

Structural Simulator (HFSS) from Ansys corp., was used to

solve Maxwell’s equations. The 3D full-wave electro-

magnetic solver was tested with literature examples to

validate the accuracy of the approach. Absorptance was

calculated from the simulation scattering parameters, and

related to the Raman intensity [19]:

ISERS / AðfLÞ � AðfSÞ ð2Þ

A(fL) = Absorptance at the excitation frequency,

A(fS) = Absorptance at the Raman shifted frequency.

Only one plasmonic resonance was used to interact with

both frequencies, so the plasmon resonant frequency was

tuned to occur between the excitation and Raman shifted

absorption frequencies. The excitation and Raman shifted

wavelengths were close, so the SERS intensity was roughly

proportional to the square of the plasmon absorptance. This

simplified approach ignored the change in dielectric con-

stant of the metal between the two frequencies and did not

account for the coupling efficiency between the plasmon

wave and the molecular dipole. However, this approach has

been used in the literature to predict plasmonic activity in

nanovoids previously [20]. In the case of benzenethiol, a

common SERS analyte, the laser excitation was k =

785 nm, the Raman shift was 1073 cm-1 (k = 857 nm),

thus the target plasmon resonance was k = 821 nm or

fP = 365 THz. The first-order resonant peak position was

optimized to occur at k = 821 nm by adjusting the peri-

odicity and layer thicknesses. The first-order peak was

more stable with respect to changes in the period and

nanowell radius. Using the first-order resonance also forced

the array period to be smaller, allowing a higher nanowell

hot spot packing density.

A schematic of the modeled surface is shown in Fig. 1.

The substrate was glass with the real part of the dielectric

constant Re(eglass) = 2.35. The surrounding environment

was assumed to be air Re(eair) = 1. The blue layers rep-

resented aluminum oxide, Re(eAl2O3
) = 2.72. The imagi-

nary component of all three dielectric materials was

assumed to be zero. The yellow layers were gold, and were

described by a complex dispersion relationship [21]:

eAu ¼ 1�
f 2
p

f ðf þ iCÞ ð3Þ

eAu = complex dielectric constant for gold, fp = plasma

frequency = 2.1 9 1015 Hz, U = scattering frequency =

1.9 9 1013 Hz.

The nanowells were arranged in a square lattice with a

period of 345 nm. Incident radiation was polarized, with

the electric field vector pointing in the y-direction, and the

wave vector aligned parallel with the surface normal

(negative z-direction). The alumina layers were 41 nm

thick, and the gold layers were 60 nm thick. Optimization

of the structure was performed using a quarter of the

nanowell unit cell to expedite the process. Tapered nano-

wells all had the radii at the bottom of the well set at

70 nm, while the radii at the top of the wells were varied.

The nanowell design assumes the well extends through all

of the gold and alumina layers. Over etching into the

substrate was examined. Over etching the well into the

substrate shifted the resonance, but did not have deleterious

effects on the strength or bandwidth of the plasmonic

activity.

3 Results and discussion

One of the most striking aspects of the nanowell design is the

use of multiple metal and dielectric layers. It was previously

shown that layering a metal nanodisk led to a two times

increase in scattering intensity [11]. In this paper, we first

compare solid and layered void arrays. The simulated

absorptance spectra for identical nanowell geometries, one

array etched into a solid gold substrate and the other array

etched into a multilayered substrate containing nine gold

layers, are compared in Fig. 2. Indeed, identical nanowell

structures etched into a solid gold substrate versus a multi-

layer gold and alumina substrate exhibit very different

plasmonic responses. The multilayered sample has nearly

three times the peak absorptance, making the predicted

SERS intensity almost nine times stronger. This increased

absorption is generated by the increased density of plas-

monic surfaces in the multilayered system. In addition, the

absorption peak is much broader. The additional bandwidth

in the multilayered system can be partially attributed to the

Stabilization of center frequency nanowell metamaterials for SERS applications 135

123



individual layers within the system inductively coupling to

one another, but we will also show later in this paper that the

dissimilarity between layers vertically stacked atop one

another adds to the absorption breadth observed. The

wavelength position of the layered structure absorption peak

is red shifted compared with the solid well. A red shift in the

resonant peak as a function of the number of multilayers has

been reported previously [11]. The shift is attributed to

plasmon coupling between the gold layers.

Although the difference between the spectra of periodic

arrays of layered metal and solid metal nanowells is quite

dramatic (Fig. 2), the difference in peak absorptance

intensity as a function of the number of layers is relatively

low. Absorptance as a function of the number of layers is

shown in Fig. 3a. In these simulations, the nanowell array

period was 345 nm, and each layer thickness was constant

with Au = 60 nm and Al2O3 = 41 nm. Each of the gold

layers was separated by an alumina spacer layer. By adding

gold layers, the total height of the nanowell stack was

increased. The top and bottom radii of the tapered nanowell

were held constant at 175 and 70 nm, respectively.

Decreasing the nanowell top radius drastically reduced the

absorptance of the multilayers structures (not shown).

The peak absorptance intensity initially decreased as the

structure was tuned from 2 gold layers to 3 layers, and

again decreased to 4 layers. When the fifth gold layer was

added, the structure absorbed almost all of the light at the

resonant frequency. As more layers were added, the peak

absorptance remained very strong (abs * 1). The fluctua-

tions in the absorptance strength arose from conflicting

influences found in the multilayered structure. Adding

layers would effectively increase the density of absorbers.

Increasing the density of absorbers would clearly raise

absorptance. On the other hand, increasing the number of

closely spaced gold layers can decrease total stack

absorptance due to destructive interference between the

symmetric and anti-symmetric resonant modes [22].

Increasing the number of layers led first to a decrease in

absorptance, then to an increase, as these two conflicting

influences exchange dominance in this unique system.

The breadth of the absorption peak is shown in Fig. 3b

as the full-wave half max (FWHM) of the absorption peak.

Although the sample absorptance spectra were not descri-

bed as a Gaussian, or any other simple curve shape, com-

paring the FWHM did represent the general peak

broadening well. The absorption peak FWHM increased

with the number of gold layers. The broader absorption

peak extends the wavelength range which could excite, or
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Fig. 2 A comparison of

absorptance spectra from

identical well geometries etched

into solid gold (red), and a gold/

aluminum oxide multilayer

(blue). In both tapered nanowell

structures the bottom radius is

70 nm, the top radius is 175 nm,

the array period is 345 nm, and

the total well depth is 868 nm
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Fig. 3 A comparison of the a absorptance intensity, and b bandwidth,

as a function of the number of multilayers in the gold/aluminum oxide

stack. The thickness of the individual layers was held constant:

gold = 60 nm, and aluminum oxide = 41 nm. The top radius of the

nanowell was held constant at 175 nm, and the bottom radius was

held constant at 70 nm, while the depth of the well was allowed to

vary with the number of layers
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be enhanced by, the surface plasmon. This extended range

allows a single nanowell surface to enhance scattering from

analytes with a Raman absorption anywhere in the plas-

monic range, and increases fabrication error tolerance

against a shift in the peak’s spectral location. Since the

sample with nine gold layers (and eight alumina layers)

displayed excellent behavior that sample was chosen as the

target structure that would be optimized in simulations.

The location and magnitude of the electric field within the

nanowell structure as a function of nanowell side wall angle

is displayed in Fig. 4. These cross section views of the

periodic array unit cell show the electric field at 363 THz

(k = 825 nm). The incident wave electric field was polar-

ized out of the page. When the walls were nearly vertical,

such as the top r = 90 nm image, the electric field was

evenly distributed in the z-direction. As the angle of the

tapered nanowell was increased, the topmost region between

the nanowells was narrowed and the electric field intensity in

that region increased. The electric field enhancement is

similar to that of the nearly touching spheres, in that the most

narrow cavity separation produces the largest field strength;

hence, the largest SERS enhancement.

Spectra simulated for a metal/dielectric multilayer

nanowell array with increasing side wall angle are shown

in Fig. 5. The black vertical line represents the target

absorption wavelength for benzenethiol, a well character-

ized material typical in SERS experiments. The bottom

radius of the tapered nanowells was held constant at 70 nm.

As the side wall angle was increased, the radius of the

nanowell top increases from 70 to 180 nm, and the peak

absorptance grew from 0.12 to 0.96. The absorptance, and

therefore the predicted SERS EF, increased with increasing

sidewall angle.

The simulation data in Fig. 5 show that all of the struc-

tures were predicted to give some enhancement. The

absorption bandwidth of the array of tapered nanowells

increased with sidewall angle. Because the nanowell array

period was 345 nm, the nanowell array with a top

radius = 170 nm was almost overlapped with its nearest

neighbor nanowells and the nanowell array with a top

radius = 180 nm was overlapped with its nearest nanowell

neighbors. It can be seen that the simulation with the slight

nanowell overlap yielded the largest absorptance over the

widest spectral range with the most improved surface

performance.

The increased absorption bandwidth displayed by the

multilayered nanowell structure is attributed to both reso-

nator coupling, and dissimilar resonator geometries con-

structively added to one another. Each gold-alumina-gold

sandwich can be modeled as an individual optical LC

(inductor-capacitor) circuit resonator [23]. The coupled

resonator stack array modeled for Fig. 5 had eight closely

spaced gold-alumina-gold resonators. The individual layers

were coupled to each other through mutual inductance, and

this coupling increased the resonator bandwidth [24]. In

addition, the array of closely spaced nanowells found

increased plasmonic bandwidth due to nearest neighbor

coupling effects in the x,y-plane [25].

As the sidewall angle increased in the nanowell array,

there was an increase in absorption bandwidth and the
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Fig. 4 Electric field strength

overlaid on the nanowell

structure cross section
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electric field strength in each nanowell. In addition, Fig. 5

shows a fascinating shift in the absorption peak wavelength

position. There was a decrease (blue shift) in absorption

peak wavelength position as the nanowell top radius was

increased from 70 nm to 110 nm to 150 nm. Then, the

absorption peak position moved towards longer wavelength

(red shift) as the radius of the top of the nanowell was

further increased from 150 nm to 170 nm to 180 nm.

These opposing responses towards an increasing top radius

of a nanowell is attributed to the change in the refractive

index of the individual resonators inside the stack whose

radii, and therefore effective refractive index, changed with

each increasing step of the nanowell’s top radius.

To elucidate the contributions from the individual res-

onators on both the spectral position and the spectral

bandwidth of the nanowell absorption peak, individual

resonators whose geometry matches some section of the

tapered nanowell were examined independently. The

absorptance spectra from arrays of individual resonators

(Au–Al2O3–Au layers), and an array eight vertically cou-

pled resonators in a nanowell stack (9 Au layers and 8

Al2O3 layers), are shown in Fig. 6. In this figure, the black

curve represents a vertically coupled resonator stack array

with tapered circular holes etched out of the multilayer.

The tapered nanowell radius ranged from 70 nm at the

bottom to 180 nm at the top. On the other hand, the indi-

vidual resonators did not have any taper. The individual

resonators consisted of an array of wells etched into metal-

dielectric-metal layers. They had the same hole radius

through all three layers, and were investigated without any

interactions with other resonators in the vertical direction.

Adding the individual resonators together does not sum to

the eight coupled resonator tapered nanowell spectra, but a

comparison of the coupled stack nanowell spectra and the

individual resonators does lend insight into the additive

role of the vertically stacked individual resonators towards

the whole. The coupled stack spectra shows four peaks

with shapes similar to the individual resonators, and the

breadth of the coupled stack absorption peak is comparable

to the total bandwidth spanned by the series of resonators.

Upon closer inspection of the individual resonator

spectra, it is observed that the peak absorptance for indi-

vidual resonators with smaller radii blue shifted with

increasing hole radius (resonator with hole radius 70, 110,

150 nm). This effect is in direct contradiction to previous

observations of isolated nanoholes with increasing radius

[26]. This contrary blue shift was attributed to the periodic

composite of tapered nanowells acting as a plasmonic

crystal. The plasmonic crystal behavior is determined by

not only individual nanowell geometry, but also by the

effective refractive index of the entire array. The increased

well diameter can red shift the resonant wavelength due to

increased cavity size, and nearest neighbor coupling

effects. Counteracting the red shift is a dramatic change in

the effective refractive index as the nanowell diameter

increased.

The individual two gold layer resonators created an arti-

ficial magnetism [27], which resulted in a negative perme-

ability. The composite fishnet also had considerable metal

fill fraction, leading to a negative permittivity. This type of

material has been labeled a double negative material because

of these traits, and is characterized as a negative index

metamaterial (NIM). The magnitude of the effective

refractive index in the NIM is strongly tied to the resonator
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Fig. 5 Absorptance spectra of a

nanowell etched into a

multilayer nanowell with eight

coupled resonators and a well

depth of 868 nm. The side wall

was varied by holding the radius

of the bottom of the nanowell

constant (r = 70 nm), and

varying the radius of the top of

the nanowell. The array period
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345 nm. Images of the resulting

structures are shown in cross
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design, thus small changes to the resonator geometry can

lead to significant changes in the effective refractive index.

The refractive index was de-embedded from HFSS scatter-

ing parameters in accordance with literature procedures [28].

The inset in Fig. 6 shows the effective refractive index at

resonance. The real part of the refractive index transitioned

from n = -2.6 in a resonator with radius = 70 nm to

n = ?2.7 in a resonator with a radius of 180 nm. The

effective refractive index of the entire stack was a low value

of only ?0.4. As the refractive index goes from negative

through zero to positive, the absolute value of the real part of

the refractive index gets smaller, and then larger. Assuming

the resonance position is proportional to the absolute value of

the refractive index [29], the peak position of an individual

resonator would blue shift and then red shift with increasing

well diameter. Affirmation of this behavior in the individual

resonator simulations (Fig. 6) suggests that this plasmonic

crystal effect is playing a major role in the position of the

plasmonic resonance.

The summation of these coupled resonators not only leads

to a broad absorption peak, but also the peculiar wavelength

position shifting of the nanowell absorption peaks seen in

Fig. 5. As the coupled resonator nanowell structure in Fig. 5

has the top radius of the well expanded, the cumulative

behavior of the structure adds a larger positive component to

an initially negative effective refractive index structure. As

the absolute value of the refractive index decreased, the

absorption peak blue shifted. After sufficient nanowell radius

expansion has pushed the effective refractive index of the

multilayer system to zero, adding additional positive index

character will increase the absolute value of the refractive

index, leading to a red shift. The authors do not claim that the

index is the only determining factor in the absorption peak

location, but that the increase/decrease in the absolute value

of the real part of the refractive index change does play a

major role in red/blue shifting the peak location.

The particular choice of nanowell taper parameters in this

example generated individual resonator geometries with

effective refractive indices spanning both positive and neg-

ative values. These positive and negative index resonators

display opposing responses to common types of nanofabri-

cation error. The positive resonators that would be located

near the top of the nanowell experience a red shift in resonant

frequency when the radii of those resonators are increased.

The negative resonators that would be located near the bot-

tom of the nanowell experience a blue shift in resonant fre-

quency when the radii of those resonators are increased. The

opposing contributions to the resonant frequency of the

coupled metamaterial structure combine to result in a very

stable frequency response as a function of varying hole

radius during fabrication and processing.

Stability, with respect to periodicity disorder, stems

from the same oppositional responses from the negative

and positive index resonators. As the period increased, the

positive index resonators near the top of the nanowell

experienced a decrease in positive refractive index value.

Therefore, the positive refractive index resonator with

increased well to well spacing had a decrease in the

absolute value of the effective refractive index and a blue

shift in the resonant frequency. The resonators at the

-3
-2
-1
0
1
2
3

50 100 150 200R
e 

(R
ef

ra
ct

iv
e 

In
d

ex
)

Hole Radius (nm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.75 0.8 0.85 0.9 0.95 1

A
b

so
rp

ta
n

ce

Wavelength

Ind. Res. r=70

Ind. Res. r=90

Ind. Res. r=120

Ind. Res. r=150

Ind. Res. r=160

Ind. Res. r=170

Ind. Res. r=180

Coupled Stack r=70-180

Fig. 6 Absorptance spectra for

arrays of various individual

gold-alumina-gold resonators

with different radii, and the

spectra for a multilayered

nanowell which had radii that

spanned all of the individual

resonator radii are displayed.

The inset figure shows the

effective refractive index value

at peak absorptance for the

individual resonators

Stabilization of center frequency nanowell metamaterials for SERS applications 139

123



bottom of the nanowell experienced a decrease in the

already negative effective refractive index, and therefore

an increase in the absolute value of the effective refractive

index. The resonators at the bottom of the nanowell will

have a red shift in resonant frequency counteracting the

positive index resonators at the top of the nanowell to sum

a resonant frequency stable graded index resonator stack

with respect to periodicity.

Figure 7a–d shows the spectral response of multilayer

nanowell arrays towards variation in both the well radius

etched into the multilayer, and well to well spacing. To

demonstrate the stability created by the gradient of indi-

vidual resonators found in the tapered nanowell, the

tapered nanowell system was compared with a straight

walled nanowell in an identical metal/dielectric stack. To

maximize the absorptance strength of the straight walled

nanowell, the diameter of the well void was 175 nm, and

the array period was 345 nm. It can be seen in Fig. 7 that

the high absorptance bandwidth is broader in the tapered

system because of the response of the coupled dissimilar

resonators. In the case of both void radius and array peri-

odicity, the plasmonic response of the tapered system

remained very stable. The location of the first order

absorption peak of the straight walled nanowell, on the

other hand, changed wavelength position rather dramati-

cally for changes in array period and well radius. In a large

array that is subject to nanofabrication error, it is assumed

that the averaged plasmonic response will be the additive

response from many nanowells that would have variation

in the radius and period comparable to the variation

explored in Fig. 7. The tapered nanowell system displays a

clear advantage under these circumstances, as all of the

nanowells within the values explored would constructively

add the same high intensity response through the desired

plasmonic range. The straight walled nanowell, on the

other hand, would wash out the plasmonic response due to

the summation of dissimilar spectra from the slightly

modified geometries.

The coupling of individual negative and positive effec-

tive refractive index resonators in a tapered nanowell array

created spectral stability with respect to fabrication errors.

To quantify and compare the stability, the shift of the first

order peak of four nanowell designs were collected: both

with and without sidewall angle, and solid metal vs. metal/

dielectric stacks. The radii of the angled nanowell varied

from 70 nm at the bottom, to 175 nm at the top. Since the

nearly touching voids produced the largest electric field

intensity, the radii of all of the holes were held constant at

175 nm in the straight walled nanowells. Error in the

nanowell radius and array period were investigated, and

shown in Table 1. Tolerance was measured as the wave-

length shift of the resonant absorption peak given a small

change in the designated variable. On inspection of

Table 1, it becomes apparent that the side wall angled

multilayer structure is more stable relative to disorder

compared with all other test cases. The wavelength shift

stability is attributed to counter balancing red and blue

spectral shifts of the tapered nanowell. The tapered nano-

well creates a hot spot that reaches peak intensity when the

nanowells were just barely overlapped, but remains present

within the 2.9 % disorder for the period and radius. All of

the investigated structures became more stable to
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a

dc

bFig. 7 Comparison of spectra

simulated for a coupled

resonator stack with straight and

angled walls with variation in

the array period and nanowell

void radius. Both systems had

eight coupled resonators. The

target straight wall nanowell

had a constant void radius of

175 nm from the top to the

bottom of the stack. The tapered

nanowell had a void radius of

175 nm at the top tapered down

to 70 nm at the bottom. As the

radius was varied in both the

tapered and straight walled

systems, the slope of the side

wall was unchanged. Both

systems had a target period of

345 nm
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fabrication errors if the wells were spaced further apart, but

the electric field intensity dropped off dramatically.

In addition to this coupled negative and positive

refractive index stability, the array of sub-wavelength

tapered nanowells creates a uniform surface of high field

enhancements with strong broad band absorptance. All of

these contributions combine to produce a fabrication error

tolerant, broad band, uniform, large enhancement SERS

surface with nearly flat spectral response. These improve-

ments to the design of SERS devices could greatly enhance

the spatially averaged response of a plasmonic surface, and

surpass the performance limiting SERS uncertainty

principle.

4 Conclusions

This study theoretically investigates the electric field

enhancement from a nanowell array etched into a metal/

dielectric multilayer. The structure produces significant

electric field activity as the nanowells in the array

approached one another. Thus, the design should produce

very high Raman enhancement. Using multiple metal

layers distributes the electric field in the z-direction, and

broadens the enhancement bandwidth. The plasmonic

absorptance of a multilayered nanowell is nearly three

times stronger than a solid gold well. The side wall

angle of the nanowell was varied, and larger side wall

angle devices produce a strong resonator with the highest

field intensities located near the top surface and a reso-

nance wavelength position that is more resilient to fab-

rication imperfections. The wavelength stability of the

tapered nanowell is attributed to resonators at the top

and bottom of the nanowell having conflicting responses

to radius/period changes. This leads to the nanowell

spectral response having more stability than the solid

gold structure, or the multilayer structure without side

wall angle.
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