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ABSTRACT
Subradiant surface lattice resonances are of interest due to their remarkably high quality factors. In this work, these high quality resonances
are experimentally investigated in the visible spectrum with Au and Ag bipartite disk lattices fabricated with electron beam lithography.
Subradiant resonances are also compared to unipartite surface lattice resonance with angle-resolved extinction measurements, which are
supported by numerical models. Finally, the lattice parameters are optimized to show high quality factors in lattices where the elements
have a diameter difference as small as 10 nm.
Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001270

I. INTRODUCTION
Metal nanostructure lattices have attracted interest due to
their high quality factor resonances compared to that of a single
structure.1,2 When metal nanostructures exhibiting localized
surface plasmon resonance (LSPR) are arranged in a lattice with a
period comparable to the wavelength of light, a high quality factor
resonance, known as surface lattice resonance (SLR), arises due to
the coherent scattering between many structures via in-plane diffraction orders. This has many applications including sensors,3,4
laser cavities,5,6 and metasurfaces.7,8 In SLR, the structures are all
in phase and high quality factors can be achieved. The use of plasmonic structures is advantageous as they can be easily integrated
into planar waveguides5 for laser applications and also have high
near-field EM intensities.
The wavelength or energy where a diffraction order travels in
the plane of the lattice is known as the Rayleigh anomaly (RA) and
results in the formation of bands in transmission dispersion plots.
When the bands cross, as might occur for normally incident light
when the (1,0) and (1,0) diffraction orders coincide at the same
energy for a square lattice, a high extinction (superradiant) SLR can
be observed. At the same time, a dark or subradiant mode exists,
separated from the superradiant mode by a stop gap, which cannot
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be coupled from the far-field.9 Both the superradiant and subradiant modes are standing waves in the lattice at the stop gap edges
with the superradiant mode associated with an antinode, located at
each lattice structure, while the subradiant mode is associated with
a node at the structure. It is this subradiant mode that provides
lasing feedback in many SLR lasers due to its high quality
factor.10,11 In this case, the mode is subradiant as it does not
induce a dipole moment in the structures and cannot be excited
from the far-field. For angles of incidence away from the normal,
the subradiant mode quickly becomes more superradiant as a
standing wave no longer exists. In contrast, this work focuses on
subradiant modes that are caused by interference, which show a
controllable quality factor at normal incidence and retains a high
quality factor over a range of angles. In our case, the mode is not
completely dark at normal incidence and the extinction can be
controlled by varying the structure sizes.
Subradiant modes can be achieved in bipartite lattices of out
of phase (detuned) dipoles,12–14 which have been shown to exhibit
higher quality factors than the in-phase (superradiant) resonances.
The plasmonic dipoles can be arranged to couple in the plane of
the surface; however, two nearby out of phase dipoles suppress
radiation away from the surface due to destructive interference.
Hence, these resonances are referred to as subradiant and exhibit
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much higher quality factors than the superradiant SLRs, which is
promising for applications such as lasing and sensing. We note that
these subradiant resonances are similar to the subradiant modes
observed in asymmetric disk-dimers;12 however, by using a half
period offset between the constituent elements, any superradiant
modes are suppressed.14
Subradiant lattice resonances utilizing detuned dipoles are
attractive because simple subwavelength structures, such as disks
and rods, can be modeled as dipole resonators.15 This is of particular importance for visible and UV wavelengths, where complex
structures commonly require sub-100 nm features, which can be
hard to fabricate reliably with high throughput or cost effective
techniques.
Recently, bipartite subradiant SLRs have been achieved at THz
frequencies by interlacing two lattices exhibiting dipole resonances.13 Also, at visible wavelengths, an analogous system utilizing Ag
spheres has been theoretically investigated.14 These systems both
exhibit very high quality factors, while also showing robustness
against fabrication errors such as finite-size effects and structure
position error. However, we expect that, due to the reliance of the
resonances on the element size in these lattices, fabrication on the
100 nm scale required for visible wavelengths may be difficult. For
example, even a 5 nm change in diameter has been shown to considerably change the quality factor in lattices of metal spheres.14
In this work, we present the fabrication and modeling of
bipartite plasmonic lattices exhibiting subradiant detuned dipole
resonances at visible wavelengths. The bipartite system is illustrated
in Fig. 1(a) where the bipartite lattice is constructed from two
interlaced sublattices, A (blue) and B (green). Figure 1(b) shows
the modeled extinction efficiency spectrum of lattice A (dashed)
with a period of 400 nm and a diameter (D1) of 100 nm using the
T-matrix method.16 We also plot the extinction efficiency spectrum
of lattice B (dotted) with the same period but with a structure
diameter of 85 nm. The structures are modeled as Ag cylinders
with a height of 60 nm and refractive index taken from the study
by Johnson and Christy.17 The lattices contain (30  30) structures

FIG. 1. (a) Diagram of a bipartite lattice. Lattice A indicated with the blue coloring
has a diameter D1, which is different from that in lattice B indicated by the green
coloring. Both lattices have the same period, p, but lattice B is offset by p/2 in the
x and y directions. (b) Simulated comparison of two Ag square unipartite lattices
with a period of 400 nm and structure diameters of 100 nm (dashed) and 85 nm
(dotted) and a bipartite lattice where D1 = 100 nm and D2 = 85 nm (solid).
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and are surrounded with a uniform refractive index of 1.46. In
Fig. 1(b), the solid curve displays the response for the bipartite
lattice shown in Fig. 1(a). The higher quality factor of this subradiant mode, in comparison to the superradiant SLR modes from
lattices A and B, is evident as well as a reduction in the extinction
efficiency attributed to the suppression of scattering.14 Lattices
similar to those in Fig. 1 were fabricated using electron beam
lithography (EBL). We discuss considerations that are important
when fabricating both unipartite and bipartite lattices. We characterize the lattices with angle-resolved spectral measurements of
super- and subradiant modes and compare to simulations.
II. FABRICATION
Samples were fabricated using electron beam lithography and
metal lift-off according to the following method, illustrated in
Fig. 2. 150 mm diameter 500 μm thick fused quartz wafers
(University Wafer, JGS2) were cut into 10  10 mm2 squares using
a scribe. Samples were then cleaned by ultrasonic washes in
acetone and methanol for 5 min each followed by a wash in isopropanol. The samples were then blown dry with nitrogen and then
cleaned with an O2 plasma (PIE Scientific Tegeo) at 100 W with
5 SCCM O2 for 10 min. To achieve a high quality metal lift-off, a
bilayer electron resist was used. First, a low molecular weight
(LMW) solution of polymethyl methacrylate (PMMA) was prepared by dissolving 120 k molecular weight PMMA in cholorobenzene at a concentration of 6% (w/w). Similarly, a high molecular
weight (HMW) solution was prepared by dissolving 996 k molecular
weight PMMA in ortho-xylene at a concentration of 2.5% (w/w).
The samples were then coated with the LMW solution by spin
coating at 4000 rpm with an acceleration of 4000 rpm/s for 60 s followed by a 30 min bake in a 170  C oven. The spin coating and

FIG. 2. Electron beam lithography fabrication method.
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baking were then repeated with the HMW solution resulting in a
bilayer resist stack with a 200 nm LMW layer under a 60 nm HMW
layer. Finally, the samples were spin coated with a water soluble
anticharging layer (DisCharge H2 O 2 DisChem18) at 4000 rpm
with an acceleration of 4000 rpm/s for 60 s.
A. Electron beam lithography
A Raith 150 was used for the electron beam exposure of the
sample. An acceleration voltage of 20 kV, an aperture of 20 μm, a
working distance of 6 mm, and a write-field size of 50 μm were
used. Rather than circles, the elements in the design file were
defined as single pixel dots. This is useful for the fabrication of
disks as the circular beam profile allows for the exposure of circles
as small as 20 nm. The diameter is then determined by the dose,
development protocol, and any proximity effects from nearby elements. The dose ranged from 20 to 100 fC/dot depending on the
period and type of lattice, i.e., larger period lattices require higher
dose for a given diameter. This method is faster than exposing
circles and has no pixelation. With this method, three point focus
adjustment is important as any defocusing due to a tilted sample
will result in a change of size in the exposed elements; this is not so
noticeable for circles that are defined as area exposures as they are
made from multiple smaller exposure points.
We initially defined the bipartite lattices as two 400  400 μm2
square arrays of dots with the same period but offset from one
another by half a period in the x and y directions. The dose of each
array then determined the size of elements A and B. This resulted
in a nonuniform offset between the lattices within the write-fields,
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as shown in Fig. 3(a) where the color gradient in the dark-field
microscope image indicates a changing offset between the lattices.
The effect can be clearly seen in the scanning electron microscope
(SEM) micrograph shown in Fig. 3(b), where this lattice mismatch
is indicated. In this instance, the period was 450 nm; however, for
the functioning lattices in this work, we use a period of 400 nm.
We determined that this mismatch was due to the two arrays
being written sequentially, i.e., for each write-field, lattice A is
written first and then lattice B is written. Unfortunately, this
method led to charging of the area, which deflected the beam,
leading to nonuniform offsets between the lattices. This problem
was solved by flattening the design such that each element was
exposed in order based on their spatial position, rather than the
array they were in.
Write-field alignment was also an important consideration;
because surface lattice resonance is dependent on the period of the
lattice, a slight write-field misalignment introduces finite-size
effects. Write-field misalignment can be clearly seen in the darkfield image in Fig. 3(a), as evident from the bright lines forming 50
 50 μm2 squares and in Fig. 3(b) where it is clearly due to an
increase in period of the lattice at the junction between write-fields.
B. Development and metal deposition
After exposure, samples were washed with de-ionized water
for 30 s to remove the anticharging layer and then blown dry with
nitrogen. The samples were then developed in a 1:3 (v/v) mixture
of methyl isobutyl ketone (MIBK) and isopropanol for 60 s at
23  C followed by a wash in isopropanol. Au or Ag was then

FIG. 3. (a) Dark-field microscope image of a 450 nm period Au bipartite lattice with lattice misalignment evident from the color gradient within the write-fields. The writefield boundaries are evident from the white lines forming 50 μm squares. The scale bar is 50 μm. (b) SEM image of the same lattice at a junction between write-fields; the
lattice misalignment and write-field misalignment are indicated in red. The scale bar is 500 nm.

J. Vac. Sci. Technol. B 39(6) Nov/Dec 2021; doi: 10.1116/6.0001270
Published under an exclusive license by the AVS

39, 063601-3

ARTICLE

deposited by electron beam evaporation at a rate of 0.1 nm/s with a
typical process pressure of 7  106 Torr. The film thickness was
measured by a quartz crystal oscillator and confirmed by atomic
force microscope (AFM) and SEM images of films and structures.
Lift-off was achieved by soaking the samples in acetone for 8 h and
removing the metal by gentle agitation with a pipet. It was
common for the whole layer on top of the PMMA to peel off, indicating that there was no connection to the structures that had been
deposited in the exposed areas. It is important to note that we have
not used any adhesion layers so as to avoid introducing any additional loss in the structures.19 Due to this, ultrasonic agitation was
not used. Au lattices were annealed for 30 min on a 300  C hotplate
to reduce the number of grain boundaries within the structures
with the intention of reducing loss.20 Annealing was avoided for
Ag structures due to the potential for oxidization. Samples were
finally coated in an index matching adhesive (Norland NOA 85)
and a 500 μm thick fused quartz superstrate was adhered to give a
uniform surrounding refractive index of 1.46.

C. AFM and SEM images
AFM and SEM images were used to characterize the lattices,
as shown in Fig. 4, which depicts a 400 nm period Au unipartite
lattice. Despite similar scale images, the structures in the AFM
[Fig. 4(a)] micrograph are noticeably larger than in the SEM image
[Fig. 4(b)]. This is due to the finite angle of the AFM tip used
(Budget Sensors Tap300Al-G), which has a half angle of 20 –25
and 25 –30 along and across the cantilever axis, respectively, that
caused the AFM to overestimate the diameter of features but not
the height. Without the use of an ultrasharp AFM tip, both
imaging methods should be used to characterize the structures and
in the absence of an SEM image subtracting 57 nm from the measured structure diameter, corresponding to 0.95 nm per nanometer
of height with a 60 nm high structure, resulting in good agreement
between the models and angle-resolved spectra measurements
shown in this work.
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III. EXPERIMENTAL RESULTS
A. Unipartite Au lattices
First, an Au unipartite lattice with square symmetry was investigated. The lattice was measured with an AFM and an SEM to
verify the structure size, as shown in Fig. 4. The structures for the
400 nm lattice, shown in Fig. 4(a), had a mean height of 66 nm and
a mean diameter of 80 nm, corrected for tip artifacts.
Angle-resolved extinction measurements, shown in Fig. 5, were
done with a custom built spectrophotometer with a rotating sample
stage. Angle measurements ranged from 0 to 50 and were adjusted
for refraction to determine the incident angle on the lattices.
Supporting simulations were done with an open source t-matrix
method (SMUTHI).16,21 The structures were modeled as cylinders,
with the sizes determined by the AFM and SEM images of the
samples, and surrounded in a 1.46 refractive index environment. Due
to computational constraints, the arrays were limited to 30  30 structures; thus, the resonant quality factors in the simulations are expected
to be limited due to the finite number of interacting structures.22,23
The SLR peak quality factor was measured to be 19 for the
400 nm period lattice. The quality factor was determined by
Q ¼ f =δf , where Q is the quality factor, f is center frequency of
the resonance, and Δf is full width at half prominence. Half prominence was used to remove the effect of the background resulting
from the LSPR resonance. It should be noted that the incident
beam has a half angle of  1:8 and that the lattices have a mean
structure diameter deviation of no more than 5 nm, consistent with
our previous work on Au lattices fabricated with EBL.24
Considering that the beam half angle used in the extinction measurement is kept constant, we can quantitatively compare quality
factors between lattices with different parameters, but not between
measurements and simulations.
B. Au bipartite lattices
To fabricate bipartite lattices that exhibit subradiant SLRs, we
interlace two lattices with the same period but different structure

FIG. 4. AFM image (a) and SEM image (b) of the unipartite lattice with a period of 400 nm, height of 66 nm, and diameter of 80 nm. Scale bars are 300 nm.
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shape, as shown in Fig. 5. We fabricated two lattices; one with
D1 = 68 nm (height = 62 nm) and D2 = 45 nm (height = 54 nm),
which we refer to as the “small structure lattice” [Fig. 5(a)],
and one with D1 = 101 nm (height = 73 nm) and D2 = 69 nm
(height = 68 nm), which we refer to as the “large structure lattice”
[Fig. 5(b)]. The small structure lattice has a diameter difference of
23 nm and the large structure lattice has a diameter difference of
32 nm. This large diameter difference was chosen such that the
subradiant mode would be easily visible in the extinction spectrum.
The dark-field microscope images of the small structure lattice
[Fig. 5(c)] and the large structure lattice [Fig. 5(d)] show more uniformity than that of the poorly fabricated lattice in Fig. 3(a). We do
note that within the write-fields, there are obvious variations in the
color of the scattered light, evident as a gradient in color from
the bottom of the write-field to the top as viewed in Figs. 5(c)
and 5(d). However, as this generally appears repeated in the same
manner for each write-field, in contrast to that of the mismatched
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bipartite lattices in Fig. 3(a), it is likely the effect of disorder due to
the electron beam distortion over the write-field as explained in
detail by others.25 An interesting artifact is the appearance of
straight lines within the write-field. While lines of scattered light
are expected at the edge of the write-field when the gap is larger
than the period of the lattice, stitching effects should not be
observed within a write-field. The origin of these artifacts is not
clear, yet they do not appear to have an effect on the experimental
results, as shown in Figs. 7 and 8.
Figure 7(a) shows the extinction spectrum for the small structure lattice, with the corresponding model results shown in
Fig. 7(b). From the experiments, a quality factor of 36 is measured
at θ ¼ 0 for the subradiant SLR, labeled as “SLR” in this and subsequent figures. In comparison to the unipartite case, shown in
Fig. 6(a), the bipartite lattice exhibits a reduced peak extinction but
increased quality factor. The high energy (1,0) band originating at
 2:1 eV is also suppressed; hence, it has not been labeled.

FIG. 5. AFM and dark-field microscope images of the small structure [(a) and (c)] and large structure [(b) and (d)] Au bipartite lattices with diameters D1 = 68 and
D2 = 45 nm for (a) and (c) and D1 = 101 and D2 = 69 nm for (b) and (d). Color bars show height above the substrate. The scale bars are 500 nm [(a) and (b)] and 50 μm
[(c) and (d)].
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FIG. 6. Angle-resolved spectrum measurement (a) and simulation (b) for an Au
unipartite lattice with a 400 nm period, 80 nm diameter, and 66 nm height.

FIG. 7. Angle-resolved spectrum measurement (a) and simulation (b) for the
Au bipartite small structure lattice where D1 = 68 nm (height = 62 nm) and
D2 = 45 nm (height = 54 nm) with a period of 400 nm.

Figure 8(a) shows the extinction spectrum for the large structure
lattice, with the corresponding model results presented in Fig. 8(b).
An increased quality factor of 26 is measured from the experimental lattice at θ ¼ 0 , which is again higher than the unipartite case.
Additionally, the subradiant SLR occurs at a much lower energy of
1.8 eV (688 nm) than both the Rayleigh anomaly, at 2.12 eV
(584 nm), and the unipartite SLR, at 1.98 eV (624 nm), shown in
Fig. 6(a). This shift of the resonant wavelength away from the RA
due to a size increase is well known6,11 and depends on the scattering strength and detuning between the RA and LSPR wavelengths.
It could be expected that having two structures per unit cell would
increase the scattering strength and result in a shift of the resonance further from the RA when compared to unipartite lattices;
however, this was not investigated in this work. Diffraction orders
at lower energies than the Rayleigh anomaly are evanescent, with

an exponentially decreasing electric field away from the lattice.
These quickly become highly damped with decreasing photon
energy; hence, they are unable to propagate far in the lattice.26
However, they have the advantage that they do not require many
structures in the lattice. Hence, these modes could be interesting
for lattice resonance in finite arrays.
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C. Ag bipartite lattices
While the Au lattices show the expected behavior of subradiant modes, they do not exhibit very high quality factors and a
significant reduction in radiative loss (appearing as a decrease in
the extinction efficiency) compared to the unipartite case. To
observe narrower subradiant modes, there are two improvements
that can be made. First, rather than Au, Ag can be used, which has
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FIG. 8. Angle-resolved spectrum measurement (a) and simulation (b) for the
Au bipartite large structure lattice where D1 = 101 nm (height = 73 nm) and
D2 = 69 nm (height = 68 nm) with a period of 400 nm.

lower loss over the visible spectrum as long as the structures do not
tarnish. Second, the diameter difference between the structures can
be decreased. Both of these solutions introduce fabrication challenges, namely, optical loss due to oxidization of Ag, which has
been mitigated by others using annealing in inert atmospheres20 or
dehydration,27 and tighter fabrication tolerances. As the structure
sizes become closer, any deviation in the structure size becomes
more significant. The use of a seed layer is a method that has been
suggested to reduce irregularities in silver structures.28 In our work,
we have found that a seed layer is not needed for the fabrication of
accurate Ag disks.
Similar to Au bipartite lattices, for Ag lattices, the period was
kept at 400 nm and two lattices with different sized elements were
fabricated. The mean and standard deviation (σ) of the diameter
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were measured via SEM. Figure 9(a) shows a bipartite lattice where
element A has a mean diameter of 71 nm (σ  3 nm) and element
B has a mean diameter of 61 nm (σ  3 nm)—a difference of 10
nm (small structure lattice). Figure 9(b) shows a lattice with larger
elements: here element A has a mean diameter of 102 nm
(σ  2 nm) and element B has a diameter of 87 nm (σ  2 nm)—a
15 nm difference (large structure lattice). All structures across both
samples had a mean height of 60 nm, as the samples were not
annealed.
The experimental results corresponding to the small structure
lattice [Fig. 9(a)] are shown in Fig. 10(a). Similarly, the spectrum
for the large structure lattice [Fig. 9(b)] is shown in Fig. 12(a). The
(1,0) diffraction orders are labeled in red as well as the subradiant
SLR and the LSPR. The small structure lattice [Fig. 10(a)] shows a
resonant peak located very close to the Rayleigh anomaly with
very low extinction, as shown by the dashed curve in Fig. 11.
This is indicative of strong suppression of radiation; indeed,
with a diameter difference of 10 nm, this is expected and agrees
qualitatively with simulation results for the same lattice, shown
in Fig. 10(b). A clearer comparison between the measured and
modeled spectrum close to the subradiant mode is shown in
Fig. 11 with the model spectrum shown with a solid line. We
note that the measured LSPR peaks are much broader and centered at different energies than those of the models, in contrast
to the results for Au lattices. This could be attributed to oxidization of the Ag structures, which is expected to introduce absorption loss,20,27 or due to differences in the refractive index used in
the models and that of the experimental structures; however, this
was not investigated further.
The large structure lattice [Fig. 12(a)] exhibits a resonant
feature that is significantly shifted from the Rayleigh anomaly
for low angles with a lower quality factor of 31 compared to 69
measured for the small structure lattice. The results for the
large structure lattice also agree with the simulations shown in
Fig. 12(b). It should be noted that theoretical results by others14
have shown quality factors above 100; however, with our
finite models, we achieved 79 for the small structure lattice and
81 for the large structure lattice. For an infinite system, it is
expected that the quality factor would be higher; hence, it is
surprising to see such low quality factors for the
experimental results. This could be due to the write-field stitching errors, structure diameter deviations, or degradation of the
structures.
Nevertheless, these results are encouraging as they show that,
despite fabrication imperfections, subradiant surface lattice resonances from bipartite lattices can be observed at visible wavelengths
in metal plasmonic disk lattices. Although the quality factors measured here are less than those reported for theoretical infinite lattices, we expect that as fabrication methods improve, very high
quality resonances will be achieved.
IV. NEAR-FIELD COMPARISON BETWEEN BIPARTITE
AND UNIPARTITE LATTICES
Plasmonic lattices are known to show high levels of electromagnetic field enhancement over the unit cell of the lattice as well
as around the structures.29,30 To better understand these
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FIG. 9. SEM images of the small (a) and large (b) Ag bipartite lattices with diameters; D1 = 71 nm and D2 = 62 nm for (a) and D1 = 102 nm and D2 = 87 nm for (b). Scale
bars are 500 nm.

properties for bipartite lattices, we modeled the near-field
response using the finite difference time domain (FDTD) method
(Ansys Lumerical FDTD). The results shown here are in agreement with other near-field studies on bipartite lattices.12,31 The
simulation domain had a length of 400 nm in the x and y directions, which determined the period of the lattice, and extended
for 3 μm in the z direction. Periodic boundary conditions were
used for the x and y boundaries, and perfectly matched layers
with a steep angle profile were used for the z boundaries. A small
mesh size of 2 nm was used for a region extending 20 nm in the x,
y, and z directions around each structure because of the low
refractive index of Ag over the range of wavelengths in the simulation (400–900 nm). A larger, 3 nm, mesh spanned the x and y
directions and extended 15 nm from the top and bottom of the
structures. Finally the rest of the simulation environment had an
automatically generated (auto nonuniform) mesh with an accuracy of 1. The mesh refinement was set to staircase as this provided the best stability when the mesh size on the metal was
small, and the dt stability factor was set to 0.7. The source was a
plane wave polarized in the x direction. Cylinders were used to
model the structures with the refractive index taken from Johnson
and Christy.17 Monitors were set up to measure the transmission
and the electric field at a plane spanning the x and y directions,
intersecting at half the height of the cylinders.
In this section, we present the near-field results for the
small structure bipartite lattice with D1 = 71 and D2 = 62 nm
and a height of 60 nm. We also compare this to a unipartite
lattice that has just one structure per unit cell with a diameter of
71 nm and a height of 60 nm. In Fig. 13(a), the extinction spectrum for the bipartite lattice modeled with FDTD is shown with
a solid line and compared to the experimental results (dashed)
from Sec. III (Figs. 10 and 11). As expected, the peak width for
the FDTD model, where the lattice is effectively infinite and
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without disorder, is considerably smaller than the experimental
results; however, good agreement is shown with the peak position. In Fig. 13(d), the extinction spectrum is shown for the unipartite lattice; this peak is considerably broader than the
bipartite lattice and has a higher extinction as expected due to
its superradiant nature.
The real part of the electric field in the x direction is shown
in Fig. 13(b) for the bipartite lattice at the subradiant resonance
peak. Lattice element A, with a diameter of 71 nm, and element B,
with a diameter of 62 nm, are both positioned at the antinode of
the near-field standing wave that is formed at 0 incidence; hence,
each structure is out-of-phase with the other. Despite the significant dipole induced in each structure, evident from the high electric field at the edge of the cylinders in the x direction, the mode
is subradiant due to the interference of the scattered light away
from the lattice. This is in agreement with other models of the
same type of lattice.14 This contrasts with the unipartite lattice
[Fig. 13(e)], where a dipole moment and standing wave is formed
as expected from surface lattice resonance; yet, without a second
element, there is no interference and a superradiant mode is
observed.
Figure 13(c) shows the electric field intensity enhancement
as the electric field intensity jEj2 normalized to the incident field
intensity jE0 j2 for the bipartite lattice. The electric field intensity
enhancement for the unipartite lattice is shown in Fig. 13(f ). In
both cases, the standing wave due to SLR is evident, as well as the
dipole nature of each resonance. The mean electric field intensity
enhancement over the unit cell is 36.3 for the unipartite
lattice and 28.7 for the bipartite lattice. This is expected as the
extinction is higher for the unipartite lattice. The peak field intensity enhancement, which is located close to the structures, is
similar with 735 for the unipartite lattice and 670 for the bipartite
lattice.
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FIG. 10. Angle-resolved spectrum measurement (a) and simulation (b) for the
Ag bipartite small structure lattice with D1 = 71 and D2 = 62 nm, height = 60 nm,
and a period of 400 nm.

FIG. 11. Measured extinction spectrum (dashed) and simulated extinction efficiency spectrum (solid) showing the subradiant mode at θ ¼ 0 for the Ag
bipartite small structure lattice.
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FIG. 12. Angle-resolved spectrum measurement (a) and simulation (b) for the
Ag bipartite large structure lattice with D1 = 102 and D2 = 87 nm, height = 60 nm,
and a period of 400 nm.

Despite the higher quality factor of the bipartite lattices, the
near-field response does not show an improvement in peak intensity enhancement or average intensity enhancement. This is not
surprising, as the subradiant nature of the bipartite lattices suppresses coupling from the far-field. Further work would be needed
to determine if these bipartite lattices show an improvement in the
enhancement when the source is placed in the near-field of the
lattice. For applications utilizing light incident from the far-field,
such as sensors, the bipartite lattices still show some advantage
over unipartite lattices beyond the higher quality factors. This is
evident as the density of hotspots (the high field intensity very
close to the structures) is doubled for the bipartite lattice compared
to the unipartite lattice, without compromising the peak field
intensity significantly.
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FIG. 13. FDTD results for a 400 nm Ag bipartite lattice with D1 = 71 D2 = 62, and a height of 60 nm [(a)–(c)] and a 400 nm Ag unipartite lattice with a diameter of 71 and
a height of 60 nm [(d)–(f )]. (a) Extinction spectrum of bipartite lattice with FDTD result shown in red (solid) and the experimental result shown in blue (dashed). (d) shows
the extinction spectrum for the unipartite lattice. (b) The real part of Ex for a plane intersecting the structures at half height for the unipartite lattice and in (e) the same for
a unipartite lattice. (c) The electric field intensity jEj2 normalized to the incident field jE0 j2 for the bipartite lattice, and in (f ), the same is shown for a unipartite lattice. The
scale bars are 150 nm for the near-field plots [(b), (c), (e), and (f )].

V. CONCLUSIONS
This work presented a method for the fabrication of plasmonic cylinders with aspect ratios up to 1:1. By accurately controlling the size of the structures with the dose of the beam during
EBL, we have achieved bipartite Au and Ag lattices where the constituent elements have a size difference as small as 10 nm. The
results for unipartite and bipartite lattices agree qualitatively with
models; however, we note that the Ag lattices show a significant
reduction in the LSPR resonance in comparison to the models,
which we speculate is due to the oxidization of silver.32 Regardless
of this, we still observe a subradiant mode for bipartite lattices with
both a 10 nm and a 15 nm element size difference. On closer investigation of the near-field response, it was shown that there is no
improvement in peak or average electric field intensity enhancement over unipartite lattices. This can be attributed to the subradiant nature of the bipartite resonance, which reduces coupling
from the far-field. However, the density of plasmonic structures,
and therefore, the hotspots, is doubled for bipartite lattices in comparison to unipartite lattices, which may be important for applications such as sensors.
The observation of subradiant modes at visible wavelengths in
plasmonic detuned dipole lattices is significant for applications
such as lasers, where high quality factor resonances are desirable.
The use of simple structural elements such as cylinders is important as they are easy to fabricate and tune, giving good control over
the resonances, as shown in this work. We expect that a bipartite
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lattice integrated into a dye or quantum dot wave-guide may also
show some advantage over the extensively used unipartite lattices
for laser emission normal to the lattice due to the strong suppression of radiative loss afforded by these subradiant modes.
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