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Abstract: Refractive index sensing based on surface plasmon resonance (SPR) is a highly efficient
label-free technique for biomolecular detection. The performance of this method is defined by the
dielectric properties of a sensing layer and its structure. Nanohole arrays in thin metal films provide
good refractive index sensitivity but often suffer from a large resonance linewidth, which limits their
broad practical application in biosensorics. Coupling the broad plasmon modes to sharp resonances
can reduce the peak widths, but at the same time it can also degrade the sensitivity. Here, we use
Finite-Difference Time Domain simulations to study the factors affecting the sensing performance
of gold-silica-gold optical cavities with nanohole arrays in the dielectric and top metal layers. We
demonstrate that by tuning resonator size and inter-hole spacing, the performance of the biosensor
can be optimized and the figure of merit of the order of 5–7 is reached.
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1. Introduction

Optical biosensors based on localized or propagating surface plasmon resonance
have emerged as a powerful tool for a range of applications, including in healthcare, bio-
chemistry, environmental monitoring, and food safety control [1–3]. Such sensors aim at
providing efficient label-free detection of target biomolecules by responding to minute
changes in the refractive index of the media near the surface of a plasmonic nanostructure.
The performance of a refractive index sensor is determined by the geometric shape, size,
symmetry, and spatial arrangement of the plasmonic units, which facilitates the active
search for new nanostructures and ways to improve existing plasmonic sensor systems.
To characterize the performance of a biosensor, two parameters are generally used: sensitiv-
ity S and figure of merit (FOM). The former is defined by the spectral shift of a resonance
peak ∆λ caused by the change of the refractive index ∆n:

S =
∆λ

∆n
. (1)

while the latter is calculated as the ratio between the sensitivity S and the full width at half
maximum FWHM of the resonance:

FOM =
S

FWHM
. (2)

Numerous plasmonic nanostructures, including dispersed or substrate-supported
metal nanoparticles, 2D or 3D nanoparticle clusters, and metal films with periodic or
aperiodic patterning, have been investigated so far as potential sensing elements of a
biosensor [4–6]. Particularly interesting plasmonic systems for biosensing applications are
the periodic and the short-range ordered nanohole arrays (NHAs) in thin metal films [7],
since such nanostructures can be fabricated relatively easily on large-area substrates at cm2
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scale using colloidal lithography [8–10]. The flexibility, low cost, and high throughput of
fabrication make these nanostructures advantageous compared with many other systems.

Typically, NHAs demonstrate moderate bulk refractive index sensitivities of the order
of 200–300 RIU/nm. A number of studies have investigated the factors that influence the
sensitivity of NHA, such as the diameters of the nanoholes, their ordering, and even the
incident angle of the illuminating light [7,11–13].

In recent studies, we have demonstrated that the refractive index sensitivity of gold
NHAs can be significantly improved through the addition of a perforated silica layer or
by etching the dielectric substrate under the gold film [14]. This eliminates the so-called
“substrate effect”, which refers to the lower sensitivity observed in nanostructures with
substrate support compared with those without. This effect occurs because a substantial
portion of the enhanced electric field is obstructed within the substrate material with a
higher refractive index, making it inaccessible to analyte molecules [15].

Further improvement in the performance of plasmonic NHA-based biosensors could
be achieved by reducing the spectral width of a resonance to increase the FOM of a sensor
material. Typical values of FWHM for short-range ordered gold NHAs are in the order of
a few hundreds of nm, depending on the spectral position of the resonance. The width
is defined by the radiation damping of the metal and the strong scattering of the surface
plasmon wave by aperiodically arranged nanoapertures [16,17]. This results in very low
values of a Q-factor, which limits the range of practical applications of such materials
in sensorics.

The ordering of nanoholes can result in a 2–3 times reduction of FWHM [11]. Fur-
ther, the resonance linewidth can be reduced by coupling plasmons to a system with
a narrow resonance, such as photonic cavity, due to the modified photonic density of
states. This effect has been demonstrated in various systems, including gold nanorods [18],
nanodisks [19], and nanorings [20] positioned above a gold mirror. However, to the best
of our knowledge, there is currently no data available on the impact of coupling in the
NHAs–photonic cavity system on refractive index sensing performance. In this study,
we employ finite-difference time-domain (FDTD) simulations to investigate the spectral
properties and refractive index sensitivity of gold NHAs with and without an additional
gold layer that forms an optical resonator. By carefully selecting the hole diameter and
inter-hole spacing, as well as tuning the distance between the two gold layers, we enable
the coupling of electromagnetic light modes with the plasmon modes of the NHAs. Our
findings provide insights into how these modifications can enhance the performance of a
substrate-supported plasmonic nanostructure.

2. Simulation Details

Numerical simulations are performed using the FDTD++ software (version 1.7). Opti-
cal properties of two system types are compared. The schematics of the simulated systems
is demonstrated in Figure 1. The first one is a substrate-supported gold–silica–gold nanos-
tructure in which the top metal and dielectric layers are pierced by cylindrical nanoholes of
diameter D. The holes are arranged in a hexagonal 2D lattice with a period of P. Under the
silica layer, there is a continuous gold layer. The nanostructures of the second type are
identical, but do not contain the bottom gold layer. These systems represent the ‘elevated’
NHAs studied earlier [14]. To demonstrate the effect of changing the hole diameter, we
consider systems with D = 80, 100 and 120 nm. The thickness of the gold layers is 20 nm,
while the thickness of the dielectric spacer h is varied from 20 to 200 nm.
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Figure 1. Schematic representation of the simulated structures (the unit cells): (A) the three-layer
Au/SiO2/Au system with nanoholes in the top metal and dielectric layers; (B) the elevated Au/SiO2

NHA. Gold is represented by the yellow color, silica by the white color.

The dielectric function of gold is represented by a fit to experimental data [21]. A con-
stant refractive index of n = 1.52 is used for the silica layer and the substrate. Periodic
boundary conditions apply in the x and y directions, and the perfectly matched layer is
used to absorb electromagnetic waves propagating along the z axis. In the region of the
upper perforated layer of gold, a constant size mesh of 3× 3× 3 nm is used.

Reflectance spectra are calculated by illuminating the system at normal incidence with
x-polarized light using a plane wave source and recording the reflected power. To estimate
the refractive index sensitivity of each structure, a series of reflectance spectra are calculated
at different refractive indices of the media in the range n = 1.33–1.48. The induced spectral
shift of the plasmon resonance peak is evaluated, and the sensitivity is calculated as the
slope of the linear dependence of the peak position on the refractive index of the medium.

3. Results and Discussion

Figure 2 displays simulated reflectance spectra for single-layer Au NHAs with periodic
structure and varying hole diameters of 80, 100, and 120 nm. These spectra exhibit a
reflectance peak and dip that shift towards longer wavelengths as the hole diameter
increases. Previous research suggests that the peak is attributed to a surface plasmon
polariton within the nanohole layer, whereas the dip is linked to a localized surface plasmon
resonance inside the holes [22,23]. Thus, the spectral position of the reflectance maximum
is influenced by the distance between the holes, while the minimum is determined by the
hole diameter.
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Figure 2. Reflectance spectra of Au-NHAs with different hole diameters at n = 1.33.
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In our model, the structure period (i.e., the distance between centers of the adjacent
holes) scales with hole diameter as P = 2D, which explains the observed simultaneous
spectral shift of both the peak and the dip for systems with larger holes.

The addition of the perforated dielectric sublayer results in a small blue shift in
resonance due to the lower effective refractive index of the medium compared with that of
a substrate. The shift decreases with the thickness of the additional layer after 10–20 nm.

3.1. Effect of the Resonator Size

Optical properties of the system are significantly altered by the addition of a second
layer of gold, which turns it into an optical resonator. The resonator length, which is the
distance between the two gold layers, plays a crucial role in defining the coupling regimes
that can be achieved. This is evident from the reflectance spectra of 100 nm gold NHA
combined with a 20 nm thick gold film, presented in Figure 3A. A series of overlaid selected
spectra is shown in Figure 3B. The spectra are stacked along the y-axis, allowing for direct
visual comparison and observation of the spectral changes at different resonator lengths.
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Figure 3. Near-field coupling of nanohole array LSPR with optical cavity modes in Au/SiO2/Au
system with a diameter of 100 nm: (A) Reflectance spectra vs. spacer thickness as a 2D color map;
(B) overlaid reflectance spectra for selected spacer thickness; (C,D) electric field distributions upon
resonance at resonator lengths of 10 nm and 110 nm, respectively.

At low resonator length, a strong red shift of the reflection minimum is observed as
the silica thickness decreases below 50 nm. This effect can be attributed to the electrostatic
concept of image charges. Specifically, when a nanohole is situated near a metal layer,
the instantaneous charges at the edges of the hole upon excitation of localized surface
plasmon resonance induce charges of an opposite sign in the metal layer. This interaction
is strongly distance-dependent and can result in a significant reduction of the resonance
energy at small separation distances.

The effect is accompanied by a strong electric field enhancement, as shown in Figure 3C,
which is important for high refractive index sensitivity of the system. The field enhancement
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factor |E|/|E0| observed at h = 10 nm for Au/silica/Au NHA system with 100 nm holes
exceeds 20. However, most of the enhanced near field is localized inside the silica layer,
making it mostly inaccessible for the analyte.

When the distance between gold layers exceeds 50 nm, the effect of the electrostatic
interaction becomes negligible. Consequently, varying the silica thickness from 50 to
100 nm has little effect on the resonance frequency, with the reflectance minimum situated
near 620 nm, closely matching the position of undisturbed resonance in a single-layer
gold NHA. Increasing the size of the resonator h causes a red shift of the Fabry-Pérot
wavelength, with strong mode coupling occurring as it approaches the NHA plasmon
resonance wavelength, causing anti-crossing of the resonances. This phenomenon is clearly
seen in Figure 3A.

The comparison of the electric field plots, presented in Figure 3C,D suggests that
the maximum electric field enhancement observed in the strong coupling regime is about
|E|/|E0| = 10, which is approximately twice lower than that found for small silica thickness.
However, the enhanced optical field is almost equally distributed between the top and
bottom edges of the holes, thus being available for sensing the changes of refractive index.

To estimate the bulk refractive index sensitivity of a system, we examine the spectral
shift of the long-wavelength reflectance minimum with changes in refractive index of the
surrounding media for the two systems under study. The resulting data for NHAs of three
different hole diameters and thicknesses of the silica layer are shown in Figure 4.
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Figure 4. Effect of the thickness of the dielectric layer on the refractive index sensitivity of (A) elevated
NHAs and (B) top-perforated Au/silica/Au system. Error bars show the standard error of sensitivity
obtained from linear approximation of plasmon resonance versus refractive index.

First, we consider the systems with a single Au layer, representing the ‘elevated
nanoholes’, which demonstrated the high refractive index sensitivity earlier [14]. We
observe that the sensitivity increases rapidly with the thickness of the silica layer (or the
depth of the wells in the dielectric) up to about 50 nm before reaching a plateau, as shown
in Figure 4A. This behavior is due to the exposure of the previously hidden enhanced
electric field to the solution. The plateau is explained by the limited size of the enhanced
electric field region.

In contrast, the sensitivity curves for Au/silica/Au systems shown in Figure 4B exhibit
a different trend, with a maximum at a spacer thickness of 110–130 nm. The size of the
optical cavity corresponding to the highest value of the refractive index sensitivity increases
with the hole diameter: 100 nm for 80-nm nanoholes; 110 nm for 100-nm nanoholes;
and 120 nm for 120-nm NHAs. Notably, the NHAs with larger hole diameters exhibit
higher sensitivity.

The refractive index sensitivity of the coupled plasmonic-photonic system can be ra-
tionalized using an effective medium model that accounts for phase shifts. For constructive
interference to occur, the total phase shift accumulated by the wave as it circulates in the
cavity must equal 2Nπ (N = 1, 2, 3 . . .). The change in the refractive index of the solution
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leads to different phase shifts upon plasmon excitation in NHAs. Moreover, the effec-
tive refractive index of the cavity also depends on that of the analyte solution due to the
nanoholes in the dielectric layer, which affects the phase shift in both cavity propagation
and reflection. As a result, the overall phase shift changes and the resonance condition is
no longer satisfied at the same wavelength.

The data obtained show that the Au/silica/Au system exhibits maximum sensitivity
when the optical resonance of the coupled system is close to the plasmon resonance mode
of the NHA. These conditions ensure the largest change of the NHA plasmon excitation
phase shift [18].

In general, the Au/SiO2/Au structures demonstrate slightly lower bulk sensitivities
compared with the corresponding Au/SiO2 structures with the same hole diameter. This
effect has been observed in other systems upon coupling of plasmon modes to photonic
cavity. For instance, the refractive index sensitivity of gold nanorods is found to decrease by
a factor of 2.5 when a photonic cavity is introduced [18]. This phenomenon can be attributed
to the increase in mode volume resulting from the presence of the cavity. However, our
results suggest that under certain conditions the reduction of the sensitivity of the coupled
photonic-plasmonic systems can be minimized. For instance, the sensitivity of 100-nm
NHAs with a spacer thickness of 110 nm is approximately 225 nm/RIU for both systems.

3.2. Effect of the Inter-Hole Spacing

Another tuning parameter of the plasmonic NHA system is the inter-hole spacing,
which affects the LSPR wavelength. Here, we study the effect of changing the inter-hole
spacing on bulk refractive index sensitivity of the system.

Based on the results of the previous section, we use the fixed resonator distance of
h = 110 nm, as it provides the highest sensitivity for the three studied systems. The inter-
hole spacing is varied from 180 to 400 nm.

As can be seen from the results presented in Figure 5B, there is an optimum range
of inter-hole spacing for each hole diameter, providing higher refractive index sensitivity.
The position of the maxima shifts to larger spacing values for larger hole diameters: 280,
300, and 320 nm for the NHAs with hole diameters of 80, 100, and 120 nm, respectively.
The values of RI sensitivity reach 220, 240, and 275 RIU/nm for these systems. Thus,
by tuning both the resonator size and the inter-hole spacing, the maximum RI sensitivity
can be achieved.

The results obtained for the ‘elevated NHAs’ with a single gold film, presented in
Figure 5A, show that the increase of the inter-hole spacing leads to even higher RI sensitivity.
This, however, is due to red-shifting of the resonance peak with the NHA period.

At the same time, the coupling between plasmonic and photonic cavity modes results
in a narrower resonance peak. The estimated values of the peak width at half maximum
for the single-layer Au/SiO2 and the Au/SiO2/Au systems are presented in Figure 5C,D.
The peak width of the former system is larger for short inter-hole distance and reaches
120 nm for the diameter of nanoholes of 120 nm and a period of 225 nm. For the photonic
cavity system, the peak width does not change much with the period and its values
are within the range of 40 ± 18 nm for the three studied hole diameters. As a result,
the FOM values are higher for the cavity than for the single-layer NHA (see Figure 5E,F).
For example, at a period P = 300 nm, the FOM of the coupled photonic-plasmonic system
is about 5–7 RIU−1 for different hole diameters, whereas for the single-layer NHAs, it
lies within 3–5 RIU−1. It is worth mentioning that NHAs with smaller hole diameters
demonstrate higher FOM values.

Higher FOM values are good for sensing, since they enable lower detection limits
and higher sensitivity at the fixed wavelength S∗, defined by the change of intensity of the
reflected light: S∗ = ∆R/∆n. Such modes of measurement are often more technologically
relevant than the determination of the spectral position of the resonance peak.
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Figure 5. The effect of the inter-hole spacing on the sensing characteristics of Au/silica (A,C,E) and
Au/silica/Au (B,D,F): bulk refractive index sensitivity (A,B); peak width at half maximum (C,D);
and figure of merit (E,F).

The colloidal lithography approach could potentially be used to fabricate the gold-
silica-gold NHAs discussed here. To create samples with a silica thickness smaller than
the radius of nanospheres, a similar strategy to the one used for elevated NHAs (refer
to reference [14] for more information) could be employed. This would involve vacuum
deposition of a gold mirror layer, followed by the deposition of a colloidal mask and then
vacuum deposition of the silica and gold layers. The desired structure would be achieved
after removing the colloidal mask.

For samples with a larger distance between metal layers, similar steps could be
followed, but with depositing both the gold and dielectric layers first, and then applying
the colloidal mask and top gold layer. After lift-off, dry or wet chemical etching could be
used to remove the dielectric material inside the holes.

4. Conclusions

In this study, we utilized the FDTD method to investigate the refractive index sensi-
tivity of trilayer Au/silica/Au systems containing hexagonally arranged nanoholes in the
top Au and silica layers. Our main goal was to compare the performance of these systems
with the corresponding Au/silica NHAs and to evaluate how the spacing between the
gold layers and the period of the nanohole array affect the system’s sensitivity and figure
of merit.

Our results show that the introduction of a second metal layer creates a distance-
dependent interaction between the plasmon resonance of the nanohole array and the
photonic Fabry-Pérot modes. By adjusting the thickness of the dielectric spacer and the inter-
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hole spacing, we can significantly change sensitivity. The highest sensitivity is observed
when the photonic cavity mode and NHA plasmon mode have close wavelengths.

Compared with “elevated NHAs”, we find that the presence of a cavity generally
reduces the refractive index sensitivity of plasmonic NHAs. However, under certain
conditions, this effect can be minimized. This, along with a decrease in resonance linewidth,
leads to a noticeable increase in the figure of merit of the sensor. As a result, lower detection
limits and enhanced sensitivity at a constant wavelength can be achieved. We believe
that these findings have significant implications for understanding and improving the
performance of plasmonic biosensors based on NHA topology.

Author Contributions: Conceptualization and methodology, V.E.B.; simulation, M.A.S.; writing—
original draft preparation, V.E.B.; writing—review and editing, V.E.B.; visualization, V.E.B.; supervi-
sion, V.E.B.; funding acquisition, V.E.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Russian Science Foundation, grant number 22-23-00454.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The calculations were carried out using the computing resources of the Labora-
tory of Quantum Photodynamics of the Chemistry Department (RSC Tornado) provided through the
Lomonosov Moscow State University Program of Development.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

NHA Nanohole array
FDTD Finite-difference time domain
FOM Figure of merit
FWHM Full width at half maximum

References
1. Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; Van Duyne, R.P. Biosensing with plasmonic nanosensors. Nat. Mater.

2008, 7, 442–453. [CrossRef] [PubMed]
2. Wang, Z.; Chen, J.; Khan, S.A.; Li, F.; Shen, J.; Duan, Q.; Liu, X.; Zhu, J. Plasmonic Metasurfaces for Medical Diagnosis Applications:

A Review. Sensors 2021, 22, 133. [CrossRef] [PubMed]
3. Ahmadivand, A.; Gerislioglu, B. Photonic and Plasmonic Metasensors. Laser Photonics Rev. 2022, 16, 2100328. [CrossRef]
4. Homola, J. Surface Plasmon Resonance Sensors for Detection of Chemical and Biological Species. Chem. Rev. 2008, 108, 462–493.

[CrossRef]
5. Mayer, K.M.; Hafner, J.H. Localized Surface Plasmon Resonance Sensors. Chem. Rev. 2011, 111, 3828–3857. [CrossRef]
6. Estevez, M.C.; Otte, M.A.; Sepulveda, B.; Lechuga, L.M. Trends and challenges of refractometric nanoplasmonic biosensors: A

review. Anal. Chim. Acta 2014, 806, 55–73. [CrossRef]
7. Prasad, A.; Choi, J.; Jia, Z.; Park, S.; Gartia, M.R. Nanohole array plasmonic biosensors: Emerging point-of-care applications.

Biosens. Bioelectron. 2019, 130, 185–203. [CrossRef]
8. Hanarp, P.; Sutherland, D.S.; Gold, J.; Kasemo, B. Control of nanoparticle film structure for colloidal lithography. Colloids Surf. A

Physicochem. Eng. Asp. 2003, 214, 23–36. [CrossRef]
9. Prikulis, J.; Hanarp, P.; Olofsson, L.; Sutherland, D.; Käll, M. Optical Spectroscopy of Nanometric Holes in Thin Gold Films. Nano

Lett. 2004, 4, 1003–1007. [CrossRef]
10. Goerlitzer, E.S.; Zhan, M.; Choi, S.; Vogel, N. How Colloidal Lithography Limits the Optical Quality of Plasmonic Nanohole

Arrays. Langmuir 2023, 39, 5222–5229. [CrossRef]
11. Malani S.B.; Viswanath, P. Impact of ordering of gold nanohole arrays on refractive index sensing. J. Opt. Soc. Am. B 2018,

35, 2501. [CrossRef]
12. Ohno, T.; Wadell, C.; Inagaki, S.; Shi, J.; Nakamura, Y.; Matsushita, S.; Sannomiya, T. Hole-size tuning and sensing performance of

hexagonal plasmonic nanohole arrays. Opt. Mater. Express 2016, 6, 1594–1603. [CrossRef]
13. Yang, K.; Li, M. The Sensitivity of a Hexagonal Au Nanohole Array under Different Incident Angles. Biosensors 2023, 13, 654.

[CrossRef] [PubMed]
14. Bochenkov, V.E.; Frederiksen, M.; Sutherland, D.S. Enhanced refractive index sensitivity of elevated short-range ordered nanohole

arrays in optically thin plasmonic Au films. Opt. Express 2013, 21, 14763. [CrossRef] [PubMed]

http://doi.org/10.1038/nmat2162
http://www.ncbi.nlm.nih.gov/pubmed/18497851
http://dx.doi.org/10.3390/s22010133
http://www.ncbi.nlm.nih.gov/pubmed/35009676
http://dx.doi.org/10.1002/lpor.202100328
http://dx.doi.org/10.1021/cr068107d
http://dx.doi.org/10.1021/cr100313v
http://dx.doi.org/10.1016/j.aca.2013.10.048
http://dx.doi.org/10.1016/j.bios.2019.01.037
http://dx.doi.org/10.1016/S0927-7757(02)00367-9
http://dx.doi.org/10.1021/nl0497171
http://dx.doi.org/10.1021/acs.langmuir.3c00328
http://dx.doi.org/10.1364/JOSAB.35.002501
http://dx.doi.org/10.1364/OME.6.001594
http://dx.doi.org/10.3390/bios13060654
http://www.ncbi.nlm.nih.gov/pubmed/37367019
http://dx.doi.org/10.1364/OE.21.014763
http://www.ncbi.nlm.nih.gov/pubmed/23787663


Biosensors 2023, 13, 1038 9 of 9

15. Dmitriev, A.; Hägglund, C.; Chen, S.; Fredriksson, H.; Pakizeh, T.; Käll, M.; Sutherland, D.S. Enhanced nanoplasmonic optical
sensors with reduced substrate effect. Nano Lett. 2008, 8, 3893–3898. [CrossRef] [PubMed]

16. Przybilla, F.; Genet, C.; Ebbesen, T.W. Long vs short-range orders in random subwavelength hole arrays. Opt. Express 2012,
20, 4697. [CrossRef] [PubMed]

17. Bravo-Abad, J.; Fernández-Domínguez, A.I.; García-Vidal, F.J.; Martín-Moreno, L. Theory of Extraordinary Transmission of Light
through Quasiperiodic Arrays of Subwavelength Holes. Phys. Rev. Lett. 2007, 99, 203905. [CrossRef]

18. Ameling, R.; Giessen, H. Microcavity plasmonics: Strong coupling of photonic cavities and plasmons. Laser Photonics Rev. 2013,
7, 141–169. [CrossRef]

19. Bai, Y.; Zheng, H.; Zhang, Q.; Yu, Y.; Liu, S.d. Perfect absorption and phase singularities induced by surface lattice resonances for
plasmonic nanoparticle array on a metallic film. Opt. Express 2022, 30, 45400. [CrossRef]

20. Luo, X.; Tan, R.; Li, Q.; Chen, J.; Xie, Y.; Peng, J.; Zeng, M.; Jiang, M.; Wu, C.; He, Y. High-sensitivity long-range surface plasmon
resonance sensing assisted by gold nanoring cavity arrays and nanocavity coupling. Phys. Chem. Chem. Phys. 2023, 25, 9273–9281.
[CrossRef]

21. Johnson, P.B.; Christy, R.W. Optical Constants of the Noble Metals. Phys. Rev. B 1972, 6, 4370–4379. [CrossRef]
22. Sannomiya, T.; Scholder, O.; Jefimovs, K.; Hafner, C.; Dahlin, A.B. Investigation of Plasmon Resonances in Metal Films with

Nanohole Arrays for Biosensing Applications. Small 2011, 7, 1653–1663. [CrossRef] [PubMed]
23. Schmidt, T.M.; Bochenkov, V.E.; Espinoza, J.D.A.; Smits, E.C.; Muzafarov, A.M.; Kononevich, Y.N.; Sutherland, D.S. Plasmonic

fluorescence enhancement of DBMBF2 monomers and DBMBF2-toluene exciplexes using al-hole arrays. J. Phys. Chem. C 2014,
118, 2138–2145. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1021/nl8023142
http://www.ncbi.nlm.nih.gov/pubmed/18844428
http://dx.doi.org/10.1364/OE.20.004697
http://www.ncbi.nlm.nih.gov/pubmed/22418227
http://dx.doi.org/10.1103/PhysRevLett.99.203905
http://dx.doi.org/10.1002/lpor.201100041
http://dx.doi.org/10.1364/OE.475248
http://dx.doi.org/10.1039/D2CP05664J
http://dx.doi.org/10.1103/PhysRevB.6.4370
http://dx.doi.org/10.1002/smll.201002228
http://www.ncbi.nlm.nih.gov/pubmed/21520499
http://dx.doi.org/10.1021/jp4110823

	Introduction
	Simulation Details
	Results and Discussion
	Effect of the Resonator Size
	Effect of the Inter-Hole Spacing

	Conclusions
	References

