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Strong coupling of mid-infrared (mid-IR) vibrational transitions to optical cavities provides a means to modify
and control a material’s chemical reactivity and offers a foundation for novel chemical detection technology.
Currently, the relatively large volumes of the mid-IR photonic cavities and weak oscillator strengths of vibrational
transitions restrict vibrational strong coupling (VSC) studies and devices to large ensembles of molecules, thus
representing a potential limitation of this nascent field. Here, we experimentally and theoretically investigate the
mid-IR optical properties of 3D-printed multimode metal–insulator–metal (MIM) plasmonic nanoscale cavities
for enabling strong light–matter interactions at a deep subwavelength regime. We observe strong vibration-plas-
mon coupling between the two dipolar modes of the L-shaped cavity and the carbonyl stretch vibrational tran-
sition of the polymer dielectric. The cavity mode volume is half the size of a typical square-shaped MIM geometry,
thus enabling a reduction in the number of vibrational oscillators to achieve strong coupling. The resulting three
polariton modes are well described by a fully coupled multimode oscillator model where all coupling potentials
are non-zero. The 3D printing technique of the cavities is a highly accessible and versatile means of
printing arbitrarily shaped submicron-sized mid-IR plasmonic cavities capable of producing strong light–
matter interactions for a variety of photonic or photochemical applications. Specifically, similar MIM structures
fabricated with nanoscopic voids within the insulator region could constitute a promising microfluidic plasmonic
cavity device platform for applications in chemical sensing or photochemistry. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.500339

1. INTRODUCTION

Surface plasmon modes hosted by noble metals, their nano-
structures, and metamaterials are now routinely used to influ-
ence light–matter interactions. The resulting confinement and
enhancement of local electromagnetic fields lead to surface en-
hancement of Raman scattering [1], infrared (IR) absorption
[2], and nonlinear optical phenomena [3], while an increase
in the vacuum density of states leads to Purcell enhancement
of fluorescence [4]. Metal–insulator–metal (MIM) plasmonic
structures, including MIM waveguides, nanoparticle-on-
mirror, nanogap cavities, and patch antennas, have emerged as
a versatile platform for extreme subwavelength confinement of
electromagnetic radiation, offering reduced losses and orders of
magnitude stronger fields over a large bandwidth ranging from
the visible to the mid-IR [5–8]. MIM structures work through

mutual excitation of coherent localized surface plasmon modes
on two metal interfaces separated by a thin dielectric layer lead-
ing to deep subwavelength plasmonic modes based on
Maxwell’s equations. These modes have a lower damping rate
than single-interfaced surface plasmon polaritons (SPPs)
[9,10], and when one or two of the interfaces are finite in size,
an ultra-small volume cavity can be created without a cutoff
wavelength [11]. As a result of the several orders of magnitude
increase in field strength, MIM structures offer a host of inter-
esting applications related to enhancing light–matter inter-
actions, which include use in chemical sensing [12–14],
quantum light sources [15,16], lasers [17], high-speed LEDs
[18], and exploiting chiral interactions with matter [19,20].

When the light–matter interactions are large enough such
that the exchange of energy between the photonic and material
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system occurs at a faster rate than the energy dissipation, this
interaction between the systems is said to be in the strong cou-
pling regime [21,22]. In this regime, the light- and matter-state
properties hybridize to produce new quasiparticles called polar-
itons [23] with novel behavior not present in either constituent
system. The use of strong coupling to engineer new physical
systems has proved invaluable in many areas of fundamental
research [24,25]. While much of the past work has focused
on modifying electronic transitions [23,26–29], many recent
efforts have been focused on vibrational strong coupling
(VSC), in which molecular vibrational transitions are strongly
coupled to photonic or plasmonic structures [30–35]. The
goals of such research include realizing ultrasensitive bio and
chemical sensors, modifying chemical properties of materials,
producing supramolecular assembly of polymers [36], and con-
trolling thermal emissivity of material systems [33,37–39]. Due
to the low oscillator strength of vibrational modes, it is difficult
to achieve VSC via localized surface plasmon resonances that
confine fields in three dimensions. Therefore, open plasmonic
systems with confinement only along one or two dimensions
are often employed to reach the VSC regime as they can incor-
porate a larger number of oscillators, enhancing the coupling
strength since this quantity scales according to the square root
of the number of oscillators [40,41]. Recently, a plasmonic
MIM nanogap closed-cavity design was employed to realize
VSC by increasing the light–matter coupling strength via its
ultra-high field confinement [42]. Such MIM structures are
typically fabricated via 2D electron beam lithography tech-
niques that can be time consuming and costly while placing
limits on the complexity of the three-dimensional structures
that can be realized.

In this study, we use direct laser writing of 3D nanostruc-
tures to create L-shaped MIM nanogap cavities with funda-
mental resonances in the mid-IR. This fast and inexpensive
fabrication technique enables rapid prototyping and evaluation
of photonic systems of arbitrary shape and complexity within
its printable size range [43,44]. In prior work, anisotropic
L- and V-shaped plasmonic nanoparticles and their inverse,
apertured plasmonic films, have proven to be a versatile plat-
form for the manipulation of the near and far fields of incident
light, which includes enhancement of birefringence [45], wide-
band polarization conversion [46,47], optical phased arrays
[48], as well as circular dichroism [49]. Here, we apply this class
of structure, specifically the L-shaped geometry with two
orthogonal oscillator arms, in a nanogap MIM geometry to
confine the composite resonances primarily within the insulator
volume. These L-shaped cavities are studied as a function of
arm length and polarization angle. We find that the expressed
modes of the plasmonic system are the dipolar bonding and
antibonding modes that result from hybridization of the fun-
damental resonances of each individual arm [49]. The subwave-
length field enhancement produces strong coupling between
the dipolar modes from each arm of the cavity to the carbonyl
(-C=O) stretch vibrational transition (CSVT) in the acrylate-
based polymer insulator [30].

Further, we find that the strongly coupled light–matter sys-
tem can only be fully understood through a multimode three-
oscillator model where coupling is non-zero for all three

pair-wise interactions of the constituent modes, e.g., between
the two fundamental dipolar modes of each individual arm as
well as between each of those modes and the CSVT of the pol-
ymer insulator. This is because the coupling strength between
the modes of the two individual arms affects the observed Rabi
splitting with the CSVT of the polymer. The resulting avoided
crossings are less intuitive and cannot be reproduced if the
Hamiltonian is simplified to include only two coupling terms,
either as is typically done for multimode systems that have been
previously studied [50–52] or by treating the system as a sim-
pler two-oscillator model, e.g., coupling between the resulting
cavity bonding mode and the CSVT. Such systems are essen-
tially described by one or two pair-wise interactions, whereas
the system we have examined is better described by three
pair-wise coupled oscillators. The large coupling potential be-
tween the two cavities’modes produces an extremely large Rabi
splitting of 1101 cm−1 between the upper and lower polariton
branches. The Rabi splitting between the lower and middle po-
lariton branches reaches 104 cm−1, placing it within the strong
coupling regime for light–matter coupling to mid-IR vibra-
tional transitions of materials. This strong coupling is achieved
with less than half the cavity volume of a typical square MIM
cavity [42], indicating a large increase in field confinement that
compensates for the reduction in the number of vibrational os-
cillators. As such, these direct laser written MIM structures are
a promising platform to explore the effects of VSC in chemical
and plasmonic systems. In particular, inclusion of nanoscopic
channels in the insulator region would allow for fluid flow to
enable microfluidic plasmonic cavity devices for photochemis-
try applications.

2. RESULTS

The L-shaped nanogap cavities were fabricated via directing las-
ing writing, using a Nanoscribe Photonic Professional GT laser
lithography system, where two-photon polymerization enables
3D printing of nanometer-sized structures [43]. A flow chart
of the fabrication steps can be seen in Fig. 1(a). First, a
150 nm Au film was coated onto a silicon substrate by electron
beam evaporation at pressures below 10−8 Torr (1 Torr �
133.32 Pa), to ensure a high-optical-quality Au film thicker
than the penetration depth, therefore fully reflective in the
wavelength range of interest. Subsequently the Nanoscribe-pro-
prietary photoresist, IP-Dip, was drop casted on top of the Au
film, and 200 μm by 200 μm arrays of the same size L-shaped
nanostructure with a constant 1600 nm pitch were written us-
ing the piezo mode, which corrects for tilting of the substrate.
Multiple arrays were printed in which the arm length of the L
was varied to investigate its effect on the resonance energy and
polarization. After writing and development of the exposed IP-
Dip resist, a film of 70 nm Au was deposited by electron beam
evaporation on top, creating an L-shaped MIM nanogap cavity.
The shape and dimensions of the L-cavities are shown in Fig. 1
(b). The X- and Y-arm lengths, Lx and Ly, respectively, along
each axis were independently varied from a nominal length of
600 nm to 1400 nm in increments of ∼200 nm. The widths of
the L structures were kept to a nominal 300� 15 nm. The
cavity thickness was kept constant at 150 nm. Their shapes
and dimensions were confirmed using scanning electron
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microscopy (SEM) and atomic force microscopy (AFM), as
shown in Figs. 1(c) and 1(d).

The final MIM structures are shown in the SEM and AFM
images of Figs. 1(c) and 1(d), respectively. From the SEM im-
ages, we find that the periodicity of the structures ranged from
1570 to 1610 nm where the nominal distance was 1600 nm.
The nominal length of each arm was varied from 600 nm to
1400 nm in increments of 200 nm. The measured lengths were
within 100 nm of the target length. Generally, the width of the
cavity arms ranged from 290 to 320 nm and decreased as the
arm length increased. From the AFM images, the height of the
developed polymer was 150 nm with a radius of curvature
(ROC) of 50 nm along the top edges of the L-cavity. The
ROCs of the tips of L-cavities were approximately one half
the width, while the ROC of the outer intersection of the arms
was found to be 150 nm.

The optical response of a representative set of L-cavities is
analyzed in Fig. 2, where Fig. 2(c) shows a series of polariza-
tion-resolved experimental reflectance spectra from an array of
L-cavities with arm lengths Lx � 797 and Ly � 1324 nm.
Each reflectance dip in the spectra corresponds to the absorption
of a distinct plasmonic resonance. The origin of each mode can
be understood from the numerical EM simulations of the struc-
ture. Figures 2(a) and 2(b) show the out-of-plane electric field
(Ez ) profiles of the simulated modes at 50 nm above the initial
Au substrate. The L-cavity modes consist of a series of dipolar
and higher-order resonances, labeled modes L, M, U, and H1–
H4 in Figs. 2(a) and 2(b). The resonant modes are created by in-
phase LSPRs associated with the two interfaces created by the Au
substrate and the 70 nm thick evaporated Au film on top of the
IP–Dip polymer. The change in impedance at the edges of the
structures confines the mode in the lateral dimensions [7]. For
each of these modes, the electric field is primarily normal to the

substrate (Ez) with significant in-plane (Ex and Ey) components
only occurring from the fringe fields at the edges of the structure
(see Fig. 5 in Appendix A).

The lowest-energy out-of-plane dipolar modes, labeled L,
M, and U, are polariton modes that originate from VSC be-
tween the dipolar plasmonic resonances of each individual
arm and the CSVT of the IP-Dip polymer, located at
1732 cm−1. They will be the focus of this work and will be
described in depth in what follows. The out-of-plane electric
field (Ez) profiles in Fig. 2(a) show that mode U has an anti-
bonding-like character while modes L andM have bonding-like
characters, with dipole moments oriented at 22° and 110° rel-
ative to the x-axis, respectively, shown in Fig. 2(d). At larger
wavenumbers, the resonances of the structure come from
higher-order plasmon modes shown in Fig. 2(b) for modes
H1–H4. Mode H1 is another antibonding-like mode with
an additional node at the tip of the Ly arm leading to a slight
rotation in the dipole direction to 30° [Fig. 2(e)]. Mode H2
corresponds to a second-order resonance nearly along the x-
axis, producing resonant field oscillations along the width of
the Y-arm as well as the length of the X-arm, Lx . Mode H3
is an asymmetric mode nearly orthogonal to mode H2, produc-
ing field oscillations along the width of the X-arm as well as the
Y-arm length, Ly. Mode H4 is a superposition of higher-order
resonances along both the x- and y-directions. All localized
modes of the L-cavities were independent of the incident angle
of illumination, implying that scattering is the primary mecha-
nism for coupling to the incident light [42]. There are several
other higher-order modes (at 4400 cm−1, 5750 cm−1, and
6050 cm−1) that are not visible in the experimental reflectance
data in Fig. 2(c) (upper) but are predicted by the EM simula-
tion in Fig. 2(c) (lower). Of note is the mode at 4400 cm−1 that
is nearly degenerate with H1, and may overlap with H1 in the

Fig. 1. Fabrication details and material characterization of the MIM L-cavities. (a) Flow diagram of the fabrication process involved in direct laser
writing of the MIM L-cavities. (b) Graphic of the final L-cavities used in EM simulations; top, angled side profile; bottom, angled overhead view.
(c) SEM image of a fabricated L-cavity with arm lengths of 795 nm and 1324 nm (left). 45° image of similar L-cavities (right). Scale bars represent
400 nm. (d) AFM height image of a similar set of L-cavities. Scale bar represents 1000 nm.
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experimental data due to linewidth-width broadening in the
fabricated cavities. The field profiles of these higher-order
modes are plotted in Fig. 6 for completeness (see
Appendix A). Please note that these higher-order modes
(H1–H4) are not the focus of the rest of this report as they
do not play a significant role in the light–matter coupling ex-
perienced by the CSVT and the cavity.

The lowest-energy modes of the L-shaped cavity can be
understood within the conductively coupled oscillator interpre-
tation, where each arm of the cavity can be treated as an inde-
pendent oscillator that couple together [see Fig. 8(c) in
Appendix B] to produce orthogonal bonding and antibonding
modes [49] orthogonal to one another. VSC between the di-
polar plasmonic resonances of each individual arm and the
CSVT of the IP-Dip polymer leads to what would have been
the cavity bonding and antibonding modes (see Fig. 9 in
Appendix B) to split into lower (L), middle (M), and upper
(U) polaritons branches. In this context, modes L and M take
the character of the dipolar bonding mode, where the charge
within each arm oscillates in-phase leading to destructive inter-
ference at the intersection of the two arms. Mode U has pri-
marily an antibonding character, where the charges in both
arms oscillate out-of-phase with each other creating construc-
tive interference at the intersection of two arms. This interpre-
tation is consistent with the differential reflection polar plots of
Fig. 2(d), where modes L and M have a dipole moment of 110°
relative to the x-axis and mode U is nearly orthogonal with a
dipole moment oriented 22° relative to the x-axis.

The multimode VSC in the system takes place between
the two dipolar modes associated with each arm of the cavity

[see Fig. 8(c) in Appendix B] and the CSVT of the IP-Dip
polymer, resulting in three hybrid light–matter polariton
modes. Figure 3(a) shows a waterfall plot of the experimental
reflectance spectra of the three polariton modes for various Lx .
Ly was kept nearly constant with a mean of 760 nm while Lx
was varied between 600 nm and 1400 nm in steps of
∼200 nm. The measured arm lengths obtained from SEM im-
ages are displayed in the legend of Fig. 3(a). In the experimental
reflectance of Fig. 3(a), an avoided-crossing between modes L
and M is clearly visible as well as a second avoided-crossing
between modes U and M, thus indicating that modes L, M,
and U are three branches of a single multimode polariton
system.

To model such a multimode system, one employs a coupled
3 × 3 linear matrix, Eq. (B3), with its eigenvalues characterizing
the three polariton branches (modes L, M, U). The coupling
strengths are given by the interaction potentials V 1,2, where V 1

is the potential between the two cavity modes, ωx �x� and ωy,
while coupling strengths between the CSVT, ωvib, and the cav-
ity modes are given by V 2. A full derivation is given in
Appendix B. By solving Eq. (B4) numerically and fitting the
three eigenvalues, λL,M,U, to the measured resonances of each
polariton branch shown in Figs. 3(a) and 3(c), we find the in-
teraction potentials V 1,2 to equal 541 cm−1 and 82 cm−1, re-
spectively. Figure 7 in Appendix A shows agreement between
numerical EM simulations of the system and experimental re-
flectance, indicating that both methods produce similar inter-
action potentials. From the resulting three coupled oscillator
model, we determine the Rabi splitting between polariton
branches L-M and M-U, to be 101 cm−1 and 1086 cm−1,

Fig. 2. Modal analysis of the L-cavity resonances. (a), (b) Simulated out-of-plane electric field (Ez ) profiles of the modes identified in the
polarization-resolved reflectance spectra in (c). The modes are color-coded according to the border color of each plot. (c) Experimental (upper)
and simulated (lower) polarization-resolved reflectance spectra. The polarization angle of each measurement is indicated in the legend, and the
spectral locations of the modes are outlined by the color-coded dashed lines. The spectra in waterfall plots are separated by increments of 0.8.
(d), (e) Polar plots of the differential experimental reflectance of the modes shown in (a)–(c). IAu and IL are the reflected intensities from a planar
Au film and L-cavity array with arm lengths of Lx � 797 nm and Ly � 1324 nm, respectively.
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which occur for Lx arm lengths of 1284 nm and 760.46 nm,
respectively. A total splitting between L-U branches was found
to be 1758.52 cm−1 occurring at 1210 nm. Directly measuring
the Rabi oscillations associated with these splitting values via
coherent ultrafast spectroscopy is beyond the scope of the cur-
rent study. These two avoided-crossings appear to be nearly in-
dependent of each other. The M-U avoided-crossing appears to
be dominated by coupling between the dipolar cavity modes of
each arm of the L-shaped cavity. The L-M avoided-crossing ap-
pears to be dominated by strong light–matter interaction be-
tween the Lx arm dipolar mode of the cavity and the CSVT
of the IP-Dip polymer. In this case, the mode dispersion pre-
dicted by the three coupled oscillator model is consistent with
an intuitive understanding of two pair-wise coupled oscillators,
where each crossing is essentially described by an independent
two-coupled-oscillator interaction; see Fig. 10 in Appendix B.

The Hopfield coefficients or eigenvectors α�x�, β�x�, γ�x� of
Eq. (B3), shown in Fig. 3(c), represent the weighted contribu-
tion of the original uncoupled modes ωx �x�,ωy,ωvib to each
polariton branch, respectively. ωy and ωx are the energies of
the plasmonic modes associated with each arm length Lx
and Ly, respectively, and ωvib is the energy of the CSVT. As
the Lx increases in length, the U polariton goes from an almost
pure ωx mode to ωy with a small contribution from ωvib. The

M polariton evolves from primarily ωy character to a combi-
nation of the cavity modes and eventually approaches a pure
ωvib nature at larger arm lengths, while the L polariton goes
from having a pure ωvib mode character to mostly ωx where
the ωy mode remains a small contribution.

To further understand the interplay between constituent
modes (ωx ,ωy,ωvib) and the behavior of the polariton branches,
we apply the coupled oscillator model in Eq. (B3) to several dif-
ferent Ly lengths using the same V 1,2 values that were used to
describe Ly � 760 nm. Figure 4 shows the experimental and
modeled mode dispersion as a function of Lx for several different
Ly values, while Fig. 11 (see Appendix C) shows the experimental
reflectance data. As Ly is elongated, the dipolar mode ωy red
shifts towards the CSVT ωvib. Mode M becomes pinned, as ex-
pected, between ωy and ωvib. As the energy differences among
the three modes decrease, the interactions among the three
modes become less independent and correspondingly less intui-
tive. Focusing on the behavior of the L and M polaritons, as Ly
increases, the anti-crossing point shifts toward shorter Lx, away
from the length where ωy � ωvib . This behavior clearly deviates
from the typical pair-wise dominated coupled-oscillator inter-
actions that give rise to avoided-crossings when any two un-
coupled frequencies are resonant. Such pair-wise interactions
among three oscillators are treated by only considering two of

Fig. 3. Vibrational-plasmon strong coupling. (a) Experimental reflectance of modes L, M, and U in the frequency range where VSC to the IP-Dip
vibrational mode occurs as the aspect ratio of the L is varied as a function of Lx . The dotted lines are guides to the eye indicating the polariton
disperson. (b) Three-coupled-oscillator model where both cavity modes are coupled to each other as well as to a molecular vibration within the
polymer. (c) Comparison between the measured location of the upper, middle, and lower polaritons in (a) (black circles) and the coupled three-
oscillator model (black lines). The uncoupled Lx (blue) and Ly (red) modes predicted by Eq. (B1) and the vibrational transition (green) are given by
the dashed lines. (d) Hopfield coefficents or the eigenvectors for the eigenvalues of the three-coupled-oscillator model in Eq. (B3) as a function of Lx .
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the three possible coupling terms. Here, the non-zero coupling
among all three modes means that the observed behavior of the L
andM polaritons depends on all three modes. The Rabi splitting
between the L-M polaritons decreases as Ly is increased, reaching
53 cm−1 for Ly � 959 nm and 15 cm−1 for Ly � 1126 nm in
Figs. 4(a) and 4(b) when the L-M anti-crossing point occurs for
more symmetric L-cavities. Under these conditions, where
Ly � Lx , ωx and ωy become resonant, and the exceptionally
large plasmon–plasmon coupling causes both modes to strongly
shift away from each other. Since V 1 > V 2, the U-M polariton
avoided-crossing applies pressure to the L-M avoided-crossing,
reducing its observed Rabi splitting so that the system is no
longer in the strong coupling regime for these two cases and
can be referred to as a strong interaction instead of strong cou-
pling [53]. In Fig. 4(c), Ly is further increased to 1300 nm, and
the Rabi splitting again increases to 104 cm−1. Therefore, asym-
metric L shapes produce a larger Rabi splitting than symmetric L
shapes for the L-M polaritons in this particular regime where
ωy > ωvib; this does not hold when ωy < ωvib. From how
the resulting polariton modes, particularly the L and M
branches, depend on the three constituent plasmonic and vibra-
tional modes, we see that only through a multimode coupling
model where all three coupling strengths are accounted for
can the system be fully understood and its behavior predicted.

From Figs. 3(c), 4(d), and 4(e), we can see how the character
of each polariton branch changes as Lx and Ly are varied. When
Ly is elongated (i.e., ωy decreases in energy), the U polariton
crossover point from ωx → ωy character shifts to longer values

of Lx as expected since the condition ωy � ωx determines this
crossover point. Furthermore, the contribution of ωvib

(although small) increases for longer Ly lengths because ωy gen-
erally sets the lower limit for the energy of the U polariton in
this regime and so as ωy decreases, the U polariton is allowed to
approach closer to ωvib and inherit more of its character. For
shorter Ly arm lengths, the M polariton evolves along
ωy → ωx → ωvib in character as Lx increases. As Ly lengthens
and ωy decreases in energy, the ωy contribution to the M polar-
iton begins to dominate the ωx contribution and the M polar-
iton transitions from ωy to ωvib with Lx . Changes in Ly have
nearly the opposite effect on the character of the L polariton.
Here, its character evolves from mostly ωvib to ωx with Lx for
shorter Ly to a transition through ωvib → ωy → ωx with Lx for
longer Ly because the ωy contribution to the L polariton be-
comes more significant as ωy decreases in energy. From the
analysis above, we see that controlling the different aspect ratios
of the L-cavities offers a way to tune the behavior and character
of these modes.

It is tempting to try to describe the system by two cascaded
two-oscillator models: the first to describe the plasmon–plas-
mon interaction of the cavity arms to create the bonding
and antibonding modes, and second to describe the plas-
mon–vibration interaction of the cavity bonding mode with
the CSVT. Shown in Fig. 10(a), we apply a two-coupled-os-
cillator model between only the cavity bonding mode and
CSVT Ly � 959 nm, where there remains a large energy de-
tuning of the U mode with respect to ωvib. This model leads to

Fig. 4. Multimode coupling for various Ly arm lengths. (a)–(c) Experimentally measured location of the upper, middle, and lower polaritons
(black circles) and the three-coupled oscillator model (black lines) for three different average Ly : (a) 959 nm, (b) 1126 nm, and (c) 1300 nm. The
uncoupled Lx (blue) and Ly (red) modes predicted by Eq. (B1) and the vibrational transition (green) are given by the dashed lines. (d)–(f ) Hopfield
coefficents of the 3 × 3 oscillator model in Eq. (B3) as a function of Lx for an average Ly of (d) 959 nm, (e) 1126 nm, and (f ) 1300 nm.
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a lower value of V 2 than that we obtained using the three-os-
cillator model (23 cm−1 for Ly � 959). For longer Ly, Fig. 10
(b), we start to recover the V 2 value (63 cm−1) as found in the
three-oscillator model when the bonding mode is becoming
dominated by the resonance in a single arm. So we see that
a two-oscillator model between the resulting bonding mode
and CSVT is insufficient as it requires large changes to the in-
teraction potential, V 2. The multimode VSC model recovers
this change in the observed splitting while keeping the inter-
action potentials, V 1 and V 2, constant for all aspect ratios, as
expected for the different aspect ratios of the cavities.

3. DISCUSSION

Plasmon-vibration coupling between the MIM L-cavity modes
and the CSVT of the IP-Dip polymer fundamentally modified
these two separate systems into a single new hybrid light–mat-
ter system with the three polariton eigenmodes given by
Eq. (B3). Evaluating the coupling strength of multiple coupled
oscillators is less straightforward than the case of a simple two-
oscillator system. The Rabi splitting of 1758.52 cm−1 between
the U and L polariton bands for Ly � 759 nm clearly meets the
proposed criteria [54] for strong multimode coupling as it is
larger than the weighted average of the linewidths of the polar-
iton branches of 250 cm−1. In fact, this meets the criteria for
ultrastrong coupling because the Rabi splitting is on the order
of the bare cavity frequency, the reduced coupling strength is
>10%, and the geometric mean between the reduced coupling
strength and cooperativity factor exceeds unity. However, since
the U and L polaritons are dominated by a plasmonic character
for the relevant arm lengths, the U-L Rabi splitting may not be
representative of the light–matter coupling, but may be better
understood as dominated by plasmon–plasmon coupling.

If we instead judge the plasmon-vibration coupling based on
the L-M Rabi splitting, as these modes retain the most vibra-
tional mode character, then we see that the Rabi splitting is
larger than the polariton linewidths, so that the system may
be described by the strong coupling regime. A number of cri-
teria for strong light–matter coupling are used in the literature
based on the strength of the coupling interaction potential, the
Rabi splitting, and the linewidth. The less strict criteria based
on the simple two-coupled-oscillator model in the absence
of damping require that twice the interaction potential,
i.e., 2V 2, be larger than the average linewidths. However,
merely meeting this criterion produces no visible Rabi splitting.
Since broadening reduces the observed Rabi splitting, the con-
dition for visibility is that the Rabi splitting should be larger
than the average linewidths [26]. The uncoupled CSVT line-
width was measured to be 32 cm−1 from reflectance spectra of
bare IP-Dip on an Au substrate, as shown in Fig. 12 in
Appendix C. The uncoupled plasmonic linewidth was deter-
mined experimentally by measuring the FWHM of mode M
when it is of a primarily plasmonic character and via numerical
simulations when the CSVT was removed from the IP-Dip di-
electric function. The linewidths in each case are 163 cm−1 and
142 cm−1, respectively. Thus, the averaged linewidth of the un-
coupled oscillators (98 cm−1 via experimental data) is smaller
than the Rabi splitting (104 cm−1 and 101 cm−1) for cavities
where Ly � 1300 nm and Ly � 760 nm, respectively [27].

Therefore, these asymmetric systems meet the criteria for
strong light–matter coupling. So through this demonstration,
we see that this 3D printed MIM L-shaped cavity can achieve
strong plasmon-vibration coupling if properly tuned with re-
spect to a vibrational transition of interest.

The observed VSC and resulting polariton modes are well
described by a three-coupled-oscillator model. Even though
only the cavity bonding mode intersects the CSVT of the poly-
mer, coupling among all three composite modes must be explic-
itly treated. In particular, the character of the bonding mode for
different aspect ratios of the cavity modifies the observed Rabi
splitting occurring at 1732 cm−1. The bonding mode carries
the significant character of both composite modes while it in-
tersects the CSVT for symmetric cavity geometries. The plas-
mon–plasmon interaction will dominate the plasmon–
vibration interaction and reduce the L-M Rabi splitting. A
two-oscillator model between the resulting bonding mode
and CSVT was insufficient as it requires a different interaction
potential, V 2, for each aspect ratio of the L-cavity. This is be-
cause such a model fails to account for the impact of both cavity
arms on the plasmon–vibration interaction. When the bond-
ing–antibonding avoided-crossing occurs for a similar Lx value
as the intersection between the bonding mode and the CSVT,
the L and M polariton branches have the significant character
of all three composite modes: ωx , ωy, and ωvib. These condi-
tions correspond to symmetric cavity arm lengths. Under these
conditions, since V 1 > V 2, the plasmon–plasmon interaction
will dominate the plasmon–vibration interaction and reduce
the L-M Rabi splitting. Only the multimode VSC model cap-
tures this behavior and can describe the system with fixed V 1

and V 2 for all aspect ratios.
The unique MIM L-cavity geometry employed here offers a

number of advantages. The subwavelength confinement of the
electromagnetic radiation and subsequent increase in the field
intensity enable larger interaction potentials to the CSVT of the
IP-Dip polymer with a reduced number of molecular vibra-
tional oscillators as compared with an open cavity design
[42]. Additionally, VSC is achieved with less than half the cav-
ity volume of a typical square MIM cavity [42], indicating the
large increase in field confinement compensates for the reduc-
tion in the number of vibrational oscillators. Unlike e-beam
lithography, the 3D-printed nature of these cavities offers
the ability to create complex cavity structures, such as creating
nanoscopic channels in the insulator region to allow fluid to
enter cavity region similar to the microfluidic Fabry–Perot cav-
ity scheme discussed in Ref. [55]. So while the strong coupling
to the CSVT of the IP-Dip polymer used during fabrication
may not itself have technological relevance, it suggests the fea-
sibility of schemes where VSC to other transitions is used for
sensitive detection of analytes or to influence chemical reactions
within solutions flowing through the 3D structure. The MIM
L-cavities studied here have a volume of ∼60 attoliters offering
a platform for ultra-low-volume sensing of unique vibrational
fingerprints.

Additionally, the VSC causes the polariton dominated by a
vibrational character to borrow oscillator strength from the
plasmon resonance, increasing its absorbance by five-fold, a fact
that could be exploited for chemical or biological detection.
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Strong coupling also enables the possibility to reversibly control
the photochemical response and reaction rate of the material
system inside the cavity [55], and unlike a reaction controlled
by standard photochemistry, no photons are needed to modify
a VSC-based chemical reaction as it occurs due to fluctuations
in the vacuum field [37]. Moreover, as the MIM modes are
angle independent and their dispersion is flat in momentum
space, any chemical applications could occur at non-normal in-
cidences, while other cavities with dispersion are limited to ap-
plications at normal incidences [55,56]. Nonlinear optical
applications related to mid-infrared transitions, such as inter-
subband transitions of low-dimensional semiconductors, may
also be possible if such materials could be introduced into
the cavity [57].

The two plasmonic modes of interest in this study were the
hybrid bonding and antibonding modes of this novel MIM L-
cavity. We find that the polariton modes can be accurately
modeled by the strongly coupled oscillator model in
Eq. (B3) where the contributing resonances of each arm are
given by the relation in Eq. (B1). While in this report, VSC
required inclusion of a third oscillator associated with the
CSVT, in the absence of such light–matter coupling, the L-cav-
ity can be described using a two-coupled-oscillator model that
considers only cavity modes of each arm. The L structure is one
of the simplest in-plane anisotropic structures and has been
used to manipulate the polarization of light and chiral responses
to circularly polarized light [45–49]. Because the plasmonic
modes of the L-cavity are composed of the coupled orthogonal
modes of the two arms, it is expected that the L-cavity could
exhibit circular dichroic behavior when the arms are anisotropic
[58]. This cavity geometry could therefore offer the potential to
couple to chiral vibrational modes in order to selectively detect
or modify the behavior of one stereoisomer within a chiral
enantiomer pair. Therefore, identifying and understanding
any chiral response from these or similar laser-printed structures
is a future direction for related work.

4. CONCLUSION

In summary, we demonstrated and characterized mid-IR multi-
mode VSC in a nanoscale direct laser-printed MIM plasmonic
nanogap cavity system. Such a fabrication scheme represents a
cost-effective, highly accessible means of fabricating and rapidly

evaluating mid-IR nanometer-sized plasmonic cavities that are
capable of producing strong light–matter interactions in deep
subwavelength volumes. The utilized 3D printing technique
could allow for complex cavity designs, including those with
voids for introducing solution samples for applications based
on microfluidic platforms. Upon analysis of the L-shaped cavity
electromagnetic response via analytical and EM simulations, we
find that the fundamental dipole modes are a superposition of
responses from each arm forming bonding and antibonding hy-
brid modes. Therefore, additional strong light–matter coupling
to the CSVT of the polymer within the cavity requires a multi-
mode coupled oscillator model for a more complete under-
standing of the system.

The three-coupled-oscillator system produces vibrational
strong coupling between L and M polaritons and ultrastrong
coupling between L/M and U polaritons with avoided-crossings
that can only be fully understood by considering all three cou-
pling potentials. These multifaceted optical cavities potentially
provide a way to modify and control a material’s chemical re-
activity via VSC in novel ways due to its anisotropic multi-
modal optical response. For example, these structures could
provide strong chiral fields to a particular chiral stereoisomer
for the detection or selective chiral VSC-mediated chemistry.
Additionally, the light–matter coupling strength is comparable
to typical square-shaped MIM cavities but is achieved with half
their volume. The vibrational mode absorption experiences a
five-fold increase by borrowing oscillator strength from the
plasmon modes. Therefore, this platform could be used for
ultra-sensitive chemical detection across a wide bandwidth as
the L-cavities support plasmon modes across the mid-IR into
the near-IR while maintaining a low mode volume.

APPENDIX A: NUMERICAL MODELING

3D, full-wave, electromagnetic (EM) simulations were per-
formed using the finite element method (COMSOL
Multiphysics, wave optics module). The simulation domain
was constructed using periodic Floquet boundary conditions
in conjunction with a periodic port for injection of plane wave
excitation and a perfectly matched layer region below the sub-
strate to absorb any light transmitted through the Au film. The
angle of incidence (AOI) was fixed at 22°—consistent with
measurements. The domain cross section was set to

Fig. 5. E-field components of mode L in Fig. 2. Electric field mode (Ez , Ex , Ey) plots of mode L, Ez is also shown in Fig. 2(a).
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1600 nm by 1600 nm corresponding to the nominal periodic-
ity of the fabricated structures. The MIM L-cavities were ap-
proximated as rectangular planar films with the top corners of
the evaporated Au and the IP-polymer layer rounded by an
ROC of 50 nm. The tips of the arms were rounded by
150 nm, in accordance with the experimental SEM and
AFM images as shown in Figs. 1(c) and 1(d). The IP-Dip poly-
mer film thickness was set to 150 nm. An image of a simulated
L-cavity is shown in Fig. 1(b). The dielectric constants for
IP-Dip, silicon, and gold were taken from Refs. [59–61],
respectively.

APPENDIX B: MODELING OF PLASMON
RESPONSE AND VSC

In order to model the formation of the polariton modes (L, M,
and U) of the system, we first need to model the L-cavity di-
polar modes in the absence of VSC. As described above, the L-
cavity can be thought of as two coupled cavities [49]. Each arm
of the cavity can be treated as an independent oscillator, where a
simple standing-wave condition can be used to analytically
model the oscillator modes as a function of length. Thus, each
MIM gap–plasmon arm has resonances given by

w
2π

λ
N eff � mπ � ϕ, (B1)

where w is the arm length of the cavity, λ is the free space wave-
length of the excitation, m is the order of the mode, ϕ is the
phase difference of the mode upon reflection at the termination
boundaries, and N eff is the effective mode index given by
N eff � kgap∕ko. For small polymer thicknesses, t , one can use

the approximation tanh�x� ≅ x, where x �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2gap − ε2d ko

q
⋅ t2.

The wavenumber of the gap modes, kgap, is then given
by [11]

kgap� k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εd �

1

2

�
k0gap
ko

�2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
k0gap
ko

�2�
εd −εm�

1

4

�
k0gap
ko

�2�svuut ,

(B2)

where ko is the free-space wavenumber, εd and εm are the com-
plex permittivity of the insulator and metal, respectively,
and k0gap � −2 εd

tεm
. Following the method described in

Ref. [42] for modeling the uncoupled plasmonic modes, the
IP-Dip Lorentzian and Gaussian transitions were removed
from the εd obtained from Eq. (1) in Ref. [59]. The εm for
Au was obtained from Ref. [61]. The phase difference ϕ is

Fig. 6. Simulated reflectance spectra for L-antenna in Fig. 2. The field mode plots of higher-order modes are not characterized (5750 cm−1)/not
seen (4400 and 6050 cm−1) in the experimental data.

Fig. 7. Simulated reflectance as a function of Lx : (a) Ly � 760 nm and (b) Ly � 1300 cases overlaid on the
experimental dip locations (black dots) and the polariton model (black lines) from Figs. 3(c) and 4(c).
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dependent on the structural and material properties of the sys-
tem and is related to the extent of the plasmon field that ex-
tends past the edges of the cavity [9]. To determine ϕ for this
nonplanar system, Eq. (B1) is fitted to the EM simulated
dispersion of a single arm resonance shown in Fig. 8. The best
fit to Eq. (B1) is plotted in Fig. 8(c) and results in ϕ � −7.33°.
The resulting dispersion relation is then used to model the di-
polar modes of the isolated arms Ly and Lx , indicated by the red
and blue dashed curves in Fig. 3(b). Figure 9 shows the ex-
pected hybrid bonding and antibonding cavity modes of the
two coupled arms without the presence of IP-Dip’s CSVT.
The hybrid modes were simulated via COMSOL and are in
good agreement with the familiar coupled oscillator model ap-
plied to the two individual arm modes.

The VSC that gives rise to the polariton modes L, M, and U
can be described by a set of linear coupled equations among
three oscillators: the dipolar cavity mode of the Lx arm, ωx ,

the dipolar cavity mode of the Ly arm, ωy, and the CSVT
of the IP-Dip polymer, ωvib. The strongly coupled system is
modeled in Figs. 3(b) and 4 with the multimode coupled os-
cillator model given by an eigenvalue equation with the 3 × 3
matrix M [35,62,63]:2

64ωx �x� V 1 V 2

V 1 ωy V 2

V 2 V 2 ωvib

3
75
2
64 α�x�
β�x�
γ�x�

3
75 � λL,M,U

2
64 α�x�
β�x�
γ�x�

3
75, (B3)

with eigenvalues λL,M,U given by det�M − λI � � 0:

�ωx �x� − λL,M,U���ωy − λL,M,U��ωvib − λL,M,U� − V 2
2�

− V 1�V 1�ωvib − λL,M,U� − V 2
2�

� V 2�V 1V 2 − V 2�ωy − λL,M,U��
� 0: (B4)

Fig. 8. Size-dependent modal dispersion of a single arm. (a) Geometry of a single arm (Lx � 1165 nm) used to simulate the dispersion in the
contour plot of (b). (b) Field mode profile at 2250 cm−1 for Lx � 1165 nm. (c) Simulated reflectance spectra of the structures in (a) and (b) shown
as a contour plot overlaid with the calculated dispersion of Eq. (B1).

Fig. 9. Modeled L-cavity bonding and antibonding modes without the presence of the IP-Dip vibrational transitions. The L-cavity modes were
simulated via COMSOL for various Lx while (a) Ly � 956 nm and (b) Ly � 1300 nm. The black solid lines are the bonding (lower) and anti-
bonding (upper) modes modeled via a two-oscillator strong coupling model of the two uncoupled Lx and Ly cavity resonances associated with each
arm (dashed lines). For this, Eq. (B3) is modified by setting plasmon–CSVT interaction potential to 0, V 2 � 0, and removing the CSVT, ωvib.

Thus, the eigenvalue problem is now given by the 2 × 2matrix
hωx �x� V 1

V 1 ωy

ih α�x�
β�x�

i
� λ�

h α�x�
β�x�

i
, where λ� are the eigenvalues of the system. The

plasmon–plasmon interaction potential, V 1, was kept at 541 cm−1 as was found from Figs. 3 and 4.
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Here, we explicitly consider three coupled oscillators: ωx �x� is the
dispersion of the plasmonic mode of the Lx arm as a function of
length given by Eq. (B1); ωy is the energy of the plasmonic mode
for the Ly arm for a fixed average length; and ωvib is the energy of
the CSVT in wavenumbers (1732 cm−1). The coupling strengths
are determined by the interaction potentials V 1,2, where V 1 is
the potential between the two cavity modes, ωx �x� and ωy, while
coupling among the CSVT, ωvib, and each of the cavity modes
is given by V 2. Given the uniform thickness of the cavity, both
cavity modes ωx and ωy are assumed to have equal interaction
potentials with the CSVT ωvib. The eigenvectors α�x�, β�x�, γ�x�
are the Hopfield coefficients of the polariton system asso-
ciated with ωx �x�,ωy,ωvib, respectively, and describe how much
vibrational or plasmonic character is present for each polariton
mode.

APPENDIX C: OPTICAL CHARACTERIZATION

Polarized, mid-IR reflectance spectra were measured using an
all-reflective, infrared microscope (Bruker Hyperion 1000)

Fig. 11. Vibration-plasmon coupling for various Ly. (a)–(c) Waterfall plots of the experimental reflectance as Lx is varied for three different Ly :
(a) 959 nm, (b) 1126 nm, and (c) 1300 nm. Modes L, M, and U are indicated in each plot by the dashed black lines.

Fig. 10. Two-oscillator model prediction of the light–matter interaction. Predicted dispersion of two-oscillator model between the cavity bonding
mode and the CSVT when (a) Ly � 956 nm and (b) Ly � 1300 nm. The dispersion of bonding mode is first modeled as described in Fig. 9. Then
the coupling between CSVT and the bonding mode is fit to another two-coupled-oscillator model given by the 2 × 2 matrixhωB �x� V 2

V 2 ωvib

ih α�x�
β�x�

i
� λ�

hα�x�
β�x�

i
, where ωB �x� is the bonding mode dispersion. The resulting interaction potentials are found to be

V 2 � 23 cm−1 for (a) and V 2 � 63 cm−1 for (b).
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Fig. 12. FTIR reflectance spectra of bare IP-Dip on an Au subtrate.
The absorbion of the IP-Dip CSVT can be seen at 1732 cm−1 with an
FWHM of 32 cm−1.
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coupled to an FTIR spectrometer (Bruker Vertex 80v). The
microscope is outfitted with a wire-grid polarizer and 36× mag-
nification reflective objective that illuminates the sample with
polarized light having an average incident angle of 22°. The
polarizer orientation is computer-controlled, and spectra were
acquired with 5° increments of the polarization in order to ob-
tain the polarization response of the measured samples.
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