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Abstract

Optical interrogation of weak infrared molecular signatures from hazardous small
molecules is important for environmental monitoring and industrial safety. However,
these weak molecular responses are often difficult to distinguish using conventional far-
field spectroscopy. Here, we theoretically investigate an Ag metal-insulator-metal (MIM)
nanocavity as a cavity-length-engineered plasmonic platform for molecular resonance-
plasmon coupling. The molecular response is incorporated through an effective-medium
dielectric model for a surface-confined molecular population within the 1 nm nanogap. By
tuning the cavity length, the bare cavity plasmon resonance can be matched to a selected
infrared-active molecular resonance, converting weak molecular absorption responses into
a finite-contrast spectral splitting in the simulated spectrum. SO,, COCl,, and H,O are
first investigated as representative systems, with optimized cavity lengths of 545, 404,
and 190 nm, respectively. Using a unified 5% normalized dip-depth criterion, we identify
the onset of spectral splitting and obtain local threshold molecular number densities of
4.47 x 10%,1.48 x 10%, and 1.84 x 10% m~3, respectively. The same cavity-matching and
threshold-evaluation procedure is further applied to NO,, NH3, PH3, HE, HCN, and H,S.
These results provide a comparative theoretical framework for molecule-specific cavity
design in MIM nanocavities.

Keywords: plasmonic nanocavity; MIM nanocavity; infrared spectroscopy; spectral
splitting; molecular resonance—plasmon coupling

1. Introduction

Reliable detection of small-molecule gases is needed in industrial safety monitoring,
environmental monitoring, public health, and hazardous-gas early warning [1]. Since
molecular spectra are closely related to molecular structure, different gases have their
own characteristic absorption bands in the mid-infrared region [2]. Therefore, infrared
spectroscopy is widely used for gas identification and molecular spectral analysis [3].
However, the optical responses of small molecules such as SO,, COCl,, NO,, NH;3, H,S,
and HCN remain difficult to distinguish when the number of molecules within the optically
active region is limited or when the molecules form an ultrathin surface-confined layer.
Under these conditions, the molecular layer introduces only a weak dielectric perturbation,
resulting in extremely small changes in the measured far-field spectrum [4].

Optical gas sensing techniques such as Fourier-transform infrared spectroscopy (FTIR),
tunable diode laser absorption spectroscopy (TDLAS), and non-dispersive infrared spec-
troscopy (NDIR) identify gas species through vibrational absorption fingerprints [5-7].
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At low ambient gas concentrations, however, the weak molecular absorption requires
advanced optical setups such as long optical paths, multipass cells, strong light sources,
and sensitive detectors [8]. Photoacoustic spectroscopy (PAS) converts absorbed optical
energy into acoustic signals for gas detection, but its performance depends on light source
intensity, acoustic cell design, and background noise [9,10].

Localized surface plasmon resonance (LSPR) sensors rely on refractive-index varia-
tions for label-free detection, but exhibit limited sensitivity to trace gases [11-13]. Surface-
enhanced Raman scattering (SERS) and surface-enhanced infrared absorption (SEIRA) uti-
lize plasmonic nanostructures that generate enhanced local electromagnetic fields [14-17].
Carbon-based SERS-active platforms have also been explored as alternatives to noble-metal
substrates; for example, Keshavarz et al. reported nitrogen-doped graphite quantum nanos-
tructures with a SERS enhancement factor of 3.2 x 107 for crystal violet at 100 nM [18]. Such
platforms provide an alternative route for enhancing molecular vibrational signals [19].
However, most plasmonic enhancement techniques involve detecting small changes in
signal intensity, which are easily masked by noise and baseline drift [20]. Therefore, signal
engineering can be introduced to enhance the contrast in the cavity spectrum and enable
resolvable mode splitting [21].

Plasmonic nanocavities offer an effective platform to enhance molecular vibrational
signals and to study the interaction between molecular vibrations and confined optical
modes [22,23]. Among these structures, finite-length MIM nanocavities are particularly
suitable for enhancing molecular vibrational signals. In this type of cavity, the cavity
plasmon mode can be regarded as an SPP standing wave [24]. In a narrow-gap finite-length
MIM nanocavity, SPP propagate along the gap. After being reflected at the two open ends,
they form SPP standing waves.

This geometry also allows the resonance wavelength of the cavity to be adjusted over a
wide range [25]. By changing the cavity length or gap width, the cavity plasmon resonance
can be shifted from the visible region to the mid-infrared region [26,27]. Many molecular
vibrational modes are located in this spectral region [28,29]. When molecular mode is
nearly resonant with the cavity plasmon mode, the molecular polarization response can be
strongly enhanced [30-33]. The enhanced polarization response can modify the dispersion
relation of the cavity mode [34]. The interaction between the molecular resonance and the
cavity-plasmon mode can produce an interference-induced absorption dip and spectral
splitting [35,36]. If the detuning between the molecular spectra and the cavity mode is
varied, anticrossing behavior may also appear. For example, CO molecules adsorbed in
Ag MIM nanocavities have been reported to show clear coupling between C-O stretching
vibrations and cavity plasmons. This coupling produces clear spectral splitting. It also am-
plifies the molecular signal by about 2000 times and reduces the observable detection limit
to about 800 molecules [37]. In this way, the originally weak molecular vibrational response
can appear as distinguishable spectral features. This mechanism differs significantly from
conventional plasmonic sensing, which mainly tracks refractive-index changes.

We investigate molecular resonance—plasmon coupling for several small molecules in
an Ag MIM nanocavity. By adjusting the cavity length, the bare cavity plasmon resonance
can be brought close to the characteristic vibrational absorption bands of SO,, COCl,, and
H,0O. We find that the corresponding optimized cavity lengths are approximately 545, 404,
and 190 nm, respectively. To isolate the molecular contribution from the intrinsic cavity
response, we compare the absorption spectra of the gas molecules alone, the bare MIM
cavity, and the gas-loaded MIM cavity. In this way, absorption dips and spectral splitting
induced by the coupling between molecular vibrations and the cavity plasmon mode can be
identified. We define the numerical onset of finite-contrast spectral splitting as the lowest
molecular loading for which the normalized dip depth reaches 5%. When the absorption
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peak is nearly resonant with the cavity plasmon mode, molecular polarization noticeably
modifies the cavity spectrum. Therefore, even weak molecular spectra can be used to
resolve spectral splitting. The corresponding threshold molecular spacings are 60.7, 40.7,
and 17.6 A for SO,, COCl,, and H,O, respectively. The same analysis is then applied to
HCN, H,S, HE, NH3, PH3, and NO,. We further identify the trend in the optimized cavity
length and splitting threshold for different molecular optical responses. Cavity-length
tuning matches selected molecular resonances to the cavity-plasmon mode and converts
weak absorption into resolvable spectral features in the simulations.

2. Materials and Methods
2.1. Numerical Model and Simulation Setup

Electromagnetic simulations were performed using the frequency-domain interface of
COMSOL Multiphysics 6.2, based on the finite-element method. A two-dimensional Ag
MIM nanocavity was constructed, consisting of two identical silver plates separated by
a 1 nm wide dielectric gap. For nanogaps wider than approximately 0.5-1 nm, quantum
tunneling effects are usually negligible, and classical electrodynamics remains applica-
ble [38-40]. Therefore, this study uses a classical electromagnetic framework based on
Maxwell’s equations, in which the dispersive dielectric function of silver is described by the
Drude model [41], €(w) = €c — wp?/ (w? 4 iyw), where €c = 4.04 is the permittivity at in-
finite angular frequency, fiwp, = 9.172 eV is the bulk plasma frequency, and /iy = 0.0207 eV
is the electron collision frequency.

The cavity length can be varied from 179 nm to 783 nm. This allows the MIM
cavity resonance to be close to the absorption peak of different gas molecules. Per-
fectly matched layers were applied to the outer boundaries of the computational do-
main. They were used to suppress artificial reflections from outgoing electromagnetic
waves. The structure is excited by a normally incident plane wave propagating along
the x direction, with the electric field polarized along the z direction, thereby exciting
the transverse-magnetic cavity plasmon mode. The optical response of the molecules
near their characteristic vibrational frequencies was described using a Lorentz oscillator
model: € =1+ Na/(1—Na/3) ~ 1+ Nae+ NBy/ (1 — w?/wo? — i'yw/woz) The dielec-
tric model and all parameter definitions follow those given in Ref. [37].

To analyze the strong local electromagnetic field in the nanoscale gap region, a highly
fine non-uniform grid was adopted in the simulation. The maximum element size in
the 1 nm nanogap was set to 0.2 nm to capture the near-field variation in the plasmonic
hotspot, while progressively coarser elements were used away from the gap to reduce the
computational cost. The numerical stability of this mesh setting was examined by reducing
the maximum gap-element size from 0.2 to 0.05 nm. The two meshes produced identical
peak wavelengths and splitting widths, while across the coarsest and finest meshes, the
total relative variation was only 0.010116%. The corresponding mesh-refinement analysis
is provided in Section S6 of the Supplementary Materials.

2.2. Spectral Analysis and Coupling Criterion

For each type of molecule, changes in molecular density affect the total coupling
strength between the molecular vibration and the cavity plasmon mode. As the molecular
density increases, the collective polarization response becomes stronger, and the hybridiza-
tion between the molecular vibrational mode and the cavity plasmon mode becomes more
pronounced. Therefore, the depth of the absorption dip and the spacing between the split
peaks can be used as important spectral indicators of the coupling strength.

We use a simple quantitative criterion. We consider spectral splitting resolvable
only when the depth of the absorption dip exceeds 5% of the average intensity of the
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two adjacent split peaks. This criterion applies to all molecular systems studied in this
work. We define the molecular density at which this criterion is first satisfied as the
threshold molecular density, Ny,. Here, the 5% normalized dip-depth criterion is used
as an operational numerical definition of the onset of a finite-contrast spectral doublet
in the noise-free simulated spectra. It is not intended to represent an instrument-specific
detection limit. The dependence of the extracted threshold on this criterion was further
examined using dip-depth values of 10% and 15%, as summarized in Table S3 of the
Supporting Materials.

When the molecular density is below Ny,, the influence of molecular vibrations on
the cavity spectrum remains weak. In this case, the spectrum usually shows only slight
distortion rather than clear and resolvable mode splitting.

The molecular-loading factor is denoted by p, while N represents the molecular
number density. The reference density is defined as Ny = Np/Vim = 2.69 x 102> m~3,
where Vp, is the ideal-gas molar volume at 273.15 K and 1 atm. These conditions are
used only to define Ny. The molecular number density and equivalent intermolecular
distance are calculated as N(p) = p*>No, deq(p) = N(p)fl/3 = %, where dy = 3.34 nm.
The molecules are treated as a spatially homogeneous effective dielectric within the 1 nm
nanogap. The resulting density represents a local effective molecular loading rather than
the concentration of an equilibrium free gas. The complete concentration conversion and a
detailed derivation of the conversions from p to Ny,, deq and cy, are provided in Section S1
of the Supplementary Materials. The present Lorentz model provides an initial effective-
medium description and does not explicitly account for gas-phase environmental effects or
adsorption-induced changes in molecular properties.

3. Results and Discussion
3.1. Tunable Resonance in Ag MIM Nanocavities

To study the influence of the cavity geometry on the optical response, an exposed
Ag MIM nanocavity was analyzed first. In the gap range of less than 2 nm, the optical
mode mainly originates from strongly localized surface plasmons, which form a standing
wave-like distribution between metal interfaces [24], thereby achieving spectral tuning
related to the geometry.

Figure 1 presents the absorption spectra of the bare Ag MIM nanocavity. It can be
seen that in each spectrum, there exists a major resonance peak, which corresponds to the
fundamental mode transverse magnetic mode, namely TM;, while the higher-order modes
are distributed in the shorter wavelength region, mainly below 2000 nm. As the cavity
length increases from 190 nm to 545 nm, the resonant wavelength undergoes a continuous
redshift, moving from approximately 2500 nm to approximately 7500 nm, basically covering
the mid-infrared spectral range. This indicates that the structure can achieve spectral
matching between cavity resonance and absorption peak by adjusting the cavity length.
Meanwhile, the overall resonance intensity under different cavity lengths remains stable,
indicating that the fundamental mode plasmon mode can be effectively excited. The cavity
lengths selected in this paper are 190 nm, 277 nm, 404 nm and 545 nm. As the vibration
frequency of the target molecule decreases, the required cavity length gradually increases,
which also reflects the dependence of plasmon resonance on geometric dimensions.
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Figure 1. Calculated absorption spectra of bare Ag MIM nanocavities with a fixed gap width of
d = 1 nm under different cavity lengths L = 190, 277, 404, and 545 nm.

3.2. Molecular Vibration—Cavity Coupling and Spectral Splitting

When the resonant frequency of the cavity is close to the resonance frequency of the
molecule, the strong electromagnetic constraints in the nanoscale gap will enhance the
interaction between the light field and the molecule. In this case, molecular polarization
is no longer merely manifested as a very weak disturbance, but will have a significant
impact on the cavity spectrum. The absorption valley will gradually widen, the resonance
morphology will be distorted, and as the hybridization between the cavity plasmon mode
and fundamental vibrations of molecule intensifies, mode splitting will further occur in
the spectrum.

To evaluate this effect, the cavity lengths were adjusted based on the scale relationship
established in Section 3.1. Eventually, the optimized cavity lengths for H,O, COCl,, and
SO, were obtained as 190 nm, 404 nm, and 545 nm, respectively. The gap width was fixed
at d = 1 nm, and all simulations were carried out within the same two-dimensional frame.

The spectral splitting is quantified using the 5% dip-depth criterion defined in
Section 2.2. The evolution of spectral features is tracked as a function of the molecu-
lar number density N. The corresponding threshold Ny, defines the transition from weak
perturbation to resolvable mode splitting for each molecular system.

3.3. SO, as a Representative System

SO, molecules are first investigated to illustrate the density-dependent evolution of
cavity—plasmonic spectral features. The cavity length is set to L = 545 nm to match the
asymmetric stretching vibration mode of SO,. Figure 2 shows the absorption spectrum
of 802‘
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Figure 2. Calculated absorption spectra of SO, molecules in an Ag MIM nanocavity with gap width
d = 1 nm and cavity length L = 545 nm. The spectra correspond to different intermolecular spacings
of 60.7, 50.6, 4.5, 33.4,22.3, and 16.7 A.

Figure 2 shows the spectral evolution with decreasing intermolecular spacing. We can
observe a split near the resonance center when the spacing is 60.7 A. This marks the onset
of measurable coupling between the cavity mode and the molecular asymmetric stretching
mode. When the spacing is further reduced to 22.3 A and 16.7 A., the dip becomes deeper.
Results show a continuous evolution from a weakly perturbed single-resonance regime to
a hybridized mode-splitting regime with increasing molecular density.

3.4. COCl, and H,O Molecules

Similar coupling behavior is also observed for COCl, and H,O molecules, as shown
in Figure 3.

In Figure 3a, when the COCl, intermolecular spacing is large, the absorption spectrum
mainly consists of a single resonance peak. As the spacing decreases, this peak gradually
splits. The spectrum finally develops into a clear split structure. At40.7 A, a weak dip starts
to appear near the resonance center. We regard this feature as the onset of spectral splitting
associated with coupling between the cavity mode and the selected C=O stretching mode.
With further reduction to 30.4 A, a clearly resolved double-peak structure forms, and the
mode separation increases.

The H,O molecules were analyzed using the same analytical method, and the cor-
responding spectral evolution is shown in Figure 3b. Similar to the changing trends of
SO, and COCl,, when the molecular spacing of H,O decreases to 17.6 A, distinguishable
spectral splitting features begin to appear at the resonance center. When the spacing is
further as d,; decreases 11.1 A, a more distinct and clearer pattern splitting profile can be
observed. The threshold spacing of the H,O system was determined to be 17.6 A, which is
lower than the threshold spacing of 60.7 A for SO, and 40.7 A for COCl,.

As shown in Figures 2 and 3, these three gaseous molecules all exhibit distinguish-
able plasmonic splitting at specific molecular spacings, but the corresponding threshold
spacings and splitting amplitudes vary depending on the type of molecule. The selected
resonance frequency primarily determines the cavity length required for resonance match-
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ing, whereas the threshold also depends on the molecule-specific Lorentz parameters and
the corresponding cavity-matching condition.

For SO,, COCl; and H,O, the optimized cavity lengths were 545 nm, 404 nm and
190 nm respectively. Under the same cavity mode and gap width, the matched cavity
length generally decreases as the selected molecular vibrational frequency increases. That
is to say, the higher the vibration frequency, the shorter the required cavity length. Under
near-resonant conditions, the relation AA o /N, reported in Ref. [37] indicates that a
smaller equivalent intermolecular spacing, deq = N~!/3, corresponds to a higher molecular
number density and generally produces a larger spectral splitting. In the present model,
the molecule-specific response is described by the Lorentz parameters, particularly By.
Therefore, with each molecule evaluated at its matched cavity length, the calculated thresh-
old reflects both the properties of the selected vibrational mode and the corresponding
cavity-matching condition.
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Figure 3. (a) Absorption spectra of COCI, molecules in an Ag MIM nanocavity with gap width
d = 1 nm and cavity length L = 404 nm. The COCI, molecular spacings indicated in the legend
are 40.7, 34.4, 30.4, 22.3,16.7, and 13.4 A. (b) Absorption spectra of H,O molecules in an Ag MIM
nanocavity with gap width d = 1 nm and cavity length L = 190 nm. The H,O molecular spacings
indicated in the legend are 22.3,17.6, 13.6, 11.1, 9.54, and 8.35 A.

3.5. Generalization to Multiple Gas Molecules

The cavity length was optimized separately for the selected vibrational resonance of
each additional molecular species, including HCN, H,S, HF, NH3, PH3, and NO,. The
corresponding spectral responses were simulated under the same simulation conditions.
Finally, the optimized cavity length, critical intermolecular distance, and extracted threshold
density Ny, for each molecule are summarized in Table 1.

Due to differences in the response wavelength of these molecular species and their
coupling efficiencies with the confined cavity field, different molecules exhibit distinct
spectral behaviors. SO, and NO;, show more efficient interaction with the cavity field
because of their strong infrared-active molecular spectra, resulting in lower threshold
densities. In contrast, HCN and H,S show weaker or more distributed optical responses,
leading to reduced coupling efficiency and higher Ny, values.
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Table 1. Summary of optimized cavity lengths L, corresponding cavity resonance wavelengths A,
threshold molecular number densities Ng,, and equivalent intermolecular distances deq for different
gas molecules.

Molecule L (nm) Ac (nm) Ny, (m—3) deq (A)
SO, 545 7350 4.47 x 10 60.7
NO, 458 6184 9.22 x 10** 47.7

COCl, 404 5473 1.48 x 10% 40.7
NH; 783 10526 2.69 x 10% 33.4
PHj; 314 4297 6.61 x 10% 24.7
HF 179 2525 9.07 x 10% 223
H,0 190 2662 1.84 x 10% 17.6
HCN 349 4769 1.85 x 10% 8.15
H,S 277 3808 221 x 10 7.68

Note: Ny, denotes the threshold molecular number density for the onset of spectral splitting; A denotes the cavity
resonance wavelength matched to the molecular spectra; deq represents the equivalent intermolecular distance.

Detuning between the selected molecular resonance and the bare cavity-plasmon
resonance also affects the degree of mode hybridization. Increasing detuning weakens
mode hybridization and would generally require a higher molecular loading to satisfy the
same dip-depth criterion. The corresponding cavity-length-dependent detuning behavior
is illustrated and discussed in Figure S2 of the Supplementary Materials. In addition to
cavity-length-induced detuning, changes in molecular concentration can also shift the
cavity-plasmon resonance and modify the detuning condition. The resulting density-
dependent cavity redshift and spectral-weight redistribution are discussed in detail in
Section S5 of the Supplementary Materials. The systematic comparison of these parameters
for each molecular species listed in Table 1 is summarized in the Supplementary Materials.
The complete results, including spectral evolutions and threshold calculations, are provided
in Supplementary Materials Figure S1 and Tables S2 and S3.

The calculated thresholds show an overall inverse trend with the molecular B, values.
HCN and H;S, which have particularly small B, values, require the highest molecular
number densities; in contrast, modes with larger B, generally satisfy the spectral criterion
at lower densities. However, the threshold ordering is not determined by S, alone, because
the resonance frequency, damping rate, and corresponding cavity-matching condition also
vary among the molecular systems.

The model describes an idealized, noise-free molecular effective medium in a
1 nm MIM nanogap. It does not include adsorption, mixture interference, pressure- or
temperature-dependent effects, fabrication variability, or instrumental noise and resolution.
The reported Ny, values are therefore numerical thresholds for the onset of spectral split-
ting rather than experimentally calibrated detection limits. Direct experimental validation
remains necessary.

4. Conclusions

In conclusion, we have numerically investigated molecular resonance—plasmon cou-
pling in an Ag MIM nanocavity by matching the cavity resonance to selected infrared-active
molecular modes. Changing the cavity length L shifts the MIM cavity resonance close to
a selected infrared-active molecular resonance. As the cavity resonance approaches the
molecular absorption spectrum, the weak molecular signal starts to emerge as a spectral
splitting. Once the molecular density reaches the threshold value Ny, finite-contrast spec-
tral splitting in the simulated spectrum appears in the absorption spectrum. Based on this
approach, we determined the threshold molecular density Ny,, the intermolecular spacing
deq required for spectral splitting, and the corresponding cavity length L and resonance
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wavelength A of the MIM cavity. Increasing the molecular density makes the split peaks
deeper and broadens the splitting. This framework may support the molecule-specific
design of MIM nanocavities and provide a basis for future experimental investigations of
infrared molecular resonance—plasmon coupling.
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