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Abstract— In this paper, we show that nano-engineered
ultrathin two-dimensional (2D) metal films supporting infrared
plasmonic resonances can enable highly responsive refractive
index (RI) sensing. Our results reveal the strong dependence of the
RI sensitivity on the 2D-metals’ thickness. In particular, for a 1-
nm-thick analyte layer, a RI sensitivity up to 110 nm/RIU (90
nm/RIU) is observed in atomically thin 2D-In (2D-Ga)
nanoribbons exhibiting highly localized plasmonic resonances at
mid-infrared wavelengths.
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I. INTRODUCTION

Plasmonic sensors offering label-free refractive index (RI)
detection have been of considerable interest. In the perturbation
regime, the corresponding RI sensitivity (Sri) is proportional to
the resonant field distributions and the volume of the analyte
region. In other words, Sg; is simultaneously determined by the
local field concentration and the overlap of the field with the
analyte. Accordingly, an analyte layer of a characteristic
thickness of hundreds of nanometers is generally required for
conventional plasmonic sensors operating at visible and near-IR
wavelengths [1].

Recent studies show that ultra-thin and 2D metals can
support strong plasmons, leading to tight field confinement and
large field enhancement at the metal-dielectric interface. The
corresponding plasmonic resonances are expected to be
extremely sensitive to the dielectric environment, which makes
2D-metal nanostructures an excellent platform for highly
responsive RI sensing. The recent development of confinement
heteroepitaxy (CHet), based on intercalation of metallic
elements at the graphene/SiC interface, provides a new approach
to the synthesis of large-area atomically thin polar metal
heterostructures (PMets) with precisely controlled thickness.
Protected by graphene overlayers, the crystalline 2D polar
metals are excellent candidates for plasmonic devices. In
particular, the permittivity dispersions of 2D-Ga and 2D-In
suggest plasmon frequencies in the near-IR region, implying that
the two material systems can support strong plasmonic
responses in the near- to mid-infrared spectral range.

In this paper, we numerically study the RI sensing capability
of nanoribbon structures of ultra-thin gold, 2D-Ga, and 2D-In
which support infrared plasmonic resonances. In particular,
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based on the plasmonic resonance at wavelengths around 1600
nm, 3-nm-Au nanoribbons exhibit an Sg; > 650 nm/RIU for a
100-nm-thick analyte layer. The strong dependence of the Sg; on
the 2D-metals’ thickness is observed. Furthermore, a 2D-In (2D-
Ga) nanoribbon plasmonic sensor can enable sensing of a 1-nm-
thick analyte with an Sg; up to 110 nm/RIU (90 nm/RIU). Our
study reveals the remarkable sensing capability of 2D-metal
systems, suggesting the potential of 2D-metal-based plasmonic
devices for enhanced IR detection.
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Fig. 1. Refractive index sensing enabled by infrared plasmons in ultrathin
metals. (a) Transmittance spectra of the Au nanoribbon (W =200 nm, P=1.5W)
sensing system when #5, = 3 nm, #, = 10 nm. The transmittance spectra of a
(conventional) system of the same geometries but with 74, = 30 nm are also
presented. Insets: on-resonance electric field distributions. (b) Normalized field
integration in a unit cell in the z direction. (c¢) Transmittance spectra of Au
nanoribbons for different thicknesses (¢4, = 3 nm, 6 nm, 15 nm, and 30 nm).
Inset: knom Of the corresponding resonances as a function of #4,.

II. SIMULATIONS

A periodic ultra-thin Au nanoribbon array (fa, = 3 nm)
located on top of a CaF, substrate (ecar2 = 2.03) is considered
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(Fig. 1(a)). A conformal cover layer (of thickness f) serves as
the analyte with a refractive index n,. Simulated transmittance
spectra shown in Fig. 1(a) indicate a pronounced redshift of the
resonance when 7, of the 10-nm-thick analyte layer increases
from 1.25 to 1.55. In contrast, only a trivial variation is observed
in the spectra of the conventional sensing system (fa, = 30 nm).
This distinct sensing performance can be attributed to the
plasmon excitation in the ultra-thin Au nanostructures. This is
made evident from the electric field distributions at the
resonance wavelength of the two systems (insets in Fig. 1(a)). In
addition, the electric field integration within a unit cell (Fig.
1(c)) unambiguously shows the Au-thickness-dependent field
enhancement effect. To better illustrate this thickness-effect,
Fig. 1(d) displays the transmittance spectra of nanoribbons for
different Au thicknesses (¢au =3, 6, 15, and 30 nm) with the inset
summarizing the normalized wavenumber (knom) Of the
corresponding resonances as a function of #a,.

The spectral shift of plasmonic resonances due to a change
in both ns and # of the analyte layer can be expressed as AL =
OM(0Ons)-Ans + OM(08;)-Ats [2]. Accordingly, we further study the
sensitivity of the 3-nm-Au sensor where the corresponding
results (Fig. 2) offer a complete picture of the sensing
performance. A RI sensitivity OM0n = 655 nm/RIU is observed
at t;= 100 nm, while for £, = 1 nm, a thickness sensitivity of OA/Ot
= 11 nm/nm, which is ~ 20 times larger than that seen in
photonic crystal slab sensors [3], is observed. Furthermore, the
insets in Fig. 2(b) and (d) summarize the dependences of AX and
the resonance linewidth on 7 for the four systems of different
Au thicknesses when ¢, = 2 nm, which again reveals the strong
thickness effect in such 2D-metal plasmonic sensors.
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Fig. 2. Sensitivity study of the sensor based on 3-nm-Au nanoribbons. The
dependence of (a) AL when An = 1.50 — 1.40, (b) OMon, (c) OMOt (ns = 1.40),
and (d) resonance linewidth on the thickness of the analyte (#). Inset in (b) and
(d): AA and resonance linewidth as a function of ns for systems with different
fae When £, =2 nm.

By simply treating 2D-Ga and 2D-In as homogeneous and
isotropic thin films with a thickness of 0.52 nm and 0.49 nm,
respectively, we numerically study the 2D-Ga and 2D-In
nanoribbon systems for RI sensing. Fig. 3(a) and (b) illustrate
the corresponding transmittance spectra when ¢, = 10 nm and #;
varies in a range from 1.25 to 1.55. The observed resonance shift

can be attributed to the plasmonic resonance supported by the
system, which can be seen from the on-resonance electric field
distributions (insets in Fig. 3(a) and (b)). In addition, the #-
dependences depicted in Fig. 3(c) and (d) provide a
comprehensive sensitivity comparison between the sensing
systems based on 3-nm-Au, 2D-Ga, and 2D-In nanoribbons.
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Fig. 3. Mid-IR RI sensing based on plasmons in 2D polar metals.
Transmittance spectra corresponding to (a) 2D-Ga and (b) 2D-In nanoribbons.
Insets: electric field distributions at a resonance wavelength of 2654 nm (2D-
Ga) and (d) 3927 nm (2D-In). The dependence of (c) d\/dn and (d) OM/Ot on £.
For comparison, the results for a 3-nm-Au system are also presented.

I1I. CONCLUSION

In summary, we have numerically validate that 2D-metal
nanostructures supporting plasmonic resonances can enable
plasmon-enhanced refractive index sensing. The corresponding
high sensitivity can be attributed to the plasmon-induced strong
field confinement and enhancement effect at the surface of 2D
metals due to the thickness-effect.
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