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ABSTRACT

Ultrathin and two-dimensional (2D) metals can support strong plasmons, with concomitant tight field confinement and large field enhance-
ment. Accordingly, 2D-metal nanostructures exhibiting plasmonic resonances are highly sensitive to the environment and intrinsically suit-
able for optical sensing. Here, based on a proof-of-concept numerical study, nano-engineered ultrathin 2D-metal films that support infrared
plasmons are demonstrated to enable highly responsive refractive index (RI) sensing. For 3 nm-Au nanoribbons exhibiting plasmonic reso-
nances at wavelengths around 1600 nm, a RI sensitivity of Sg;>650 nm per refractive index unit (RIU) is observed for a 100 nm-thick
analyte layer. A parametric study of the 2D-Au system indicates the strong dependence of the RI sensitivity on the 2D-metal thickness.
Furthermore, for an analyte layer as thin as 1 nm, a RI sensitivity up to 110 (90 nm/RIU) is observed in atomically thin 2D-In (2D-Ga)
nanoribbons exhibiting highly localized plasmonic resonances at mid-infrared wavelengths. Our results not only reveal the extraordinary
sensing characteristics of 2D-metal systems but also provide insight into the development of 2D-metal-based plasmonic devices for
enhanced IR detection.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0123648

I. INTRODUCTION

Optically induced collective oscillation of electrons at a
metal/dielectric interface, referred to as surface plasmons (SPs),
provides the basis for strong light-matter interaction on a nano-
meter scale. Given the fact that SPs are closely dependent on the
degrees of freedom of electrons in responding to optical excita-
tion, SPs in two-dimensional (2D) systems [such as graphene,
transition metal dichalcogenides (TMDCs), etc.] behave differently
than those seen at the surfaces of conventional metal films (e.g.,
thickness ty>30nm)." The recent advances in growing atomi-
cally thin metal [e.g., gold (Au) and silver (Ag)] films make it
possible to explore SPs supported by such ultrathin (or 2D) metal
films. Abd El-Fattah et al. have demonstrated sharp plasmonic
resonances in crystalline silver nanoribbons whose thicknesses
were in the few atomic-layer range.” Maniyara and co-workers

have shown that nanostructures based on ultrathin gold films can
support electrical-gating tunable plasmons,” an attractive plas-
monic behavior that was previously seen in graphene. It should
be noted that because the carrier density in 2D-metals is typically
orders of magnitude higher than that in graphene, 2D-metals are
capable of supporting SPs in the near- and mid-infrared spectral
range. Furthermore, by performing ab initio calculations, da
Jornada et al. have theoretically predicted that 2D-metals can
support universal slow plasmons accompanied by giant field
enhancements.” Moreover, with the predicted reduced optical
losses,”” 2D-metals have also been demonstrated as a transforma-
tive platform for possessing quantum optical effects."”"" These
superior properties indicate the potential of 2D-metals for an
entire family of plasmonic devices capable of exhibiting enhanced
functionalities in the infrared.
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Among the characteristics of SPs, the plasmonic resonance
induced field concentration is the key to light manipulation with
subwavelength-scale localization. Strong field confinement in plas-
monic nanostructures is not only associated with a series of intrigu-
ing optical phenomena in the linear regime, such as extraordinary
transmission, >"* perfect absorption,m’15 strong chirali‘[y,'(”17 etc.,
but also with a variety of enhanced nonlinearities.'”" Leveraging
the enhanced optical field due to plasmon excitations in
noble metal (e.g., Au) nanostructures, surface enhanced Raman
spectroscopy (SERS), and surface enhanced fluorescence (SEF) have
been widely used in the analysis of biochemical substances.”' ™'
Furthermore, compared with SERS and SEF, periodic-structure-based
plasmonic sensors for refractive index (RI) detection have also been
extensively studied owing to their label-free characteristics together
with the fact that they are more readily available. Indeed, the pro-
nounced sensitivity in RI detection has made plasmonic sensors a
powerful tool for analytical applications.”*® In the perturbation
regime, the corresponding RI sensitivity (Sg;) is proportional to
jA Efn dV, where E,, is the resonant field distribution and A represents
the volume of the analyte region.”” In other words, Sg; is simultane-
ously determined by the local-field concentration and the overlap of
the field with the analyte. Considering the field confinement effect
associated with plasmonic resonances in conventional nanostructures,
an analyte (sensing) layer of a characteristic thickness (f;) of hundreds
of nanometers is generally required for optimal sensing performance
in the near-infrared wavelength region. For instance, Weiss et al. have
reported a maximum Sg;~ 700 nm/RIU for a plasmonic sensor con-
sisting of an Au nanodisk array (t5,=30nm) for sensing volumes
with a thickness (¢) of 650 nm.”” Although Sg; can be improved by
exploiting the coupling between different plasmonic modes (for
example, by creating Fano resonances),%’32 the performance of the
existing plasmonic sensors is intrinsically limited by the material prop-
erties of conventional metal films. On the other hand, due to the van-
ishing plasmons in most bulk metals at longer wavelengths, plasmonic
sensors in the mid-infrared, which offer a series of beneficial aspects
including less photodamage to bio-samples, the potential for vibra-
tional spectroscopy of molecules, etc., are still rare.””™ Therefore,
plasmonic sensors, which require significantly less amount of analyte
and are capable of operating in the mid-infrared are highly desirable.
To this end, 2D-material sensors have been intensively studied due
to the high degree of sensitivity in the properties of 2D materials
(such as graphene, 2D chalcogenides, etc.) to external stimuli.**™*!
Here, we focus on plasmonic sensors based on 2D-metals, which are
considered an emerging material family with a wide array of potential
applications.

Compared with conventional metal films, 2D-metals exhibit
strong plasmonic energy dispersion due to the thickness effect,
leading to the extreme field confinement as well as a significant
increase in the local-field enhancement factor. These properties
indicate that 2D-metals might be a promising material system for
optical sensing applications. In this work, by performing a
proof-of-concept study, we numerically demonstrate refractive
index detection based on 2D-metal nanostructures. Our simula-
tions are based on measured material properties of 2D-Au, 2D
gallium (Ga), and 2D indium (In).>** Our results show that the RI
sensitivity of the 2D-metal sensors dramatically increases with
decreasing thickness of the plasmonic structures. Furthermore, the
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atomically thin 2D-In (2D-Ga) nanostructures, which support
highly localized plasmonic resonances at mid-infrared wavelengths,
exhibit a RI sensitivity of 110 (90 nm/RIU) for an analyte thickness
of 1 nm. Our study reveals that the atomistic local-field effects asso-
ciated with the intrinsic dispersion property of 2D-metals can
substantially enhance the sensitivity of plasmonic sensors in the
near- and mid-infrared regions, which suggests a new family of
2D-metal-based plasmonic devices for enhanced infrared detection.

Il. RESULTS

As illustrated in Fig. 1(a), we first consider a periodic 2D-Au
nanoribbon array (fy,=3nm) located on top of an infrared-
transparent CaF, substrate (ec,p, =2.03),” which has a conformal
cover layer (of thickness #;) that serves as the sensing volume
(analyte) with a refractive index n,. Here, we utilize thickness-
dependent representations of the 2D-Au film permittivities to
describe their plasmonic properties due to the thickness effect (see
the supplementary material for details). The system is illuminated
by a plane wave with the electric field oriented across the width of
the nanoribbons. To evaluate the optical response of the 2D-Au
nanoribbons and the corresponding spectral shift in relation to the
variations in ng and t;, we performed full-wave simulations using

the commercial finite integration package CST Microwave Studio. ¢
Figure 1(b) shows the simulated transmittance spectra at normal ?

incidence when n; of a 10 nm-thick analyte layer increases from
1.25 to 1.55, indicating a pronounced redshift of the resonance. For
comparison purposes, a (conventional) RI sensing system based on
Au nanoribbons of the same geometry but f,,=30nm was
also studied, for which the corresponding transmittance spectra
[Fig. 1(b)] reveal a trivial spectral variation compared with the
3-nm-Au system. This difference primarily arises from the distinct
field confinement behavior of the two systems. The on-resonance

electric field distribution of the 3 nm-Au system [Fig. 1(c)] indi-

cates a strongly localized optical mode, which gives rise to an up to
20-fold field enhancement in the close vicinity of the nanoribbons.
In contrast, only weak field confinement is found in the 30 nm-Au
system. The evaluation of |E|dx in a unit cell [Fig. 1(e)] unambigu-
ously shows the Au-thickness-dependent field enhancement effect.
In particular, the steep growth in the strong field at the
air/3 nm-Au interface, as studied by Maniyara and co-workers,’
suggests that the 2D-Au sensors possess an inherently higher
degree of sensitivity.

The spectral shift of plasmonic resonances is determined by a
change in both ng and f, of the analyte layer and can be expressed

as M = (g—j“) Ang + (g—f) At,.** We show in Fig. 1(f) the resonance

wavelength change (AA) for both systems as a function of #; in the
sensing volume when ¢, varies from 2 to 10 nm. It can be seen that,
for a certain t;, AL of both systems displays an approximately linear
dependence on the n,, while, for a fixed refractive index change
(e.g., Ang=1.55-1.25), A\ of the 3 nm-Au system shows a signifi-
cantly larger increase than the 30-nm-Au nanoribbons. In addition
to AA, the resonance linewidth (defined by the full width at half
maximum (FWHM) of the transmittance spectra in our study)
associated with —2Im(w,,), where ®,, is the complex eigenfre-
quency of the plasmonic resonance, also represents an important
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FIG. 1. Refractive index sensing based on infrared plasmons in ultrathin metals. (a) Schematic of the sensor consisting of an array of ultrathin gold nanoribbon structures
located on a CaF, substrate. The device is coated with an analyte (refractive index, ng) with a thickness of {;. Geometry: W=200nm, P=1.5W, and ta, =3 nm. (b)
Transmittance spectra at normal incidence when n varies and & =10 nm. For comparison, the transmittance spectra of a (conventional) system of the same geometry but
with ta, =30 nm are also presented. Spectra of both systems without the analyte coating are shown as dashed curves. The corresponding electric field distributions on the
cross-sectional plane at a resonance wavelength of (c) 1561 and (d) 679 nm. The electric field magnitude is normalized to that of the incident wave. In addition, to minimiz-
ing the substrate effect, the electric field obtained from the same unit cell without the nanoribbons was subtracted from the total field. () Normalized |E|dx in a unit cell
representing the field enhancement effect in the z direction (normal to the devices’ surface). (f) The resonance wavelength change (AL) and (g) resonance linewidth as a
function of ng for both systems for a series of t. Markers in (f) and (g) are simulated results, while the curves are included as fits to the discrete data points.

figure of merit (FOM) for the sensors.”” A combination of the RI
sensitivity (dA/dn) and resonance linewidth provides a comprehen-
sive description of the FOM of the proposed sensors. As illustrated
in Fig. 1(g), the linewidth increases monotonically with #, and t; in
the studied range. We note that, compared with that of the conven-
tional Au nanoribbons, the relatively large resonance linewidth of
the 3-nm-Au system can be attributed to an increase in material
loss (see the supplementary material for details).

To provide a complete picture of the 3 nm-Au sensor’s perfor-
mance, we further study its sensitivity and summarize the results in
Fig. 2. Note that, as the insets in Fig. 2(a) depict, based on the
geometry of the nanoribbons the results can be divided into either
conformal (f;<50nm) or nonconformal (f,>50nm) regions.
Figure 2(a) shows an increasing resonance wavelength shift AL
corresponding to an increasing t, for Ang=1.50-1.40, which deter-
mines the dependence of the RI sensitivity dA/dn on t; shown in
Fig. 2(b). A RI sensitivity oA/on=655nm/RIU is observed at
t,=100 nm, which is comparable with that found in previously

reported conventional plasmonic sensor based Au nanostructures
covered by a micrometer-thick analyte.””** The thickness sensitiv-
ity oA/t [Fig. 2(c)], which corresponds to the resonance wave-
length change solely due to the variation in t, better reflects the
strong field confinement at the interface of the ultrathin Au film.
In particular, for t,=1nm, the observed diA/dt = 11 nm/nm is more
than 20 times larger than that seen in conventional RI sensor based
2D photonic crystal slabs.** The trend observed in Figs. 2(a)-2(c)
suggests a saturation analyte thickness around 100 nm, while, in
contrast, the resonance linewidth increases with increasing ¢, but
becomes invariant when ¢, > 50 nm.

To better understand the thickness-dependent capability of
ultrathin metals for RI sensing, we further study the nanoribbon
systems with #5, =6 and 15 nm. The thickness-dependent material
property of ultrathin Au films was used in the simulations. For
comparison purposes, the results are shown in Fig. 3 along with
the systems with 4, = 3 and 30 nm (see the supplementary material
for the complete simulation data set including the transmittance
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FIG. 2. Sensitivity study of the sensor based on 3 nm-Au nanoribbons. The dependence of (a) the resonance wavelength shift (AL) when Ang = 1.50-1.40, (b) RI sensitiv-
ity o\on, (c) thickness sensitivity dA/at (ns = 1.40), and (d) resonance linewidth on the thickness of the analyte (f;). The geometry of the systems is the same as those
shown in Fig. 1. As depicted in the insets in (a), the analyte layer is considered as a conformal (nonconformal) coating when & <50 nm (£ > 50 nm). In all panels, the
markers represent the simulated results, and the solid curves are included as fits to the discrete data points.

spectra). The transmittance spectra shown in Fig. 3(a) indicate the
plasmonic resonances supported by each system. In particular, the
inset of Fig. 3(a) indicates the nonlinear dependence of the normal-
ized wavenumber of the resonances (kporm = Ares/P) 0N t,. Figures 3
(b), 3(d), and 3(f) summarize the dependences of AA on ng for the
four systems when f, =2, 6, and 10 nm, respectively, while Figs. 3(c),
3(e), and 3(g) show the corresponding resonance linewidth results.
Clearly, the 3 nm-Au system exhibits superior RI sensitivity com-
pared to the other systems that are based on thicker Au films, with a
concomitant increase in the resonance linewidth. It is notable that,
compared with the conventional (30 nm-Au) system, 15nm-Au
shows a comparable (even lower) RI sensitivity but a larger reso-
nance linewidth. This can be attributed to the larger material loss of
the 15nm-Au, which restricts the thickness-induced dispersion
effect (As/P for 15nm-Au nanoribbons is slightly higher than that
of the 30 nm-Au system; see the supplementary material for a com-
parison of the simulated field distributions). These results suggest
that creating highly sensitive 2D-metal-based RI devices requires
ultrathin metals (only a few nanometers thick) that are capable of
supporting strong plasmons in the infrared region.
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The recent development of confinement heteroepitaxy (CHet),
based on intercalation of metallic elements at the graphene/SiC
interface,”” provides a new opportunity for the synthesis of large-
area atomically thin 2D polar metals with precisely controlled
thickness (number of atomic metal layers). More importantly, pro- '~

o

tected by epitaxially grown graphene, 2D polar metals realized by 3
the CHet process are suitable for nanopatterning and, therefore, are §
good candidates for plasmonic devices.”® The optical properties of &
2D-Ga and 2D-In in the linear regime and their extremely large
second-order susceptibilities have been reported recently.>* In
particular, the measured permittivity dispersions of 2D-Ga and
2D-In indicate plasmon frequencies in the near-IR region, which
suggests that these two material systems can be utilized to achieve
plasmonic responses in the near- to mid-infrared spectral range.
Here, we consider RI sensors based on bilayer (2L) 2D-Ga and
2D-In with dielectric properties reported in previous studies.*’
Schematics in the inset of Figs. 4(a) and 4(b) display the unit cell
of the studied systems: a graphene-covered 2D-metal nanoribbon
located on top of a silicon carbide (SiC) substrate, which is covered
by a conformal analyte layer. In our simulations, for simplicity,

€01£22/2.202591/8¥9€Z1.0°S/€901 0 1/1oppd-sjoie/defdie/6io-die'sqnd;/:dny wouy papeojumoq

J. Appl. Phys. 132, 223103 (2022); doi: 10.1063/5.0123648
Published under an exclusive license by AIP Publishing

132, 223103-4


https://www.scitation.org/doi/suppl/10.1063/5.0123648
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

ARTICLE scitation.org/journalljap

A
QO

~—"
ey

0.8F
tAu=3nm
[0
[S]
§O06
€ 5
(72}
G 0.4 4t A
(= 3 i
2 Al
02 0 10 20 30
tau (nm)
0 ; ; ; ; ;
500 1000 1500 2000 2500 3000 3500
Wavelength (nm)
(B) 2 —(d) )
ts =2 nm ts =6 Nnm 60 b
15 ¢ tau=3nm 40
¢ tay=6nm
= ¢ tag=15nm 30 40 +
::, 10} ¢ tag=30nm
3 20 N
Sif 10
0 4 i . X ) . X 0 0
125 13 135 14 145 15 1.55 125 13 135 14 145 15 155
(©) (e) ©
£ 900¢ O tay=3nm O tay=15nm 900 900
% o fhuzonm O fusomm M M
2 700} o— o——o——o 700 700}
£ ts =2 nm tgs =6 nm . ts =10 nm
[0
S 500} L o 500t oo o—o—= 500| o—o—o—2o—° " |
g | o—e—eo—o6—o0—0 97
o C— = o—=C
7] GMH
2 300 o o 300} o—e € 300 f
125 1.3 135 14 145 15 1.55 125 1.3 135 14 145 15 155 125 1.3 135 14 145 15 155

Sensing index ng (RIU)

Sensing index ng (RIU)

Sensing index ng (RIU)

FIG. 3. The influence of thickness-dependent plasmons in ultrathin Au films. (a) The transmittance spectra of Au nanoribbons (W =200 nm, P=1.5 W) for different thick-
nesses (ta, =3, 6, 15, and 30 nm). Inset shows the normalized wavenumber of the corresponding resonances as a function of fa,. (b) The resonance wavelength change
(A2) and (c) resonance linewidth as a function of ns for systems with different ta, when ;=2 nm. (d) and (€) The same as panels (c) and (d) but for ¢, =6 nm. (f) and (g)
The same as panels (c) and (d) but for t; =10 nm. Results of ¢y, =3 and 30 nm (Fig. 1) are also presented for comparison purposes.

2D-Ga and 2D-In are treated as homogeneous and isotropic thin
films with a thickness of 0.52 and 0.49 nm, respectively. To ensure
that the sensors operate in wavelength ranges away from the high
optical loss regions,42 we consider 30 nm-wide 2D-Ga and
50 nm-wide 2D-In nanoribbons (see the supplementary material
for details).

Figures 4(a) and 4(b) illustrate the transmittance spectra of
the 2D-Ga and the 2D-In devices for RI sensing when ;=10 nm
and ng vary in a range from 1.25 to 1.55. Resonance wavelength

changes of 130 and 190 nm are observed, respectively, which are
approximately 2 and 3 times larger than that seen in the 3 nm-Au
system discussed previously under the same sensing condition.
These observations can be attributed to the strong dispersion of the
plasmonic resonances in the 2D-Ga and 2D-In nanoribbons, i.e.,
k*D-Ga = 59 and k2D In = 52. Figures 4(c) and 4(d) depict the field
distributions of the two systems (without the analyte layer) at their
resonance wavelength denoted by the dip in the transmittance

spectra (gray-dashed curve) shown in Figs. 4(a) and 4(b). A strong
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FIG. 4. Ultra-sensitive mid-infrared refractive index sensing based on plasmons in 2D polar metals. (a) Transmittance spectra corresponding to 2D-Ga nanoribbons
(W=30nm, P=1.5W) for RI sensing (t=10nm). (b) Transmittance spectra corresponding to 2D-In nanoribbons (W=50nm, P=1.5W) for RI sensing (ts= 10 nm).
Spectra of both systems without the analyte coating are shown as dashed curves. The insets of (a) and (b) show the schematics of a unit cell of the 2D-Ga and 2D-In
nanoribbons for refractive index sensing, respectively. The 2D-Ga and 2D-In films are located on top of a SiC substrate and capped in situ with graphene. The correspond-
ing electric field distributions on a cross-sectional plane at a resonance wavelength of (c) 2654 and (d) 3927 nm. The dependence of (e) Rl sensitivity oA/on and (f) thick-
ness sensitivity dA/dt on the thickness of the analyte (t;). For comparison, the results for a 3 nm-Au system are also presented in (e) and (f).

field confinement along with a maximum field enhancement factor
of ~18 is observed in the 2D-Ga nanoribbons, while the 2D-In
nanoribbons show a less confined field distribution. This difference
in the field concentration primarily arises from the larger material
loss of 2D-In at the resonance wavelength (see the supplementary
material for the permittivity of 2D-Ga and 2D-In). Nevertheless,
we emphasize that the field confinement effect identified in the
2D-In system is still much stronger than that seen in 3 nm-Au
nanoribbons [Fig. 1(c)]. These characteristics in the local-field
effects determine the RI sensing performances of the discussed
2D-metal sensors. In Figs. 4(e) and 4(f), by presenting the RI sen-
sitivity (0Mon,) and thickness sensitivity (dA/dt;), we provide a
comprehensive comparison between the three systems for RI
sensing. In the studied range of t;, both the 2D-Ga and the 2D-In
systems show better RI sensitivity than the 3 nm-Au nanoribbons.
In particular, a RI sensitivity up to 90 (110 nm/RIU) is observed in
the 2D-Ga (2D-In) nanoribbons when covered by a 1nm-thick
analyte layer. On the other hand, as depicted in Fig. 4(f), the
strong confinement effect in the studied 2D polar metals also deter-
mines the thickness sensitivity of the sensors: the 2D-Ga (2D-In)
sensor exhibits dA/dt; which is superior to that of the 3 nm-Au
nanoribbons when f, is smaller than ~7 (~13 nm).

lll. DISCUSSION

Although the thickness (ty) of a metallic film (with 3D free
electron density np) needs to satisfy the condition npty < 1 to
realize a 2D electron gas, pronounced electrical-gating effects have
been demonstrated in 3 nm-Au nanostructures.” The reported elec-
trically controlled plasmons indicate the potential of 2D-metal
optical devices for sophisticated sensing functionalities, such as
frequency-selective protein detection, vibrational fingerprints detec-

tion, etc., which have been previously achieved using graphene- ?

based mid-infrared biosensors.”” Furthermore, beyond the three
types of 2D-metals considered in our discussion above, the CHet
approach can be expanded to encompass a broad set of elements,
including but not limited to silver (Ag),dg’m copper (Cu), zinc (Zn),
aluminum (Al), etc., thereby enabling plasmonic sensors based on
the entire periodic table of 2D-metals.”” Furthermore, in practical
applications such as sensing of biomolecules, additional processes
(e.g., surface engineering) are needed to allow analyte capturing.”’
Moreover, as the field confinement and enhancement are closely
dependent on the thickness of the 2D-metals, one may be required
to balance the field localization effect and the potential RI sensitiv-
ity in the sensor designs. For example, compared with 2D-Ga and
2D-In sensors, the 3nm-Au based system in our study, which
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exhibits unsaturated sensitivity up to a 100 nm-thick analyte, may
be more suitable for sensing of larger molecules. On the other
hand, for applications involving analytes on the order of a few nm
thick, the 2D-In sensor can provide better sensing performance.

Infrared spectroscopy is key to the identification of biological
and chemical substances which exhibit infrared vibrational finger-
prints, whereas the efficiency and sensitivity of infrared detectors
are limited by the poor interaction between mid-infrared light (a
few micrometers wavelength) and nanometer-size molecules.
Therefore, the high sensitivities of the 2D-Ga and 2D-In nanorib-
bons observed in our study suggest the applications of 2D-metal
sensors in the mid-infrared spectral range. On the other hand, as
the FOM of a plasmonic sensor is inversely proportional to its reso-
nance linewidth, the relatively broad spectral responses observed in
our proof-of-concept studies reveal the low value of the systems’
FOM. We note that the FOM of the 2D-metal sensors can be
improved by creating high quality (Q) factor resonances. This can
be realized by leveraging interference between different modes sup-
ported by the metallic nanostructures. For instance, plasmonic
sensors supporting Fano resonances have been demonstrated to
exhibit narrower spectra and significantly enhanced FOMs.**™*”
Forming bound states in the continuum (BIC) by creating hybrid
resonating systems is another possible approach. Azzam et al. have
demonstrated BICs with extreme Q-factors arising from coupling
of plasmon polaritons with photonic modes.”” Therefore, single-
layer structures with well-controlled dimensions, multilayer planar
structures, and plasmonic-photonic hybrid structures might be
needed to effectively excite the required plasmons in
2D-metals.”*> The design of 2D-metal sensors with a simultane-
ously high FOM value and good accessibility to the enhanced
optical field can be a challenging engineering task, but also will
deepen  our understanding of the dimension-induced
electron-photon interactions at interfaces of ultrathin metal films.
Moreover, given that the 2D-Ga and 2D-In systems considered
here include only a few atomic layers in overall thickness, we envi-
sion that certain quantum effects may show up in even thinner
2D-metal films. This may lead to interesting quantum sensing phe-
nomena but is beyond the scope of this work.

IV. CONCLUSIONS

In summary, we have demonstrated that 2D-metal nanostruc-
tures supporting plasmonic resonances can be used for resonantly
enhanced refractive index sensing. Compared with plasmonic
sensors based on conventional metal films, 2D-metal sensors
exhibit significantly higher sensitivity of plasmon resonances to
changes in their dielectric environment. This can be attributed to
the strong electric field confinement and enhancement effect at the
surface of 2D-metals due to the strong plasmonic dispersion
induced by the thickness effect. Our study shows that the superior
sensing performances observed in 2D-metal nanostructures are not
only dependent on their thickness but also on the type of metal ele-
ments. Given the recent advancements in producing and nanoen-
gineering large-area ultrathin 2D-metal films, it is expected that
this work will pave the way for the development of a new family of
2D-metal-based plasmonic devices for sensing applications.
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SUPPLEMENTARY MATERIAL

See the supplementary material for optical properties of the
2D-metals used, a comparison of representative plasmonic RI
sensors, and the additional simulation results of the proposed
Sensors.
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