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ABSTRACT: Mid-infrared spectroscopy is essential for chemical
identification and compositional analysis because of the existence of
characteristic molecular absorption fingerprints. However, it is very
challenging to determine the refractive index of an analyte at low
concentrations using current photonic systems in a broad mid-
infrared spectral range. We propose an imaging-based nanophotonic
technique for refractive index determination. The technique is based
on deep subwavelength graphene plasmon nanocavities and allows
for the retrieval of molecular concentration. This method features a
two-dimensional array of suspended graphene plasmon nanocavities,
in which the extremely high field enhancement and extraordinary
compression of graphene plasmons can be realized simultaneously
by combining shallow and deep cavities. This enables resonant unit
cells to be read out in the spatial absorption pattern of the array at
multiple spectral points, and the resulting information is then
translated into the refractive index of the analytes. The proposed
technique gives complementary information compared with the current nanophotonic techniques based on molecular absorption,
including the ability of the refractive index measurement, the ultra-broadband measurable spectral range, and the small volume of the
analyte required, thereby pushing the potential for refractometric sensing technologies into the infrared frequencies.
KEYWORDS: graphene plasmonics, suspended 2D materials, surface phonon polaritons, sensing, metamaterials

■ INTRODUCTION
The mid-infrared (MIR) spectrum is known for the presence
of characteristic molecular absorption fingerprints originating
from the intrinsic vibrational modes of chemical bonds, and
thus, the MIR spectrum is critical for chemical identification
and structural characterization.1,2 Conventionally, spectral
analysis is achieved using macro systems, such as Fourier-
transform infrared (FTIR) spectrometers, which measure the
transmittance or emission spectrum of the analyte using
gratings.3 The analyte can be characterized based on either the
retrieved refractive index (Figure 1a) or the existence of the
characteristic molecular absorption fingerprints. However, this
bulk approach usually requires complex and expensive
equipment, such as FTIR spectrometers, and suffers from
low sensitivity when detecting signals from small volumes of
samples, because of the mismatch between MIR wavelengths
(∼μm) and the dimensions of molecules (∼nm).

To tackle this problem, nanophotonic systems with strong
near-field enhancement of subwavelength resonators have been
explored in MIR optical sensing. Recent sensor-on-chip
approaches based on the surface-enhanced infrared absorption
(SEIRA) have been realized based on various nanophotonic
platforms,1,4−9 which potentially allow for a simplified and

inexpensive sensor design that is well suited to miniaturization.
However, the achieved performance is still far from ideal. Most
platforms are based on near-field enhancement of subwave-
length resonators; however, the tuning band range of the
resonance frequency in current platforms only covers a small
spectral region. Furthermore, although plasmonic or all-
dielectric resonators are used, the field enhancement (|E/
E0|2) is constrained to (usually) less than 103 and field
compression is limited to a scale around λ0/10 (where λ0 is the
free-space wavelength).10−13 This diminishes the sensitivity
when looking at nanometer-scale samples at mid-IR wave-
lengths. In fact, most current sensor-on-chip approaches are
based on the detection of characteristic molecular absorp-
tion.6,9 Thus, they can be used for differentiating types of
molecules; however, using these techniques, it is challenging to
obtain a quantitative characterization of properties of the
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analyte such as the refractive index. This is because of the low
signal-to-noise ratio originating from the relatively small
imaginary part of the refractive indices of molecules and the
small volume of the analyte used in these approaches.

Within a Fabry−Pe�rot cavity, the real part of the refractive
index of the cavity materials determines the occurrence of the
resonance, which is visible in the absorption of the system.

Therefore, the visibility of the resonance can be used to
measure the refractive index of the material in the cavity. Such
a technique has been realized in bulk systems.14,15 However, it
is difficult to realize this in a deep subwavelength system
because of the limited field compression and/or the large loss.
Graphene plasmons16−19 (GPs) can overcome this limitation
by exploiting their extremely short wavelength, strong field

Figure 1. Schematic illustration of refractometric approaches. (a) Different operating mechanisms that enable retrieving the complex refractive
index of an analyte. Within the traditional bulk method, using a spectrometer (top path), the transmittance spectrum is measured. Based on Beer−
Lambert’s relation, the imaginary part of the refractive index can be calculated. An alternative approach (bottom path), the proposed suspended
graphene nanocavity method, is to measure the real part of the refractive index, which can be extracted by measuring the resonance pattern of a
sensor array. KK relations are short for Kramers−Kronig relations. (b) Schematic illustration of the proposed technique based on suspended
graphene nanocavities.

Figure 2. Molecular refractive index detection with a digital sensor using suspended graphene plasmon nanocavities. (a) Schematic illustration of
the imaging-based MIR microscopy system. The monochromatic light generated by the light source focuses on a digital sensor after passing
through a linear polarizer, a beam splitter, and an objective. The incidence is a transverse magnetic (TM) polarized light in terms of the grating
surface and normal to the surface of the sample. The reflected light is collected and imaged by an infrared camera. (b) Chessboard sensor is
composed of a two-dimensional array of suspended graphene plasmon nanocavities with resonances that are highly sensitive to the refractive index
of the analyte. (c) Each building block is composed of a graphene monolayer deposited on a metallic grating. A flow cell is used to circulate liquid
samples and support the graphene layer. (d) Schematic of grating-assisted suspended graphene plasmon nanocavities. The incidence is TM
polarized in air, where � , L1, L2, and H are the period, trench length, ridge length, height of the grating, and h2 is the gap thickness. Thus, we have
h1 = h2 + H. The gap and the trench can be filled with dielectric media. (e−f) Captured absorption patterns for two different molecules. In this
work, we choose L1 and L2 as two variables of the array in the horizontal and vertical directions. Note that any one pair of the parameters (such as
L1, L2, h2, H, and EF) of the graphene plasmon nanocavity system could be used as the varying parameters of the array. The material in the flow cell
has refractive index n. (g−h) Sketches of two resonance modes for two structures with different ridge lengths.
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confinement, and large field enhancement. Furthermore, GPs
have a frequency range covering the mid- and far-IR and
terahertz bands20,21 and can be dynamically tuned by changing
the Fermi energy via an external gate voltage.22−24 This strong
tunability combined with a broad spectral range makes GPs
highly promising for various vital applications such as
modulators20 and photodetectors.25−29 In the last decade,
many tunable sensors,30,31 including mid-infrared sensors,32−35

based on graphene have been proposed and investigated,
indicating that graphene could offer a great opportunity to
significantly improve the performance of devices used for
refractometric detection in the infrared band.

In this work, we report on a broadband tunable sensing
technique based on suspended graphene plasmon nanocavities
(Figures 1b and 2) and demonstrate its capability for
enhancing light−matter interactions, measuring the real part
of the refractive index of the analyte and characterizing both
types and concentrations of the various molecules. Our design

exploits the standing wave properties of plasmonic resonance
in suspended graphene nanocavities, which is driven by two
horizontal Fabry−Pe�rot cavities and one vertical Fabry−Pe�rot
cavity (Figure 2c,d). In particular, we implement a two-
dimensional array of suspended graphene plasmon nano-
cavities, which consist of a continuous graphene monolayer on
top of a metallic grating with a gap. The GPs are excited due to
the scattering from the edges of the cavities, and then, they
form two horizontal cavities in the gap and in the trench
(Figure 2g,h). The resonance is highly sensitive to the real part
of the refractive index of the analyte. Therefore, this
configuration allows us to establish a unique relation between
the real part of the refractive index of the analyte and the
spatial absorption pattern (Figures 1a and 2e,f). By translating
these spatial absorption maps for different molecules into their
refractive indices, we demonstrate that this technique is
suitable for refractive index measurement, chemical identi-
fication, and concentration analysis. The proposed technique

Figure 3. Resonance generation mechanisms in suspended graphene plasmon nanocavities. (a) Absorption of the system (1 − Ref, where Ref
denotes the reflection) for the gold grating plus graphene structure versus the trench length (L1) and the ridge length (L2), when the gap thickness
(h2) is 5 nm (normal incidence λ0 = 12 μm), where the trench and the gap are filled with air, and EF = 0.64 eV. The colored map is obtained from
numerical simulations and the straight lines are from the proposed model. The dashed lines indicate a fit to a Fabry−Pe�rot model for a phase shift
of 0. The black (blue) solid lines indicate a fit to a Fabry−Pe�rot model for a phase shift of −0.27π (0.54π). (b) Line cuts of the absorption in (a)
for four trench lengths (L1) indicated by the labels. The orders for mode a and mode b are ma

h2 = 10 and mb
h2 = 20, respectively. (c) Component Ez

of the electric field is shown for the selected points marked by A, B, C, and E in (a). The corresponding parameters are as follows: A, L1 = 1.210 μm
and L2 = 1.150 μm; B, L1 = 1.210 μm and L2 = 2.365 μm; C, L1 = 2.280 μm and L2 = 1.150 μm; E, L1 = 1.450 μm and L2 = 2.310 μm. The electric
field is normalized to the incident field amplitude E0. (d) Electric near-field with high-intensity enhancement (|E/E0|2) is strongly compressed in the
cavity above the ridge. Here, λ0/h2 = 2400. Distribution of the intensity along a line positioned in the middle of the gap is given as well.
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offers several advantages in molecular sensing over traditional
nanophotonic systems. These include the ability to measure
refractive indices, the ultra-broadband measurable spectral
range, the tiny volume of the analyte required, and the deep
subwavelength dimensions of the elements.

■ RESULTS AND DISCUSSION
Plasmonic waves in graphene have attracted numerous
investigations because of their extreme field confinement.
However, the efficient excitation of such plasmonic waves is
still very challenging because there is a large momentum
mismatch between the incident light and GPs. In this work, the
GPs are excited efficiently and the extremely high field
enhancement and extraordinary compression of GPs occur
simultaneously, thanks to the combination of a shallow cavity
and a deep cavity in the same configuration: the shallow one is
above the ridge with length L2 and height h2, and the deep one
is in the trench with length L1 and height h1 (Figure 2d). In
each cavity, the scattering by sharp edges is used to generate a
broad spectrum of wavevectors to compensate for the
momentum mismatch. The forward and backward launched
plasmonic waves constructively interfere in the cavities to form
standing waves (Figure 2g,h). Thus, when the cavity length Lj
satisfies the Fabry−Pe�rot equation (where j = 1, 2 represents
the cavities in the trench and above the ridge, respectively), the
GPs may be excited. A Fabry−Pe�rot equation reads

�9� � � �+ { } = = =k L m m j( ) , 0, 1, 2, 3 ..., 1 and 2j
h

jGP 0
j

(1)

where δϕj is the phase shift, kGP
hj denotes the wavenumber of

the GPs, and the integer m denotes the resonance mode order.
The cavity height-dependent dispersion relation of GPs
derived in ref 36 is used in this work. The real part of the
wavenumber of GPs determines the effective plasmon
wavelength, �9� �= { }k2 /h h

GP GP , where h denotes the cavity
height and could be h1 or h2 in this work. To study the
properties of GPs, the effective refractive index (ERI) of the
GP, Neff

h = kGP
h /k0 (where k0 is the wavenumber in free space),

is introduced. Taking a phase shift of 0, we get Lj = mλGP
h

j/2,
which we find to be a good approximation for our results.
Figure 2g,h shows the sketches of the standing waves of GP
resonances supported in this system. While those waves
propagate in the graphene layer, the optical energy is dissipated
through Ohmic losses.

Based on the Fabry−Pe�rot equation and the dispersion
relation of GPs, we can establish a theory for the fundamental
building block of our sensor, as shown in Figure 2c,d. The
system is composed of a graphene monolayer deposited on a
gold grating. We assume that there is a small gap (with a
thickness of h2) between the two. The gap and the trench are
filled with the analyte and dielectric materials, respectively.
Without loss of generality, we shall take the dielectric in the
trench to be air. More realistic configurations will be discussed
later. To investigate our system, we begin by numerically
calculating the absorption of the system as a function of trench
length (L1) and ridge length (L2) for a fixed gap thickness h2 =
5 nm and a fixed incident wavelength λ0 = 12 μm. The trench
high (H) is 2 μm, unless otherwise specified. The Fermi energy
of the graphene layer (EF) is 0.64 eV. According to the cavity
height-dependent dispersion of GPs,36 the corresponding ERIs
(Neff

h ) are 49.3015 + 0.3239i and 11.2314 + 0.1315i with h = 5
nm and h > 1 μm, respectively. The absorption of the system

versus the trench length and the ridge length is shown in
Figure 3a. The strong absorption peaks are because of the
excitation of the GPs, which can be confirmed by near-field
plots in Figure 3c.

In earlier works,36,37 the graphene monolayer and the grating
were in physical contact with one another. However, because
of the existence of the small gap in this study, there exists a
very strong field in the parts of the graphene which are located
above the ridge of the gold grating. Consequently, there is very
strong absorption in these locations. In Figure 3a, the local
maximum values of the graphene absorption correspond to the
excitation of standing waves in both cavities. The predictions
of those local peak positions are also given using the proposed
theory, as the crossing points of the black dashed lines (for the
cavity in the trench) and the blue dashed lines (for the cavity
above the ridge) are shown in Figure 3a. Although the
reasonable agreement between the predictions and the
numerical results confirms the validity of the proposed
model, there is an apparent shift between the predictions
and the real local peak positions. This discrepancy is because of
the coupling between the graphene plasmonic modes and the
dipole mode of the metallic structure, which can be observed
clearly in the near-field plots, as shown in Figure 3c. Therefore,
we need to modify the Fabry−Pe�rot model by optimizing the
phase shift δϕj to a value different from 0 to compensate for
the phase difference, as the figure caption shows. It should be
noted that the phase shifts δϕj strongly depend on the
frequency of interest, the gap thickness, the permittivities of
the materials in the system, and the properties of the graphene
layer. Using the modified phase shifts, we demonstrate
excellent predictions as shown by the crossing points between
the black solid lines and the blue solid lines in Figure 3a.

Another interesting feature is that strong absorption persists
when the conditions for establishing standing waves in those
two cavities are not fully satisfied individually, as confirmed by
the near-field plot in Figure 3c for the point marked as point E
in Figure 3a. The absorption is the strongest when the Fabry−
Pe�rot resonance is fully satisfied in each cavity. It is worth
noting that, if we choose several trench lengths, as shown in
Figure 3b, the difference in the position of the adjacent peaks
equals the effective wavelength of GPs in the shallow cavities
(λGP

h2 ), which can be used to retrieve the refractive index of the
material in the gap.

An appealing characteristic of suspended graphene nano-
cavity systems is that the electric field with extreme high
intensity can be strongly compressed inside the gap above the
ridge. Previous work36 has shown that the electromagnetic field
can be trapped in cavities with compression factor around 400
or intensity enhancement around 4000. However, these two
phenomena did not appear in the same system. In this work,
we achieve both the extremely high enhancement and the
extraordinary compression in the same system, as shown in
Figure 3d. This is because (i) the tiny gap above the ridge
makes the extraordinary compression possible, and (ii) the
optimized trench height could significantly enhance the
conversion efficiency using a horizontal Fabry−Pe�rot cavity.
Higher enhancement and even more compression could be
achieved by further optimizing the parameters of the system.

So far, we have confirmed that the resonance of the
fundamental building block of the proposed sensor can be
precisely predicted by the established theory based on the
Fabry−Pe�rot cavities and the height-dependent dispersion
relation of GPs. It was verified that the established theory
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remained valid when we changed the incident wavelength and
the parameters of this configuration, such as the gap thickness,
the cavity height, the Fermi energy of the graphene layer, and
the materials filled in the gap and the trench.36,38 In the
following, we will use the deep subwavelength Fabry−Pe�rot
cavities formed in the system for molecular refractive index
measurement.

To illustrate the working principle of the refractive index
measurement using our tiny Fabry−Pe�rot cavity, we first
consider an ideal Fabry−Pe�rot cavity. Depending on the length
of the cavity, a greater or smaller number of interference
fringes inside the cavity are observed. According to the
conventional Fabry−Pe�rot equation, the real part of the
refractive index of the cavity core can be expressed as nc = λ0/
(2� l), where � l is the difference of the cavity lengths for the
adjacent modes. In the system studied here, the GPs form deep
subwavelength Fabry−Pe�rot cavities. Consequently, nc in the
above equation should be �9{ }Nh

eff .

To observe the resonances, we propose measuring the
reflection (or absorption) pattern of a two-dimensional array
of suspended graphene plasmon nanocavities, with two
variables of the configuration in the horizontal and vertical
directions (Figure 2). Although there are several choices for
these two variables, we choose L1 and L2 here (Figure 2e,f),
respectively, due to the convenience of the fabrication. The key
points of the proposed technique are to extract the effective
wavelength of GPs from the measured absorption pattern
based on the Fabry−Pe�rot equation and then calculate the
refractive index of the analyte using the dispersion relation.
Although there are several different approaches to realize this
technique, in this demonstration (Figure 3b), the value of λGP

h2

is extracted by calculating the separation of adjacent resonance
peak positions via

�9� �= � Š = { }L m m N2 /( ) /h h h h
GP 2 b a 0 eff

2 2 2 2

where mb
h2 and ma

h2 are the orders of the modes excited,
respectively, and � L2 is the difference of the ridge lengths for

Figure 4. Molecular refractive index retrieval and spatial absorption mapping for chemical identification and concentration analysis. (a) Two-
dimensional array of suspended graphene plasmon nanocavities with varying trench length and ridge length. The trench length in the unit cell varies
linearly between 0.850 and 1.450 μm in four steps in the vertical direction. The ridge length varies linearly between 0.600 and 1.040 μm in 45 steps
in the horizontal direction. (b) Nominal and retrieved refractive index of three different molecules. Absorption barcodes of the pixelated sensor at
λ0 = 10.4 μm (c) and λ0 = 12 μm (d) for three molecules. (e) Nominal and retrieved refractive index of three different concentrations. (f)
Absorption bar-codes of the pixelated sensor at λ0 = 11.2 μm for three concentrations of DMMP.
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those two modes. Although the absolute values of ma
h2 and mb

h2

are usually difficult to be measured in experiments, their
difference would be easily obtained by counting the number of
resonance peaks. This makes the proposed method a
calibration-free method. It is also worth noting that the
“Sigmoid function” shape of the strong absorption pattern
makes the resonances straightforward to find in the absorption
pattern because even when the Fabry−Pe�rot resonance is not
fully satisfied in each cavity, the modes can still be excited and
thus be observable. The separation of the adjacent resonance
peaks observed for different trench lengths is the same (Figure
3b), indicating that the nonzero phase shift do not affect the
proposed technique for the refractive index determination.
Such a phenomenon is particularly attractive in the design of
the sensor because it allows robust observation of the
resonance modes and the adjacent resonance peaks in the
captured image. Then, the real part of the refractive index of
the analyte could be numerically calculated based on the
dispersion relation of GPs. Consequently, the type, even the
concentration, of the molecule to be analyzed can be
differentiated based on the retrieved refractive index.

We demonstrate the performance of the proposed sensor by
showing its capability of measuring the real part of the
refractive index for three different molecules. Without any loss
of generality, we select the incident wavelength ranging from
10 to 13 μm. As shown in Figure 4, a two-dimensional array of
suspended graphene plasmon nanocavities with varying trench
lengths and ridge lengths is used. It should be further noted
that a flow cell is placed in the gap over the ridge and on top of
the trench to circulate liquid samples and to be reusable
(Figure 2c). The flow cell may also serve to support the
graphene layer. The thickness of the flow cell is only 5 nm,
which means the volume of the analyte required in the
measurement is very small. The sensor is used to detect three
different molecules, including phenol,39 diisopropyl methyl-
phosphonate40 (DIMP) and dimethyl methylphosphonate40

(DMMP). It should be noted that, in the simulation, only the
real part of the reflective index of the analyte is used as a proof
of concept. The refractive index here is used to trigger the
resonance of the system, and the energy is mainly absorbed by
the graphene layer, rather than the analyte itself. This is
particularly suitable for the measurement of the refractive index
with a negligible imaginary part, in which case the approaches
based on characteristic molecular absorption fingerprints
would fail. As shown in Figure 4b, the retrieved refractive
indices of different molecules are in good agreement with the

nominal ones, which confirms the validation of the proposed
techniques.

Here, we also assess the capability of our sensor for
concentration measurement (Figure 4e). For techniques based
on the SEIRA concept, when the detected absorption
fingerprints of different molecules overlap, it is difficult to
differentiate the types of analytes. In addition, for traditional
nanophotonic sensors, the signal-to-noise ratio is relatively low.
For these reasons, it is very challenging to determine the
concentration of molecules using current nanophotonic
systems. However, our approach is based on sensing the real
part of the refractive index of the analyte. Therefore, this
technique would be more suitable for the determination of
both the types and concentrations of various molecules. Figure
4b, e demonstrates that the proposed technique is suitable for
refractive index measurement, chemical identification, and
concentration analysis. Moreover, the refractive index retrieval
at a particular wavelength in this technique relies only on a
single measurement, which is an advantage in sensing. Such
single measurement detection is beneficial to high-throughput
measurement.

Until now, the method for the molecule detection is based
on the retrieved refractive indices calculated from the spatial
absorption maps. In fact, the barcode-like spatial absorption
maps of the two-dimensional array can be used directly for a
molecule or concentration sensing, when a database is
prepared based on the proposed theory. As shown in Figure
4, different barcode-like spatial absorption maps for different
wavelengths, molecules (Figure 4c,d), or concentrations
(Figure 4f) are easily observed. Thus, this direct digital
imaging technique offers the potential for chemical identi-
fication and concentration analysis through a pattern
recognition based on a library of multiple molecular barcode
signatures.

Additionally, our scheme could provide an ultra-broad
spectral measurement band, thanks to the broad band of GPs.
When using resonance elements in traditional nanophotonic
sensors, the resonance spectrum must be tuned to overlap with
the molecular fingerprints. However, the tunability is very
limited because it is achieved by varying the geometry or the
optical properties (such as the permittivity) of the resonator.
Hence, the spectral range measured by the traditional
nanophotonic sensors is usually narrow. In contrast, our
technique is valid when the plasmons in the graphene layer can
be excited efficiently, and thus, its measurable spectral range
could cover the mid- and far-IR and terahertz bands by

Figure 5. Schematic of a realistic configuration of a tunable digital sensor with suspended graphene plasmon nanocavities. The graphene is
transferred on a substrate which is transparent at the interested frequencies. The cavity in the metallic grating is filled with a dielectric medium. The
liquid analyte covers the substrate. The grating is transferred on the substrate. The gap with a desired thickness is achieved by varying a spacer
between the substrate and the grating. The light is coming from the bottom substrate side.
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carefully designing the two horizontal Fabry−Pe�rot cavities
and the vertical Fabry−Pe�rot cavities. Finally, a realistic
configuration of the sensor is suggested in Figure 5 to produce
a flat graphene layer and to precisely control the gap thickness
(also see Supporting Information).

■ CONCLUSIONS
In summary, we have designed a digital sensor using suspended
graphene plasmon nanocavities, which could provide extremely
high field enhancement and extraordinary field compression.
To do this, we have established the theory of the suspended
graphene plasmon nanocavities. In the proposed theory, the
Fabry−Pe�rot equation is used to predict the conditions for the
GP resonance in two types of cavities (in the trench and above
the ridge), and the dispersion relation of GPs in a general
multilayer system is used to calculate the GP wavelength at
different values of the cavity height. The excellent agreement
between the predictions from this proposed theory and the
numerical results confirms the validity of the proposed model.
We also have achieved the extremely high field enhancement
and extraordinary compression of GPs simultaneously, thanks
to the combination of the shallow cavity and the deep cavity in
the same configuration. Based on the optical properties of
suspended graphene plasmon nanocavities, we have proposed
the working principle of a digital sensor that allows the
complex refractive index of an analyte to be retrieved. To
demonstrate the performance of such a sensor, different
molecules and different concentrations of DMMP have been
detected. Given the capabilities of the refractive index
measurement, the ultra-broadband measurable spectral range,
the high sensitivity, and the small volume of the analyte
required, the proposed sensor could serve as an ideal platform
for applications such as chemical sensing, thermal imaging,
heat scavenging, security and materials inspection, and
molecule sensing.41−43 Furthermore, the tunability of the
Fermi energy and geometric parameters of the cavities makes
the design of this system extremely versatile. We also expect
the investigated system using the combination of the shallow
and deep cavities to open up numerous potential applications
in photodetection, nonlinear optics, and integrated optics.
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