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Nanomaterial-Based Plasmon-Enhanced Infrared Spectroscopy

Xiaoxia Yang, Zhipei Sun, Tony Low, Hai Hu, Xiangdong Guo, F. Javier Garcia de Abajo,

Phaedon Avouris, and Qing Dai*

Surface-enhanced infrared absorption (SEIRA) has attracted increasing attention
due to the potential of infrared spectroscopy in applications such as molecular
trace sensing of solids, polymers, and proteins, specifically fueled by recent
substantial developments in infrared plasmonic materials and engineered
nanostructures. Here, the significant progress achieved in the past decades

is reviewed, along with the current state of the art of SEIRA. In particular, the
plasmonic properties of a variety of nanomaterials are discussed (e.g., metals,
semiconductors, and graphene) along with their use in the design of efficient
SEIRA configurations. To conclude, perspectives on potential applications,
including single-molecule detection and in vivo bioassays, are presented.

1. Introduction

Infrared (IR) spectroscopy has played an increasingly important
role for material identification through probing the atomic vibra-
tions of a broad range of molecular species and compounds.!!
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Specifically, Fourier transform infrared
(FTIR) spectroscopy has been widely used
for the identification of chemical and
biological materials, as it allows rapid,
noninvasive, and highly sensitive charac-
terization of molecular fingerprints.?3!
However, because the wavelength of mid-
infrared (mid-IR) light (from 4 to 25 um)
is about three orders of magnitude larger
than the typical molecule size (=10 nm),
the cross section of light-molecule inter-
actions becomes remarkably small.! This
leads to an extremely low sensitivity of IR
light for the detection of molecules, which
severely limits the range of applications based on trace chem-
ical detection, such as food safety and biosensing.

Surface-enhanced infrared absorption (SEIRA) has been
shown to significantly increase the detection sensitivity in the
IR up to several orders of magnitude via enhanced light-matter
interactions assisted by surface-plasmon polaritons (SPPs).>-1%
SEIRA was first demonstrated with Au and Ag films in 1980.111
During subsequent decades, most studies remained focused
on such a thin-film approach, and in particular, on roughened
metal surfaces and films decorated with nanoparticles.'>15 An
advantage of this approach was that it did not require advanced
nanofabrication, which was still in its infancy at the time. As
a result, there was no significant progress in the engineering
of materials with IR plasmonic enhancement.'>"5] However,
recent advances in nanofabrication technologies have ena-
bled the preparation of well-defined metallic nanostructures
exhibiting IR plasmonic enhancement much larger than the
previously observed in thin-film structures.”!% Subsequently,
numerous SEIRA nanoscale morphologiesl®!®'8l have been
proposed and experimentally demonstrated to significantly
enhance the resonance signals for an expanding range of
applications.[7:8:19.20]

Most recently, renewed interest in new IR plasmonic mate-
rials (e.g., graphene,?'=20 Sil?7l Ge 2531 InAs 13233 InSb,134
InAsSb,1%] oxides,**3”] and carbon nanotubes (CNTs)83%) has
arisen within the community, extensively pushing the devel-
opment of SEIRA.041l Among these materials, graphene has
been a central focus of attention because of its unique plas-
monic properties. Specifically, it features mid-IR plasmons,
supported by two-dimensional (2D) Dirac fermion electronic
states,[*?l which can produce extremely high field confinement
with low damping (up to =1 ps lifetime[*), reaching plasmon
wavelengths two orders of magnitude smaller than the free-
space light wavelength for attainable doping densities22242644
(i-e., =20-fold improvement over plasmons in typical Au
antennas®!). Additionally, graphene plasmons can be tuned in
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frequency by varying the doping level, for example using elec-
trical gates.[?>?% Active tunability is a long-awaited property in
plasmonics, which positively impacts SEIRA by enabling highly
selective detection of multiband molecular vibrational modes
over a wide IR range. Because of all of these unique properties,
graphene plasmons have emerged as an outstanding SEIRA
platform over the past two years.[*#6-50

Here, we discuss recent progress in the development of
SEIRA, its applications, and some future perspectives. We first
present in Section 2 a tutorial overview of the physical princi-
ples of IR plasmonic enhancement, followed in Section 3 by
a survey of SEIRA phenomena in various material platforms,
including traditional metals, semiconducting nanomaterials,
and graphene. We devote Section 4 to discussing future trends
and potential applications of SEIRA. Finally, we conclude with a
brief outlook in Section 5.

2. Fundamentals of SEIRA

2.1. IR Plasmonics

SEIRA relies on high-quality, high-wave-vector, and tunable
plasmon excitations—collective oscillations of free charge car-
riers in conducting materials—in the IR range. The former
two properties are responsible for a strong field enhancement
that ultimately increases the level of optical absorption by mole-
cules placed inside the plasmonic hotspots. Remarkably, plas-
mons can be predictively described through a classical level of
theory relying on the solution of Maxwell's equations for the
morphologies under consideration, using the bulk, frequency-
dependent permittivities of the materials involved to capture
their optical response. In particular, the free-carrier-driven
response of metals,*>°! semiconductors,?¥! and graphenel??!
in the IR frequency range can be accurately described by the
Drude model, which predicts a complex permittivity>

] ! wly
e(w)=¢+ie"=¢.. - P =g - P +i 2 1
(@) ' 0’ +iyw (0 +7%) 1(a)2+}/2)co @)
1 (4n*ne? )"
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Here, o is the optical frequency, € and €” are the real and imag-
inary parts of g(w), .. is the high-frequency dielectric constant,
o, is the classical plasma frequency, y is the Drude relaxation
rate, ¢ is the speed of light in vacuum, n is the volume density
of free carriers, e is the electron charge, m* is the effective mass
of those carriers, and u is the carrier mobility. The relaxation
time can be conveniently expressed in terms of the carrier life-

. _ 1 . 1 .
time 7T as Y (cm 1) =——. Note that we introduce a factor — in
2ret 2rc

Equations (2) and (3), so that all frequencies are expressed in
units of cm™!, which are customary in IR spectroscopic nota-
tion. Equations (1) and (2) describe three-dimensional (3D)
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materials with parabolic electron dispersion, leading to
12
a scaling @, | —| , while a different relationship is
m¥*

obtained for materials with a nonparabolic dispersion or
when they are 2D or one-dimensional (1D).’3 In particular,
for massless Dirac fermion plasma, in which the electronic
dispersion is conical, one has @, o w2l n*pi? and nvy?
in 3D, 2D, and 1D, respectively, where vg is the Fermi velocity
(i.e., the slope of the conical electronic band).l>!

As a general rule, the existence of plasmons requires that
the permittivity € has a negative real part (¢ < 0). Plasmons
are then sustained at the interface with a medium of posi-
tive permittivity (e.g., a dielectric such as glass, air, or water).
According to Equation (1), the condition € < 0 is satisfied if the
plasma frequency of the material is higher than the targeted IR
frequency. Combined with Equation (2), we can estimate that
the required free-carrier concentration n should be roughly
>10' cm™3 for materials with parabolic electron dispersion and
m* = m,. For thin films, this translates into charge-carrier den-
sities >10'2 cm™2 per nm of thickness. Measured spectral curves
of ¢ and ¢” are plotted in Figure 1 for representative metals
(Au, Ag, Cu, and Al)P* semiconductors (silicide,*>*! doped
Si,1271 Ge,5% InSbP** and InAsi3Y), and graphene.** Note that
metals typically host about one or more free electrons per atom,
whereas the carrier concentrations of semiconductors and gra-
phene are two orders of magnitude smaller. This implies sig-
nificantly higher plasma frequency in metals, or equivalently,
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Figure 1. a) Permittivity of representative metals (Au, Ag, Cu, and Al), semiconductors (NiSi with @y, = 0.32 um, TiSi with @, = 0.39 um, p-doped Si
with @, = 5.75 um, n-doped Si with @, = 4.47 um, and InAs with @, = 5.5 um) and graphene in the Drude model within the relevant IR frequency range

of 350-4000 cm™'. b) Enlarged view of the curves in the red rectangle of (

a), showing the permittivity of doped Si, n-Ge, InAs, InSb, and graphene.

The real and imaginary parts are shown as solid and dashed curves, respectively. Drude model parameters of metals from ref. [54], NiSi and TiSi from

ref. [55], doped Si from ref. [27], doped Ge from ref. [56], InAs from ref. |
ref. [24] with a Fermi energy of 0.2 eV.

more dispersive SPPs. Hence, for a given frequency w, SPPs
in metals have an appreciably smaller wave vector, implying
poorer light confinement. Indeed, quantitative comparisons
between graphene and silver suggest that light confinement
in graphene is about two orders of magnitude stronger in the
IR regime.’>*”] Incidentally, we ignore interband processes
because they typically involve higher frequencies than those
considered within the IR spectral range (except for graphene,
in which the condition for the absence of interband transitions
is that the Fermi energy roughly exceeds the
plasmon energy®)). An apparently unintui-
tive result is that plasmon damping occurs

IR antenna size:

33], InSb from ref. [34]. The graphene permittivity is calculated following

technology. This is a result of the conical electronic dispersion,
which leads to the scaling @, o n'/*, in contrast to parabolic
materials, for which @, o< ni/2,

The carrier mobility y and the bulk plasma frequency ,
are important parameters because they determine the IR
absorption, as well a non-radiative (Equation (3)) and radia-
tive damping (see below).’” They are plotted in Figure 2 for
various representative materials, including metals,®*-%2 super-
conductors,>* graphene, >8] topological insulators,[®>7% and

~0.5-4um ~1-5um

~10-300 nm )
[—JsemiconductorC ") metal

®m graphene

Radiative damping

at a rate y independent of both the shape
of the structure and the carrier density

=

under the assumptions of the Drude model S conductor
(Equations (1)—(3)) and the neglect of retarda- \ Tl
tion. This is a direct consequence of the fact = 10 Doped graphene ,
that the frequency dependence in the Drude i’ : ;
model enters through @ + iy, then, a plasmon % 103 1 X
mode is signaled by a specific value of the % \ Dopey Semlconductorsi
permittivity €,, so that the condition g(w) = £ 1024 \ : T
€, leads to a complex eigenfrequency with an e II-\/s S
imaginary part ~y/2, therefore encompassing _‘n"‘ NS @) @n'el
a time dependence of the intensity given & 107 i Perovskites i Metals
by e”% © f |
All of the materials considered in Figure 1 1 : ‘ 1R Near-IR: Visible: UV
10° 102 103 104 108

possess a negative € (solid curves), and thus
can support plasmons in the IR. As expected,
large |€'| values are observed in materials with
high carrier density n (e.g., metals), and con-
sequently also large w,, while low |€/| values
are found in semiconductors (i.e., materials
with low carrier density and relatively low @,).
Interestingly, graphene features large values
of |¢/| despite the low doping density n that is
attainable through currently available gating

plasmon damping

upper part. Typical
are indicated.
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Figure 2. Typical plasmonic materials and their corresponding plasmonic responses. The

largely depends on the plasma frequency and carrier mobility. TI: topo-

logical insulator. We present parameters for metals (Au, Ag, Al, K, Na;!® Au, Ag, Cu, Na,
Al;81 Pt, Pb, Pd, and Til®Z), a superconductor (YBa,Cu;0;_g),l%*%4 graphene,[t>%6] two Tis
(HgTel® and Bi,Se;""), and various semiconductors (In,0;/SnO,’1 ZnO,l7"72 Ge,[28.73]
Si,2774 [11-v's, 75761 and SiCl’7)). The relationship between the size of a dipole plasmon
antenna made of these materials and radiative damping is schematically plotted in the

antenna sizes of graphene,**667.68 semiconductor,®7% and metals!'’]
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various semiconductors.”'78 In general, the existence of IR
plasmons requires that @, exceeds the optical frequency. How-
ever, if @, is too high (>>), the permittivity takes large values,
so that the plasmon wavelength 4, approaches the light wave-
length A, thus incrementing the coupling to propagating light
and the effect of radiative damping. This is clearly the case of
dipole antennas, which have a characteristic size =A,/2. Typical
sizes of dipolar antennas made of graphene, semiconductors,
and metals are also plotted in Figure 2. The radiative damping
of these antennas increases with their size.”” For instance, the
length of an IR dipolar gold antenna is a fraction of the free-
space wavelength[®! (the exact value depends on the geometrical
aspect ratiol®), and the plasmon width is typically dominated
by radiative losses.[*81 By virtue of reciprocity, the positive side
of this is that a strong coupling to far-field radiation implies a
more efficient excitation.

For semiconductor and graphene nanoantennas, the dimen-
sions are much smaller than their resonant free-space wave-
length, so their radiative losses are negligible. Nonetheless,
intrinsic Ohmic losses cannot be disregarded in semiconduc-
tors. A high carrier mobility typically translates into low Ohmic
losses. Hence, the ideal materials for SEIRA are those with
high mobility u and featuring an @, in the IR region. In sem-
iconductors, @, can be tuned to the IR range by doping, but
most of these materials have relatively low mobilities at high
dopant concentrations.”>#2 In graphene, Ohmic losses can also
be very low, particularly in exfoliated samples encapsulated in
hexagonal boron nitride (hBN), which have ultrahigh mobili-
ties.[l Additionally, the electrical tunability of the carrier den-
sity in graphene is useful to tune its plasmonic resonances—
a property that facilitates applications in selectivity sensing,*
although the fabrication of high-quality graphene samples still
relies on intensive, nonscalable processes.

(a) “plasmon"
K I
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2.2. Operation Principle of SEIRA: The Coupled Harmonic
Oscillator Model

SEIRA shares some similarities with surface-enhanced
Raman scattering (SERS). In SEIRA, photons are inelasti-
cally absorbed with a probability proportional to the incident
light intensity (i.e., the number of incident photons) times the
enhancement at the plasmonic hotspot in which the absorbing
molecule is placed; in a Stokes (anti-Stokes) SERS process,
we first have inelastic absorption like in SEIRA, followed
by inelastic reemission at a lower (larger) frequency with a
probability also proportional to the intensity enhancement.
Additionally, the so-called chemical enhancement can affect
the dipole strength of the analyte due to electronic hybridiza-
tion with (and charge transfer to) the substrate; because of the
doubly inelastic character of SERS, chemical enhancement
then plays a more important role than in the singly inelastic
SEIRA.BI We refer the reader to the excellent available reviews
on the theoretical description of electromagnetic enhance-
ment of SETRA,>17 and only briefly describe it in this section.

In a simplified picture, plasmon coupling to infrared-active
atomic vibrational modes in a molecule can be understood in
terms of classical coupled harmonic oscillators.!®3 We first con-
sider a driven damped harmonic oscillator in one dimension
to represent the plasmon, as illustrated in Figure 3a. The posi-
tion x; of the effective moving particle follows the equation of
motion

iy + mlle +k; %, = F cos(wt) (4)

T

where m, is the mass of the particle, 7, is the resonance lifetime,
k; is the spring constant, and F is the driving force. The latter

(d)

“plasmon” “phonon”
Imrrr@mrmmrl
m, 7 my, 7,
 —
F cos(ar) N>7
W =100 nm Chemical doping

154

Higher doping

0 1 1 1
1200 1500 1800 2100

Frequency (cm™)

Figure 3. Harmonic-oscillator model for SEIRA. lllustration of: a) a simple damped oscillator and b) two coupled oscillators. c) Extinction spectra
obtained from a bilayer graphene nanoribbon array (circles) and the fitting to a coupled oscillator model (curve, see the main text).> The ribbon
width is W =100 nm. d) Evolution of the extinction spectra with increasing doping.®l ¢,d) Reproduced with permission.®sl Copyright 2014, American

Chemical Society.
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is provided by the incident light of frequency w. Equation (4)
has the solution x;(t) = a4 cos (@t + ¢;), where

F 1
a=——

m (0 -01) +(0dw,)

()

is the oscillation amplitude

@:mﬁpgﬁﬁj (©
0" —w;

is the oscillation phase relative to the incident light,
@, =k, /m, is the resonance frequency and dw; = 2/7; is
the damping rate, which also gives the frequency full width
at half maximum of the amplitude spectrum. The pres-
ence of damping places the maximum of a; at a frequency

Oy = (07 — 807,) = @,, with the rightmost approximation
applicable in the @; > dw, limit.

Figure 3b illustrates the coupling between two harmonic
oscillators: the driven oscillator 1, representing the plasmon,
and oscillator 2, mimicking a molecular vibration. For a cou-
pling rate k between the two oscillators, the equations of motion
are as follows (848

i+ ko, — k= F cos(wt),

T

ma )
2 22 +kyx, —kx; =0

myx, +
T

Because we are interested in the average power absorbed by
oscillator 1, we seek a solution for a,

F(a3 +B7)
V(s - ovo — ez ) + (B, ~ B - B.BE)

0, =—

where o; =m; (0] - +k/m;) and B; = m; 5. A similar
expression for g, is also obtained. Finally, we find for the power
Ps(ws) absorbed during one period of oscillation of the probe
force the expression Pg (ws) = s a,F[1 — cos (47ws)]. As an
example of application of this simple formalism, we explore
next its ability to describe a real situation.

Figure 3c shows typical measured extinction spectra of an
AB-stacked bilayer graphene ribbon array for two incident light
polarizations, either parallel or perpendicular to the ribbons.!®’!
The optical response of bilayer graphene in the chosen example
has several interesting IR features, including mid-IR plasmons
(for perpendicular polarization), the C-C stretching optical
phonon at 0.2 eV (for parallel polarization), and the onset of
interband absorption at =0.4 V.l The plasmon resonance is
tuned to coincide with that of the optical phonon. When cou-
pled in the same system, the largely mismatched lifetimes
of the plasmon and the phonon results in the emergence of
induced transparency, which can be reproduced by the simple
coupled oscillator model outlined above. As the plasmon and
phonon detuning increases, the induced transparency evolves
into a Fano-like structure in the spectra as shown in Figure 3d.

This type of plasmon-phonon coupling can also be under-
stood as a Fano resonance phenomenon, thatis, as the coupling
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between a continuum of modes and a discrete excitation.[*%7]

In our case, the continuum is provided by the plasmon, which
undergoes strong coupling to light (i.e., it acts as a bright
mode) and exhibits a large width, therefore appearing as a
quasicontinuum from the point of view of the phonon. In
contrast, the phonon does not couple or only couples poorly
to light, its spectral width is small, and therefore behaves as
a dark discrete mode. This leads to well-known lineshapes as
predicted by Fano,®8! characterized by dips as those observed
in Figure 3d, essentially due to the destructive interference
between the bright and dark modes. The depth of the dip
decreases as the detuning increases, and for a completely
detuned configuration, the asymmetric vibrational contrast
almost disappears.’! Thus, a minimal detuning nearly in reso-
nance between the plasmon and the molecular vibrational
mode is important for obtaining significant enhancement
and maximum contrast of the molecular vibrational signal
in the absorption spectrum. Among other factors, the inter-
action strength also depends strongly on the volume density
of molecular dipoles, the molecular relaxation time, and the
molecular layer thickness.[®%

3. The Current State of the Art of SEIRA

Research on SEIRA has attracted strong interest, and this has
translated into enormous advances over the past few decades.
In this section, we present the state of the art of SEIRA based
on various materials, including metals, semiconductors, gra-
phene, and others.

3.1. Metal-Based SEIRA

The principles of SEIRA were first demonstrated using Au and
Ag thin films in the 1980s.l'Y1 Subsequently, SEIRA was widely
studied with various nanoisland films'?l and roughened metal
surfaces based on both noble metals and transition metals
such as Ag, Au, Cu, Pt, Pd, Rh, and Ru.[''13149091] Figure 4a
illustrates a typical atomic-force-microscopy (AFM) image of a
SEIRA-active Au film evaporated on an Si substrate, consisting
of nanoparticles with an average diameter of =70 nm.l'* The
plasmonic resonance frequencies of nanoscale metal particles
lie in the visible range, 111214909293 and their mechanism for
the SEIRA effect is briefly discussed as follows. The nanoparti-
cles can be polarized by the incident IR light and the induced
dipole p generates an enhanced local electric field around the
particles (estimated to be about 10 times larger than the inci-
dent field), which excites adsorbed molecules (the analytes), as
shown in Figure 4b.3¥ The molecular vibration induces an
additional dipole dp in the metal particles and perturbs the
effective optical properties of the rough metal film. As a result
of this, the molecular vibrations can be observed through the
change in absorption or reflectance of the metal film, which
further improves the molecules’ vibrational signals. Typical
IR signal enhancement factors are within a range of 10-100
when based on rough metal films.111214909] Taking advan-
tage of both the chemical reaction and the field enhancement
at the surface of metal electrodes, metal-film-based SEIRA
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Figure 4. SEIRA based on metal plasmons. a) Roughen metal films.'l b) Electromagnetic mechanism of metal nanoparticles.’l A dipole p in each
metal nanoparticle driven by incident light excites molecular vibrations, resulting in a dipole change 8p. c) IR optical antenna.ll We show the calculated
near-field intensity 1 nm above the surface of a gold nanowire (in vacuum, length L =1.31 um, diameter 100 nm) at a resonance wavelength 3.41 um.
d) Transmittance spectra of molecules with (black curve) and without (red curve) an Au-antenna-based plasmon resonance.l e) Sealed Au antennas for
in vivo applications of SEIRA in aqueous solution.' f) Real-time SEIRA signal of lipid bilayers formed on Au antennas.l'®l a) Reproduced with permis-
sion." Copyright 2002, Elsevier. c,d) Reproduced with permission.’l Copyright 2008, American Physical Society. e,f) Reproduced with permission.l'”!

Copyright 2016, American Chemical Society.

has been widely used to monitor electrochemical reactions
at the electrode/solution interface.’l In combination with
the attenuated total reflection (ATR) configuration, one can
further improve the enhancement and largely suppress noisy
signals from the sampled solution at the same time.[3°)
Along with the progress in nanofabrication technolo-
gies, highly reproducible structures have been developed. For
example, Wang and co-workers®”®! report the design of pat-
terned arrays of near-infrared (near-IR) resonant gold nanoshells
with interparticle gaps of less than 10 nm. In these closely
packed arrays, the dipolar plasmons of the individual nanoshells,
appearing as narrow visible or near-IR bands, strongly intermix to
form hybridized broadband IR (=2-8 um) plasmons. The localized

Adv. Mater. 2018, 30, 1704896

1704896 (6 of 23)

field enhancement, which is typically defined by the ratio of the
amplitudes associated with the local electric field and the input
light electric field (i.e., |E/Ej)), is calculated to be =30 over a broad
mid-IR range at the particle gaps.””%! This corresponds to a factor
=900 in intensity « F2, which directly translates into the enhance-
ment factor of the molecular IR signal. Metal films with micro-
arrays of subwavelength holes have also been demonstrated to
excite propagating SPPs for SEIRA spectroscopy applications.*’)
Suitably designed IR dipole-antenna structures with prominent
resonance peaks at target molecular vibrational frequencies have
been fabricated and then widely explored for SEIRA applications
since 2008.0#>19-102] For example, Neubrech et al.”) report the
fabrication of IR plasmonic antennas based on micrometer-long
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gold nanowires via electrochemical deposition in etched ion-
track membranes, which produced largely enhanced near fields
(|E/Eo| = 2000 in Figure 4c) and a prominent plasmonic reso-
nance absorption peak (Figure 4d). The nearfield distribution
around gold nanowires has been experimentally measured in
detail and is consistent with finite-element simulations.”1%3 The
antenna concept was extended into the optical and IR wavelength
ranges by adapting concepts borrowed from traditional radio-
frequency antenna designs, with slight modifications needed
to depart from the perfect-conductor approximation.*>1% For
a half-wave dipole antenna, the resonance wavelength 4 is typi-

2L
cally given by lz;nal +a,, where L is the antenna length,

m is the mode number, and n is the refractive index of the
surrounding medium."7#>1%4 The constant a, accounts for the
phase associated with plasmon reflection at the antenna end,
while the parameter a; depends on the antenna geometry and
composition."”#>1% According to this simple law, the resonant
frequencies can easily be engineered by choosing suitable antenna
lengths. For example, when a proper antenna length (L = 1.5 um)
is selected, the antenna frequency can be tuned to match well with
the molecular vibrational modes.’! This leads to strong antireso-
nance features that appear exactly at the molecular vibrational fre-
quencies (2916-2936 and 2850-2863 cm™! of the octadecanthiol
molecules?) in the plasmonic extinction spectrum, as shown in
Figure 4d. This enables the development of resonant SEIRA with
unprecedented signal enhancement of up to five orders of mag-
nitude for high sensitivity detection down to the attomolar level.l!
When the length of the antennas is increased or decreased, the
plasmonic resonance frequency is respectively red- or blueshifted
with respect to the vibrational modes, changing the phase inter-
action (i.e., modifying the coupling strength in terms of the Fano
resonance model) and thus reducing the strength of the measured
vibrational signals with clearly asymmetric spectral profiles.”

The role of plasmonic absorption and scattering of the
hosting antennas has also been studied, while an optimal SEIRA
signal measured in transmittance was found to be achieved
when the spectral maxima of absorption and scattering of the
antennas are of similar magnitudel'® (the so-called critical-
coupling condition). The size of IR metal antennas is typically
large (>1 pum). Such large structures exhibit significant radia-
tive losses, as discussed in Section 2.2. In the IR regime, these
losses constitute the main source of plasmon damping and can
largely reduce the plasmon intensity, and subsequently, the
enhancement of SEIRA.B%10 Efforts have been made to miti-
gate these radiation losses by optimizing the antenna param-
eters, such as its geometry and dielectric environment.l>1%7]
Additionally, multiple antennas can be well arranged to achieve
destructive interference of radiative losses,!'%1%l while spectral
narrowing and strength enhancement of the far-field response
were demonstrated.'” More importantly, calculations indicate
that the near-field intensities of antenna arrays can be realisti-
cally enhanced by a factor of 10>~10% compared to those of indi-
vidual antennas,'% essentially relying on the well-known effect
of optical phase accumulation produced by periodic-lattice reso-
nances.'% In experiments, tenfold signal enhancement has
been demonstrated in detecting monolayer protein IR spectra
based on nanoantenna arrays (yielding an absolute molecular
absorption of =6.8%) compared with randomized antennas
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(=0.9% absorption).1% Other geometries have also been used
to increase the near-field intensity of plasmons,'% such as
antennas with nanometer-sized gaps and antennas supported
by metal films.'211-114] In Brown et al.'" a crossed-field
antenna structure was designed in order to form a small gap
at the center, resulting in an intensity absorption that increased
linearly with the number of antennas in the patterned array.
This led to a predicted SEIRA enhancement factor of up to four
orders of magnitude. Based on various metallic nanoantenna
structures, highly sensitive detection with SEIRA has been
demonstrated. For example, in Cubukcu et al.''! a surface-
enhanced molecular detection technique with zeptomole level
sensitivity (zepto = 1072!) was created by relying on the reso-
nant coupling of plasmonic modes of split-ring resonators, in
which large near-field enhancements were present at the gap.
A detailed review of various nanoantenna structures for SEIRA
can be found in Neubrech et al.'”l and Biagioni et al.l*®!

Besides the efforts aimed at achieving large signal enhance-
ment as mentioned above, research activities oriented toward
enriching functionalities of SEIRA have also been pur-
sued.B1214117.118] For example, simultaneously monitoring the
multiple spectral fingerprints of different moieties with SEIRA
is of great importance for various applications, as it allows accu-
rate identification of molecular species due to its capability of
detecting a large set of IR vibrational modes. In particular, in
Wu et al.,Bl an IR plasmonic surface with two resonant peaks
constructed from a Fano resonance in an asymmetric meta-
material was introduced, which results from the interference
between subradiant and superradiant modes. Such a multipeak
resonance can offer signal enhancement for fingerprinting
multiple vibrational modes. For instance, the frequency of the
subradiant resonance can be precisely adjusted to match the
molecule’s vibrational fingerprints (e.g., the amide I and II of
proteins) for high signal enhancement.® Also, Chen et al.l'!Z]
describes a dual-band perfect absorber based on an asymmetric
gold nanocross structure for the simultaneous detection of
two molecular vibrational modes of a 4 nm thick poly(methyl
methacrylate) (PMMA) layer. The ability to tune plasmonic
resonances via changing the structural geometry, and in par-
ticular the in situ dynamic strain, can provide SEIRA with a
wide operation bandwidth.''”l Additionally, multifunction of
both SEIRA and SERS can be realized based on well-designed
metallic nanostructures.®®1191201 For example, engineered vis-
ible and IR plasmons can be selectively excited by incident light
with polarization perpendicular and parallel to nanoantennas,
respectively.’®11]

There is great interest in achieving in vivo/in situ charac-
terization of biomolecules or chemical reactions in aqueous
solution. Various metallic structures have been demonstrated
to realize SEIRA of biomolecules in aqueous solution./:!
For example, in Limaj et al.,” an IR plasmonic biosensor is
described based on gold antennas fabricated on a CaF, substrate
and sealed in a poly(dimethylsiloxane) (PDMS) fluidic chamber,
as shown in Figure 4e. Lipid vesicles were injected in situ, and
subsequently ruptured to form lipid bilayers on the supporting
antennas for real-time monitoring. The enhanced IR signal of
molecules was recorded via reflectance spectra. By exploiting
the plasmonic field enhancement in the vicinity of engineered
surface-modified gold nanoantennas, a biosensor could detect
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the vibrational fingerprints of lipid molecules absorbed on the
gold nanoantenna surfaces (Figure 4f). The formation kinetics
of planar biomimetic membranes in aqueous environments can
be monitored in real time. For example, in Adato and Altug,”!
gold nanoantennas were assembled in a fluidic chamber. This
approach leveraged the plasmonic enhancement of absorp-
tion bands in conjunction with a nonclassical form of internal
reflection and enabled in situ monitoring of protein and nano-
particle interactions with high sensitivity in real time. Specifi-
cally, minute volumes of water displacement during binding
events can be observed by this approach.! Information on the
conformation of a protein is closely related to its physiological
function, and, in this respect, a recent study'?!l has demon-
strated the secondary structure identification of nanometer-thin
proteins in aqueous solution by resolving the content of plas-
monically enhanced amide-I signatures.

Among all the metallic materials, gold is the most widely
used to fabricate optical antennas because of its stability and
biocompatibility. Gold-antenna-based SEIRA structures are
compatible with both transmittance- and reflection-meas-
urement configurations, so they can be used for detection in
solids, gases, and liquids. Despite these advantages, metal plas-
mons still suffer from some shortcomings, such as the lack
of dynamical tunability, the fabrication cost, and the lack of
compatibility with complementary-metal-oxide-semiconductor
(CMOS) technology.

3.2. Semiconductor-Based SEIRA

From the perspective of device integration, we need to rely on
semiconductors (especially group-IV semiconductors), which
additionally can be used to dynamically adjust the resonance
frequency through chemical doping or electrical gating. Thus,
a wide range of doped semiconductors have been explored as
mid-IR plasmonic materials, such as group-IV semiconduc-
tors (e.g., Si,122123] Ge,?830 and SiCP”)), group 111-V semi-
conductors (e.g., GaAs,”>7% InAs,3233 InAsSb,?l GaN,[124
and GaPl'?)), and oxide semiconductors (e.g., indium tin oxide
(ITO),’Y aluminum-doped zinc oxide (AZ0O),'? and gallium-
doped zinc oxidel'?’)). For example, silicon, the most widely used
semiconductor, can be highly doped to achieve a free-carrier
concentration as high as 102 cm™ using various approaches
(e.g., ion implantation)?”122l that is promising for IR plas-
monics. The Drude model provides a good way of estimating
the IR plasmonic properties of the doped semiconductors,
using parameters extracted from the measured long-wavelength
IR optical constants,#”128 which, for Si with a 10?° cm™3 doping
density, predicts the existence of plasmons beyond 6 um. Addi-
tionally, the small carrier density compared with noble metals
leads to a plasmon confinement at the doped Si interface that is
10 times better than that of Au long-IR wavelengths.?’! Further-
more, the tunability of the carrier density in semiconductors
offers additional freedom for plasmon engineering, such as,
for example, lateral control of carrier concentration in doped Si,
which has been shown to enable confined mid-IR plasmons on
flat Si surface without requiring nanolithography to nanostruc-
ture.128] Biomedical and chemical sensors utilizing SPPs in the
mid-IR range have been developed based on highly doped Si.l'’]
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In contrast to Si, doped Ge has a smaller effective elec-
tron mass (cf. m* = 0.12 for Gel?) and m* =~ 0.26 for Sil**"),
leading to a higher plasma frequency for a given doping level,
according to Equation (1). Additionally, Ge can be grown epi-
taxially with great quality (thus contributing to displaying
improved plasmon performance), a method that is compatible
with Si-based CMOS technology, and therefore amenable to
integration in compact microchips.?$2%31131 Ag an example,
heavily doped (2.3 x 10! ¢cm™ carrier density) Ge antennas
(1 um thick, 800 nm width, and 300 nm gap) have been fab-
ricated on an Si substrate and demonstrated to sustain plas-
mons at 13 um optical wavelength.l?! Also, epitaxially grown
Ge SEIRA antennas have been demonstrated for sensing,
showing a signal enhancement of the order of two orders of
magnitude at hotspots (see Figure 5a).1>0l

Group III-V compound semiconductors have also been
studied for mid-IR plasmonic applications.'32133 In particular,
some of these materials have significantly smaller effective
masses than those of group-IV materials (e.g., Si and Ge),
such as GaAs (m* = 0.09)[34 and InAs (m* = 0.04),1'3] there-
fore reaching the plasmon frequencies of interest with smaller
doping densities. In this context, heavily doped InAs subwave-
length patterns have been shown to support broadband plas-
mons across a broad range of mid-IR frequencies (5.5-15 um)
by varying the doping density in the 2.7 x 10*® to 7.5 x 10'? cm
range.?? Additionally, epitaxially grown Si-doped InAs nano-
antennas with lengths smaller than 24(/20 have been demon-
strated to sense weak vibrational modes (e.g., 810 and 827 cm™
of a PMMA thin film, Figure 5b).3% In Barho et al.,1% highly
doped InAsSb gratings on a GaSb substrate were proposed to
realize highly sensitive SEIRA and sense a thin 200 nm PMMA
layer. Other II-V compound semiconductors, such as highly
doped  Ings3GagsrAs/Aly4sings,Asl’32l and  InAs/GaSbl!3
heterostructures, have also been used to demonstrate mid-IR
plasmons. It is worth noting that GaAs is not well suited for IR
plasmonics because the required high n-type doping (10* cm™3)
is hard to achieve in films of this material #1351 while holes
possess comparatively large effective mass and poor mobility.”?!

Transparent conducting oxides such as ITO can have high
electron densities exceeding”® 102! cm™3, which allows them
to sustain SPPs with resonance frequencies reaching the
near-IR spectral region.”12713¢ In this context, arrays of ITO
plasmonic nanoantennas have been demonstrated for SEIRA
(Figure 5c).”¥ Interestingly, although the plasmonic inten-
sity enhancement factor by an individual ITO antenna (=400)
is smaller than that of an equivalent Au antenna (=2000),°1%
ITO antennas present the advantage that they can be integrated
into ultracompact arrays. In ITO, this is made possible by the
3—4-fold increase in the surface-plasmon wavelength compared
to Au rods of the same length. This implies that ITO antennas
can be made more compact and arranged with a higher packing
density, which can be exploited to achieve a high integra-
tion density of plasmonic hotspots per unit area, so that ITO
antenna arrays can effectively deliver a similar performance
in SEIRA as their noble-metal counterparts (see enhanced
vibrational spectra in Figure 5c). By reducing the distance of
spaced antenna arrays, near-field plasmonic coupling between
the antennas can be activated, largely enhancing the achieved
enhancement, as previously demonstrated in metal-based IR
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Figure 5. SEIRA based on semiconductor plasmons. a) Ge antennas. Left: SEM image (top) and simulated plasmonic near-field intensity enhance-
ment (bottom) of Ge antennas on Si. Middle: Reflection spectra of three antenna samples before (dashed curves) and after (solid curves) PDMS film
coating. Right: The vibrational mode response extracted from reflection spectra in the middle panel.’® b) InAs antennas. Left: Schematic, SEM image
and calculated electric-field intensities of InAs nanoantennas.l*3] Right: Reflection spectra of the InAs antennas before and after coating with a 50 nm
thick PMMA layer. c) ITO antennas. Left: SEM images of ITO antennas with different lengths. Middle: Extracted vibrational mode response based on
ITO antennas. Right: Fingerprint contrast obtained by taking the peak-to-peak amplitude of the mode at a frequency of 1720 cm™ (red, left axis) and
calculated near-field intensity taken at the center of the antenna gap (blue, right axis). Inset: Electric-field-intensity map of an ITO dimer antenna.l”®l
d) In,O3 nanocrystal. Left and middle: A plasmon resonance mode mapped by EELS performed using a scanning transmission electron microscope on
a nanocrystal at 0.62 eV/5000 cm~". Right: Extracted vibrational mode response based on nanocrystals with varied doping concentration.l3”] a) Repro-
duced with permission.’®l Copyright 2015, American Chemical Society. b) Reproduced with permission.*l Copyright 2013, American Chemical Society.
c) Reproduced with permission./78l Copyright 2014, American Chemical Society. d) Reproduced with permission.[37l Copyright 2017, American Chemical
Society.
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plasmonics (Figure 5c).'%1%] Colloidal cubic nanocrystals of F

and Sn co-doped In,0; have also been exploited for SEIRA.[%7]
Actually, these structures display strong plasmon-driven near-
field enhancement that has been directly mapped through
electron energy-loss spectroscopy (EELS) (see Figure 5d) and
optically probed through FTIR measurements. Based on these
results, the vibrational features of monolayer oleate ligands
bounded to these nanocrystals were clearly detected on the
extinction spectra, as shown in Figure 5d (right plot).l'%”]
Other oxide semiconductors, such as heavily doped ZnO
(e.g., Ga:Zn0),”*® 2D VO, nanosquare arrays,’”! ITO single
nanocrystals and AZO single nanocrystals,['*¥] have also been
demonstrated to support plasmons in a broad mid-IR spectral
range.

The above examples show that the doping concentration of
semiconductors can be tuned by several orders of magnitude,
resulting in a significant tunability of their plasmonic prop-
erties. However, the key limitation of semiconductor-based
SEIRA is that the carrier mobility in conventional semiconduc-
tors is typically too low to support plasmons with low damping
at high carrier densityl”37+82140] (see Figure 2), thus limiting
their potential for SEIRA.

3.3. Graphene-Based SEIRA

Recently, graphene has emerged as a promising candidate for
mid-IR plasmonic applications.?2>#1] This monolayer of
carbon atoms arranged in a honeycomb lattice exhibits a unique
electronic structure characterized by two inequivalent Dirac
cones (linear electronic dispersion) at the K and K’ points of the
first Brillouin zone (see Figure 6a (left)). Electrons in graphene
behave as massless Dirac fermions with forbidden backscat-
tering, leading to the highest measured mobility at room tem-
perature (=200 000 cm? V! s7! in suspended samplesl®)). The
optical conductivity of pristine graphene, o = €?/4h, produces

2
(4
- =1
a spectrally flat absorbance 7o = 2.3%, where * ="~ e /137

is the fine-structure constant; this result has been experimen-
tally confirmed over the visible and near-IR domains.'*”! When
doping, the absorption spectra of graphene becomes more
interesting. As an example, Figure 6a (right) illustrates a char-
acteristic absorption spectrum of graphene at finite doping,['**!
revealing different optical transition processes: the spectral
weight described by the Drude response is due to intraband
free-carrier absorption; at near-IR and visible frequencies,
absorption is produced by direct interband transitions; in the
near-IR regime, Pauli blocking limits optical losses, with an
observed residual absorption dominated by disorder.'*4

Additionally, when it is highly doped, graphene can support
low-energy plasmons that exhibit a number of important fea-
tures:2#14314] they are electrical tunable and can be spectrally
modulated over wide frequency regions in the mid-IR; their
wavelength is several orders of magnitude smaller than the
light wavelength at the same frequency; and they are long lived.
Some of these properties are summarized by the relation

A 200 Ep 9)

A & +& ho
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between the plasmon and light wavelengths 4, and 4,, where
Ep is the Fermi energy relative to the neutrality point, h® is the
photon energy, and ¢; and ¢, are the permittivities of the media
on either side of the graphene layer. For typical Fermi energies,
about 0.1-1 eV, photon energies in the mid-IR, and dielectric
environment with moderate permittivities, the above equation
predicts that 4, is two orders of magnitude smaller than 4.
Such an extremely high optical confinement renders graphene
as an attractive platform for mid-IR plasmon-enhanced sensing.

A side effect of their extreme optical confinement is that
radiative damping can be neglected in graphene plasmons,
although unfortunately, this also means that light couples
rather inefficiently to these excitations. Nonetheless, the level
of near-field enhancement can reach unprecedentedly high
values.[140]

Figure 6b,c illustrates how the graphene plasmon resonance
frequency can be tuned electrically, as well as by structural
design. By exploiting this possibility, it has been shown that
graphene plasmons can potentially enable SEIRA to cover the
whole mid-IR spectral range, as well as the terahertz spectral
range Dy in situ tuning.[2367:143]

Different sources of plasmon damping have been extensively
explored in graphene.*37147] However, in large-scale chemical
vapor deposited graphene, impurity and defect scattering is the
dominant source of damping, limiting the plasmon lifetime to
~100 fs at most.

Importantly, although there is no fundamental reason pre-
venting the frequency of graphene plasmons to reach up to the vis-
ible, in practice the experimental results so far reported are limited
to the mid-IR range, with plasmons observed at light wavelengths
in the range from ~3 pm to several tens of micrometers.

The optical response associated with graphene plasmons is
highly sensitive to the nature of the supporting substrate. For
example, the carrier mobility drops significantly when graphene
is placed on an insulating dielectric (e.g., SiO,) due to efficient
carrier scattering by surface phonons and charged impurities.[1*8!
Therefore, the choice of substrate is of great importance for
low-loss graphene plasmonics, and in this respect, hBN has
been shown to provide an optimum choice for encapsulation.*3!
When the plasmon energy becomes comparable with that of
the substrate’s polar phonons, hybridization between plasmons
and phonons occurs.' This is neatly illustrated by the strong
plasmon—phonon coupling observed in graphene nanoribbons
supported on SiO, substrates.®”"1501511 The plasmonic reso-
nance peak then splits into multiple peaks. Additionally, when
two different dielectrics are involved, plasmon-phonon cou-
pling becomes more complex,["*1>2 ag shown for the hBN/gra-
phene/SiO, heterostructure, in which four resonant peaks are
observed in the extinction spectra (Figure 6d,e), resulting from
the strong coupling of graphene plasmons, a surface optical
phonon in SiO, (1168 cm™) and two optical phonons in hBN
(820 and 1370 cm™!). We understand that the strong coupling
between graphene plasmons and substrate phonons indicates
that this material can be very sensitive to the molecular vibra-
tional signals that one targets in SEIRA (see Section 2.2).

The unique properties of graphene plasmons that we have
briefly reviewed above are excellent attributes for SEIRA appli-
cations (see also Section 2). Next, we summarize some notable
aspects of graphene-based SEIRA.
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Figure 6. Graphene plasmons. a) Illustration of a typical absorption spectrum of doped graphene and the corresponding optical transition pro-
cesses." E¢ is the Fermi level of graphene. Extinction spectra of graphene nanoribbons showing a plasmon resonance and its evolution with
b) ribbon width W and c) gate voltage. Acyp is the effective gate voltage. The spectra are obtained from graphene nanoribbon arrays on 300 nm CaF,/
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loss function is plotted as a pseudocolor background. The black curve represents the plasmon dispersion in pristine graphene. a) Reproduced with

permission.*3l Copyright 2014, American Chemical Society.
3.3.1. Ultrahigh Sensitivity

The extremely large electromagnetic-field confinement (down
to a volume =10° smaller than the diffraction limit??*) and long
carrier relaxation time of graphene plasmons enable ultrahigh
sensitivity detection. In Li et al.,*”) molecular signals emerging
as fine features in the graphene plasmon resonant peaks were
observed with a fivefold signal enhancement by detecting the
C=0 bonding of an 8 nm thick PMMA overlayer. Mid-IR plas-
monic biosensing with graphene was also demonstrated.l Spe-
cifically, the plasmon resonance of nanostructured graphene
on a Si/SiO, substrate was dynamically tuned via the gate
voltage to selectively probe the protein at different frequen-
cies (Figure 7a). Graphene plasmons demonstrated a superior
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sensitivity in the detection of both changes in the neighboring
refractive index and the molecular vibrational modes of nano-
meter-thin biomolecules, which introduced frequency shifts
exceeding 200 cm™!. Additionally, amide-I and II bands of the
sampled protein were revealed in the plasmonic spectra despite
the low amount of analyte present in the sample. In particular,
for the amide-I band, the graphene plasmonic sensor featured a
signal modulation of 27% (Figure 7b), which was almost three
times larger than that observed with a gold plasmonic sensor
(11%).1 Such high enhancement is due to the strong field con-
finement of graphene plasmons in the IR range. For example,
with graphene plasmons, over 90% of the mode energy is
confined within a 15 nm distance from the graphene surface,
whereas the same percentage spreads over a distance of 500 nm
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away from the gold surface when using gold plasmons.[*¥l The
highest sensitivity was typically obtained when the plasmon
frequency was electrically tuned to the molecular modes. ¢!
The discovery that m—n interaction between certain molecules
and graphene can further enhance the coupling between the
plasmons and related molecular vibrations (such as the C-C
breathing mode of perylene-3,4,9,10-tetracarboxylic dianhy-
dride), leading to higher sensitivity, was reported in Farmer
et al.13]

Metal ions and gas molecules have also been detected by gra-
phene plasmon sensors.["*3 The detection of metal ions (such
as Cd?*, Cu?', Ca?!, and Zn?') with graphene plasmons was
performed based on nanorods fabricated via a block copolymer
self-assembly method.'> In that study, molecular cages that
can bind with ions (e.g., meta-5,10,15,20-tetrakis(1-methyl-4-
pyridinio)porphyrin tetra(p-toluenesulfonate), TMPyP) were
absorbed on the graphene surface via electrostatic and 7
stacking interactions (Figure 7c). This led to the significantly
sensitive detection of the vibrational modes of TMPyP, which
varied with a different combination of ions. The self-assembly
method!™* used in that work and other similar methods for
device fabrication (such as nanosphere lithography!!>®) are cost-
effective and readily scalable to fabricate large-area graphene
nanostructures for SEIRA applications. Using graphene as a
plasmonic sensing platform, acetone and hexane vapor down
to 50 zeptomol um~2 have been detected as well (Figure 7d).1*>3]

Theoretical studies further indicate the great potential of
graphene plasmons to detect trace molecules with ultrahigh
sensitivity.*>8%156157] For example, a recent study reveals that
individual elementary charges or a weak dipole can be suffi-
cient to trigger observable modifications in the linear absorp-
tion spectra and the nonlinear response of single graphene
nanoislands. These results predict ultrasensitive detection of
dipolar molecules and molecular radicals, made possible by the
extraordinary optoelectronic properties of graphene.!’>®!

3.3.2. Dynamic Tunability

In contrast to Raman spectroscopy, IR spectroscopy operates
over a wide spectral range (from 4 to 25 um). Dynamically tun-
able plasmons are highly desirable for SEIRA because the signal
enhancement generally decreases with the detuning between the
plasmons and the vibrational frequencies (see Section 2.2).47]
In this respect, it is difficult to tune metal plasmons once the
geometry is determined. Phase-change materials like VO, and
Ge;Sb,Teg (GST), which have dielectric functions within the
IR spectral range that vary by large amounts when changing
phase, have been used as tunable dielectric environments to
modulate the plasmon resonance frequency through thermal
annealing or by employing ultrafast laser pulses. For example,
the dielectric function of GST can be tuned from 12 to 36 when
the material transitions from its amorphous phase to the crys-
talline phase, which can shift the plasmon resonance frequency
over several hundred wavenumbers.*” In contrast, plasmon
modulation in graphene can be performed by electrically tuning
the carrier density, allowing dynamic control over the plasmon
frequency within a continuous range, so that it can be aimed
at the targeted molecular vibrational modes of the analytes.!*¢l
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This property enables selective sensing over a broad spectral
range with a single device.

3.3.3. Molecular Fingerprinting

The molecular-fingerprint spectral region (from 600 to
1500 cm™ or ~6-16 pum) includes complex vibrational charac-
teristics of molecules in bulk materials, which can be effectively
distinguished to enable unambiguous identification. However,
all the above-mentioned graphene sensorsi*##8153154] are lim-
ited to the spectral range larger than 1200 cm™! due, in part, to
the strong coupling between graphene plasmons and the sur-
face optical phonons when using SiO, substrates, which are the
most common dielectric substrate. Unfortunately, other typical
dielectric substrates, such as hBN and SiC, also have strong
optical phonons in the technologically important IR fingerprint
region. As a promising candidate, diamond-like carbon films
do not have phonon modes in this range and can be used as
substrates for molecular fingerprinting.l®”]

CaF, is also transparent in the molecular-fingerprint region.
Actually, in Hu et al.*®! graphene—plasmon sensors have been
demonstrated using a 300 nm thick CaF, nanofilm as a dielec-
tric substrate for molecular fingerprinting at the nanoscale
level (Figure 7e). This CaF, film is an excellent IR-window sub-
strate, which provides a constant low background in the range
of 600-6000 cm™', and can also be used as a dielectric mate-
rial for highly efficient electrical doping. For example, the gra-
phene carrier density can be tuned up to 2.6 x 10'2 cm™2 with
a relatively low gate voltage of =20 V for a film thickness of
300 nm, and the corresponding plasmon resonance peak can be
swapped across the 900-1400 cm™! region. Different graphene
structures (e.g., ribbons of varied widths) exhibit plasmons
that can cover the whole molecularfingerprinting region.!*¢!
Using this approach, it has been demonstrated that all 14 IR-
active vibrational modes of an 8 nm thick poly(ethylene oxide)
(PEO) film in the molecular fingerprinting wavelength region
can be effectively resolved with an enhancement factor up to
20 (Figure 7f). Note that the signal enhancement factor can be
tuned in situ with gating, which allows it to be adjusted from
2.5 to 23 when the gate voltage is tuned from —6 to —21 V for
selective sensing.

3.3.4. Omnidirectional Enhancement

Molecular vibrational modes are typically invisible when the
incident light is polarized perpendicular to the molecule vibra-
tional direction. An omnidirectional sensor could address this
challenge, which is of great interest for various applications,
such as sensing of well-aligned molecules. The omnidirectional
and ultrasensitive sensing capability with graphene plasmons
was theoretically proposed by utilizing hybridized modes, as
described in Liu and Cubukcu.®! Additionally, in Hu et al.,®l
the simultaneous detection of in-plane and out-of-plane vibra-
tional modes by graphene—plasmon sensors was experimentally
demonstrated. In particular, this study focused on out-of-plane
modes (also denoted as ZO modes), which are not typically vis-
ible in conventional IR microscopy; using monolayer hBN as an
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example, the plasmonic enhanced IR spectra show both in-plane
and out-of-plane vibrational modes at =1370 and 820 cm™,
respectively. Omnidirectional sensing with graphene plasmons
opens up new possibilities of detecting molecular vibrational
modes that cannot be detected with traditional IR spectroscopy.

3.3.5. Spectrometer-Free SEIRA

There is a one-to-one correspondence between the doping level
(i-e., the Fermi energy) and the plasmon frequency of well-char-
acterized graphene nanostructures. Therefore, the level of doping
can play a similar role for the selection of wavelength as a spec-
trometer in SEIRA. Using this principle, a theoretical study!'’!
has predicted the possibility of resolving the spectral features of
IR vibrational modes by using a stable broadband light source
and monitoring the changes in the overall absorption as a func-
tion of doping, varied through a gated device. Although still
unrealized in practice, this approach would provide a highly inte-
grated way of detecting and spectrally fingerprinting an analyte
without the involvement of a bulky IR spectrometer.

In general, graphene plasmons are highly confined and elec-
trically tunable, which means that they can be used for sensing
over a wide spectral range. At the same time, the limited resonant
strength (i.e., the weak light absorption inherited from a low car-
rier density) is a problem that hinders its applications in SEIRA.
For example, it is difficult to be combined with SEIRA measure-
ments under internal reflection, which averts the possibility of
in vivo measurement. Additionally, the ultrahigh confinement
implies that the detection is effective only when the analyte is
in close proximity to the sensors. On the positive side, this also
means that graphene can reach a higher level of sensitivity (i.e.,
similar SEIRA features with a smaller amount of analyte).

3.4. Carbon-Nanotube-Based SEIRA

Carbon nanotubes are 1D close relatives of graphenel!%%161 and
can be viewed as graphene ribbons rolled into seamless cylin-
ders. In addition to the intrinsic plasmons that appear at high
energies (>5 eV),[1%2 CNTs can support longitudinal plasmons
at IR frequencies due to the addition of extra charge carriers.[6%]
Similar to graphene, the carrier density can be tuned either
chemically or electrostatically.' The generally linear electron
dispersion in CNTs implies that their resonance is readily tun-
able by doping. In addition, the CNT plasmon frequency can be
tuned by simply changing the tube length.[%]

Because of their 1D character, CNTs have the ability to con-
fine light down to very small volumes, leading to large Purcell
factors.l'l The direct observation of plasmons in single-walled
CNTs (SWCNTs) has been reported in Shi et al.?? at IR wave-
lengths via scattering scanning near-field optical microscopy
(s-SNOM), as shown in Figure 8a,b, and further explained in
terms of Luthinger’s theory. The plasmons in metallic SWCNTs
exhibited a remarkable combination of strong spatial confine-
ment and high quality factor, two key figures of merit for plas-
monics.’% Therefore CNTs could be an excellent material for
SEIRA. An important issue that has limited progress in this
direction is the inhomogeneity (different chirality and lengths)

Adv. Mater. 2018, 30, 1704896

1704896 (14 of 23)

of available CNT samples. This leads to loss of coherence, broad
spectra, and low quality factor (Q << 1). However, this limita-
tion has been partially overcomel®®! using pure semiconducting
nanotubes, aligning them using the Langmuir-Schaeffer tech-
nique, transferring them onto SiO,, and cutting them litho-
graphically to desired lengths (Figure 8c). The resulting thin
films composed of CNTs were doped chemically and sam-
pled through FTIR, which yielded spectra revealing that the
plasmon frequency was tunable throughout the mid-IR range
(up to 3000 cm™). This approach led to plasmon Q-factors up
to 10 and Purcell factors of 10°. Resonant enhancements were
observed for both the 1590 cm™ C-C mode of the CNTs, which
is commonly IR-inactive, and the SiO, substrate mode at about
1000 cm~.38 Plasmon-phonon coupling was also revealed by
the observation of anticrossings and transparency dips in the
modes as a function of doping, as shown in Figure 8d. In a
more recent study involving films composed of aligned CNTs
of uniform length L (Figure 8e), it was shown that the plasmon
frequencies v, were a function of the film thickness ¢ and
showed the scaling v,?L e £.'7] This result allows the tuning
of CNT plasmons to be extended down to 1.4 um, as shown
in Figure 8f. Moreover, the CNTS' plasmon peak attenuation
largely increased for increased thickness, reaching a value of
70%, thus offering an exciting platform for SEIRA.['®”] Further
improvements in the quality of nanotube samples and tube
alignment may lead to new, powerful SEIRA sensors.

3.5. Other Potential SEIRA Materials

Topological insulators can support plasmons over a wide
spectral region, from the terahertz to the ultraviolet spectral
range.’®198] For example, micrometer-sized Bi,Se;-thin-film
gratings exhibit Dirac plasmons sustained by their 2D surface-
state electrons, as experimentally observed in the terahertz
region (Figure 9a).”% Tt has been reported that the plasmon
linewidth changes surprisingly little with temperatures in the
6-300 K range.’% Although plasmons in topological insulators
have not been directly observed in the IR range, they can be
expected because the plasmon frequency can be adjusted by
changing the width and period of the grating structurel!®” and
the chemical composition.' Tt was also theoretically predicted
that the interaction of topological insulators and dipole emitters
(i-e., molecular vibrations) can be very strong.}!l These results
suggest that topological insulators could possibly be used as
materials for SEIRA based on tunable IR plasmons.
Superconductors have negative permittivity at low frequen-
cies and can support low-loss plasmons due to their high con-
ductivity.[036493172] For example, a type-I niobium-sputtered
superconductor film has been successfully used to fabricate
microwave metamaterials operating at 5 GHz with significantly
low losses (1.6 x 107!3 Q m), roughly five orders of magnitude
smaller than those of silver.['”? Negative refraction in a multi-
layer stack of ferromagnetic and superconducting thin films
has also been reported (Figure 9¢).'’# Importantly, plasmons in
superconductors can be actively tuned through varying the tem-
perature, applying electrical and magnetic fields and via photo-
excitation. Figure 9d shows plasmonic-resonance switching
and frequency tuning of a high-temperature superconducting
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Figure 8. SEIRA based on CNT plasmons. a) lllustration of s-SNOM characterization of plasmons in CNTs.*l b) 3D plot of the near-field scattering
intensity of a plasmon in an SWCNT.% ¢) Aligned CNT segments with varied lengths.*® d) Spectra showing plasmons excited in CNTs (v;) and plas-
mons coupled to SiO,-substrate phonons (v, and v;) for segments cut perpendicular (parallel) to their alignment direction.*® e) Typical AFM image of
aligned CNT segments with thickness ranging from 25 to 250 nm. Inset: SEM image.l'®’ f) Plasmon resonance frequency v, plotted as a function of
CNT film thickness t for different segment lengths L. a,b) Reproduced with permission.3%l Copyright 2017, Springer Nature. c,d) Reproduced with
permission.?® Copyright 2017, American Physical Society. e,f) Reproduced with permission.'®”] Copyright 2017, American Chemical Society.

YBCO structure with varying temperature in the terahertz  limitations. These properties are summarized and contrasted in

range.[%3l However, plasmons supported by superconductors are  Table 1.

limited to the microwave domain for niobium-based materials.

Photons with higher frequency can break up the Cooper pairs

that are responsible for the superconduqing current transport. 4 Challenges and Opportunities

It has therefore been suggested that high-temperature super-

conductors with a much larger bandgap should be used to  SEIRA has experienced a rapid development in the past few

support low-loss mid-IR plasmons,['7’l an area that deserves fur-  decades, particularly with the advent of nanostructuring capa-

ther investigation and has potential for low-frequency SEIRA. bilities (e.g., gold nanoantennas) and new materials (e.g.,
graphene). As discussed in Section 3, SEIRA is finding new
applications, including ultrahigh, sensitive detection of trace

3.6. Comparison between Different SEIRA Materials amount of chemicals, biomolecules, ions, and gases. We antici-
pate that further developments of SEIRA will lead to new

Based on the properties discussed in detail above, it is clear  exciting opportunities in the short term, some of which are

that each different type of material has specific advantages and  discussed next.
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4.1. The Ultimate Detection Limit of SEIRA Spectroscopy:
A Case for Graphene Plasmonics

Further improvement in the signal enhancement of SEIRA can
have a dramatically positive effect on new and existing applica-
tions. For example, there is a great demand for the detection of
low contents of proteins in physiological samples (such as cer-
ebral or spinal fluids) with IR techniques. The ability of directly
assaying trace molecules and their behavior, such as protein
aggregation in real-world biofluids, would therefore entail sig-
nificant increase in the sensitivity of SEIRA.

The current ultimate limit of IR plasmonic enhancement
aims at the direct detection of single atoms and molecules,
similar to that which has been achieved in SERS.V In this
respect, graphene plasmons hold the record field confinement
for mid-IR light, combined with strong light-matter interaction,
as discussed in Section 3.3. This renders graphene as a promi-
sing platform for single-molecule detection via SEIRA. Recent
studies have predicted that it is possible to detect a single IR
vibrational mode using graphene plasmons.?*1>8 For example,
Koppens et al.2 theoretically discussed the interaction between
a single quantum emitter and a graphene plasmon, indicating
that the extreme mode confinement triggers the ultrafast effi-
cient decay of the quantum emitter into the plasmon in a prox-
imal doped graphene sheet. In Yu et al. 38 it is suggested that
an onset of second-harmonic generation can be produced by
doping, in turn resulting from the proximity of polar molecules
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with respect to otherwise centrosymmetric graphene islands, so
that a second-harmonic signal is detected only in the presence
of the analytes. The same study also predicted radical changes
in the linear absorption spectrum (i.e., SEIRA), raising the pos-
sibility of high-sensitivity optical sensors. Experimentally, the
design of new structures and the exploration of new and dif-
ferent IR plasmonic materials are still needed to achieve this
goal.

4.2. Microfluidic-Based SEIRA

IR spectroscopy has the ability to access molecular finger-
prints, as well as to identify different biomolecules such as pro-
teins, 7! lipids,'! those present in viruses,['”#17% and nucleic
acids!®® in a nondestructive and noninvasive manner that is
imperative for living biosystems. However, measurement in a
liquid environment (e.g., water) is a precondition for studying
such systems. The extremely strong absorption of water in the
3000-3600 and 1550-1700 cm™' spectral ranges!'® severely
limits the detection sensitivity of IR spectroscopies of biomole-
cules in its native aqueous environments. Replacing water
with other thin layers (around a few micrometers) of solvents,
such as hydrophilic methylcellulose, can circumvent this
problem.['82 Microfluidics can deliver low amounts of solution
for fast and efficient mixing and reaction. Therefore, the com-
bination of FTIR and microfluidics is of significant interest for
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Table 1. Comparison between different materials for SEIRA applications

(SC: superconductor).

Advantages

Limitations

Metals

Semiconductors

Strong near-field enhance-

ment; compatible with
transmittance and reflec-
tion measurements; easy
to combine with fluids for

electrochemistry, biomole-

cule attachment, etc.

Compatible with CMOS
technology; tunable spec-

tral range through doping;

antennas are more com-
pact than metallic ones.

Large damping in the
mid-IR; low spatial con-
finement; no dynamical

tunability; not CMOS
compatible; high cost.

Large damping from the
low carrier mobility; limited
doping concentration.

Graphene Ultrahigh confinement,  Low carrier concentration;
implying strong light—  low performance in reflec-
matter interaction; large tion; high cost; hard to be
electrooptical tunability;  integrated inside sensing
ultrahigh mobility (low devices (especially for
damping); ultrathin bio- liquid analyte).
compatible impermeable
films.
CNTs Ultrahigh confinement;  Low carrier concentration;

electrooptical tunability; complex fabrication.

ultrahigh mobility.

Others (T1, SC) Ultrahigh mobility. SCs are incompatible
with mid-IR at room tem-
perature; Tls are fragile and
affected by spurious bulk

doping.

sensing molecules in living biosystems,[">1#3] as well as moni-
toring dynamical reactions.

There are two key challenges in existing microfluidic systems
for sensing small amounts of analytes: the complexity of the
system designs (e.g., combining ATR-FTIR with microfluidics
to enhance sensitivity) and the low detection sensitivity. It was
demonstrated that SEIRA based on leveraging the electromag-
netic-field enhancement in the microfluidic channel can further
improve the sensitivity for detecting trace amounts of analytes
in water. This was shown in experiment for in situ monitoring
of proteins and nanoparticle interactions!’! and for capturing the
vibrational fingerprints of lipid molecules in aqueous environ-
ments in real time.'”) As demonstrated in Figure 4e (Section 3.1),
gold antennas fabricated on a CaF, substrate, which also acts as
IR window, were sealed in a PDMS fluidic chamber for meas-
urement in solution and in situ delivery of the analytes to the
sensor.’”) The enhanced IR signal of molecules was recorded
via reflectance spectra for real-time monitoring. Note that the
SEIRA signal of lipids and protein molecules can also be distin-
guished in this microfluidic structure.['’]

To further improve the sensitivity, new technology and struc-
tures are being anticipated. For example, graphene can be used
in a new type of microfluidics setup, which can be combined with
nano-FTIR (details in the following section). Furthermore, single-
atom-thick graphene can be molded into transporting channels
for single molecules (Figure 10a),'®* while graphene nanostruc-
tures can also support plasmons that amplify the SEIRA signal.
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This technology may find wide usage in areas such as flow pro-
cesses, reaction imaging, biochemical reaction monitoring, in
vivo cell analysis, and pharmaceutical drug investigations.

4.3. Nano-FTIR-Based SEIRA

The spatial resolution of conventional IR spectroscopy is con-
strained Dby the diffraction limit to roughly half the illumina-
tion wavelength. However, with an evanescent mode detection
strategy, s-SNOM provides an excellent optical resolution down to
the 10 nm range, independent of the operation wavelength.[18%18¢]
This is typically based on atomic force microscopy setups in
which the tip is illuminated with a focused laser beam and
the tip-scattered light is detected simultaneously. Unavoid-
able background contributions are suppressed by introducing
vertical tip oscillations (tapping mode) and subsequently
Fourier transforming the detected signal and retaining only
high-harmonic components of the periodic modulation. The
application potential of nano-FTIR has been demonstrated.['¥]
For example, nano-FTIR (Figure 10c), based on an s-SNOM
equipped with a coherent-continuum infrared light source, has
been demonstrated for high-spatial-resolution detection (down
to 20 nm).[72185188] Nanoscale mapping of a molecular mixture
has been demonstrated to obtain high contrast in vibrational
absorption for nanoscale polymer identification, as shown in
Figure 10d.7918 Besides nano-FTIR, photothermally induced
resonances (PTIR) can couple with a pulsed wavelength-tunable
laser to measure light absorption in the sample by transducing
the sample thermal expansion into mechanical cantilever
motion.™1%] This can also provide IR spectra with =20 nm spatial
resolution.'®1% The applications of nano-FTIR or PTIR are
mainly limited by the relatively weak signals due to an extremely
large mismatch between the IR wavelength and the active area
beneath the tiny tip (=15 nm). This can be addressed with
plasmonic structures by enhancing the nano-FTIR responses.
For example, by modifying the scanning probe, IR-resonant-
antenna-based s-SNOM tips can realize IR near-field imaging
of tobacco mosaic viruses with a diameter of only 18 nm.!'*!
Furthermore, the plasmonic structure can also be utilized as a
supporting substrate to increase the sensitivity. For example, the
combination of resonant gold antennas and graphene plasmons
can significantly enhance the signal by up to =40 times.[1?!

Graphene is also a promising material for this purpose (i.e., to
enhance nano-FTIR). Real-space imaging of graphene—plasmon
polaritons®>?¢ strongly suggests that this material can signifi-
cantly enhance evanescent fields.l'3] Such enhancement can be
further improved by ultraconfined plasmonic hotspots, such as
graphene nanobubbles.'* For example, in s-SNOM measure-
ments, monolayer-graphene-based ultrathin superlenses offer a
sevenfold enhancement of evanescent modes and help resolve
buried structures at a 500 nm depth with A/11-resolution.'”!
Graphene plasmons can penetrate below the sample surface to
enhance and probe the evanescent modes on subsurface and sub-
diffraction-limited objects (Figure 10e). Further tunable experi-
ments based upon gating or doping graphene would contribute to
facilitate broadband IR spectroscopic applications.

As mentioned above, in vivo IR studies are of great impor-
tance for biosystems, but it is hard to implement nano-FTIR
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beam. Backscattered light is analyzed with an asymmetric Michelson interferometer comprising a beamsplitter (BS) and a reference mirror (RM).[7%]
d) IR nanospectroscopy of an individual tobacco mosaic virus.'’? e) Graphene-enhanced near-field microscopy (amplitude images) of a hole buried
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of underlying biomolecules in water.'l a) Reproduced with permission.l'’”¥l Copyright 2016, Springer Nature. b) Reproduced with permission.l'®’
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----------J

in liquids due to both the strong absorption of water and the
difficulties associated with the dynamics of operating an atomic
force microscope in tapping mode inside fluids.'**! Graphene
is the thinnest possible membrane that is both impermeable
and conductive,'81197] 50 it can act as a monolayer barrier that
allows IR inspection of the underlying molecular materials in
relatively thin liquid-layer environments (Figure 10f).'%! Due to
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all these extraordinary properties, graphene—plasmon-enhanced
nano-FTIR is expected to impact a wide range of areas, such
as imaging of biochemical reactions, and in vivo cell analysis
with ultrahigh spatial resolution. Additionally, the mechanical
and impermeability properties of graphene could be exploited
to hold thin aqueous samples combined with more traditional
approaches to SEIRA near-field enhancement.
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4.4. On-Chip Integration of SEIRA

The increasing demand for rapid sensing and diagnosis in
remote areas requires the development of compact and cost-
effective mid-IR sensing devices.'®®! A mid-IR spectrometer
typically consists of a broadband thermal emitter and a broad-
band detector, external optics and an FTIR spectrometer. It is
technologically important to pursue on-chip IR spectroscopy
by miniaturizing and integrating these optical components. So
far, discrete optical components, such as on-chip light sources,
waveguides, and detectors, can be integrated directly within
microreactors (Figure 10b).1%19] A key goal of the integrated
mid-IR sensor is to achieve a strong interaction between the
analytes and the IR light transmitting on-chip. As discussed in
Section 3, plasmons can dramatically enhance the features of IR
spectra while decreasing the reaction area. This presents great
potential for on-chip integration of SEIRA. For example, in
Romeo et al.,?% a microfluidic platform equipped with a ped-
estal Si waveguide, an integrated light source, and chalcogenide
PbTe planar resonator sensors was developed for mid-IR chip
sensing applications. Note that such a silicon-integrated SEIRA
system can be further pushed by relying on the advantages
of well-developed CMOS technology. In this respect, a dem-
onstration of a monolithically integrated lab-on-a-chip based
on mid-IR absorption spectroscopy is presented in Schwarz
et al.'l A Dbifunctional quantum-cascade laser/detector was
used for integrating and downscaling, and an SPP waveguide
was used to increase the chemicals’ IR signals. The sensor
demonstrated the capability of reaching ppm (one part per
million) accuracy.'! Compared with the dielectric waveguide
approach, the plasmonic waveguide can largely enhance light—
matter interaction, and therefore, it is anticipated that the field
of SEIRA analytical chemistry will be expanded toward all-in-
one labs on a chip. For example, the on-chip light source has
the potential to be made of wide-band tunable quantum-cas-
cade lasers; the detector can be made of wide-band quantum-
cascade detectors (e.g., PbTe planar resonator sensors); and the
plasmonic waveguide could be composed of tunable graphene
or a semiconductor to obtain a wide range of SEIRA responses.
Additionally, the realization of nanowaveguides in MoS, using
s-SNOM may also open the door for integrating IR sensors
with the traditional dielectric waveguides at the nanoscale.['8¢]
Furthermore, semiconductors, graphene, and CNTs are com-
patible with CMOS technology, thus holding great promise
for on-chip integrated devices and enabling a large range of
emerging applications.

5. Conclusion

We have surveyed the significant progress of SEIRA over the
last few years, summarized its current state, and discussed
perspectives for future developments. In particular, we have
presented a comprehensive discussion on the applicability of
various materials (e.g., metals, semiconductors, and graphene)
for SEIRA, as well as potential applications in scientific fron-
tiers such as single-molecule detection and in vivo bioassays.
Given the extremely fast pace at which developments on new
nanomaterials and structures are being studied for SEIRA,
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we anticipate the emergence of new opportunities for novel
applications in areas such as IR astronomy,?°!l IR wireless
communication,?*?l IR quantum photonics,?*)! IR nonlinear
optics, 161294 and ultrafast nano-FTIRZ%! to name just a few.
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