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ABSTRACT: Miniaturized infrared spectroscopy is highly
desired for widespread applications, including environment
monitoring, chemical analysis, and biosensing. Nanoantennas,
as a promising approach, feature strong field enhancement and
provide opportunities for ultrasensitive molecule detection
even in the nanoscale range. However, current efforts for
higher sensitivities by nanogaps usually suffer a trade-off
between the performance and fabrication cost. Here, novel
crooked nanoantennas are designed with a different paradigm
based on loss engineering to overcome the above bottleneck.
Compared to the commonly used straight nanoantennas, the
crooked nanoantennas feature higher sensitivity and a better
fabrication tolerance. Molecule signals are increased by 25
times, reaching an experimental enhancement factor of 2.8 × 104. The optimized structure enables a transmissive CO2 sensor
with sensitivities up to 0.067% ppm−1. More importantly, such a performance is achieved without sub-100 nm structures, which
are common in previous works, enabling compatibility with commercial optical lithography. The mechanism of our design can
be explained by the interplay of radiative and absorptive losses of nanoantennas that obeys the coupled-mode theory.
Leveraging the advantage of the transmission mode in an optical system, our work paves the way toward cheap, compact, and
ultrasensitive infrared spectroscopy.
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1. INTRODUCTION

Infrared spectroscopy is a common technology for molecule
detection with widespread applications in environment
monitoring, chemical analysis, and biosensing.1 Compared to
other approaches, this technology provides valuable informa-
tion on the characteristic absorption fingerprint of molecules,
which is directly linked to their constituents, chemical bonds,
and configuration. Consequently, an unambiguous, non-
invasive, and label-free detection of substances is possible.
However, due to the weak light−molecule interaction,
conventional infrared spectroscopy, e.g., a nondispersive
infrared sensor, usually suffers from bulky volume and slow
response time.2,3 To miniaturize infrared spectroscopy, one
promising approach is nanoantennas, which can focus light
into nanoscale volume with ultra-high field enhancement.4−8

This is also known as surface-enhanced infrared absorption
spectroscopy (SEIRA). In the past one decade, plasmonic
nanoantennas with various structures and materials have been
investigated,9−13 and successful demonstration has been done
in applications including chemical detection,14−17 protein and

lipid sensing,18,19 monitoring of the structural change of
molecules,20 and chemical identification of single particle.21

However, the current nanoantenna designs are facing a
trade-off between performance and fabrication cost, which
limits a wider application of miniaturized infrared spectroscopy
(see Supporting Information Section S1 for a summary of
previous works). For example, most of the reported ultra-
sensitive devices leverage the strong mutual coupling of
nanoantennas using nanogaps with a width of few nanome-
ters.21−23 In such nanogaps, the local electric field reversely
scales with the gap width, and hence the light−molecule
interaction will be increased.24 So far, the state-of-the-art field
enhancement is reported to be 107 in a sub-3 nm gap.25

Unfortunately, the impressive enhancement factor (EF) is at
the cost of complicated fabrication processes, which could be
challenging for mass production via commercial cost-effective
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optical lithography. Besides, another two notorious drawbacks
of these nanogaps are the reduced sensing area, which is
roughly equal to the size of hot spots, and long response time
due to poor accessibility. The problem in accessibility will
require additional challenging techniques, e.g., integration with
nanofluidics.26 In addition to nanogaps, another common
approach for higher sensitivity is to undercut the metallic
structure so that the overlap between light and molecules is
larger.27 However, this improvement in performance is also at
the cost of more challenging fabrication techniques. The trade-
off is not only limited in the structure design but also in the
choice of the operation mode. In infrared spectroscopy, there
are two main operation modes, i.e., transmission and reflection
modes. Practically, the reflection mode can achieve higher field
enhancement by the use of a back reflector,25 but it requires
complex and bulky optical components to steer the light path,
impeding its application for cost-effect compact devices. On
the other hand, the transmission operation mode enables easy
integration with a light source and a photodetector in a
sandwich configuration, but it theoretically allows light to
decay in both transmission and reflection channels, which may
lead to a relatively low performance.12 To solve the above
issues, a new paradigm should be developed, which requires a
deep understanding of nanoantenna-assisted infrared spectros-
copy.
In this work, we present novel crooked nanoantennas to

implement ultrasensitive transmissive plasmonic molecule
sensors, based on loss engineering of nanoantennas. Although
the concept of loss engineering has been reported in previous
works on metamaterials,28−32 it has not been experimentally
applied in transmissive infrared spectroscopy. First, we
establish a complete theoretical framework of this coupled
system using the coupled-mode theory. Second, guided by
theoretical analysis, we propose crooked nanoantennas with
reduced radiative losses, demonstrating an enhancement factor
of 2.8 × 104. This is about 25 times higher than the commonly
used straight nanorod antennas. The measured results are well
matched with our theory. Third, we also investigate the effect
of nonzero spectral detuning between plasmonic and vibra-

tional modes, when Fano resonance plays an important role.
Fourth, we demonstrate a transmissive plasmonic CO2 sensor
based on optimized crooked nanoantennas with sensitivities up
to 0.067% ppm−1, which is 13 times higher than the straight
nanorod antennas. Finally, we also investigate the higher-order
modes of crooked nanoantennas and present multiband
plasmonic sensors to simultaneously detect the refractive
index and characteristic absorption of molecules. Our work
opens a new avenue to achieve transmissive infrared spectros-
copy with high performance and low cost, moving one further
step toward compact, portable, and sensitive molecule sensors.

2. RESULTS AND DISCUSSION
2.1. Theoretical Analysis. The design principle of our

approach to ultrasensitive transmissive plasmonic molecule
sensors is illustrated in Figure 1. In conventional nanorod
antennas, as shown in Figure 1a, the radiative loss (γr) is
usually dominant over the absorptive loss (γa), which will
theoretically lead to much smaller molecule signals in the
transmission spectra (ΔT) than that in the reflection spectra
(ΔR), as shown in Figure 1b. To optimize the transmissive
signals, the γr can be reduced by crooking the nanoantennas
(Figure 1c,d). As predicted by our theoretical analysis, the
improvement factor achieved by our approach can be above
one order, as shown in Figure 1e.
The significant improvement in our structure can be

understood by modeling the plasmonic molecule sensors
with the coupled-mode theory. In the following, we will
highlight the key steps in theoretical analysis. As the starting
point, we write the general equations of the coupled-mode
theory33

t
P j P P j M s

d
d

( )0 r a r inω γ γ μ γ= − + + +
(1)

t
M j M M j P

d
d m mω γ μ= − +

(2)

s s Ps Pt in r r rγ γ= − = (3)

Figure 1. Design principle of transmissive infrared sensors based on crooked nanoantennas. (a, c) Modeling of straight and crooked nanoantennas,
coupled with molecules. T and R represent transmission and reflection spectra. γr and γa denote the radiative and absorptive losses of nanoantennas,
while γm is the absorptive loss of molecules. μ represents the coupling strength. The main difference between the two structures is the smaller γr in
crooked nanoantennas. (b, d) Modeled transmission and reflection spectra for straight and crooked nanoantennas, with (solid curves) and without
(dashed curves) coupling with molecules. The shaded areas represent the spectral difference induced by the existence of molecules. The height of
shaded areas, ΔT and ΔR, denote the enhanced molecule signals in transmission and reflection spectra, respectively. (e) Derived dependence of the
enhanced molecule signals on the radiative and absorptive losses of nanoantennas, under the conditions of no spectral detuning between the
resonances of nanoantennas and molecules.
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where P andM are the amplitudes of plasmonic and vibrational
modes, respectively. ω0 and ωm represent the resonance
frequencies of plasmonic and vibrational modes, respectively. γr
and γa denote the radiative and absorptive losses of
nanoantennas, while γm is the absorptive loss of molecules. μ
represents the coupling strength. T and R denote transmission
and reflection spectra, which are related to the amplitude of
incident light (sin), transmitted light (st), and reflected light
(sr). By substituting eqs 1−3 into eq 4 and replacing d/dt with
jω, we obtain the far-field spectra for a given frequency of
incident light (ω)
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Note that T and R contain a different term (γa for T, and γr for
R) in the numerator. In practical, the enhanced molecule
signals are expressed as the spectral difference of nanoantennas
that is induced by coupling with the molecules

T T T 0Δ = − |μ= (6)

R R R 0Δ = − |μ= (7)

As we can see, the expression of the enhanced molecule signals
could be very complicated. To acquire relatively simple
analytical results, we will adopt several assumptions in our
following derivation. First, we assume that ω = ω0 = ωm. This
condition is reasonable since the highest performance of
plasmonic sensors is usually achieved when the two modes are
aligned.34−36 Second, we assume a weak coupling condition (μ
is very small compared to γr and γa). Then, we can obtain the
expressions of the enhanced molecule signals

T
2

( )
a r

a r
3

2

m

γ γ
γ γ

μ
γ

Δ =
+ (8)

Figure 2. Proposed crooked nanoantennas and experimental results with no spectral detuning. (a) Schematic of transmissive infrared spectroscopy
using crooked nanoantennas. The inset shows the simulation of the enhanced electric field due to the plasmonic resonance of nanoantennas. The
polarization of incident light is along the y-direction. (b) Electron scanning microscopy images of three examples of designed samples with different
folding degrees. False color has been used for better clarity. The scale bars are 1 μm. (c) Extracted radiative and absorptive damping rates of the
designed samples. (d) Absorptance spectra of the thin poly(methyl methacrylate) (PMMA) layer as a reference. Gray shaded area denotes the
bandwidth of characteristic molecular vibration in PMMA. (e, f) Measured transmission and reflection spectra of designed samples, coated with the
20 nm PMMA layer. The spectra are shifted vertically for clarity. (g) Measured dependence of the enhanced molecule signals on the radiative and
absorptive losses of nanoantennas. Dashed lines show the theoretical prediction.
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From the equations, we can see that ΔT is positive while ΔR is
negative, indicating that coupling with molecules will lead to
peaks in the transmission spectra, but dips in the reflection
spectra of nanoantennas. Besides, the expressions of ΔT and
ΔR are obviously different, and the relative value |ΔT/ΔR| is
simply equal to |γa/γr|. In the case of bright modes where γr is
much larger than γa, |ΔT| will be much smaller than |ΔR|. In
contrast, |ΔT| will become larger than |ΔR| in dark modes.
The derived expressions of the enhanced molecule signals in

transmission spectra offer us a new dimension in the design
space of plasmonic molecule sensors. Guided by our analysis,
we can tune the radiative or absorptive losses of nanoantennas
to optimize the molecule signals. Note that the absorption of
nanoantennas is due to Ohmic loss, which is relatively robust
against structural changes. We may be able to tune the
radiative loss of nanoantennas by folding the structure while
keeping the absorptive loss almost constant. This is also
confirmed by our results later. In this case, we can relate the
enhanced molecule signals with the normalized radiative loss ( f
= γr/γa) as

T
f

f(1 )3Δ ∝
+ (10)

R
f

f(1 )

2

3Δ ∝
+ (11)

As shown in Figure 1e, the ΔT and ΔR reach their extremes
when γr/γa equal 0.5 and 2, respectively. To implement
plasmonic molecule sensors with maximum sensitivities, we
should design nanoantennas in a moderate mode.
2.2. Experimental Realization. The schematic of our

design for transmissive infrared spectroscopy is shown in
Figure 2a. Our device consists of a nanoantenna array
deposited on the CaF2 substrate (n = 1.4), which is transparent
in the mid-infrared range. Under infrared illumination with
polarization along the y-axis, the plasmonic modes in
nanoantennas will be excited, leading to the above two-order
enhancement of the near-field intensity. When molecules are at
the vicinity of nanoantennas, its interaction with light will then
be boosted, leading to enhanced molecule signals that can be
measured in the transmission spectra. As we have discussed,
the enhanced molecule signals are strongly dependent on the
radiative and absorptive losses of nanoantennas. To achieve the
highest performance, we can tune the radiative loss to the
optimal conditions by crooking the originally straight structure.
In our experiments, we have designed nine samples, labeled
from S0 to S8, with different folding degrees, and the scanning
electron micrographs of three typical examples are shown in
Figure 2b. The scale bars are 2 μm. The samples are fabricated
using standard electron beam lithography followed with
thermal deposition of 5:80 nm Ti/Au and a lift-off process.
Detailed information, including structures and scanning
electron microscopy images, can be found in the Supporting
Information Section S2. As we can see, the effective length of
nanoantennas along the polarization direction decreases from
S0 to S8, suggesting gradually reduced radiative losses. This
intuitive understanding is also confirmed by the extraction of γr
and γa in the coupled-mode theory from the simulated
transmission spectra, as shown in Figure 2c (see the

Supporting Information Section S3 for the details). From the
graph, the γr decreases from 1.38 × 1014 rad s−1 for S0 to 7.1 ×
1012 rad s−1 for S8, while the γa only slightly changes from 1.16
× 1013 rad s−1 for S0 to 1.26 × 1013 rad s−1 for S8. The slight
increase of γa could be because of the increased inductive self-
coupling in the structure. Therefore, we have obtained a series
of nanoantennas with similar γa, and tunable values of γr/γa
from 11.9 (S0) to 0.56 (S8), which allows us to optimize the
performance of transmissive plasmonic molecule sensors.
The fabricated nanoantenna samples are then coated with a

20 nm poly(methyl methacrylate) (PMMA) layer for sensing
demonstration. PMMA is a model material with a distinct
absorption peak around 5.8 μm due to the vibrational mode of
CO bonds, as shown in Figure 2d. The thickness of the
PMMA layer is measured by atomic force microscopy
(Supporting Information Section S4). The transmission and
reflection spectra are measured by an integrated Fourier
transform infrared microscope (Agilent Cary 620), and the
results are shown in Figure 2e,f. The spectra have been shifted
vertically for clarity. Gray shades denote the bandwidth of
vibration modes of PMMA molecules. By measuring the height
of transmission peaks and reflection dips, we can extract the
enhanced molecule signals (ΔT and ΔR) for different samples.
The measured molecule signals of 20 nm PMMA (495 K
molecular weight) reach 28% in transmission spectra for S8.
Note that the signals are mainly contributed by the molecules
in the vicinity of nanoantennas. The sensitivity of our device
(S8) can be calculated to be around 1% for 205 molecules per
nanoantenna, corresponding to an enhancement factor of 2.8 ×
104. The enhancement factor (EF) is calculated through
EFSEIRA = (ΔTSEIRA/VSEIRA)/(ΔT0/V0), where ΔTSEIRA is the
enhanced molecule signals measured from a nanoantenna
enhanced sensor, ΔT0 is the measured molecule signals from a
bare CaF2 substrate covered with the PMMA layer. VSEIRA is
the volume of PMMA molecules that occupies the hot spot at
the surface of nanoantennas and contributes to infrared signals.
V0 is the volume of PMMA molecules coated on a bare CaF2
substrate. The area of the hot spot for crooked nanoantennas
(S8) is estimated to be around 2000 nm2, by calculating the
hot spot area at the nanoantenna tips, in which the width of
the evanescent field has been assumed to be 10 nm. Obviously,
we can see that the measured molecule signals increase
significantly from S0 to S8. Figure 2g shows the measured ΔT
and ΔR in all of the samples as a function of the corresponding
γr/γa. The experimental results are well matched with our
theoretical predictions. The nonmonotonous curves for
transmission and reflection measurement confirm the mech-
anism to be loss engineering rather than field enhancement.
Compared to the conventional nanorod antennas (S0), the
optimized crooked nanoantennas (S8) show a larger ΔT with
about 25 times improvement. Importantly, unlike previous
efforts to achieve higher sensitivity by creating nanogaps with a
smaller width, the improvement in our structure comes from
the optimized conditions by engineering the losses of
nanoantennas. Since our approach excludes sub-100 nm
structures, we can leverage the commercial optical lithography
for the mass production of our design. Therefore, our
experiments have unambiguously confirmed the superiority
of crooked nanoantennas over straight nanorod antennas,
especially in the transmission mode.

2.3. Different Effects of Spectral Detuning on
Straight and Crooked Nanoantennas. In the above
theoretical and experimental demonstration, the spectral
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detuning between the resonance frequencies of plasmonic and
vibration modes has been kept to be zero (ω0 − ωm = 0). We
further investigate the effect of nonzero spectral detuning on
both straight and crooked nanoantennas, as shown in Figure 3.
By changing the Ly of nanoantennas, we can tune the
resonance wavelength of the plasmonic mode, as shown in
Figure 3a,b. When the detuning is not zero, we can clearly see
that the transmission peaks become asymmetric or even
transmission dips, which are typical features of Fano
resonance.37,38 The Fano resonance emerges because the
contribution of molecular vibration to the plasmonic resonance

becomes complex due to the spectral detuning. In this case, the
molecule signals will be defined as the contrast between the
peaks and dips. Although it is difficult to express the molecule
signals in certain analytical formulas, numerical calculation can
be conducted using eqs 5−7.
The calculated result of molecule signals is plotted against

the detuning and γr/γa in Figure 3c. From the graph, we can
conveniently find the optimal conditions of nanoantenna
structures for transmissive plasmonic molecule sensors, which
would be very useful for practical applications. Globally, there
is only one maximum of molecule signals, where the plasmonic

Figure 3. Effect of spectral detuning. (a, b) Measured transmission spectra for straight and crooked nanoantennas with different Ly as indicated,
coated with a 20 nm PMMA layer. (c) Calculated two-dimensional mapping of enhanced molecule signals as a function of normalized spectral
detuning and γr/γa. Two white dashed lines are the parameters of fabricated straight and crooked nanoantenna. (d, e) Measured molecule signals
for straight and crooked nanoantennas as a function of spectral detuning, fitted with theoretical predictions.

Figure 4. Demonstration of a transmissive CO2 gas sensor. (a) Schematic of the transmissive CO2 gas sensor. The inset shows an envisioned
version of the compact sensing device. PEI is an enrichment layer, which adsorbs CO2 molecules through reversible chemical reactions. (b)
Measured transmission spectra of crooked and straight nanoantennas in nitrogen (broken lines) and ambient (solid lines) environment,
respectively. (c) Baseline corrected results for nanorods and folded nanoantennas. (d) Baseline corrected results of crooked nanoantennas at
different CO2 concentrations. (e) Experimentally enhanced molecule signals versus the CO2 concentration. Dashed lines show the fitting curves,
and the dotted line shows the sensitivity of this sensor at low concentrations.
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nanoantennas should be designed such that γr/γa = 0.5 and ω0
− ωm = 0. Any variation from the optimal conditions will lead
to smaller molecule signals, that is, less sensitive molecule
sensors. This rule should be general and applicable to other
nanoantenna structures. However, we also observe an
interesting phenomenon that there are two local maxima for
bright plasmonic modes, for example, in nanorod antennas.
Surprisingly, the two local maxima are achieved when the
spectral detuning is nonzero. This is in sharp contrast to the
conventional perception that the measured molecule signal is
achieved at zero detuning, where the near-field intensity of
plasmonic nanoantennas is maximum.39 By fitting our
experimental results as in Figure 3d,e, the different effects of
spectral detuning on straight and crooked nanoantennas are
clearly seen. The normalized detuning is defined as (λ − λ0)/
λ0, where λ is the wavelength of the incident light. The fitting
process can be found in Supporting Information Section S5.
Note that at nonzero spectral detuning, the molecule
absorption cannot be regarded as a pure absorptive load,
Fano resonance should play a role in this anomalous effect of
spectral detuning. However, a comprehensive understanding of
this effect requires further investigation in the future.
2.4. Demonstration of Transmissive CO2 Gas Sensor.

After theoretically and experimentally validating the impor-
tance of loss engineering of plasmonic nanoantennas for
molecule detection, we further demonstrate a transmissive
CO2 gas sensor based on the optimized crooked nanoantennas.

As shown in Figure 4a, the proposed plasmonic sensor consists
of metallic nanoantennas on CaF2 chips coated with the thin
polyethylenimine (PEI) layer,40,41 which can be conveniently
integrated with the light source and photodetectors due to the
transmission operation mode, forming a compact molecule
sensing device. As an enrichment layer, PEI is a polymer with
amine groups, which can adsorb CO2 molecules through
reversible chemical reactions (see Supporting Information
Section S6 for more details).42,43 Once CO2 is adsorbed in
PEI, multiple vibration modes will emerge with the resonance
wavelength from 6.0 to 7.7 μm. Because of the dynamic
equilibrium established by the reversible chemical reactions,
the CO2 concentration in the environment can be conveniently
monitored through the strength of the emerging characteristic
absorption in the PEI layer. The thickness of the PEI layer in
our device is around 150 nm. Figure 4b shows the measured
transmission spectra in nitrogen (0 ppm, dashed lines) and in
the ambient (450 ppm, solid lines) environment. In our
experiment, the samples are placed in a gas cell, in which the
CO2 concentration is calibrated by a commercial CO2 meter.
After coating the PEI layer, the resonance wavelengths of
straight (S0) and crooked (S8) nanoantennas are red-shifted
to 6.0 μm and 6.4 μm respectively, due to the existence of the
PEI layer. When the gas cell is filled with 450 ppm CO2, we
can see a significant change in the transmission spectra of
crooked nanoantennas, while the change for straight antennas
is only slight.

Figure 5. Higher-order modes in crooked nanoantennas. (a) Simulated transmission spectra of designed samples, in which the dips around 2.5 μm
are due to the third-order mode of nanoantennas. The spectra are shifted vertically for clarity. (b) Simulated surface charge distribution of the
designed nanoantennas at the first- and the third-order mode. The overall dipole moment along the polarization direction is roughly proportional to
the radiative loss of nanoantennas. (c) Extracted quality (Q) factors of the first and the third resonance modes of designed nanoantennas. (d)
Simulated transmission spectra of crooked nanoantennas (S6) with and without analytes. (e, f) Measured transmission spectra of crooked
nanoantennas (S6) for sensing of a 20 nm PMMA layer and CO2 gas. The wavelength shift in the inset is about 10 nm.
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To have a clear comparison, we plot the transmission
difference of the two samples induced by 450 ppm CO2, as
shown in Figure 4c. From the graph, we can also see that the
overall differential transmission of crooked nanoantennas is
much larger than that of straight nanoantennas. Interestingly,
for the crooked nanoantennas, we obverse a positive
transmission difference between 6 and 6.5 μm wavelength,
but negative transmission difference in the other range. Since
the refractive index change in PEI due to CO2 adsorption is
small,40 we attribute this phenomenon to the effect of spectral
detuning as discussed above. To characterize the sensitivity of
our design, we measure the differential transmission of crooked
nanoantennas for different CO2 concentrations from 30 to
1700 ppm, as shown in Figure 4d. The measured results
indicate that our structure is most sensitive at low
concentrations but will saturate gradually at high concen-
trations. The saturation at high concentrations is due to the
limited accommodation sites for CO2 molecules in PEI. To
have a clear feeling of the concentration-dependent sensitivity,
we plot the peak differential transmission against the CO2
concentrations as Figure 4e. The trends can be well fitted with
the derived function ΔT = ΔT0 − ΔT0/(1 + gnCO2

), where T0

and g are fitting parameters (see Supporting Information
Section S7 for detailed derivation). The fitted T0 and g are
19.2% and 0.00348 ppm−1 for the crooked nanoantennas, but
1.0% and 0.00571 ppm−1 for the straight nanoantennas. The
maximum sensitivity of the crooked nanoantennas at a low
concentration limit can be calculated to be about 0.067%
ppm−1, which is about 13 times higher than the straight
nanorod antennas. Considering the ultrathin thickness of our
device, our sensor enables compact integration and fast
response even for molecule detection in the nanoscale range.
2.5. Multiband Resonance in Crooked Nanoantennas.

Multiband resonance in plasmonic nanoantennas provides
opportunities for multifunctional molecule sensors, including
complex refractive index sensing and simultaneous detection of
different analytes.6,16,44 Usually, the multiband resonance is
realized by fabricating different plasmonic structures in one
supercell, which may lead to complicated design and reduced
light−matter interaction. In contrast, the loss engineered
crooked nanoantennas can support tailorable multiple
resonances in one single structure. Figure 5a shows the
simulated transmission spectra, indicating the transmission
dips attributed to the first and the third-order modes. In our
discussion above, we have been using the first-order mode
around 6 μm for sensing demonstration. Besides, from the
graph, we can see narrow dips around 2.5 μm in S0−S6, which
are attributed to the third-order mode. Note that the second-
order mode is forbidden due to its symmetry. Figure 5b shows
the surface charge oscillation of the two modes. In terms of the
first-order mode, the nanorod is a typical electrical dipole. The
dipole moment is reduced in crooked nanoantennas, indicating
a smaller radiative loss. In terms of the third-order mode, the
nanorod consists of three electrical dipoles with the opposite
directions. As a result, the net dipole moment of the third-
order mode is smaller than the first-order mode, and the
situation becomes more complicated in crooked nanoantennas.
By folding the nanoantennas, the net dipole moment will first
increase as in S4 but then decrease fast as in S8. As a result, the
largest extinction is achieved when the nanoantennas are
modestly crooked (S6), but the extinction becomes close to
zero for severely crooked nanoantennas (S7 and S8). Besides,

the relatively smaller net dipole moment in the higher-order
mode leads to reduced radiative losses, resulting in higher
quality (Q) factors, as shown in Figure 5c. From the graph, we
can see that the Q-factors of the third-order modes are usually
above 10, with a peak value of 20 in S6. In contrast, the Q-
factors of the first-order modes are usually only a few.
The high-Q third order resonance modes in the crooked

nanoantennas can be used for sensitive refractive index sensing,
which is complementary to the absorption-based molecule
sensing. As shown in Figure 5d, we simulate the transmission
spectra of crooked nanoantennas (S6) with and without being
coated with analytes. The analytes are modeled with a
Lorentzian oscillator with its complex relative permittivity as
a function of resonance frequency ( f)

f
i f f

( )
4 (2 )0

lorentz 0
2

0
2

0
2ε ε

ε ω
ω π δ π

= +
·

− − (12)

where background permittivity (ε0), Lorentz permittivity
(εlorentz), Lorentz resonance (ω0), and Lorentz linewidth (δ0)
are set to be 1.1, 0.002, 3.25 × 1014 rad s−1, and 1.5 × 1012 rad
s−1, respectively. As we expected, there is a transmission peak
around 6 μm due to the plasmon−molecule interaction.
Besides, we also observe a resonance shift of the third-order
mode around 2.5 μm. This occurs because the background
permittivity is larger than 1, which is the relative permittivity of
air. The sensitivity of the third-order mode can be estimated to
be 920 nm RIU−1. We then also demonstrate experiments for
PMMA and CO2 sensing, as shown in Figure 5e,f. Similar
results are observed as the simulation. Interestingly, our
experiment also shows a resonance shift of about 10 nm when
PEI is placed in 450 ppm CO2. This could be because the
existence of CO2 molecules in PEI leads to more vibrational
bonds that contribute to the background permittivity.45 The
change of the refractive index can be estimated to be about
0.011.

3. CONCLUSIONS

In conclusion, we have proposed crooked nanoantennas via
loss engineering for ultrasensitive transmissive infrared spec-
troscopy. The enhancement factor achieved in crooked
nanoantennas is up to 2.8 × 104, above one order higher
than the value in conventional straight nanoantennas.
Importantly, our structure excludes challenging nanogap
fabrication, demonstrating loss engineering as a promising
solution to overcome the current bottlenecks of nanoantenna
molecule sensors. We also theoretically investigate and
experimentally validate the different effects of spectral detuning
on straight and crooked nanoantennas. Leveraging PEI as an
enrichment layer, we also demonstrate a transmissive
plasmonic CO2 sensor based on optimized crooked nano-
antennas with sensitivities up to 0.067% ppm−1. Finally, we
study the effect of loss engineering on the higher order of
nanoantennas and present multiband plasmonic sensors to
simultaneously detect the refractive index and characteristic
absorption of molecules. The approach reported in this work is
general and can be applied for designing other geometries,
including waveguide-based systems.46,47 The crooked nano-
antennas can be mass-produced using commercial optical
lithography, which is an important step toward practical
applications of miniaturized infrared spectroscopy.
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4. METHODS
4.1. Numerical Simulation. The simulation was performed using

a three-dimensional FDTD method (Lumerical Inc). In the
simulation, the complex refractive index of Au from Palik et al. is
used, and the refractive index of CaF2 is set to 1.4 for all wavelengths.
The thickness of the CaF2 substrate is set to be infinite. Besides, the
simulation was performed on a unit cell applied with periodic
boundary conditions to boost the modeling efficiency.
4.2. Sample Fabrication. CaF2 wafer was sonicated in acetone

for 10 min and then rinsed in IPA, followed by nitrogen drying. After
drying, the clean CaF2 wafer was coated with a 220 nm thick layer of
PMMA e-beam lithography resist. Since the CaF2 substrate was
insulating, a thin conducting polymer film ESpacer (Showa Denko
Singapore) was spin-coated at a speed of 2000 rpm. After being
exposed by E-beam Lithography (Jeol 6300-FS), the samples were
first immersed in DI water to remove the ESpacer film, then
developed in the mixture of MIBK/IPA (1:3) for 30 s, and finally
rinsed in IPA for 30 s. Afterward, 5 nm Cr and 80 nm Au was
deposited on the sample by thermal evaporation, followed by a lift-off
process in acetone for 24 h. For demonstration with the PMMA thin
film, 1% 495 K PMMA in anisole resist was spin-coated with 4000
rpm speed. As for CO2 sensing, the PEI enrichment layer was first
diluted in deionized water with a mass ratio of 1:10, and then spin-
coated on samples at a speed of 4000 rpm. Before spin coating, CaF2
samples were treated with oxygen plasma to make the surface more
hydrophilic.
4.3. Infrared Spectrum Characterization. The infrared spectra

of plasmonic sensors were characterized by a Fourier transform
infrared microscope (Agilent Cary 610 Series). One polarizer was
used to keep the polarization of incident light along the designed
direction. For the CO2 sensing measurement, a gas chamber
integrated with a heating stage is used. The gas cell was first heated
up to 70 °C and flowed with pure nitrogen to remove the remaining
CO2 inside. After 10 min, the heater was turned off, while the nitrogen
flow was not off until the gas cell reached room temperature.
Afterward, gases with different precalibrated CO2 concentrations were
flowed into the gas cell. Then, the measurement was conducted after
about 1 min when the concentration of CO2 in the gas cell is assumed
to be stable.
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