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with ultralow analyte concentration, single cell monitoring and 
single molecule detection, high signal-to-noise ratio (SNR) is 
required for reliable spectroscopic analysis within minimum 
detection time. Under such circumstances, to increase the 
SEIRA signal levels, it is highly important to (i) maximize the 
fi eld overlap with the target sample and (ii) count and preserve 
the maximum number of photons interacting with the sample. 
The former is based on the fact that the enhancement in the 
absorption signal depends on the spatial overlap between the 
enhanced local electromagnetic fi elds and the adsorbed biomol-
ecules in the vicinity of the nanostructures. [ 7 ]  Traditional means 
of fabricating or immobilizing plasmonic nanoparticles on a 
solid dielectric substrate signifi cantly limits the fi eld overlap as a 
substantial portion of the enhanced nearfi elds reside in the sub-
strate material, making it inaccessible for the biomolecules to 
be detected. Hence, studies have focused on engineering nano-
particle geometries and arrangements to maximize this overlap 
and therefore, the sensitivity. [ 7–14 ]  Various antenna designs, 
including elongated shapes, e.g., rods, [ 23,46,47 ]  split rings [ 48,49 ]  or 
ring/disks, [ 7 ]  have been utilized to improve SEIRA absorption 
signals. However, most of these structures are designed to be 
excited at the desired frequency only with a specifi c polariza-
tion of the incident light. Therefore in reference to issue (ii), 
such polarization-sensitive structures suffer from fi lteration of 
half of the incident light from an unpolarized source according 
to Malus’ law, [ 50 ]  thus failing to maximize the photon numbers 
interacting with biomolecules (see Supporting Information for 
our experimental results demonstrating this fact). Employing 
polarizers also results in high sensitivity to the alignment with 
respect to the incident light polarization. These limitations can 
be avoided by designing polarization-insensitive nanoantennas 
that are symmetric in all directions. Disk nanoantennas, which 
have been exploited in Near-IR and visible frequency ranges 
for RI-sensing applications, [ 51–55 ]  are not polarization sensitive ,  
but scaling their size for operation in Mid-IR spectral range 
(5–7 µm) is not trivial. 

 In this communication, we introduce a polarization-insen-
sitive mid-IR nanoring antenna fabricated on a dielectric nan-
opedestal to provide maximum fi eld overlap with the target 
biomolecules. Our suspended ring antenna design on pedestal 
is highly promising for ultrasensitive mid-IR vibrational spec-
troscopy specifi cally for applications associated with extremely 
low concentrations requiring high SNR. The resonance wave-
length ( λ res  ) of the plasmonic ring antenna can be fi nely tuned 
by simply changing the circumference. [ 12,48,56–58 ]   λ res   scales 
linearly with the ring radius (see Supporting Information), 
similar to the nanorod antennas where the resonance wave-
length is scaled by the rod length. [ 23 ]  Nanopedestals supporting 
the nanorings are fabricated through an isotropic fabrication 
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  Nanoplasmonics have been exploited for a variety of applica-
tions ranging from optoelectronic devices to biodetection sys-
tems. [ 1–21 ]  Techniques including surface-enhanced fl uorescence, 
infrared absorption (SEIRA), Raman scattering (SERS) and 
refractive index (RI) based sensing employ distinct plasmonic 
properties of metallic structures to achieve ultra-high sensitivi-
ties. [ 22–41 ]  In particular, surface enhanced absorption spectros-
copy in Mid-infrared (Mid-IR) spectral range is of great interest 
as it provides direct access to rich vibrational information of 
most organic molecules and enables investigation of unique 
structural characteristics of biosamples. Mid-IR spectroscopy 
has been used as a label-free identifi cation tool for obtaining 
fi ngerprints of molecules and complex macromolecules, e.g., 
proteins and lipids. [ 42 ]  However, the sensitivity of Mid-IR spec-
troscopy techniques is fundamentally limited by the depend-
ence of the signal on the path length based on Beer’s law. This 
limitation can be overcome by the use of surface enhanced 
IR absorption spectroscopy (SEIRA). [ 43 ]  Employing plasmonic 
structures enabling strong coupling between electromagnetic 
fi elds and the biomolecules of interest, SEIRA can provide 
orders of magnitude signal enhancement compared to the 
traditional spectroscopy techniques and enable ultrasensitive 
detection of biosamples including very thin protein mono-
layers. [ 23,42 ]  Recently, integration of engineered plasmonic sub-
strates with microfl uidics has been successfully demonstrated 
for in-situ, real-time and ultrasensitive spectroscopy of biomo-
lecular interactions. [ 43 ]  Furthermore, nearfi eld measurement 
approaches based on plasmonic tips have been applied for spec-
troscopic characterization of biosamples with nanoscale spatial 
resolution. [ 44,45 ]  

 Recent advancements in SEIRA have demonstrated unique 
opportunities in bioapplications, however its development for 
non-destructive, label-free and highly sensitive spectroscopy as 
well as high-resolution microscopy, is still at its infancy. Signifi -
cant research have focused on investigation of novel nanostruc-
ture designs to advance performance of SEIRA techniques by 
increasing their sensitivity. Specifi cally, for applications asso-
ciated with extremely low signal levels, such as biosamples 
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technique to provide maximum overlap between the target bio-
molecules and the plasmonic hot spots. Due to the symmetric 
nature of the antenna, we perform surface enhanced IR absorp-
tion spectroscopy without requirement for polarized incident 
light and sample alignment. With the engineered ring nano-
particles on the nanopedestal, we successfully detect Amide-I 
and II vibrational modes of a protein-antibody bilayer. Our 
experimental results demonstrate that the improvement in the 
absorption signals of vibrational modes is due to the stronger 
overlap between protein layers and optical fi elds. Using fi nite 
difference time domain (FDTD) simulations, we demonstrate 
a correlation between the absorption signal enhancement and 
the increment in the integral of the local electromagnetic fi elds 
over the protein layers, confi rming our experimental results. 
The approach of introducing nanopedestals under the nano-
structures for increasing the sensing volume, thus the SEIRA 
signal, can be applied to other antenna geometries, e.g., gap 
antennas. 

 To demonstrate the signal enhancement offered by our 
antenna design, we compare the absorption signals of the nano-
antenna arrays on the nanopedestals and the substrate, cov-
ered with protein bilayer as used in the experiments. In FDTD 
simulations (Lumerical Solutions, Inc.), the dielectric constants 
of gold and adhesion layer (chromium) are taken from Palik’s 
Handbook of Optical Constants of Solids. [ 59 ]   Figure    1  a and b 
show the schematic of the gold nanoring antenna design on 
the silicon nitride nanopedestal and substrate. As illustrated 
through the cross-sectional schematic in Figure  1 b-left, our iso-
tropic etching technique ensures that the tip ends of the nano-
particle and hence the full mode volume of the hot spots are 
available for biodetection. Based on our fabrication method, we 
optimize the substrate thickness and the antenna dimensions 
to provide a silicon nitride pedestal of 70 nm height while the 
silicon nitride nanoring width is 140 nm thinner than the gold 
nanoring width ( R out   −  R in  ). Thicknesses of the gold antenna 
and bottom silicon nitride substrate are 100 nm and 260 nm, 
respectively. For the unit cell consisting of a single antenna, 
periodic boundary condition is used along the  x - and  y - direc-
tions (in order to have a collective periodic antenna behavior) 
and perfectly matched layer boundary condition is used along 

the direction of the illumination,  z . Figure  1 c is the cross-sec-
tional profi le of the near-fi eld intensity enhancement distribu-
tion supported by the nanoring antennas. For the nanoring 
antenna on the nanopedestal, the effective refractive index in 
the vicinity of the array is smaller due to the partial removal of 
the silicon nitride substrate. Therefore, in order for these two 
antenna designs to support a plasmonic response at the same 
frequency, the antenna on the pedestal should be designed for 
larger dimensions ( R in   = 750 nm and  R out   = 950 nm) compared 
to the one on the substrate ( R in   = 670 nm and  R out   = 870 nm). 
According to FDTD simulations shown in Figure  1 c, for the 
two antennas engineered for the same protein vibrational mode 
(Amide I), the antennas on the nanopedestals provide more 
than 1.4 times larger fi eld enhancements. More importantly for 
the nanoantennas on the substrate, signifi cant portion of the 
local fi elds is concentrated within the silicon nitride substrate, 
thus not accessible for the target biomolecules.  

 For calculating the absorption signals using these antennas, 
we numerically model a bilayer molecule consisting of pro-
tein A/G and Immunoglobulin (IgG) antibody. The real (black 
curve) and imaginary (green curve) parts of the modeled pro-
tein permittivity is shown in  Figure    2  a. In order to extract this 
model based on the experimentally obtained complex permit-
tivity of the protein bilayer (obtained by infrared refl ection 
absorption spectroscopy), we use a Lorentz model where we fi t 
3 oscillators to the experimental data using following equation:
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 Here,  ε  ∞  is the high frequency constant term,  ω p   is the oscil-
lator resonance frequency,  γ p   is the damping frequency and 
 S  is the oscillator strengths. The values for the 3 oscillators 
are  ε  ∞  = 2.1901,  ω P1   = 3.12 × 10 14  (rad/s),  ω P2   = 2.90 × 10 14  
(rad/s),  ω P3   = 2.73 × 10 14  (rad/s) and  γ P   1  = 0.98 × 10 13  (rad/s), 
 γ P   2  = 1.02 × 10 13  (rad/s),  γ P   3  = 0.95 × 10 13  (rad/s) and  S  1  =2.6 × 
10 27  (rad/s) 2 ,  S  2  = 1.8 × 10 27  (rad/s) 2 ,  S  3  = 0.5961 × 10 27  (rad/s) 2 . 
In Figure  2 , red line denotes Amide I (at ∼6025 nm) corre-
sponding to C=O stretching vibration and blue line denotes 
Amide II (at ∼6562 nm) corresponding to C–N–H bending and 
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 Figure 1.    (a) Schematic view of the gold nanoring antenna on the silicon nitride nanopedestal. (b) Cross-sectional profi le illustrating the availability of 
E-fi eld hot spots for biomolecular bindings in the gold antenna on the silicon nitride pedestal and substrate. (c) Electric fi eld intensity enhancement 
profi le for the antenna systems on the nanopedestal and on substrate calculated at the spectral response engineered for the Amide I vibrational mode.
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C–N stretching vibrations (schematically illustrated in the fi gure 
inset). Here, the third vibrational signature observed in longer 
wavelengths (at ∼6905 nm) is due to the weak Amide III band 
and out of focus for this article. For our numerical calculations, 
we design the antennas primarily for Amide I vibrational band. 
In FDTD simulations, we use a protein bilayer with a thickness 
of ∼8 nm. The protein layer thickness is experimentally charac-
terized through ellipsometry measurements (Woollam). [ 60 ]  Our 
surface chemistry protocols ensure that the protein bilayer only 
covers the surface of the antennas due to the specifi c binding of 
protein A/G monolayer to the metal surface. This protein cov-
erage is modeled by defi ning an 8 nm thick dielectric layer cov-
ering only the gold surface (illustrated in Figure  2 b).  

 Detection of the protein vibrational signatures is achieved 
through monitoring the change in the refl ection spectrum of 
the nanoring antenna after adding the biomolecules. Figure  2 c 
shows the response of the ring antenna on the nanopedestal 
before (black curve) and after (green curve) the protein binding. 
As shown in Figure  2 c, for the nanoantenna on the nanoped-
estal, vibrational signatures are clearly observed as spectral dips 
in the refl ection response due to the Amide I and II absorp-
tion bands. Here, in addition to the spectral dips due to the 
protein absorption resulting from the imaginary part of the 

complex protein permittivity, we observe a red-shift in the 
antenna response which originates from the array sensitivity 
to the real part of the protein permittivity. [ 61 ]  In order to take 
this shift into account, we replace the initial response (black 
curve labeled with “Bare antenna”) with the refl ection spec-
trum from the antenna array covered with a reference material 
with the real part of the refractive index of the protein bilayer 
and zero absorption (no imaginary part). This response (black 
dashed curve), labeled as “With protein (Real  ε )”, overlaps with 
the response of the antennas covered with the protein bilayer 
model (denoted with a green curve). 

 Figure  2 d shows the refl ection difference spectrum calculated 
from antennas engineered for Amide I vibrational band, for 
the antenna on the silicon nitride nanopedestal (green curve) 
and on the silicon nitride substrate (dashed green curve). The 
spectrum is calculated from the difference between the ring 
antenna responses before (denoted with a black dashed curve in 
Figure  2 c) and after (denoted with a green curve in Figure  2 c) 
adding the protein bilayer, R R RWith protein Real With protein ComplexΔ = −ε ε( ) ( ) . 
The antenna arrays on the nanopedestal yield a refl ection dif-
ference as large as 0.06254 (corresponding to 33 mOD absorp-
tion signal) at the Amide I band. This value corresponds to an 
additional enhancement in the refl ection difference as large as 
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 Figure 2.    (a) Real (black curve) and Imaginary (green curve) parts of the modeled permittivity function for the protein bilayer (A/G + IgG). Figure inset 
schematically illustrates the Amide I and II vibrational modes of the protein back bone. (b) Schematic illustration of the protein bilayer with a thick-
ness of ∼8 nm on the surface of the gold antenna. In the fi gure, the purple color representing the protein bilayer shows the sensing volume and the 
black line shows the sensing surface. (c) Calculated bare refl ection spectrum of the nanoring antenna on the nanopedestal with no protein layer (black 
curve) and after the coating of the protein bilayer with real (black dashed curve) and complex (green curve) permittivity. (d) Calculated refl ection dif-
ference spectra for the nanoring antennas on the silicon nitride nanopedestal (green curve) and substrate (dashed green curve) demonstrating the 
protein vibrational signatures. In the fi gures, the red and blue lines show the Amide I and II vibrational modes of the protein bilayer, respectively. The 
corresponding device parameters: for nanoring antenna on the substrate:  R in   = 670 nm and  R out   = 870 nm and for nanoring antenna on the pedestal: 
 R in   = 750 nm and  R out   = 950 nm, and the period of the array is 3 µm.
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∼2.6 times compared to the ring antennas fabricated directly 
on the dielectric substrate (0.02397 refl ection difference). Even 
though the antenna is designed for Amide I vibrational mode 
and the mode supported by the nanoring is blue-shifted from 
the Amide II, it still benefi ts from the accessible local elec-
tromagnetic fi elds, yielding an absorption signal as large as 
15 mOD. On the other hand, for the antenna on substrate, the 
refl ection difference values correspond to absorption signals of 
only 8 and 4 mOD for Amide I and II bands, respectively. 

 The enhancement in the absorption signal with the use of 
the nanopedestal can be explained by considering the improved 
sensing volume and the large local electromagnetic fi elds asso-
ciated with it. For a quantitative comparison, we calculate the 
integral of the local electromagnetic fi elds over the protein 
bilayer region. For the nanopedestal, as the silicon nitride sub-
strate under the antenna is partially removed, the available 
binding region for sensing is larger. In  Table    1  , we calculate 
the sensing surface,  S  as schematically shown in Figure  2 b. 

The ring antennas on the nanopedestal support ∼1.68 times 
larger sensing surface compared to the ones on the substrate. 
Next, we calculate the integral of the enhanced fi elds over the 
sensing volume ( V ) by considering the fact that the protein 
molecules form an 8 nm thick bilayer on the gold surface, i.e., 

nm nm 8 nm3 2V S( ) ( )= × . As shown in Table  1  for Amide I, the 
nanopedestal design enables ∼2.6 times larger integral value 
due to the improved sensing surface and higher local electro-
magnetic fi elds. This value is in agreement with the previously 
presented enhancement in the refl ection difference (∼2.6 times 
in Figure  2 d) as shown in the last column of Table  1 .  

 For experimental demonstration, we fabricate nanoring 
antennas on the silicon nitride nanopedestals by adding an 
etching step after the fabrication of the nanoantennas on the 
substrate.  Figure    3  a illustrates the manufacturing steps. We 
start with a 400 nm thick silicon nitride membrane supported 
by silicon. The fabrication process of the silicon nitride mem-
branes is described in supporting information. Thin silicon 
nitride substrate enables transmission and refl ection measure-
ments in Mid-IR spectral range with almost no optical loss. 
 (i)  We fi rst perform E-beam lithography using a positive resist, 
Polymethyl methacrylate (950PMMA A5, MICROCHEM). 
 (ii)  After development using methyl isobutyl ketone and iso-
propyl alcohol (MIBK-IPA, 1:3) solution, we deposit a thin layer 
of chromium serving as an adhesion layer, and 100 nm gold. 
 (iii)  We then perform a lift-off process using acetone and IPA to 
remove the gold from the unexposed surface resulting in gold 
nanoantennas on the silicon nitride substrate.  (iv)  Finally, in 
order to suspend the nanoparticles on the nanopedestals and 
expose their tip ends, we etch the silicon nitride layer using 
hydrofl uoric acid solution (HF concentrated 48%). Here, a con-
trolled wet-etching procedure is critical to suffi ciently undercut 

  Table 1.    Comparison of the available sensing surface  S , integral of 
the nearfi eld intensity enhancement (a.u.) over the sensing volume 

nm nm 8nm3 2V S( ) ( )= × , calculated refl ection difference corresponding 
to absorption signals of Amide I vibrational mode for the gold nanoring 
antennas on the silicon nitride substrate and nanopedestal.  

Available Sensing 
Surface,  S  [nm 2 ] ( , , )

(nm )3

I x y z dV
V
∫∫∫

Calculated Refl ection 
Difference for Amide I

Antenna on 

Pedestal
2.9518 × 10 6 4.0574 × 10 7 0.06254

Antenna on 

Substrate
1.7593 × 10 6 1.5473 × 10 7 0.02397
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 Figure 3.    (a) Fabrication process of the gold nanoantennas on (iii) the silicon nitride (SiN) substrate and (iv) on nanopedestal with isotropic wet-
etching process. (b) SEM images of the gold nanoring antennas on nanopedestal. The corresponding device parameters are:  R in   = 750 nm,  R out   = 
950 nm, and the period of the array is 3 µm.
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the silicon nitride substrate while avoiding the removal of nano-
antennas due to over-etching. Using isotropic wet-etching pro-
cess, we remove silicon nitride by ∼70 nm along all directions. 
After the etching procedure, the thickness of the remaining 
silicon nitride membrane is 260 nm and the height of the ped-
estal underneath the antenna is 70 nm. The width of the silicon 
nitride nanoring pedestal is 140 nm thinner compared to that 
of the gold nanoring antenna (R ( ) =silicon nitride 820 nmin  
and R ( ) =silicon nitride 880 nmout ). Figure  3 b shows the scan-
ning electron microscope (SEM) image of the antennas on the 
pedestal with  R in   = 750 nm,  R out   = 950 nm and array period of 
3 µm, demonstrating that the silicon nitride layer is well-etched 
and the gold nanoantennas are intact and uniform. Our fabrica-
tion method, yielding suspended nanoparticles, can be applied 
for other antenna geometries and substrates with appropriate 
etching chemistry.  

 In this section, we experimentally demonstrate the advan-
tage of the nanopedestals in SEIRA measurement. Refl ection 
response of the nanoring antennas is collected using a Fou-
rier transform infrared spectrometer (Bruker, IFS 66/s) cou-
pled to an infrared microscope (Bruker, Hyperion 1000). The 
spectra are collected at a resolution of 4 cm −1  and consist of 
256 scans co-added with a mirror repetition rate of 40 kHz. 
Spectroscopic scans are performed under a dry air purged 
environment to eliminate atmospheric water vapor absorp-
tion in the spectral region of interest.  Figure    4  a and b show 
the experimental spectral response of the nanoring antennas 

on the silicon nitride substrate and on nanopedestals, respec-
tively. The antennas support spectrally narrow plasmon exci-
tations [ 62 ]  around 6 µm covering specifi cally Amide I and II 
vibrational modes of the protein back bone for the bilayer (A/G 
from Pierce and goat IgG from Sigma). As confi rmed experi-
mentally, the spectral location of the plasmonic mode can be 
controlled with the radius of the ring. Here, the additional 
spectral feature at ∼2100 nm is associated with silicon nitride 
substrate and does not depend on the antenna array. Figure  4 c 
shows the initial response of the nanoring antenna on the sil-
icon nitride pedestal labeled with “Bare antenna” (black curve). 
After introducing the protein bilayer, in addition to the 
spectral dips corresponding to the absorption, (green line) 
labeled with “With protein (Complex  ε )”, we also observe a 
red-shift in plasmonic resonance due to the real part of the 
protein permittivity which increases the effective refractive 
index of the surrounding environment as explained earlier. In 
order to take this shift into account, we utilize a polynomial 
fi tting procedure and obtain a shifted spectrum (dashed black 
curve) labeled with “With protein (Real  ε )” for calculation of the 
absorption signal. [ 23 ]  Figure  4 d shows the experimental refl ec-
tion difference spectra ( R R RWith protein Real With protein ComplexΔ = −ε ε( ) ( )) of 
the ring antennas on the silicon nitride nanopedestal (green 
curve) and substrate (dashed green curve). Here, due to the 
fabrication tolerance, the resonance peaks of the bare antenna 
responses (Figure  4 a,b) are not exactly overlapping with the 
Amide I band. This mismatch further increases by the spectral 
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 Figure 4.    Experimental refl ection spectra for the gold nanoring antennas on the silicon nitride (a) substrate and (b) nanopedestal. (c) Experimental 
refl ection spectra of the nanoring antenna on the nanopedestal before (black curve) and after modifi cation (dashed black curve), and after the coating 
of the protein bilayer (green curve). (d) Experimental refl ection difference spectra for the nanoring antennas on the silicon nitride nanopedestal (green 
curve) and substrate (dashed green curve) demonstrating the protein vibrational signatures. In fi gures, red and blue lines show Amide I and II vibra-
tional modes of the protein bilayer, respectively. The corresponding device parameters: for nanoring antenna on the substrate:  R in   = 670 nm and  R out   = 
870 nm, for nanoring antenna on the nanopedestal:  R in   = 750 nm and  R out   = 950 nm, and the period of the array is 3 µm.
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red-shift after the bilayer binding. Even though the antenna 
system on the substrate favors the plasmonic excitations more, 
the later one still supports larger absorption signal (green curve 
in Figure  4 d) due to its highly accessible local electromagnetic 
fi elds. We determine that the antennas on the nanopedestals 
give 30 mOD and 18 mOD absorption signals at the Amide I 
and II bands, respectively, while the antennas on substrate pro-
vide only 3 mOD for Amide I and 7 mOD for Amide II. These 
experimental results are in good agreement with our calcula-
tions shown in Figure  2 d. It is also interesting to note that, 
as the response of the antenna system on the substrate better 
overlaps with the Amide II band after the spectral shift, absorp-
tion signal obtained from the antenna for this band is stronger 
than Amide I band (green dashed curve in Figure  4 d).  

 In conclusion, we successfully introduce plasmonic nanoring 
antennas fabricated on dielectric nanopedestals which increase 
the sensing signals by supporting highly accessible electromag-
netic fi elds. Our symmetric nanoring antennas eliminate the 
need for the use of polarizers in the measurements and provide 
an alignment insensitive design that can utilize the total power 
of the IR source. By incorporating an absorbing protein bilayer in 
FDTD simulations, we are able to calculate the absorption signals 
of the modeled vibrational protein bands in a good agreement 
with our experiments. We also numerically demonstrate a cor-
relation between the enhancement in the absorption signal and 
the improvement in the accessibility of the local electromagnetic 
fi elds over the protein layers. In order to experimentally realize 
suspending nanoparticles on thin nanopedestals, we introduce 
an isotropic etching method ensuring signifi cant undercutting 
below the nanoparticle antennas, hence fully exposing the spa-
tial regions where the fi eld enhancement is largest. This fabrica-
tion method is applicable to antennas of other shapes with only a 
single additional fabrication step. By providing higher sensitivity, 
these nanoring antennas on nanopedestals are highly advanta-
geous for applications requiring high SNR.  
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