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the light–matter interaction within these 
ultrathin (1D) or ultrasmall dimensions 
(2D or 3D). The unprecedented ability 
of metallic nanostructures with nano-
metric gaps to concentrate light has 
attracted significant research interest in 
recent years.[1,2] It has been reported that 
the optical field can be concentrated into 
deep-subwavelength volumes and realize 
significant localized-field enhancement 
using a variety of nanoantenna struc-
tures,[3] showing promise for the devel-
opment of enhanced nonlinear optics,[4] 
surface photocatalysis,[5,6] and vibrational 
biosensing spectroscopies.[7,8] It is gener-
ally believed that smaller gaps between 
metallic nanopatterns will result in 
stronger localized-field enhancement due 
to optically driven free electrons coupled 
across the gap. According to previous 
research, visible light can be squeezed into 
a 3 nm metal–insulator–metal plasmonic 
cavity with both open[9] and closed ends.[10] 
In other recent work, an electric field 
enhancement of 1000 was experimentally 

demonstrated for a nonresonant 70 nm wide slit in the tera-
hertz regime.[11] Following the prediction that the field enhance-
ment will keep increasing with decreasing gap size, much 
larger enhancement (e.g., 25 000) was observed for a 1 nm gap 
at the wavelength of ≈4 mm.[12] This increasing enhancement 
continues until the gap is scaled down into quantum regimes 
(i.e., 0.3–0.5 nm), where the upper limit for plasmonic field 
enhancement can be obtained.[13–17] Therefore, structures with 
extremely small gap features are highly desired for light–matter 
interaction applications based on maximized field confinement 
and enhancement. However, it is challenging to fabricate nano-
photonic structures with such small features to squeeze light 
into these extreme dimensions efficiently.

Atomic layer lithography pioneered by refs. [12] and [18–23] 
is a new technology to fabricate deep-subwavelength uniform 
features. In this manufacturing process, atomic layer deposi-
tion (ALD) is used to define nanogaps between predefined 
nanopatterns and deposited metal films, giving Angstrom-scale 
lateral resolution along the entire contour of structures. In the 
originally proposed strategy,[12] the upper metal patterns have 
to be peeled off using standard adhesive tape, which is a crit-
ical step of this ALD lithography process. To realize the final 
metal patterns with very small gaps, it is crucial to fabricate 
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1. Introduction

Due to the diffraction limit of conventional optics, coupling 
and confinement of light into deep-subwavelength volume is 
usually very challenging, resulting in difficulties in exploring 
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vertical sidewalls on the first layer, so that there is a discon-
tinuity between the first layer and the second, as reported in 
refs. [12,18], and [19]. Nevertheless, it is challenging to control 
the sidewall verticality of the first metal layer and thickness of 
the second metal film to obtain the tiny discontinuity. If the 
second layer is thick and forms a continuous film, the entire 
layer will be peeled off. Recently, several groups including our 
own developed modified processes to avoid the challenging 
control of the side-wall and the second layer deposition.[20,24] 
Instead, the entire three-layered nanopattern (i.e., the first 
predesigned nanopattern, the second ALD layer, and the third 
metal deposition) is peeled from the substrate, demonstrating 
a strategy to develop nanopatterns with ALD-defined gaps over 
large areas that can increase the fabrication quality and yield.[24] 
However, although the localized field can be enhanced signifi-
cantly within smaller gaps, the light coupling efficiency from 
free-space into these ultrasmall volumes is usually very weak 
due to the diffraction limit of conventional optics. For instance, 
the peak light coupling efficiency in periodic patterns with  
3 nm gaps is only 3%.[20] Most incident energy was lost due 
to the weak coupling. Therefore, it is essential to develop new 
structures to improve the light trapping performance and  
further enhance the localized field in these extreme volumes.

It was recently recognized that patterned metamaterial 
super absorber structures provide a planar photonic platform 
to control the electromagnetic fields in ultrathin/small dimen-
sions with flexibility and performance that was not previously 
possible.[25] A particularly exciting opportunity has emerged in 

thin-film metamaterial super absorbers capable of near-perfect 
light absorption.[26] These resonant on-chip structures provide a 
promising platform for the efficient coupling and concentration 
of incident light into subwavelength volumes. In this article, 
we will combine the super absorbing metamerial structure 
with modified ALD lithography to develop a super absorbing 
nanogap metamaterial with sub-5 nm gaps. By squeatezing 
mid-infrared (mid-IR) light into nanogaps efficiently, our struc-
ture can obtain extremely enhanced light fields that are par-
ticularly useful for enhanced light–matter interaction, as dem-
ostrated using surface enhanced infrared absorption (SEIRA) 
spectroscopy.

2. Interaction between Adjacent Patterns in Planar 
Metal–Dielectric–Metal (MDM) Structures

As illustrated in Figure 1a, a typical three-layered planar MDM 
metamaterial super absorber structure is constructed by a con-
tinuous metal ground plane, a dielectric spacer layer, and a top 
(periodic[26] or nonperiodic)[27,28] nanopattern array. According 
to the microscopic description of the physical operating mecha-
nism,[11] when the distance between each nanopattern is suf-
ficiently large, the interaction between adjacent nanopatterns 
is negligible, the three-layered unit can be treated as an optical 
analogue of a grounded patch antenna, with a fixed spectral 
resonance. The position of this absorption resonance is mainly 
determined by geometric parameters of an individual grounded 
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Figure 1.  a) Conceptual illustration of metamaterial structure with 1D periodic distributed patterns on the top surface. b) Preliminary modeling of 
the absorption spectra of patterned MDM super absorber structures. Localized-field enhancement distribution (i.e., |E/E0|2) within the c) 10 nm wide, 
d) 5 nm wide, and e) 2 nm wide gaps. f) Effective circuit model for MDM super absorber structure. g) Impedances of Cg (red curve) and (Lm + Le) 
(blue curve) at different gap distance. The dashed line shows the impedance of (Lm + Le) at resonant wavelength for a single grounded patch antenna.
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patch antenna rather than the period.[28] However, when the 
gaps are reduced to sub-10 nm scales, adjacent modes will 
strongly interact with each other and result in extreme localized 
field with an absorption peak that also depends strongly on gap 
size.

To demonstrate this mechanism, we plot the absorption 
spectra of a 1D MDM metamaterial super absorber as the func-
tion of the gap distance, g. All other geometric parameters are 
fixed [i.e., the width (D), the thickness of the top pattern (tm), the 
thickness of the spacer layer (td), and the thickness of the bottom 
layer (tb) are fixed at 700, 50, 20, and 100 nm, respectively]. As 
shown in Figure 1b, one can see that the perfect absorption 
peak (close to 100%) is fixed in the range of 3.5–3.7 µm when 
the gap between ajacent patterns, g, is larger than 50 nm. How-
ever, in the small gap-distance region, the absorption resonance 
will significantly shift toward the long wavelength region due 
to the interaction between adjacent patterns (see the inset of 
Figure 1b). Specifically, when g is reduced to 10 nm, the perfect 
absorption resonance is tuned to 4.52 µm, with an enhance-
ment factor (i.e., |E/E0|2) of >6000 (Figure 1c). If g is reduced 
to 5 nm, the perfect absorption is shifted to 5.29 µm and the 
localized enhancement factor is increased to >14 000, as shown 
in Figure 1d. If g is further reduced to 2 nm, the strong absorp-
tion (over 71%) is still realizable at 7.16 µm and the localized-
field enhancement factor is enhanced to >35 000, as shown in 
Figure 1e. These modeling data indicate the potential to effi-
ciently concentrate the light into extremely deep subwavelength 
volumes for enhanced light–matter interaction, which has not 
been realized by previously reported nanostructures.

To interpret the shifted resonance in mid-IR spectral region, 
here we employ the optical nanocircuit theorem[29–32] to analyze 
the resonance condition, as illustrated in Figure 1f. The reso-
nance condition for the fundamental magnetic resonance mode 
can be obtained by canceling the total impedance[29]
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Here Lm = 0.5 μ0tdD/l accounts for the parallel-plate induct-
ance; μ0 is the vacuum permeability; l is the length along the 
groove direction; Cm = c1εdε0Dl/td represents the parallel-plate 
capacitance. Parallel-plate capacitance Cg = c2εgε0 tml/g is used 
to describe the gap capacitance between neighboring patterns. 
Constants c1 = 0.21 is related to the nonuniform charge distri-
bution caused by magnetic resonance,[33] c2 = 2.4 is the correc-
tion factor due to fringing effect of capacitance.[34] εd, εg, and 
ε0 are the relative permittivities of dielectric spacer material, 
gap material, and the vacuum, respectively. A general form 
of kinetic inductance /e

2
meff 0 mL D t lω ε ε( )= − ′  is employed by 

considering the real part of dielectric function ( )mε ′  of Al. The 
effective thickness (tmeff) for electric currents is defined as the 
power penetration depth δ if δ < tm ( ( )fδ ρ π µ= , where ρ 
is the resistivity of the conductor, f is the frequency, μ is the 
absolute magnetic permeability of the conductor). Otherwise, 
tmeff = tm. The resonant condition is mainly determined by Cg 
and (Lm + Le), simultaneously (Cm is independent on g). To fur-
ther reveal their respective contributions, the impedance values 
of Cg and (Lm + Le) at the resonant wavelength as the function 

of g are plotted in Figure 1g. When the gap size is sufficiently 
large, the absolute impedance of Cg (red curve) is much larger 
than that of (Lm + Le) (blue curve). Since Cg and (Lm + Le) are in 
parallel, the impedance induced by Cg can be neglected, i.e., the 
resonant wavelength is insensitive to the gap distance, g, and 
only determined by the impedance of (Lm + Le), which is almost 
a constant (see the dashed line in Figure 1g). In this case, the 
corresponding wavelength set the lower limit of the resonant 
wavelength for the MDM super absorber structure (see the 
white dashed line in Figure 1b). This is consistent with the pre-
viously reported conclusion:[28] i.e., when the distance between 
each nanopattern is so large that the interaction between adja-
cent nanopatterns is negligible, the resonant wavelength is 
mainly determined by the geometric parameters of the indi-
vidual optical patch antenna.

On the other hand, as g decreases, Cg becomes non-
negligible. As shown in Figure 1g, the two curves for Cg and 
(Lm + Le) get close to each other and therefore determine the 
resonant wavelength of the circuit simultaneously. As shown by 
empty triangles in Figure 1b, the resonant wavelength for dif-
ferent gap distance is plotted using Equation (1), agreeing well 
with the numerical modeling (including the small g region, as 
shown in the inset of Figure 1b). Therefore, this nanogap MDM 
does provide a way to enhance the light–matter interaction 
within extremely small volumes that approach the theoretical 
upper limit[14] (it should be noted that the quantum limit identi-
fied by ref. [13] cannot be predicted accurately using this clas-
sical model). However, this planar MDM structure is extremely 
difficult to fabricate using the originally proposed ALD litho
graphy process.[12] Instead, here we propose an alternative cor-
rugated metamaterial structure to overcome those challenges 
in fabrication to realize the extremely enhanced field within 
extremely small gaps over large areas.

3. Efficient Light Trapping in Corrugated MDM 
Structure with ALD-Defined Gaps

The schematic diagram of the new structure is illustrated in 
Figure 2a. The ground plate is a corrugated grating with a top 
antenna pattern embedded in the trench of the grating and 
isolated by very narrow gaps. The top surface of the structure 
is flat. By selecting suitable parameters (e.g., P = 600 nm, D = 
300 nm, tm = 40 nm, td = 60 nm, g = 5 nm, tb = 100 nm), a 
resonant perfect absorption at 5.54 µm can be obtained, as 
shown in Figure 2b. This resonant wavelength can also be 
explained using the optical nanocircuit theorem, as illustrated 
in Figure 2c. In this case, the resonant wavelength condition 
can be determined by zeroing the total impedance of this circuit 
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where 0.5 2 /m 0 m dL D g t t lµ ( )( )′ = + +  is the mutual induc
tance caused by the parallel-plate inductance; 

eL′ =  
/m d

2
meff 0 mt t t lω ε ε( )( )− + ′  is the kinetic inductance of the side 

wall of the second metal layer. Using this equation, the resonant 
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wavelength is plotted by empty triangles in Figure 2d, agreeing 
very well with the numerical modeling results. Due to the sig-
nificantly increased Cg in the ultrasmall gaps, the resonance 
will redshift as the gap size decreases. In this case, the light is 
squeezed into the 5 nm wide gaps leading to a field enhance-
ment factor of 1.55 × 104 at the resonant wavelength (Figure 2e). 
Importantly, this corrugated MDM structure with ALD-defined 
nanogaps is realizable from a fabrication standpoint.

To demonstrate the feasibility, we first deposited an 
Ag/Ti/SiO2 layer on a glass substrate and then fabricated 
the periodic patterns with focused ion beam (FIB) milling. 
The thin Ti film functions as the adhesion layer between Ag 
and SiO2. Next, this pattern was coated with an ALD-defined 
ultrathin dielectric film (Figure 3a) and another thick Ag film 
(Figure 3b). Finally, the entire three-layered structure was 
peeled off to obtain the proposed corrugated super absorber 
structure (Figure 3c). According to the calibration of our com-
mercial ALD system (Ultratech/Cambridge Nanotech Savannah 
S100), ≈0.089 nm thick dielectric films can be produced for 
each cycle reaction under 80 °C, indicating the capability to 
accurately control the gap size. Following this procudure, a 
corrugated MDM structure with deep-subwavelength gaps 
(P = 600 nm, D = 300 nm, tm = 40 nm, td = 60 nm, g = ≈5 nm 

fabricated by 56 cycles ALD reactions, and tb = 100 nm) was 
obtained successfully as shown in Figure 3d (top view) and 
Figure 3e (cross-sectional view). In this experiment, the FIB 
milling area is ≈50 µm × 50 µm. Its resonant wavelength is 
at ≈5.3 µm with the absorption peak of 45% (blue curve in 
Figure 3f), agreeing well with the numerical modeling based 
on the extracted geometric parameters (red dots in Figure 3f). 
Although the geometry of this structure was not optimized yet, 
the absorption peak is significantly higher than that obtained 
previously with no super absorber cavity (i.e., 3% as reported 
in ref. [20]). One can see that the side wall of the metal/SiO2 
pattern is not vertical to the substrate plane, demonstrating 
that one of the major advantages of our corrugated MDM 
super absorber: i.e., the verticality of the sidewalls of metal pat-
terns and thickness control of second metal layer are no longer 
critical for fabrication. In addition, this resonant peak can be 
optimized by suitably designing and fabricating the geometric 
parameters. For instance, another structure was fabricated suc-
cessfully (Figure 3g (top view) and Figure 3h (cross-sectional 
view)) with optimized parameters of P = 500 nm, D = 250 nm, 
tm = 30 nm, td = 60 nm, g = ≈5 nm, and tb = 150 nm, realizing 
a higher absorption peak >81% at the resonant wavelengths of 
3.31 µm (blue curve for experimental results and red dots for 
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Figure 2.  a) Schematic illustration of the MDM metamaterial structure with corrugated ground plate. b) Modeled absorption peak of a designed struc-
ture with the geometric parameters of (P = 600 nm, D = 300 nm, tm = 40 nm, td = 60 nm, g = 5 nm, tb = 100 nm). c) Effective circuit model for MDM 
structure with corrugated ground plate. d) Modeling of the absorption spectra of structure in (a). e) Modeled electric field enhancement distribution 
around the ultrasmall gap. The peak value of the scale bar is set to 4000 to show the localized field more clearly. The actual peak value is 1.55 × 104.
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modeling results in Figure 3i). The resonant wavelength can 
be controlled by tuning the geometry of the nanopatterns. One 
can refer to Section S1 (Supporting Information) for a design 
at Terahertz wavelengths. Intriguingly, the dependence of the 
resonant wavelength on nanogap, as defined by ALD thickness, 
provides a unique spectral tunability while maintaining fixed 
lateral dimensions of the first nanopatterns.

4. Spectral Tunability with Fixed Lateral 
Dimensions

In most reported nanophotonic structures (including photonic 
crystals, plasmonics, and metamaterial structures), period is 
one of the most important parameters to tune the resonant 
wavelength. However, for this lateral-dimension-dependent 
spectral tenability (e.g., Figure 3d–h), advanced top down 
lithography technologies were mostly required. Even high 
throughput techniques, such as photolithography and nano-
imprint lithography, require different mask/stamp profiles for 
different lateral dimensions, imposing a significant cost barrier 

for these types of nanostructure fabrication. Here we will dem-
onstrate a new strategy to realize the spectral tunability based 
on the same lateral dimension.

As demonstrated in Figures 1b and 2d, due to the strong 
interaction between adjacent nanopatterns (i.e., the contri-
bution of Cg in Equations (1) and (2)), the resonance can be 
redshifted using the same lateral dimensions of the metal 
patterns by using different gap distances defined by ALD pro-
cesses. To demonstrate this unique spectral tunability, we fab-
ricated a set of three sample with identical lateral dimension, 
as shown in Figure 4a (P = 300 nm, D = 150 nm, td = 40 nm, 
i.e., the first layer pattern illustrated in Figure 3a). On top of 
these structures, we introduced three different ALD-controlled 
gaps of 3.03 nm (34 cycles), 4.98 nm (56 cycles), and 7.03 nm 
(79 cycles), respectively. The ALD film thickness and uniformity 
was confirmed using a spectral ellipsometer (J. A. Wollam) at 
nine different areas on the same reference Si substrate coated 
on the same ALD process. Finally, we deposited the second 
200 nm thick metal film to form the complete super absorber 
structure. One cross-sectional scanning electron microscopy 
(SEM) image with the gap of ≈5 nm is shown in Figure 4b. As 
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Figure 3.  a–c) Manufacturing procedure to fabricate corrugated MDM super absorbers with ultranarrow gaps. d) Top-view and e) cross-sectional SEM 
images of a fabricated structure with the parameter of P = 600 nm, D = 300 nm, tm = 40 nm, td = 60 nm, g = 5 nm, and tb = 100 nm. f) Measured 
absorption spectrum of the fabricated structure (blue solid curve) and the modeled absorption curve (red dotted curve) by considering real param-
eters extracted from the SEM image. g) Top-view and h) cross-sectional SEM images of a structure with the parameter of P = 500 nm, D = 250 nm, 
tm = 30 nm, td = 60 nm, g = 5 nm, and tb = 150 nm. i) Measured absorption spectrum of the fabricated structure (blue solid curve) and the modeled 
absorption curve (red dotted curve) by considering real parameters extracted from the SEM image.
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a result, we obtained three different absorption resonance cen-
tered at 2.96, 2.74, and 2.48 µm, respectively (solid curves in 
Figure 4c), agreeing reasonably well with our numerical mode
ling results (dots in Figure 4c). The relatively large difference 
in the absorption spectrum for the 3 nm gap sample should 
be attributed to the fabrication error and intrinsic roughness 
of the actual structure. These experimental data demonstrated 
the feasibility of this method for realizing a resonant field 
enhancement that can be tuned over a wide spectral range with 
structures that have identical preliminary fabrication steps and 
patterns (i.e., Figure 3a). To further demonstrate the application 
of these extremely enhanced localized fields, we will next dis-
cuss its application for SEIRA spectroscopy.

5. Surface Enhanced Sensing around  
Ultrasmall Gaps

Infrared (IR) vibrational spectroscopy is one of the most 
important techniques for chemistry, medicine, and biology, 
since it can identify molecular composition by analyzing 
“fingerprints” of signature functional groups.[7,35–38] However, 
due to the small intrinsic cross-section of a molecular vibra-
tion for IR spectroscopy, the sensitivity of this technique is 
rather limited. In order to obtain vibrational information from 
extremely small amount of molecules, SEIRA spectroscopy has 
been developed to improve the detection performance relying 
on patterned metal surfaces with localized-field enhance-
ment.[35,37–40] Particularly, it is a complementary sensing tech-
nique to surface enhanced Raman spectroscopy (SERS): i.e., 
absorption peaks of SEIRA generally correspond to Raman 
scattering peaks of SERS. Signals generated by these two tech-
nologies could be more sensitive at different spectral regions, 
complementing each other further. Therefore, an ideal situa-
tion is to measure the same sample using these two techniques 
simultaneously. However, since the vibrational absorption 
signal of SEIRA is proportional to |E/E0|2 in contrast to |E/E0|4 

for SERS, the enhancement factor for SEIRA 
is usually orders of magnitude lower than 
SERS.[8] This weakness significantly restricts 
the application of SEIRA in ultrasensitive 
applications. Recently, various nanopatterns 
with extremely small gaps were developed to 
demonstrate enhanced sensitivity for SEIRA 
applications. For instance, photochemical 
metal deposition method was employed 
to fabricate an SEIRA substrate with a 
3 nm gap between two nanorod antennas, 
achieving a signal enhancement over 2 × 105 
experimentally.[38] However, the scalability, 
uniformity, and reproducibility of nanogaps 
fabricated by electron beam (e-beam) litho
graphy over small areas remain challenging, 
something that can be addressed using our 
proposed corrugated MDM super absorber 
structure with nanogaps over large areas.[24]

To demonstrate the feasibility, here we 
employed the structures in Figure 3 as the 
SEIRA substrates to identify the infrared 

fingerprints of chemical molecules. When the chemical mole
cules bind on top of the nanogap and interact with the locally 
enhanced field (Figure 5a), its infrared absorption signal should 
be enhanced accordingly. In this experiment, we first selected 
poly(methyl methacrylate) (PMMA) as the sensing target since 
its absorption finger prints overlap with the absorption band of 
the fabricated sample in Figure 3d. We spin coated a ≈100 nm 
thick PMMA layer on our corrugated MDM structure. For 
comparison, a reference sample was prepared with the same 
PMMA layer on a flat Ag substrate. Their reflection spectra 
with and without PMMA coating are plotted in Figure 5b. Since 
the fabricated 1D structure is polarization dependent, the reso-
nance can only be observed under transverse magnetic (TM) 
polarized incidence, while under transverse electric polariza-
tion, there is negligible structural contribution to the response 
and the reflection is close to 100%. With TM polarization, a dip 
at ≈5.5 µm can be observed on the two samples, corresponding 
to the absorption bands of a carbonyl group (1718.3 cm−1) and 
poly(vinyl acetate) segments (1726.9 cm−1) (i.e., signatures of 
PMMA molecules in SEIRA sensing,[41] indicated by the green 
dashed lines in Figure 5b,c). One can see that the amplitude 
of the signal from the MDM structure is obviously stronger 
than that from the reference sample. For clarity, the difference 
between the spectra with and without PMMA coating is plotted 
in Figure 5c, showing that the amplitude of the signature on the 
MDM structure is enhanced by 11.1. Considering the strongly 
localized field within the nanogap and the selection rule for 
SEIRA (i.e., only molecules parallel to the dipole moment of the 
localized field can be preferentially enhanced),[42] this enhanced 
signal is actually contributed by a region at the side wall of the 
first metal pattern that is close to the PMMA-MDM interface. 
Previously reported works[35,43] generally employed data pro-
cessing to extract the enhancement factor (see Section S2, Sup-
porting Information, for details). It should be noted that the 
mid-IR field is strongly localized around the nanogap and decay 
exponentially away from the interface. Therefore, by analyzing 
the field distribution obtained by numerical modeling, the 
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Figure 4.  a) SEM image of the first layer grating with P = 300 nm and D = 150 nm. b) Cross-
sectional SEM image of a fabricated structure (tm = 40 nm, td = 40 nm, and tb = 200 nm) 
with the gap size of ≈5 nm. c) Absorption spectra of three samples with different gap sizes of 
≈3 nm (blue curve), ≈5 nm (black curve), and ≈7 nm (red curve), respectively. Insets: Schematic 
illustration of the MDM metamaterial structures with different gaps.
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minimum enhancement factor for PMMA layer is estimated 
from ≈1.2 × 105 to 1.8 × 106, which is two orders of magnitude 
stronger than the previously reported data for PMMA layers on 
gold strip grating structures.[44]

To further demonstrate this improved surface enhance-
ment effect, we then coated our sample with a monolayer of 
1-octadecanethiol (ODT) molecules to perform the second 
experiment since their signature fingerprints overlap with the 
resonance of the structure shown in Figure 3g. According to 
the ellipsometer characterization, the effective thickness of 
our sample is ≈2.6 ± 0.2 nm, corresponding to a monolayer 
ODT molecules.[45] As shown by the orange curve in Figure 5d, 
the absorption signature signal on the reference Ag sample 
(i.e., a monolayer of ODT molecules on a flat Ag film) is not 
resolvable. In contrast, an obvious signal change at 3.42 and 
3.5 µm (indicated by the green dashed lines in Figure 5d,e) 
was observed, corresponding to the signature fingerprints of 
ODT molecules.[37] The difference between the spectra with 
and without ODT molecules is plotted in Figure 5e. Since 
the estimated enhancement factor of SEIRA characterization 
was dependent on the calculation methods, we then followed 
two different data processing procedures[20,46] and obtained 
the enhancement factor of 8.5 × 106–1.0 × 107 (calculation 
details are listed in Section S3, Supporting Information). This 
enhancement factor is better than previously reported results 
based on small area metallic nanorods fabricated by e-beam 
lithography (e.g., 3.3 × 105 obtained from a single nanorod 
with the dimension of 1.4 µm × 100 nm;[46] 1.2 × 105 obtained 
from a fan-shaped gold nanoantenna with a ≈20 nm ×  
20 nm sensing area over a 1.7 µm × 1 µm pattern)[47] and 
much larger than most reported nanopatterned structures for 
SEIRA sensing.[37,48] Importantly, the interaction area on top 
of these nanogaps (e.g., Snanogap = 10.6 µm2 for the 50 µm × 
50 µm structure, see Section S3B, Supporting Information) is 
much larger than previously reported nanorods (i.e., at the two 

ends of each rod)[46] and nanoantenna structures (i.e., in the 
gap area between two metallic tips).[38] Therefore, the signal 
to noise ratio of our SEIRA result is superior to previously 
reported results. For instance, for the fan-shaped nanoantenna 
measured in a similar facility setup as ours,[47] the signal is 
less than 0.1%, which is ≈40 times smaller than our signal 
shown in Figure 5e. Due to the weak scattering from the 
single nanorod,[46] a synchrotron light source was employed to 
resolve ≈1% signal change. Therefore, a long time scan was 
required (i.e., taking an average of 125 spectra with 100 scans), 
≈60X longer than our measurement. For our current setup, 
a regular spherical emitter (SiC bar heated at 1300 K) was 
used as the light source, which provides far less intensity 
than the synchrotron source and is much more inexpensive 
and therefore, more accessible for regular sensing applica-
tions. As expected, the sensing area can be increased further 
by reducing the period of the first step patterning while using 
a smaller gap to obtain the same resonance overlapping with 
the vibrational mode of molecules (see Section S5, Supporting 
Information, for an example). More importantly, combined 
with large area optical interference patterning methods (e.g., 
2 cm × 2 cm as we reported in ref. [24] and 10 cm × 10 cm in 
ref. [49]), the proposed structure is easy to be scaled up over 
larger areas for the development of inexpensive nanostruc-
tured substrates for practical sensing applications. It should 
be noted that if the ALD-induced Al2O3 filled in the gap can 
be removed using etching,[20] more areas/volumes in the gap 
with strong localized field can be used for extremely enhanced 
light–matter interaction, which is still under investigation.

In conclusion, we proposed a metamaterial super absorber 
structure with sub-5 nm gaps. Due to the strong interaction 
between adjacent patterns, the resonant wavelength can be 
manipulated by controlling the gap size based on fixed lat-
eral dimensions of major patterns. Using modified ALD 
processes, a novel metamaterial super absorber structure 

Adv. Optical Mater. 2017, 1700223

Figure 5.  a) Conceptual illustration of SEIRA sensing using nanogaps. b) Experimental reflection spectra of nanogap-assisted MDM super absorber 
with (red curve) and without (blue curve) PMMA coating, and PMMA film directly spin coated on bare Ag film (orange curve). c) Reflection differences 
for both the nanogap-assisted MDM super absorber sample (red curve) and bare Ag film (blue curve). R and R0 are the reflection of bare Ag film/MDM 
super absorber with and without PMMA, respectively. d) Experimental reflection spectra of nanogap-assisted MDM super absorber with (red curve) 
and without (blue curve) ODT coating, and ODT film directly spin coated on bare Ag film (orange curve). e) Reflection differences of nanogap-assisted 
MDM super absorber sample.
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with corrugated ground plate was realized. Strong light trap-
ping resonances were obtained in the mid-IR spectral range. 
Remarkably, these highly efficient trapped light modes are 
confined within sub-5 nm gaps, resulting in significantly 
enhanced fields, which are particularly promising for surface 
enhanced light–matter interaction. According to our experi-
ment demonstration of SEIRA, a sensing enhancement factor 
over 105–106 was obtained using PMMA and ODT layers. Due 
to the large sensing area on top of the nanogaps, the absolute 
value and signal-to-noise-ratio for SEIRA signal is improved 
significantly compared with previous reports. This struc-
ture is amenble to larger area manufacturing methods like 
optical interference patterning and nanoimprint lithography. 
Additionally, the nanogap density (i.e., the sensing area) can 
be further increased by reducing the basic pattern dimen-
sion and the gap size simultaneously. This type of nanogap 
metamaterial super absorber is particularly attractive for the 
development of practical nanophotonic platforms for optoelec-
tronic, energy harvesting, conversion and biosensing appli-
cations within extreme volumes approaching the plasmonic 
quantum limit.[13,16,50]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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