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ABSTRACT

The resonant nature and geometric scalability make metamaterials an ideal platform for an enhanced light-matter interaction over a broad
frequency range. The mid-infrared (IR) spectral range is of great importance for vibrational spectroscopy of molecules, while IR metamateri-
als created from lithography-based planar nanostructures have been used to demonstrate enhanced molecular detection. Compared with visi-
ble and near-infrared, the relative long wavelengths of IR light make it possible to achieve three-dimensional (3D) IR metamaterials via the
state-of-the-art 3D fabrication techniques. Here, we design and fabricate a 3D printed plasmonic metamaterial absorber (MMA), and by per-
forming Fourier-transform IR spectroscopy, we demonstrate that a series of molecular fingerprint vibrations of glycine can be significantly
enhanced by the high absorption mode supported by the 3D meta-atoms of the MMA. The observed enhanced IR detection can also be
partially attributed to the improved accessibility offered by the 3D architecture of the MMA. In particular, due to capillary forces during the
drying process, the microscale 3D printed features lead to selective analyte deposition in high-field regions, which provides another degree of
freedom in the design of the 3D printed structures for surface-enhanced IR detection. Our study shows the flexibility of metastructures based

on advanced 3D printing technology in tailoring the interaction between IR light and materials on a subwavelength scale.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0093332

The development of artificial structures, such as metamaterials
and metasurfaces, offers unprecedented opportunity in tailoring the
light-matter interaction on subwavelength scales. Importantly, the res-
onant nature of meta-atoms, i.e., the subwavelength building blocks,
makes it possible to achieve enormously enhanced optical fields at the
given frequencies or in the predetermined bands. In particular, surface
plasmon resonances (SPRs) associated with the coherent oscillations
of the electron density induced by an electromagnetic field can result
in strong field concentration in the vicinity of plasmonic nanostruc-
tures. The resonance enabled field enhancement effect observed in
meta-atoms not only gives rise to a series of exotic optical phenomena,
such as optical magnetism,"” negative refraction,” and giant optical
chirality, but also provides the basis for the exploration of the
enhanced light-matter interaction for nonlinear’® and sensing’ *
applications.

Given the fact that the resonance properties of meta-atoms (e.g.,
the resonance frequencies) are highly sensitive to their dielectric envi-
ronment, meta-devices have been used for refractive index sensing,'”'°

which has led to the detection of CO, gas,17 glucose,18 etc. More
importantly, the coupling between the optical resonances supported
by meta-atoms and vibrational modes of molecules makes it possible
to detect molecular groups with extremely high sensitivity. In their
pioneering work, Neubrech and co-workers demonstrated a huge
enhancement of vibrational signals from less than one attomol of mol-
ecules attaching to individual gold nanowires exhibiting plasmonic
resonances in the mid-infrared (IR) region.l{’ Since then, tremendous
efforts have been dedicated to the development of nanostructure based
optical sensors for enhanced vibrational spectroscopy.'”'”*"*¢
Among these studies, besides gold and silver, graphene,”*"*%*7%*>
doped semiconductors,”** and phonon-polaritonic materials’” have
been adopted to create the plasmonic nanoantennas, while all-
dielectric sensors have also been investigated.'”*

In the design of nanostructure-based IR sensors for enhanced
vibrational spectroscopy, two main factors are generally considered: (i)
ensuring the spectral overlap between the optical resonance of the
nanostructure and the vibrational modes of interest, and (i) good
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accessibility of the enhanced optical field created by the nanostruc-
tures. The geometric scalability of meta-atoms makes the former easy
to satisfy, while the latter condition can be improved by using architec-
tures with three-dimensional (3D) features.””””****°! It should be
noted that given the wavelengths of interest for vibrational spectros-
copy, state-of-the-art 3D-printing techniques based on 3D laser lithog-
raphy, which is capable of fabricating highly complex 3D structures
with sub-micrometer-scale characteristic dimensions, can be exploited
to realize 3D metamaterials for IR detection.”” Importantly, compared
with the planar structures that are based on conventional lithography
methods, 3D printed metamaterials can be readily accessible IR plat-
forms for vibrational molecular spectra.

In this work, by employing 3D printing techniques, we fabricate
a 3D metamaterial absorber (MMA) and experimentally demonstrate
the large enhancement of the vibrational signals from glycine mole-
cules on the metamaterial. In particular, by introducing glycine onto
the fabricated MMA via a solution drop-casting/drying procedure, we
identify a series of fingerprint vibrational modes of glycine from the
reflection spectra of the system in the wavelength range from 6 to
20 um. Note that, due to the small amount of glycine involved, most of
these spectral features are not detectable from a system where the dry
glycine is located on an unpatterned gold film. Our work indicates that
3D printed metamaterials hold great promise for IR detection with sig-
nificantly enhanced accessibility and improved detection sensitivity.

The proposed 3D printed MMA was fabricated via a two-photon
polymerization process. While the details of this Nanoscribe-based
3D-printing approach have been discussed in previous work,” a
schematic of the corresponding fabrication process is illustrated in
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Figs. 1(a) and 1(b). In particular, photoresist-based dielectric split ring
resonators (SRRs) on top of an ITO-coated glass coverslide were first
obtained by a programmed direct laser writing and developing process
and then sputter coated with a 10-nm-thick chromium adhesion layer
and a 100-nm-thick gold layer (see the supplementary material for a
discussion of the fabrication process). We note that because the thick-
ness of the gold coating is significantly larger than the skin-depth of
gold at the operating wavelength, the dielectric property of the photo-
resist has no influence on the optical response of the proposed meta-
material absorbers. An earlier study at THz frequencies has shown the
3D SRR based design as a good candidate for 3D all-metal metamate-
rial absorbers.”” A schematic of the 3D printed MMA for IR detection
is shown in Fig. 1(c), while SEM images of the fabricated samples are
shown in Fig. 1(d). Strong field enhancement and excellent accessibil-
ity offered by the 3D printed MMAs can enable IR surface-enhanced
spectroscopy with improved sensitivity. We note that, as the gold coat-
ing is optically thick for the IR light of interest, the dielectric properties
of the photoresist have negligible influence on the absorption response
of the MMA samples. Furthermore, the conformal gold coating also
ensures zero transmissivity, i.e., the absorptance satisfies A =1 — Ryotal,
where Ry represents the total reflectance. For wavelengths longer
than 7 um (periodicity), Riot = Ro, Where Ry is the reflectance of the
zero-order reflected wave, while, for the wavelengths shorter than
7 um, Riota=Ro + D R(mny Where R,y corresponds to the reflec-
tance of diffractive waves (im =0, *1; n =0, =1).

To study the IR absorption characteristics of the proposed
MMAs, we first performed full-wave simulations using the commer-
cial finite integration package CST Microwave Studio. Figure 2(a)
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FIG. 1. 3D-printed metamaterial absorbers (MMAs) for mid-infrared surface-enhanced spectroscopy. (a) Schematic of the 3D printing technique based on two-photon polymeri-
zation of a negative-tone photoresist. (b) Creating the unit cell structure by gold coating the post-printed 3D SRRs using sputter coating. Geometrical parameters: P=7 pm,
h=29pum, a=1.7 um, w=1um, and g=1.5 um. (c) IR light reflected from the analyte attached MMA carries information of its molecular fingerprint vibrations. (d) SEM
image of the fabricated sample, with the inset illustrating an enlarged SEM image of a unit cell.
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FIG. 2. Simulated response of the MMA. (a) Reflection spectra of the zero-order reflected wave at normal incidence for a polarization angle ¢ =0. Schematic of the MMA
under illumination of a linearly polarized wave at normal incidence. The corresponding electric field distributions and the associated vector arrows on the y = 0 plane at a reso-
nance wavelength of (b) 16.67 um and (c) 6.97 um, respectively. The electric field magnitude is normalized to that of the incident wave. (d) Simulated absorption as a function
of the polarization angle at normal incidence. The incident angular dependence of absorption in the MMA for (e) transverse electric (TE) and (f) transverse magnetic (TM)

polarized illumination. Schematic of the oblique incidence is illustrated on the left.

illustrates the simulated reflectance spectrum (R,) of the MMA at nor-
mal incidence when ¢ =0, where ¢ denotes the polarization angle of
the incident wave (see the schematic on the left). Note that the reflec-
tion spectra of all diffraction orders are summarized in Fig. S2 in the
supplementary material. A sharp reflectance dip is identified at a wave-
length of 16.67 yum, indicating the near-unity absorption of the MMA
associated with the pronounced field concentration. This is made evi-
dent from the simulated electric field distribution on the y=0 plane
shown in Fig. 2(b) in which a maximum field enhancement factor of
30 is observed in the vicinity of the gap of the SRRs. Furthermore, the
other sharp reflectance dip identified in Fig. 2(a) at a wavelength of
6.97 um can be attributed to the lattice resonance of the periodic struc-
ture, resulting in a maximum field enhancement factor of 10 [Fig.
2(c)]. The observed field concentration phenomena imply the poten-
tial of the proposed MMA for surface-enhanced spectroscopy. As veri-
fied by the simulated results shown in Fig. 2(d), due to the C,
rotational symmetry of its unit cell, the MMA exhibits optical
responses independent of the polarization of the normally incident

light. Moreover, as summarized in Figs. 2(e) and 2(f), for both TE
and TM polarized illumination (see schematic of the oblique inci-
dence on the left), the absorption in the MMA is insensitive to the
incidence angle (0;,) up to ~30°. These characteristics of the pro-
posed MMA, ie., the polarization nonselectivity and incidence
angle insensitivity, would be beneficial in practical IR detection
applications.

Reflectance spectra were collected using a Fourier transform
infrared (FTIR) coupled microscope with a 15x Cassegrain reflective
objective (see the supplementary material for more discussions about
the reflectance measurements). Experimental data were normalized to
an optically thick unpatterned gold film. Figure 3 shows the measured
response of the fabricated MMA sample. It can be seen that, when the
polarization angle ¢ =0°, a sharp reflectance dip is identified at a
wavelength of 15.86 um, while a low reflectance band can be seen in
the wavelength range from 5 to 8 um. By rotating a linear polarizer in
front of the sample, we measured the response of the MMA sample as
a function of ¢ and summarized the results in Fig. 3(b). It can be seen
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FIG. 3. Measured response of the MMA. (a) Reflection spectra at normal incidence when the polarization angle ¢ = 0. (b) Measured absorption as a function of the polariza-

tion angle at normal incidence.

that the experimental results are in good agreement with simulations,
with moderate discrepancies primarily arising from two factors: (i)
fabrication imperfections, and (ii) the off-normal incidence effect due
to the finite numerical aperture (N.A.) of the reflective objective used.
These measured results indicate the potential of our 3D printed
MMAss for surface-enhanced IR detection.

To elucidate the MMA enabled enhanced IR spectroscopy, we
introduced glycine into the metamaterial and collected the corre-
sponding reflection spectrum of the system. Glycine, MW 75.07 g/mol,
is the simplest biological amino acid and was selected as the analyte
because of its series of vibrational modes in the wavelength range of
interest. As depicted in Figs. 4(a) and 4(b), the 7mM glycine/water
solution was drop-cast on to the fabricated MMA samples and left to
dry in air (see the supplementary material for details). For comparison
purposes, the glycine on the bare, unpatterned gold surface was also
prepared using the same procedure. Figures 4(c) and 4(d) illustrate the
SEM images of the MMA sample before and after the dropcasting/dry-
ing procedure, clearly showing that the glycine has been deposited in
small “mounds” in the bottom center of the meta-atom. This glycine
accumulation phenomenon likely arises from how the microscale 3D
printed features impact drying of the glycine solution, influencing
both capillary flow and surface tension (“capillarity guided
patterning”).”* " Hence, the 3D printed features serve not only as
MMA resonators but also as microscale collectors concentrating the
analyte into an optimal position with a strong field enhancement for
detection.

The reflectance spectrum of the MMA after glycine molecule
assembly formation is shown in Fig. 4(e) as the red curve, while, for
comparison, the reflectance spectra of the corresponding bare MMA
are also presented (blue curve). It can be seen that the introduction of
glycine in the MMA sample leads to a ~1 um redshift of the primary
resonance around a wavelength ~16 um, with a concomitant reso-
nance broadening. These observations can be attributed to the local
refractive index changes in the surrounding dielectric matrix. More
importantly, a series of spectral features are identified in the reflection
spectrum of the glycine/MMA system. To better understand these
spectral features, the standard IR reference spectrum of glycine in
which the transmittance dips indicate glycine’s IR molecular vibration
signatures is plotted in Fig. 4(e) as the dashed gray curve.”® A close
comparison shows that each spectral feature identified in the red curve

corresponds to a dip seen in the IR reference spectrum of glycine. In
particular, at the wavelength of ~16.5 um, a bump identified in the
broad reflectance dip of the glycine/MMA system is found to corre-
spond to the “COOH bend” and “NCCO bend” vibration mode. From
the standpoint of the MMA, the corresponding molecular vibration of
glycine increases the loss of the surrounding dielectric matrix and has
negative influence on the perfect absorption mode of the MMA, result-
ing in the increase in reflectance at the frequency. On the other hand,
relative to the bare-MMA, other molecular vibration modes of glycine
in the frequency range of interest are significantly enhanced by the
MMA and give rise to the higher system absorption, leading to a
series of reflectance dips (e.g., at wavelengths ~9, 11, and 20 um) in
the red curve. It is important to note that, in stark contrast, most of
these IR signatures are not detectable from the reflectance spectrum
of dry glycine on the unpatterned gold film [orange curve in Fig.
4(e)]. These results unambiguously demonstrate the feasibility of
the 3D printed MMAs for highly sensitive IR detection of
molecules.

In summary, we have demonstrated a 3D printed metamaterial
absorber for mid-infrared surface-enhanced spectroscopy. By per-
forming FTIR spectroscopy, we have shown that the fabricated
absorber based on a state-of-the-art 3D fabrication technique exhibits
polarization-insensitive strong IR absorption at a wavelength of
~16 um. Furthermore, by introducing glycine into the fabricated
metamaterial samples using a drop-casting/drying procedure, we have
demonstrated that a series of molecular fingerprint vibrations of gly-
cine can be clearly identified from the reflectance spectrum of the sys-
tem. Note that, due to the small amount of glycine involved, those IR
vibration modes are generally undetectable on an unpatterned surface.
The observed enhanced IR detection is primarily based on the strong
optical resonances supported by the proposed metamaterial absorbers,
which significantly increase the light-matter interaction between ana-
lytes and IR light. In addition, compared with planar structures, the
improved accessibility offered by the 3D printed architectures allows
analytes to access the highly concentrated field in the vicinity of meta-
atoms. Importantly, due to capillary flow and surface tension, the
microscale 3D printed features have significant influences on the sol-
ute deposition, which provides another degree of freedom in the
design of the 3D printed structures for surface-enhanced IR detection.
Although the selective deposition of analyte in a high-sensitivity
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FIG. 4. MMA enabled enhanced infrared reflection spectroscopy of glycine. Schematic of (a) drop-casting glycine-water solution (7 mM) on the MMA for (b) IR detection after
drying in air. SEM images (c) before and (d) after the drop-casting and drying procedure. Glycine prefers to dry in the center of the unit cells. (e) Reflection spectrum of the
glycine-attached MMA (red curve). For comparison purposes, the reflection spectra of the MMA without glycine (blue), and the dry glycine on unpatterned gold film (orange)
are also presented. The standard transmission spectrum of glycine (dashed gray) is provided as a reference.
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