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Abstract

We successfully demonstrate surface enhanced infrared spectroscopy (SEIRS) using
arrays of indium-tin oxide (ITO) plasmonic nanoantennas. The ITO antennas show a
strongly reduced plasmon wavelength, which holds promise for ultracompact antenna
arrays and extremely subwavelength metamaterials. The strong plasmon confinement
and reduced antenna cross section allows ITO antennas to be integrated at extremely

high densities with no loss in performance due to long-range transverse interactions.
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By further reducing the spacing of antennas in the arrays we access the regime of
plasmonic near field coupling where the response is enhanced for both Au and ITO
devices. Ultracompact I'TO antennas with high spatial and spectral selectivity in spec-
troscopic applications offer a viable new platform for infrared plasmonics, which may

be combined with other functionalities of these versatile materials in devices.

Keywords: nanoantenna; oxide plasmonics; conductive oxides; surface-enhanced
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The large free carrier density and relatively small ohmic losses of the noble metals Au and
Ag have enabled many of the breakthroughs in field enhanced spectroscopy.'? With the mat-
uration of plasmonics research and its growing relevance for technology, new combinations
of plasmonic materials with complementary functionalities are being sought, which could
improve performance or which could lead to entirely new application areas. Added values
beyond Au and Ag include electrical, magnetic or chemical activity, low cost, and compatibil-
ity with industrial standards and processes (e.g. complementary metal-oxide-semiconductor
CMOS). In addition, novel applications such as metamaterials and transformation optics
have emerged which demand a greater flexibility in optical parameters.?

Alternative materials for plasmonics include a wide range of metals,* doped semicon-
ductors,® metal oxides, nitrides,%” and graphene-like two-dimensional materials.® Next to
conventional applications in the visible and near-infrared spectral range, some of these ma-
terials target the mid infrared and terahertz domains, with applications in e.g. chemical
sensing and security. The performance of various materials has been critically evaluated in
7

a number of theoretical and experimental studies.?5

Metal oxides are technologically highly important materials with many applications in-
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cluding oxide electronics, ! solar cells,'* chemical sensors and catalysis.'3!* Transpar-
ent conducting oxides (TCOs) are large bandgap dielectrics with a density of free carriers in

between that of doped semiconductors and noble metals. Despite investigations of the plas-



monic response of metal oxides, !> 20 their performance in plasmon enhanced spectroscopy is
yet unknown. Here we show that arrays of indium-tin oxide (ITO) plasmonic nanoantennas
are highly suitable for surface enhanced infrared spectroscopy (SEIRS). SEIRS is a spec-
troscopic technique used to identify molecular fingerprints by resonant detection of infrared
vibrational modes through coupling with the plasmonic modes of an antenna.!?"2% Most
SEIRS studies so far have used the noble metals Au and Ag as these have been shown to
produce strong SEIRS signatures with monolayer sensitivity. The combination of label-free
infrared spectroscopy with the versatility of doped metal oxides has the potential of opening
up new applications in sensing and spectroscopy, for example as multifunctional transparent
electrodes, catalysts, or electrically or optically controllable plasmonic devices.??3! As we
show here, oxide plasmonics provides a promising new platform for SEIRS with complemen-
tarity to and some advantages over their noble metal counterparts.

The optical response of TCOs can be described well using the Drude model for free
electrons and is characterized by a dielectric behavior in the visible with a transition to

15,32

metallic behavior in the infrared. The density of free electrons can be controlled by

adding electron donor dopants, and depends on material processing conditions. 11520 TCOs

can be achieved with electron densities exceeding 10*! cm™3

, resulting in a bulk plasmon
wavelength in the near-infrared. A wide range of fabrication methods of TCOs include
sputtering, evaporation, atomic layer deposition, and pulsed laser deposition.!* To combine
TCOs with standard nanofabrication techniques such as e-beam lithography and lift-off, we
use here a combination of ITO evaporation at low temperatures, followed by post-annealing
to increase the electron concentration similar to Ref.?° We designed ITO nanorod antenna
structures with equal height and width of 80 nm, and with a length varying between 0.15 pum
and 4.5 ym. Arrays of Au antennas with exactly the same design parameters were fabricated
in order to directly compare the plasmonic performance of both materials under identical

conditions.

Antenna arrays were fabricated by e-beam lithography (JEOL 9300FS) on calcium fluo-



ride (CaFy) substrates using a bilayer of copolymer (MMA 8.5 A from MicroChem, approx.
250 nm thickness) and polymethylmethacrylate (PMMA 495 A4 from MicroChem, approx.
150 nm thickness), with an additional 20 nm layer of conducting polymer (Espacer 300Z) to
prevent charge up. After evaporation of 80 nm of ITO (ITO grains, 90 — 10 wt%, 99.99 pure
from Testbourne Ltd.) from a ceramic crucible at 2 x 10~* mbar partial oxygen pressure
and subsequent lift-off, samples were annealed at 200°C for one hour. Antenna arrays of
120 pm x 120 pum were fabricated for infrared spectroscopy. The height of the antennas
was characterized using a contact profilometer and were found to be 80 &+ 5 nm for both the
ITO and Au arrays. Electrical Hall measurements showed a carrier concentration of around
1.540.5 x 102! cm™3, a mobility of 13.6 cm?/Vs and a sheet resistance of 39.4 Ohms/square.
Drude model fits to the optical reflectivity spectra of the ITO layer resulted in a bulk plasmon
wavelength ), of 685 nm, and €., = 3.8, indicating a free electron density of 1.25x 102! cm™3.
The value for the plasmon frequency was considered more accurate than the Hall measure-
ment and was used in further analysis.

Infrared spectra were measured in transmission using a Jasco FTIR-4200 with a liquid-
nitrogen-cooled mercury cadmium telluride detector, with the polarization set along the long
axis of the nanoantennas. Each measurement was averaged over 100 scans and the CaFs
substrate was used as a reference. The references and the array spectra were collected with
a resolution of 16 cm™!. For the SEIRS experiment, an approx. 50 nm thin layer of PMMA
495 A2 was spincoated onto the ITO and gold antenna substrates at 5000 rpm for 45 s and
then baked at 180 degrees for 70 s. FTIR measurements were taken directly after the thin
PMMA film was deposited.

Figure la shows scanning electron microscopy (SEM) images arrays of ITO antennas
fabricated using e-beam lithography on a CaFy substrate (see Supporting Information Figure
S1 for additional SEM images). The antenna arrays consist of nanorods of length L, which
are separated both horizontally and vertically by a spacing s. Arrays with spacings of 600 nm

and 300 nm were fabricated. In addition, we investigate arrays of dimer nanoantennas with an



antenna gap of 50 nm and a spacing of 300 nm. The SEM images reveal high reproducibility
of the ITO antennas with dimensions closely matching the design parameters.

Figures 1b and ¢ show the transmission spectra of arrays with different nanorod lengths
L both for Au (b) and ITO (c). The broad dips in the transmission spectra correspond to
longitudinal surface plasmon resonances of the nanorods. These resonances shift to lower
energy with increasing antenna length. Compared to the Au antennas, the ITO antennas
show infrared resonances for much shorter antenna lengths. Additionally, the transmission
dips are less strong for the I'TO than for Au, indicating a reduced extinction per antenna.
Comparing arrays with the same density of antennas, we find that the resonance length is
around three to four times smaller for the ITO than for the Au arrays. Compared to the
bare antenna arrays (see Supporting Information Figure S2), the PMMA-coated arrays show
a number of narrow vibrational resonances in the spectra indicative of SEIRS, which will be
discussed further below.

The reduction of the resonant antenna length for ITO is related to its dielectric function
€ = €1 + i€y, Figure 2a shows the calculated dielectric function (black lines) using the free
carrier density of 1.25 x 10! ecm™3. Whereas the dielectric function of Au in the infrared (red
lines) approaches that of a perfectly conductor (e, = —o0), the ITO response is characterized
by a much lower real part of e. Unlike perfect conductors, metals and semiconductors
in the visible and IR spectrum do not follow a simple direct correlation between antenna
length and resonance wavelength of light, but instead an effective wavelength scaling needs
to be employed in order to take into account the finite skin depth. Figure 2b shows the
experimental resonance positions for the s = 600 nm and s = 300 nm arrays against nanorod
length. The effective wavelength scaling for the Au antennas (red line) was obtained using the
analytical relation for the TMy modes of a cylindrical waveguide.?® A similar scaling relation
was obtained by using the Drude model parameters for ITO without any free parameters
(black line). In both cases, an effective dielectric function was taken as the geometrical

average of the substrate and air, including the wavelength dependent refractive index of the



CaFy substrate through a Sellmeyer equation.

Our experimental data agrees well with this scaling, which predicts a factor of three
increase in the surface plasmon wavelength of I'TO nanorods compared to Au rods of the
same length. This property means that ITO antennas can be made more compact and
allows achieving an even greater packing density. In previous experiments on individual Au

%6 a resonance frequency of 9.3 um was reported for a L = 3.4 ym antenna.

nanoantennas,
Compared to single antennas, the Au arrays of this study show a significant blue shift, which
can be attributed to the transverse coupling of antennas in the array.3* Transverse coupling
strongly limits the integration density that can be achieved for Au antennas. ?2:2%:26:3435

Compared to Au, the spectral resonance positions for ITO antenna arrays in Figure 2b do
not depend on antenna spacing. This suggests that the ITO antennas are much less affected
by interparticle coupling. This observation is supported by results shown in Figure 2¢ and
d. A number of different figures of merit have been defined to compare the performance of
different plasmonic materials.°® Here, we investigate the resonance quality factor (i, which
characterizes the decay of the plasmon mode due to nonradiative and radiative damping.
Similar to previous nanoparticle linewidth studies,®® we use the half-maximum width at
the low frequency side of the resonances, which is not affected by higher order modes, to
determine the quality factor. Figure 2¢ and d show results for the different arrays under
study.

We compare our experimental results with the nonradiative and radiative contributions
to Qior defined according to Qior = Wres/L'tor With 'ty = I'ng + I'g the total decay rate
and wes the resonance angular frequency. For the nonradiative contribution we use the

37,38 This expression is to

general expression for a dipole oscillator I'vg = 2€3/(0€1/0w).
good approximation equal to the Drude damping rate vp in absence of interband absorption
and under the condition w > 7p. The nonradiative quality factor for Au (dashed line in

Fig. 2¢) peaks at a value of Qngr =~ 22 in the near infrared, in agreement with measurements

for small Au nanorods.3”3? In the infrared, Qg drops significantly for both materials as the



optical frequency is reduced, while the damping rate stays constant. Thus the number of
optical cycles stored in the resonator goes down, and the antennas become critically damped
for Qngr < 1.

The radiative decay was calculated using a microscopic theory for the radiation response
0

resulting in the expression ' = w?n?V2e? /6meqc?,

of individual electrons in the antenna,? :

with n, the electron density, V' the nanoantenna volume and c the speed of light. The high
electron density of Au results in a strong radiation damping (dash-dotted line in Fig. 2c¢),
which contributes significantly to Q. In comparison, the much lower electron density of
ITO compared to Au, combined with the shorter resonance length of the antenna, results
in a strong suppression of the radiation damping, and thus a high Qr (dash-dotted line in
Fig. 2d). The total quality factor for the ITO antennas is governed entirely by the nonradia-
tive component Qnr (solid line in Fig. 2d). From the direct relation between radiated power
and polarizability,%° the smaller radiated power means that antenna coupling through far-
field (dipole-dipole) interaction is significantly reduced, and antennas can be spaced closer
without suppression of the resonance quality. This result from the analytical expression is
confirmed by numerical simulations as will be shown further below.

Next, we investigated the performance of ITO antenna arrays in one of the most promi-
nent applications of plasmonics in the mid infrared, Surface Enhanced Infrared Spectroscopy
(SEIRS). Infrared absorption and its enhancement by metallic surfaces has been known since
the early days of surface enhanced spectroscopy.! Au antennas have been shown to produce
a strong SEIRS response.?"? For the SEIRS experiments, we used a thin, 50-nm layer of
PMMA which was spincoated onto the antenna arrays. The presence of the PMMA can be
observed in Fig. 1 as a number of sharp resonances on top of the extinction spectrum of the
antennas. The vibrational spectra were separated from the broad antenna resonance by sub-
tracting a 50-point moving average from each curve (see Supporting Information Figure S3).
Resulting SEIRS spectra are shown in Fig. 3 for the arrays of dimer antennas with different

lengths L, while spectra for the other arrays are shown in Supporting Information Figure



S4. Vibrational modes of the PMMA can be identified corresponding to C-O-C (1140 cm™1),
C-O (1250 cm™1), C-H (1450 cm™!) and C=0 (1720 cm™!) stretching modes.

Both the Au and ITO antennas show a strongly resonant behavior of the SEIRS inten-
sity with antenna length. The SEIRS amplitude is weak both for very short and very long
antennas, and shows a strong enhancement for intermediate antenna lengths around 1 pm.
We analyzed the “fingerprint contrast’ AC,?¢ defined as the dip-to-peak transmission change
between the lowest and highest transmission for a vibrational mode as indicated for a typical
mode in Figure 3. Similar to the SEIRS transmission spectra, AC has the unit of % trans-
mission. Results are shown in Fig. 4a,b for the strongest vibrational mode around 1720 cm ™!
and for the three different types of Au (a) and ITO (b) arrays under study. As predicted by
previous theoretical studies,?® the SEIRS response shows a shift of the resonance condition
compared to the far-field extinction measured at the same frequency (black diamonds). This
typical behavior could also be observed in the spectra of Fig. 1 and is a clear demonstration
of the fact that the SEIRS enhancement is proportional to the near-field resonance of the
antenna. The near-field resonance is redshifted compared to the far-field extinction, 264142
and thus the SEIRS resonance occurs for shorter antennas both for the cases of Au and ITO.

The effect of array density on the SEIRS response confirms our interpretation of the far-
field extinction, namely, that the long-range transverse coupling strongly affects the response
of the Au antenna array. The maximum SEIRS signal for Au is reduced for the s = 300 nm
compared to the s = 600 nm arrays, even though the antenna density is increased. In
comparison, the signal strength for ITO is increased by a factor two upon reducing the
spacing, in agreement with the increase in area fraction (see Supporting Information Figure
S5). High density integration of ITO antennas thus improves the overall response. The
SEIRS response for the Au antennas is partially recovered by pairing the rods into dimer
antennas, which is attributed to the larger field enhancement associated with the plasmonic
hot spot in the antenna gap. We note that the obtained values are of the same order as the

8% contrast predicted for PMMA using a single Au nanorod antenna of similar dimensions. 20



The experimental SEIRS results for the ITO antennas are compared to numerical calcu-
lations of the plasmonic near field enhancement of individual I'TO antennas obtained using
the boundary element method.*? Figure 5a shows the near-field maps of single and dimer
nanorod antennas, while in Figure 5b,c we present the dependence of the near field intensity
and the far field extinction 1 — 7 at 1720 cm™! on antenna length. Excellent agreement
is found between the calculated near field intensities of Figure 5b,c and the experimental
SEIRS results of Fig. 4c. The simulations confirm the resonant enhancement of the near
field at an energy of 1720 cm™! for antenna lengths around 0.75 um. For the calculated
single rod, the near field intensity at 25 nm away from the antenna reaches values up to 125,
with maximum E? values at the antenna surface reaching up to around 400 (cf. Fig. 5a).
In comparison, Au nanorods show intensity enhancements of up to 2000,%*? however such
values generally cannot be achieved in high density arrays.3*35

To further assess the effect of antenna coupling in high density ITO and Au arrays for
field enhanced spectroscopy, we calculated the near field response of a realistic antenna on
substrate geometry using a finite element model (COMSOL). Single-particle scattering and
absorption cross sections are shown in Figure 6a,b for isolated Au (L = 1.5 um, a) and I'TO
(L = 0.75 um, b) rods. While the absorption cross sections are similar for both rods, the
scattering efficiency of the I'TO is strongly reduced. The reduced scattering cross section of
the ITO nanorod is in qualitative agreement with the analytical model for radiation damping
(cf. Fig. 2d). Next, the antenna coupling was taken into account by adding periodic boundary
conditions, where the size of the unit cell was varied according to the spacing parameter s.
In order to estimate the integrated SEIRS response over the array, the square of the local
electric field was averaged over a plane positioned 20 nm above the substrate. Figure 6¢
and d show the resulting enhancement, normalized to the incident intensity, for a range of
parameters L and s. For the Au, we see two regimes of large enhancement, corresponding
to far-field diffractive coupling at large s and near-field interaction for small s.3% The near-

field coupling is associated with a strong shift of the resonance to shorter antenna lengths



L. The calculation for Au antennas shows that reducing the spacing from s = 600 nm to
s = 300 nm results in lower enhancement, as observed in experiments. The ITO antennas
show a monotonous increase of the resonant intensity enhancement with reduced spacing.
Only for spacings s below 300 nm a spectral shift is observed attributed to near-field coupling.

The numerical simulations predict that the SEIRS enhancement can be further enhanced
for spacings less than 300 nm. In an attempt to achieve this regime of strong near-field
interaction, we modified our e-beam fabrication to a 3-layer process, including a thin Si layer
to limit the underetching of the PMMA resist.*® Using this method, spacings as small as
100 nm could be obtained as shown by the SEM images in the inset of Fig. 6e,f. Additional
SEM images and full analysis of spectra are presented in the Supporting Information Figure
S6, S7, and S8. The resulting SEIRS fingerprint contrast for the new arrays is shown in
Fig. 6e,f. The results confirm the trend of the simulations, namely that further reduction of
the spacing results in an additional increase of the SEIRS enhancement and a shift of the
resonance length. The new process resulted in increased antenna widths of around 120 nm
for the case of Au, therefore the values of Fig. 6e,f cannot be directly compared with the
data in Fig. 4. Better agreement was obtained for ITO, resulting in similar values for the
s = 300 nm array between samples. We emphasize that this regime of extremely high
density arrays has not been previously studied in SEIRS spectroscopy even for the case of
Au. The possibility to (partially) overcome performance loss for Au arrays at high densities
through near-field interactions may be of importance for applications benefiting from such
high-density integration, e.g. for chemistry or sensing.

An important factor determining the potential of metal oxide antennas as new elements
for infrared plasmonics is their stability. Supporting Information Figure S9 shows the plas-
mon resonance and SEIRS response of the L = 0.5 yum ITO dimer antenna after 15 weeks
of storage in a nitrogen purged dessicator cabinet. No marked degradation in performance
was observed, indicating a good shelf lifetime of the arrays under study. Stability in spe-

cific applications will depend on the chemical environment and experimental conditions (e.g.
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humidity, temperature) and will require more detailed studies.

In conclusion, we have demonstrated that high density arrays of ITO antennas are very
suitable for applications in surface enhanced infrared spectroscopy. While the plasmonic
field enhancement by an individual I'TO antenna is less strong than that of an equivalent
Au antenna, the ITO antennas are found to be less sensitive to long-range transverse cou-
pling, which allows their integration into ultracompact nanoantenna arrays or extremely
subwavelength metamaterials. The weak interactions for ITO antennas will provide an in-
creased simplicity of design compared to the strong interactions between adjacent elements
found for Au. Because of the resulting high integration density of plasmonic hotspots per
unit of area, ITO antenna arrays can deliver similar performance in surface enhanced IR
spectroscopy as their noble metal counterparts. Using spin-coated PMMA, the SEIRS en-
hancement was systematically studied over 162 different antenna arrays, yielding excellent
reproducibility. For the first time, we have explored the regime of extremely high density
antenna arrays which showed improved response by near-field interaction both for Au and
ITO. The combination of label-free infrared spectroscopy with the versatility of doped metal
oxides has the potential of opening up new directions in sensing and spectroscopy. Metal
oxides are finding widespread use as transparent electrodes, advanced (e.g. heat-reflecting)
coatings, and catalysts. The possibility, by nanostructuring, to design resonant antennas
at high density will allow including a plasmon-enhanced spectroscopic functionality in these
types of applications. A particularly exciting prospect is the possibility for oxide plasmonics
to be integrated with oxide nanoelectronics in order to achieve active plasmonic, transistor-

type devices for tunable infrared sensors and for electronic-photonic integrated circuits.
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Figure 1: a Scanning electron microscopy (SEM) images of ITO antenna arrays with L =
0.5 pum for spacings s = 600 nm (i) and s = 300 nm (ii), and dimer antennas with 50 nm gap
and s = 300 nm (iii). b,c Infrared transmission spectra of Au (b) and ITO (c¢) antenna arrays
corresponding to typical array geometries presented in a and for various nanorod lengths L.
The arrays were covered with a 50 nm PMMA layer, resulting in sharp SEIRS features due
to plasmon coupling with vibrational resonances.
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Figure 2: a Real (solid, ¢;) and imaginary (dashed, €;) parts of the dielectric functions
of Au (red) and ITO (black) obtained using Drude model fits to experimental data from
Johnson and Christy** and from reflectivity data for ITO (n, = 1.25x 10! cm™2). b Effective
wavelength scaling of the antenna resonances for Au (red dots / green upward triangles) and
ITO (black dots, blue downward triangles) antenna arrays with respectively s = 600 /
s = 300 nm antenna separation. Lines are solutions of the resonance position of the TM,
mode for a cylindrical waveguide using the theory of Novotny?? using the dielectric functions
of a. No free parameters were used in this model. c,d Quality factor of antenna resonance
for Au (c¢) and ITO (d) antennas. Dashed lines: Qng, dash-dotted lines: Qg, full lines: Qo
(see Methods).
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Figure 3: Vibrational spectra obtained using SEIRS, taken by subtracting 50-pt smoothed
curve from spectra of Fig. 1b and ¢, for dimer antennas (iii). Results for nanorod arrays
(i) and (ii) are shown in the Supporting Information Figure S4. Arrow shows definition of

fingerprint contrast AC.
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a,b ’Fingerprint contrast’” AC obtained by taking peak to peak amplitude of
mode at 1720 cm™! (red dots), and extinction 1 — T at same frequency, for antenna arrays
corresponding to (i)-(iii) of Fig. 1 for Au (a) and ITO (b).

18



I2O

- . 2
— lo
l35
C >'e > 2
b —— lo *
>, 1501 ITO rod, 1720 cm™"
@ ; 0.5
GCJ ~
= 100 S
k) ] 3
2 50- £
— x
@ 1 W
[0
z 0 ——7——0.0
0 1 2 3 4
c Antenna length L (um)
200
- ITO dimer, 1720 cm™
[ N
% ~
£ 100+ S
ke ©
Q2 <
b =
© w
()
z 0

o 1 2 3 4

Antenna length L (um)
Figure 5: a Electric field maps of a L = 0.83 um ITO nanorod antenna and a L = 0.75 ym
ITO dimer antenna, corresponding to the maximum of the near field resonance at 1720 cm™!.
Scale bars, 0.5 um. b Calculated near field intensity enhancement 25 nm from nanorod end
cap(red, left axis) and far field extinction 1 —T" (black, right axis) using single-particle cross-
section, assuming spacing of s = 300 nm. ¢ Same for array of dimer antennas with gap of
50 nm and s = 300 nm; near field intensity taken at the center of the antenna gap.
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Figure 6: a, b Calculated far-field absorption (solid line, red) and scattering (dashed line,
black) cross sections for isolated L = 1500 nm Au (a) and L = 750 nm ITO (b) rods on
a CaFy substrate. ¢, d Maps showing the average intensity enhancement over a plane at
20 nm above the substrate, for periodic arrays with spacings s and antenna lengths L, for
Au (c¢) and ITO (d). e, f Experimental fingerprint contrast for arrays with spacings between
90 nm and 300 nm (see legend), for Au and ITO. Insets: SEM images for arrays with smallest
spacings, scale bar: 500 nm. Full analysis is shown in Supporting Information Figures S6-S8.
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