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ABSTRACT

Mid-infrared plasmonic sensing allows the direct targeting of unique vibrational fingerprints of
molecules. While gold has been used almost exclusively so far, recent research has focused on
semiconductors with the potential to revolutionize plasmonic devices. We fabricate antennas out
of heavily-doped Ge films epitaxially grown on Si wafers and demonstrate up to two orders of
magnitude signal enhancement for the molecules located in the antenna hot spots compared to
those located on a bare silicon substrate. Our results set a new path towards integration of

plasmonic sensors with the ubiquitous CMOS platform.

KEYWORDS Silicon Technology, Plasmonics, Mid-Infrared Spectroscopy, Explosives

Detection
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TEXT

Localized plasmon resonances are nowadays recognized as one of the most powerful
mechanisms to boost the interaction between light and matter at the nanoscale. In this frame,
recent plasmonic research has searched for novel material platforms which can improve the
quality and integrability of plasmonic interfaces and devices [1]. The choice of the material can
impact on the crystalline and nanofabrication quality of the device, the spectral range of
operation, and the amount of loss. The crucial issue for the future use of plasmonics in everyday
applications, however, is the integration with the Si-complementary metal-oxide semiconductor
(CMOS) technology process. This is difficult to foresee using the most common metal in
plasmonics, gold, due to it being a deep level impurity and a fast diffuser which is incompatible
with silicon technology. Among all applications of plasmonics, molecular sensing has already
made its way to the market. Plasmonic sensors can be based on refractive index variations at the
metal surface [2, 3], on the local enhancement of the electric field for Raman spectroscopy [4, 5],
or on the modification of the engineered transmitted or reflected wavefront in antennas by a
resonant molecular vibration in the mid-infrared (IR) [4, 6-16]. In the last few years the latter
approach, mainly pursued with the nanofabrication of gold antennas, led to reported signal
enhancements exceeding three orders of magnitude for the material located in the antenna hot

spots compared to the material outside the hotspots.

While metals are the most natural choice for visible and near-IR plasmonics, it has been
suggested that heavily-doped semiconductors (i.e. degenerately-doped to be metallic) could
replace and, possibly, outperform metals in the mid-IR frequency range [1, 14-25]. The
envisioned advantages for plasmonic device design include (i) the low absolute values of the

dielectric constant in the mid-IR, strictly resembling that of metals in the visible and near-IR
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range but without the detrimental effect of interband transition losses, (ii) the high material
quality, thanks to single-crystalline epitaxial growth, (iii) in the case of foundry-compatible
group-IV semiconductors like Si and Ge, the potential for on-chip integration of antennas,
detectors and readout electronics, all fabricated in a single cost-effective silicon foundry
manufacturing process, and (iv) the possibility of active electrical and/or optical tuning of the
plasmonic effects by the control of the doping level. The onset of the plasmonic behavior of a
conducting material is marked by the so-called plasma frequency o, i.e. the frequency below
which the real part of the dielectric constant of the material becomes negative. Standard doping

of semiconductors usually sets o, in the far-IR, while entering the mid-IR range requires high
doping levels, n up to 10"°-10*° cm™ according to the scaling law wy X /ml , M being the

electron effective mass.

In particular, the development of a plasmonic platform for molecular sensing based on group-
IV semiconductors [20-25] could have a dramatic impact on chemical or biological laboratory
applications because it could lead to the automation of surface-enhanced IR absorption
spectroscopy (SEIRA) [26] by exploiting readily and massively available disposable substrates
with integrated readout produced by standard silicon foundry processes. In the long term,
semiconductor plasmonic integration could lead to low-cost, compact and efficient lab-on-a-chip
devices for in-situ medical diagnostics, environmental monitoring in addition to safety and
security sensing. Also, whilst the performance of semiconductor plasmonic antennas may not be
the highest among all possible materials due to unavoidable losses in heavily doped materials,

the ability to integrate readout electronics and reference standards close to the detectors may be
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key to optimize the sensitivity, specificity and speed of the full sensor system, as has already

been demonstrated e.g. in the development of CMOS single photon detector arrays [27].

In the last decade epitaxial Ge on Si has become a key technology for silicon photonics due to
its demonstrated compatibility with the CMOS technology [28-30]. Band engineering and doping
have already allowed for the demonstration of high-performance Ge photodiodes [31], optical
modulators [32, 33], prototype near-IR and far-IR LEDs and laser diodes [34-36], and integrated
systems [37]. Intrinsic Ge is also considered one of the best candidates for dielectric waveguides
in the mid-IR range of interest for molecular sensing (wavelengths A~20 to 4 um, or frequency
®~500 to 2500 cm™) [38, 39]. The preference of Ge over Si is due to negligible absorption losses
compared to Si [30], which instead features relatively strong IR-active transitions in the 400-
1700 cm™ range related to the presence of in-gap defect states. Such Si dipole-active impurity
states result in a large number of narrow absorption lines that may overlap to the weak molecular
signals of surface-enhanced sensors and complicate their interpretation [40]. Ge, on the other
side, displays no impurity absorption lines in the 100-2000 cm’ range and therefore it is
commonly employed for thick mid-IR optical elements such as lenses and prisms. For
applications in mid-IR plasmonics, in particular, Ge has been rarely if at all been used despite the
appealing perspective of combining infrared spectroscopy with CMOS integration. When
compared with Si, it has the advantage of a smaller electron effective mass (m. = 0.12 for n-type
Ge and m. = 0.26 for n-type Si), which widens the range of applications of plasmonic sensing
(allowing for higher ®,) for a given doping level. This is especially relevant because of the
technological issues in achieving extremely high doping levels and because plasmonic losses in
doped semiconductors are also influenced by free-carrier scattering by charged impurities,

thereby favoring materials that can achieve higher plasma frequencies for a given doping level.
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In this work we grow epitaxial Ge films on standard Si wafers using the low-energy plasma-
enhanced chemical vapor deposition (LEPECVD, see Supporting Information, Section A)
method [41, 42] and exploit phosphorus as the donor to achieve a doping level n = 2.3-10"* cm™,
thus setting w, = 1000 cm™ (= 10 pm wavelength). Micrometer-sized antennas are fabricated out
of the epitaxial Ge material by electron-beam lithography and reactive ion etching processes and
are characterized by Fourier-transform IR (FTIR) spectroscopy demonstrating localized plasmon
resonances in the 400 - 900 cm™ range. Finally, the fabricated devices are used for plasmon-
enhanced sensing experiments, detecting the vibrational fingerprints of thin molecular films and
liquids and demonstrating signal enhancements of up to two orders of magnitude when the target

materials are located at the antenna hotspots.

In order to design the antenna samples, we employ frequency- and time-domain simulations
(see Supporting Information, Section A). The dielectric constant of the Ge material for
simulations is obtained by numerical fitting of the reflection and transmission FTIR data
obtained from unpatterned Ge films in the entire infrared range (see Supporting Information,
Section B). The investigated antenna designs, demonstrated in Fig. 1, have fixed thickness and
width of the order of 1 um (i.e. comparable with the skin depth of the doped Ge in the 400 -

900 cm™' range) and a range of arm lengths L varying from 1 to 4 um (see Supporting
Information, Section C). We considered both single-arm (gapless) and double-arm (gap)
antennas. The simulations reveal the existence of two longitudinal antenna resonances related to
two distinct plasmonic modes propagating along the antenna arms. The first mode (‘substrate-
like’, labelled as R1) lies in the 300-500 cm™ range with the hotspots located at the Si/Ge
interface, while the second mode (‘air-like’, R2) lies in the 800 - 900 cm™ range with hotspots at

the upper antenna edges towards the air half-space. Field intensity maps of the two modes at
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their respective near-field resonance frequencies are presented in Fig. 1. It should be stressed
here that a slight spectral shift occurs between the near-field and far-field resonances of the
investigated antennas (see Supporting Information, Section C), which is common for lossy
plasmonic materials [43]. The electromagnetic origin of the two modes is the same in single-arm
and double-arm antennas. The presence of the gap, however, affects the local intensity
distribution, further boosting the enhancement and confinement of the field. The evidence for
these two modes has already been reported in the literature [17-19]. In particular, the air-like R2
mode is the most promising mode for sensing applications because (i) the fields are located
towards the air half-space and therefore interact more effectively with the molecules to be
detected and (ii) the higher frequency compared to R1 is an advantage in view of the inherent
difficulty in growing high-quality semiconductor materials with heavy doping and therefore with

high plasma frequency.

A representative scanning electron microscopy (SEM) image of a fabricated gap antenna
sample is presented in Fig. 2a. The gap between the two arms is 300 nm, while the period for the
array is large enough to avoid significant near-field interactions between neighboring antennas.
The samples are characterized by FTIR spectroscopy, measuring both the transmission and
reflection spectra at normal incidence with the electric field linearly polarized along the antenna
axis as sketched in Fig. 2b. In the perspective of an integrated CMOS sensing device, however, it
is worth discussing the antenna signatures in reflection geometry. Indeed the use of an optical
scheme based on reflection instead of transmission is key in developing realistic mid-IR
chemical sensing devices as it can be coupled to e.g. a sensing chip equipped with microfluidics

(aqueous solutions are not transparent at mid-IR frequencies) [6]. Additionally, the measured
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transmission suffers from light diffusion coming from the backside roughness [17] and from

absorptions in a thick Si substrate with a standard concentration of impurities [30].

Fig. 2b-d demonstrates a comparison between the calculated and measured reflection and
extinction spectra of three different antennas, namely two single-arm antennas with lengths
L =2.0 um and 3.0 um, respectively, and one gap antenna with L = 2.0 um for the individual

antenna arms. In order to extract the antenna response, we demonstrate in Fig. 2b-d a normalized

extinction E oy = 1 — ;‘—“t, with T,y and T&; being the transmission spectra acquired from the
Si

antenna sample and from the bare Si substrate, respectively, and the reflection R = };a“t, with R
Au

and Ra, being the reflection spectra acquired from the antenna sample and from a bare Au
mirror, respectively. The experimental results (solid lines in the left column) clearly display two
resonances corresponding to the R1 and R2 modes described before. Noticeably, the two spectral
features are not present in geometrically identical antennas fabricated out of lightly doped Ge on
Si (n~1.5-10" ¢cm™ and op <100 cm™', dashed lines), which acts as a purely dielectric material
in the investigated frequency range, thus demonstrating that the resonances observed in the
doped samples are due to localized plasmons of the conduction electrons. This is also in
agreement with the redshift of the resonances with increasing arm length (compare the spectra of
2- and 3-pum single-arm antennas in Figs. 2b and 2d), as expected for plasmonic antennas [44].
We have also verified that the two strong resonant features disappear when the excitation electric
field is oriented perpendicular to the antenna axis and only the much weaker transverse

resonances are excited (see Supporting Information, Section E).

The simulated spectra at normal incidence for the investigated antenna samples, also displayed

in Fig. 2b-d, are in excellent agreement with the experiments, with small discrepancies that can
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be attributed mainly to uncertainties in the value of the dielectric constant. Calculations have also
been performed to confirm that no collective behavior contributes to the R1 and R2 resonance
mechanisms. The spectral positions of the resonances have been found to be largely independent
of the incidence angle of excitation and periodicity of the array (see Supporting Information,
Section C and E), which highlights the localized character of the two resonances and confirms
that we are indeed addressing the plasmonic response of individual antennas. This paves the way
towards engineered devices where individual semiconductor antennas, each one with a specific
spectral response, are integrated on the same miniaturized silicon chip. Only in the case of Fig.
2d, the reader should notice that the asymmetric shape of the peak around 400 cm™ is due to the
occurrence of a Rayleigh anomaly, as thoroughly discussed in the Supporting Information

(Section C).

With this understanding of the plasmonic properties of the antenna samples, we have explored
the potential for sensing using a reflection geometry, which is best suited for on-chip integrated
antennas. We have exploited the R2 resonance for the sensing of both thin solid-state layers and
liquid-phase droplets of substances with vibrational fingerprints in the spectral window covered

by R2.

In a first experiment (see Fig. 3), we have coated the same antennas of Fig. 2 with a
polydimethylsiloxane (PDMS) layer, which features a vibrational absorption resonance at
800 cm™ (see Supporting Information, Section F) due to the Si-C bond stretching modes. This
absorption line matches very well the spectral position of the R2 near-field resonance of the
antennas, as demonstrated in Fig. S4 of the Supporting Information. By spin-coating the highly
diluted PDMS and further curing, we obtained a PDMS thickness below 40 nm, as demonstrated

in the SEM cross-section images of the PDMS-coated Ge antennas (obtained by the slice-and-
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view technique with a dual electron and ion beam apparatus) in Fig. 3a. Reflection spectra for the
antenna samples are displayed in Fig. 3b. A comparison between the reflection spectra of the
clean samples (dashed lines) and of the spin-coated samples (solid lines), reveal that the PDMS
layer induces two changes in the spectra: a slight redshift of the plasmonic resonance, due to the
increased refractive index in the antenna surroundings, and the appearance of an asymmetric
spectral line around 800 cm™. Such Fano-like interferences have already been the subject of
extensive studies in the literature [7, 12, 45-47]. In order to provide further support to the actual
interaction between the PDMS vibrational resonances and the plasmonic field of the antennas,
we also acquired reflection spectra after covering the antennas with a polymer (AZ-5214) having
similar refractive index to PDMS but very weak absorption features in the spectral window under
consideration (see also Section G of the Supporting Information). In this way, we obtained
correctly red-shifted reference antenna spectra that can be used for background subtraction from
those obtained from PDMS-covered antennas. Through this experiment, we are able to
demonstrate (see Fig. 3¢) that the line-shape around 800 cm™ is completely different for parallel
and perpendicular polarization and that the line-shape obtained for perpendicular polarization is
similar to the one obtained from nominally undoped antenna samples. This observation clearly
highlights the electromagnetic coupling between PDMS and the longitudinal plasmon

resonances.

We also calculated (see Section H of the Supporting Information) the ratio between the
experimental spectra acquired from PDMS-coated antennas with parallel and perpendicular
polarization, both for the doped and undoped samples. Noticeably, the 800 cm™ vibrational
feature from PDMS completely disappears in the undoped antennas after such normalization,

meaning that no PDMS-antenna interaction is taking place irrespective of the field polarization.
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On the other side, a clear Fano-like line survives when the same normalization is performed for
doped antenna samples, again unambiguously highlighting the role of longitudinal localized

plasmon resonances.

We now focus our attention on the gap antennas, which display the strongest field
enhancement. Fig. 4a (left panel) provides a comparison between the spectra acquired with the
polarization parallel (solid line) and perpendicular (dashed line) to the antenna axis. The
experimental results compare well with those from numerical simulations, also presented in Fig.
4a (right panel). It should be noted here that, as observed in the SEM image in Fig. 3a, the
PDMS does not conformally cover the antenna gap, rather a PDMS meniscus is created due to
the surface tension. This is fully taken into account in the simulations. Clearly, since the hotspots
related to the R2 resonance are located right at the upper antenna edges, where the PDMS
adheres almost perfectly to the antenna, this does not compromise the sensing experiment. The
use of an antenna resonance with the associated field hotspots located in the air half space is
therefore confirmed to be an interesting feature that simplifies the requirements for analyte

delivery into the antenna gap.

In order to further clarify the role of the plasmonic hotspots, we also ran two separate
simulations (see Fig. 4b), a first one with PDMS placed only in the hotspots (black lines in Fig.
4c) and a second one with the PDMS coating everywhere except in the hotspots (red lines in Fig.
4c). The total PDMS volume in the former simulation is about 100 times smaller than in the
latter. In the left panel of Fig. 4c, for the perpendicular field polarization and PDMS only in the
hotspots, the simulations do not display any detectable sign of the PDMS vibrational mode at
800 cm™. On the contrary, when the PDMS coating is everywhere except in the hotspots the

vibrational mode is clearly visible. This behavior is at complete variance with what observed in
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the right panel of Fig. 4c, i.e. for electric field polarization parallel to the antenna axis. Therein,
one clearly observes that the PDMS absorption line is visible in both simulations (PDMS only in
the hot spots and PDMS everywhere else). Indeed, while having a different line-shape because of
the interaction with the plasmonic resonance when the PDMS is in the hotspots, the two
vibrational features have roughly the same spectral weight, indicating that the respective
perturbations to the antenna spectrum have similar strengths. Since the simulated PDMS volume
in the hotspots only is about 100 times smaller than outside the hotspots, we estimate an
enhancement factor of up to two orders of magnitude for the optical signal generated by the

PDMS in the hotspots, compared to the PDMS outside the hotspots.

It is important here to stress that the experimentally observed line shape (Fig. 4a, left panel) is
interpreted as the far-field interference of the two contributions outlined in Fig. 4c for the parallel
polarization (black and red lines in the right panel). Their individual line shapes are determined
by two mechanisms: on the one side, the reflection geometry is known to produce Fano-like
features because of the interference between the light interacting with the PDMS layer and that
directly reflected by the substrate [46]. On the other side, we have the interaction between the
PDMS and the antenna resonance in the hot spots. The situation is further complicated by the
presence of shoulders and side peaks in the PDMS vibrational feature around 800 cm-1 (see
Section F of the Supporting Information). The overall interference process between the two
contributions in Fig. 4c, each one carrying its own specific phase, is therefore not easy to
deconvolve, yet it is accurately described and predicted by full-wave simulations in Fig. 4a (right
panel). Incidentally, one may notice that the estimated two-order-of-magnitude enhancement in
the sensing experiment is slightly larger than the average local intensity enhancement expected

in the antenna hot spots (see Fig. 1). This must likely be ascribed to small uncertainties in the
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dielectric description of the Ge/PDMS system and in the evaluation of the enhancement for the
sensing experiment. , an intriguing possibility is also that the sensing enhancement might be
proportional to the square of the local intensity enhancement, as already pointed out in Ref. 48,
since the antenna works both as a receiving and as an emitting transducer for the electromagnetic

radiation.

Finally, we applied Ge plasmonic antennas to the sensing of chloroethyl methyl sulfide
(CEMNS), a transparent liquid with mass density similar to that of water that is a simulant of
common explosive materials and cannot easily be distinguished from harmless liquids, except by
spectroscopy. During the experiment (Fig. 5a), the decrease in thickness of the droplet due to
evaporation was monitored with the same spectroscopy setup used for the sensing demonstration
by continuously acquiring fast FTIR spectra every 5 seconds and by measuring the period of the
Fabry-Pérot interference fringes in the near-IR. When the droplet thickness was estimated to be
below 2 um, longer FTIR spectra with higher signal-to-noise ratio were acquired. Due to the
large volatility of the investigated substances, we are not able to quantitatively assess the exact
fraction of liquid inside and outside the hotspots, so to provide a precise value of the signal
enhancement due to the antennas. Fig. 5b demonstrates the IR absorption fingerprint spectrum of
the pure substance (grey line), obtained in transmission geometry with a 20-pum-thick IR cuvette.
A strong vibrational doublet appears at 690-720 cm™, i.e. below the plasma frequency of our
material in the region of plasmonic behavior, while a second fingerprint of similar vibrational
absorption strength appears around 1430 cm™ in the region of dielectric behavior of the Ge, i.e.
above the plasma frequency. In Fig. 5S¢ we also demonstrate the spectrum of the doped Ge
antennas covered with a droplet of CEMS (red line) superimposed onto the spectrum of the clean

antenna sample (black dashed line). By taking the difference between these two spectra, the

ACS Paragon Plus Environment

13



©CoO~NOUTA,WNPE

Nano Letters Page 14 of 28

vibrational molecular fingerprint of CEMS is clearly recovered (Fig. 5d). One can notice,
however, that the relative spectral weight of the doublet at 690-720 cm™ compared to the feature
at 1430 cm™ in Fig. 5d is stronger than in the bare liquid material of Fig. 5b, thus qualitatively
pointing towards a signal enhancement provided by the plasmonic antenna response below the

plasma frequency of our material (see also Supporting Information, Section J).

In conclusion, we have introduced a novel all-group-IV semiconductor material platform for
mid-IR plasmonics, based on heavily doped Ge epitaxially grown on standard Si wafers. We
demonstrated localized plasmon resonances in Ge antennas and exploited the fabricated devices
for sensing experiments based on the resonant detection of molecular vibrational fingerprints of
both condensed-phase and liquid-phase analytes. While the present work demonstrates doping
levels of about 2.3-10"° cm™, reaching a plasma frequency around 1000 cm™, the whole relevant
fingerprint region extending roughly up to 1800 cm™ can be in principle reached given the high
solubility of P dopants in Ge [49] and the recent efforts to demonstrate carrier densities of the
order of 10 cm™ in n-type Ge [50]. Enhancement factors of up to two orders of magnitude for
the material located in the antenna hotspots have been obtained in the present work. Although the
demonstrated enhancement is still below that obtained with state-of-the-art Au antennas [8,13]
and the accessible wavelength range is slightly narrower than what has been obtained with III-V
compound semiconductor antennas [17], the demonstrated Ge antennas are compatible with the
silicon CMOS technology, which can in turn be used to build intelligent sensor networks with a
very large number of sensing elements at a far lower cost. As in most direct CMOS applications,
the performance of the single sensor must be traded for the number of identical sensors with
integrated readout electronics that can be realized, when compared with optimized stand-alone

antennas. The developed technology holds great promise for the realization of CMOS-
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compatible mid-IR devices for substance-specific molecular sensing. The field enhancement in
the plasmonic hotspots may also find applications in other fields where the on-chip integration of
plasmonics with electronics is expected to play a key role, e.g. in IR imaging, light detection, and

energy harvesting.

FIGURES
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Figure 1. The field intensity distribution (squared modulus of the electric field) in the resonant
Ge antennas: the simulated near-field intensity enhancement associated with the excitation of the
localized plasmon modes labelled as R1 and R2 in the single-arm gapless antennas (a-b) and the
double-arm gap antennas (c-d). All maps are calculated at the respective near-field resonance

frequency. Each antenna arm is 2-um long and the gap is 300 nm.
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Figure 2. A demonstration of mid-IR plasmon resonances in Ge antennas: (a) a representative
SEM image of a Ge antenna sample. (b)-(d) The experimental and simulated reflection and
extinction spectra for single-arm antennas with L = 2.0 um length (b), gap antennas with L = 2.0
um arm length (c), and single-arm antennas with L = 3.0 um length (d). The solid lines refer to
doped plasmonic antennas and the dashed lines refer to undoped non-plasmonic antennas. For
the sake of clarity, all the transmission spectra from the undoped antennas have been rescaled by

0.8 before the calculation of the normalized extinction ratio.
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Figure 3. The solid-state sensing of a thin PDMS layer: (a) cross-sectional SEM images of the
PDMS-covered antennas, obtained after deposition of a Pt overlayer with the slice-and-view
technique in a dual-beam apparatus. The length of the single-arm antenna is 3 um, while
individual arms of the gap antenna are 2 um long. (b) The experimental reflection spectra
acquired after PDMS spin coating on the three antenna samples (solid lines) and reference
spectra from the clean samples (dashed lines); the spectra have been translated vertically for the
sake of clarity. (c) The difference spectra obtained after subtraction of the spectra from antennas
coated with AZ-5214; the spectra have been translated vertically for the sake of clarity. Thicker
lines correspond to polarization parallel to the antenna axis, thinner lines to perpendicular
polarization. The color coding is the same as in panel b and the yellow lines refer to an undoped

antenna sample.
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42 the PDMS-covered gap antenna sample, obtained with the field polarization parallel (blue line)
45 or perpendicular (red line) to the antenna axis. The simulated spectra have been translated

47 vertically for the sake of clarity. (b) Sketch of the PDMS distribution in the simulations
demonstrated in panel c. (¢) Simulations of reflection spectra highlighting the individual

52 contributions coming from the antenna hot spots (black lines) and from everywhere else (red

54 lines), for light with the polarization perpendicular to the antenna axis (left panel) and parallel to

the antenna axis (right panel).
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Figure 5. A hazardous liquid sensing experiment: (a) a sketch of the reflection sensing
geometry; (b) the transmission spectrum of pure CEMS in a 20-um-thick standard IR cuvette; (c)
the reflection spectrum for a CEMS-covered antenna array (red line) and the reflection spectrum
from the clean antenna array (black dashed line), and (d) the difference between the two spectra

in panel c.
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SUPPORTING INFORMATION

A. Methods

Ge growth

The Ge epitaxial material was grown by low energy plasma enhanced chemical vapour deposition
(LEPECVD) [S1, S2]. This growth technique is a variant of the conventional chemical vapour
deposition characterized by the use of a low energy plasma to control the deposition of silicon-
germanium alloys. The plasma is able to strongly enhance the deposition efficiency if compared to
conventional chemical vapour deposition and the low energy of ions (= 10 eV) avoids damage of the
substrate and allows the deposition of crystalline materials. In a LEPECVD reactor, a tantalum
filament inside the plasma source is heated by a high current (130 A), so that electrons are
thermionically emitted. Argon gas is passed up through the plasma source into the growth chamber. A
direct current arc discharge of 30-50 A with a low voltage of 30 V can then be sustained between the
filament and the growth chamber; an anode ring is mounted within the growth chamber to stabilize the
discharge. Magnetic fields (created by coils) are used to focus the plasma onto the substrate, which is
heated from behind by a graphite heater. Precursors gases (GeHs for germanium, PH; for doping) are
introduced in the chamber, where the highly-reactive conditions created by the plasma cause the
material to be efficiently deposited on the substrate. This gives great flexibility in the growth of high
quality material, since the growth rate, controlled by the plasma density and by the amount of process
gas, and the mobility of the adatoms, controlled by the substrate temperature, can be optimized

separately. The sample was grown on a 100 mm p-Si(001) substrate with a resistivity of 5-10 Ohm-cm.
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Before the heteroepitaxy, the native oxide was removed by dipping the substrate in aqueous
hydrofluoric acid solution (HF :H,O 1:10) for 30 s. A 1 pm n-doped (n = 2.5 x 10" c¢m™) Ge layer
was deposited at 500 °C at a growth rate of 1 nm/s, with a GeHs flow of 20 sccm. The n-type doping
was achieved in-situ by adding 0.15 sccm of PHs.

Antenna patterning

Electron beam lithography was undertaken using a Vistec VB6 UHR tool at 100 keV. Hydrogen
silsesquioxane (HSQ) resist was spun onto the samples to produce a thickness of 520 nm. After
patterning, the HSQ resist was developed using a diluted tetramethyl ammonium hydroxide (TMAH)
based solution with dionised water of 1:4 concentration for 30 s at 23 °C. The samples were then etched
in a STS Multiplex silicon etcher inductively coupled plasma (ICP) reactive ion etch system using SF
and C4Fs gases in a mixed process [S3] using a laser end-point detection system to stop the process
once etching through the Ge epilayer had been completed. Finally the resist was removed using HF.
Electromagnetic simulations

Frequency-domain simulations have been performed with the free software ‘“Reticolo” [S4],
employing the rigorous coupled-wave analysis (RCWA), and with the finite-difference time domain
method [S5].

Infrared spectroscopy

Infrared measurements were carried out with a Fourier transform infrared (FTIR) spectrometer from
Bruker (IFS66v), operated in vacuum to eliminate infrared absorption lines due to the atmosphere.
Measurements were performed with a broadband globar source and using a 77 K HgCdTe photovoltaic
detector and a 4.2 K Si bolometer for low-noise cryogenic detection of mid- and far-IR radiation,
respectively. Two optical schemes were used: direct transmission and specular reflection. For the
transmission measurements, the samples were mounted on a vacuum manipulator inserted in the
sample compartment of the FTIR. A 4x4 mm? portion of the same Ge-on-Si wafer was used as the
reference where the antennas were etched off leaving the blank silicon wafer. A displaceable circular
metal frame with a hole diameter of 4 mm was used to select the portion of the chip were the antenna
arrays were located. The absolute reflectivity of the antenna arrays was measured at several incidence
angles including near-normal incidence with a home-built setup based on off-axis parabolic and plane
mirrors, with a spot size of about 3 mm, smaller than the 5x5 mm? area occupied by the antenna array,
thus allowing for easy and precise alignment. On the same sample holder a co-aligned gold mirror was
then mounted close to the sample position and used as a reference.

PDMS experiments

The fabricated structures were spin-coated with PDMS starting from a 100:1 (v/v) mixture of monomer
and curing agent, diluted in a 5% (v/v) solution in n-heptane, in order to lower the viscosity and
facilitate thin homgeneous layer formation. After spin-coating, the mixture was then left undisturbed
for 2 hours to allow the solution to smoothly cover the steep walls and edges of the antenna structures,

and moreover to penetrate into the double arm antenna gap. The mixture was then cured for 30 minutes
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at 80 °C in order to allow for elastomer reticulation hence forming the continuous PDMS film coating
all antennas on the chip with almost perfect adhesion. The only point where adhesion was not
successful is the bottom part of the double-arm antenna gaps (see Fig. 3a and discussion in the main
text).

AZ5214 experiments

The Novolac-resin AZ5214 polymer was purchased from Clariant GmbH, diluted 1:50, spin-coated at
5000 rpm, and finally baked on a hot plate at 90 °C for 60 s.

CEMS experiments

CEMS was purchased from Sigma-Aldrich and the liquid was used in its pure form. It was drop-casted

on the antenna chip by an Eppendorf micropipette inside the FTIR setup.

B. Dielectric constant extraction of the unpatterned Ge material

Spectroscopic measurements of the infrared (IR) reflectance at near-normal incidence R(®) and of the
transmittance 7(w) for radiation frequency o between 50 and 5000 cm™ were performed on n-doped
germanium-on-silicon (n-Ge-on-Si) wafer portions with different doping levels to fully characterize
the as-grown material. The room-temperature data demonstrated in Fig. S1a are relative to the sample
that was used for the fabrication of the plasmonic antenna arrays. For this sample, an estimated free
carrier density 7.~ 2.1 10" cm™ is obtained from a measured plasma frequency ,~ 974 cm™! using
the formula reported in the article text and, more extensively, in Ref. S1. Here , is defined as the
frequency of zero-crossing of the real part of the dielectric function €1(®), which was in turn calculated
from the Drude model with parameters obtained from a best fit of the far-IR R(®) spectrum alone
(see below). The carrier densities estimated in this way are in good agreement with those provided by
DC transport data on Hall bar devices [S6]. A more precise knowledge of the carrier density and more
generally of the complex dielectric function beyond the simplistic Drude model, however, is required
to perform accurate electromagnetic simulations. Below we provide details on how all these key
physical quantities were determined from the spectroscopic data taken on the unpatterned Ge film

before the fabrication of the antennas.

For ® < m,, R(®) has a high absolute value close to 1. In this far-IR region, the skin depth is below
1 um, smaller than the n-Ge film thickness. Therefore, the normal-incidence transmittance 7 was found
to be negligibly small, and we can assume that the nGe film behaves as a semi-infinite medium. This
implies that the two-variable system of equations relating R(®) and 7(w) to the real and imaginary
parts of the dielectric function &/(®) and &x(®) cannot be used in this case, and we have to find a
different method to determine the dielectric function. For @ > ®,, nGe behaves as a dielectric material,

since &1 > 0. The sinusoidal-like oscillations observed in both R(w) and 7(®) above 1000 cm™ are due
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to multiple internal reflection interference within the n-Ge layer (Fabry-Perot fringes). The specific
shape of the fringe pattern is due to the dielectric function of n-Ge being strongly frequency-dependent.
By employing a more complex fitting procedure that combines the multilayer Fresnel relations and the
Drude-Lorentz model, it was possible to satisfactorily reproduce the R(®) data in the whole IR range
up to 5000 cm’! and hence to obtain a better estimate of the activated carrier density
n.=~2.32 10" cm. In this case, n. was not determined from , (defined as the zero-crossing of €;) but
rather from the so-called Drude spectral weight, i.e. the intensity of the zero-frequency oscillator in
the optical conductivity usually referred to as the ‘Drude term’. As stated above, the R(®) data are
fairly well reproduced by the curve fitting based on the Drude-Lorentz model, with the exception of a
small frequency range just below ®, (900 < » <974 cm™), where the n-Ge still displays metallic
behaviour but a significant fraction of the radiation is transmitted through the n-Ge due to the skin
depth becoming larger than the film thickness. This is a very relevant issue, because the knowledge of
the exact values of 1(®) and &>(®) beyond the simple Drude model is crucial for the accurate modelling
and simulation of the plasmonic antennas and devices. Indeed, the Drude model provides reasonable
values of n. since this corresponds to the spectral weight of the Drude term, which is an integral
quantity determined from the data taken over the entire IR range, but the functional form of the Drude
term is known to inadequately describe the frequency-dependent electron-lattice scattering processes
that determine the exact shape of the dielectric function in the vicinity of w, [S7]. We now briefly
describe the method employed to retrieve the dielectric function (more details can be found in Ref.

S8).

The above mentioned initial fitting procedure based on the Fresnel relations and the Drude model
allowed us to retrieve an analytical approximation of the dielectric constant of n-Ge. We used this
analytical model to compute the absolute reflectance R(w) of a virtual semi-infinte n-Ge material in
the non-zero transmittance region just below ®, and also in the dielectric region ® > ®,. For the high-
reflectivity region © < @, we took the raw experimental data collected on the n-Ge film, merged with
the result of the above computation. We finally obtain an extrapolation of the experimental R(w)
towards zero frequency and infinity. At this point, we resort to the model-independent approach based
on Kramers-Kronig transformations applied to the prolonged R(w). Through the Kramers-Kronig
integral applied to In[R(w)] we calculated the phase of the complex reflectance coefficient &) and

then, from both functions, the real and imaginary part of the dielectric constant, as demonstrated in

Fig. S1b and Slc.
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Figure S1 | The reflectance spectrum and extracted dielectric constant of the Ge material. a, The reflectivity
curve measured on the unpatterned nGe-on-Si sample wafer before the fabrication process. b-c, The real (b) and

imaginary (c) parts of the dielectric constant as obtained by the Kramers-Kronig transformations of the extrapolated

R(®) curve (see text for details).

C. Electromagnetic simulations

In order to understand and design the antenna response, we ran extensive electromagnetic simulations,
as described in Section A. Fig. S2 demonstrates a representative example of the simulated transmission
spectra at normal incidence as a function of the antenna length with the electric field polarization
parallel to the long antenna axis, demonstrating the two R1 and R2 resonances that are widely
discussed in the main text. As expected, the two resonances demonstrate a clear red-shift for increasing
antenna length. The vertical, non-dispersing discontinuity that can be observed around 590 cm™ for all
antenna lengths is due to the appearance of a diffracted order, generating a so-called Rayleigh anomaly
that does not strictly superimpose with the R1 resonance for the antenna lengths that have been
investigated experimentally. Rayleigh anomalies and the presence of diffracted orders will be
addressed in Section E of the Supplementary Information. For the sake of completeness, it should be
noted that some of the Rayleigh anomalies enter the ® < 1000 cm™ region because of the specific
periodicity of the array. In general, they leave very weak imprints in the extinction spectra, that can be
recognized as slight changes of slope e.g. around 590 cm™ in Fig 2¢ and around 405 cm™! in Fig. 2d in
the main article text. In the only case where one Rayleigh anomaly is found very close to the extinction
peak of the substrate-like resonance R1 (i.e. the peak around 420 cm™ of the L = 3 um antenna in Fig.
2e), a clearer discontinuity is observed in the peak profile. All other plasmon resonance peaks
discussed in the main manuscript, and in particular all the R2 resonances employed for molecular

sensing, are completely free from the influence of Rayleigh anomalies.
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Figure S2 | The simulated transmission spectra for varying antenna length. The simulated transmission
spectra as a function of the antenna length in an array of single-arm antennas after plane-wave excitation with

electric field polarization parallel to the antenna axis.
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Figure S3 | The simulated reflection spectra for varying periodicity of the array. The simulated reflection
spectra as a function of the periodicity of the array in an array of single-arm antennas with L =2 um after

plane-wave excitation with electric field polarization parallel to the antenna axis.

As a further proof that the designed R1 and R2 resonances are due to localized current oscillations in

the plasmonic antennas and not to grating-related effects, we also ran simulations for a L =2 pm



antenna varying the periodicity of the array along the direction parallel to the main antenna axis.
Results in Fig. S3 demonstrate that the two resonances do not shift with the periodicity, while the only
dispersing feature (dashed line) is again related to a Rayleigh anomaly, which comes close to the R1
resonance only for periodicities much larger than the one investigated experimentally for the L =2 um

antenna sample.

Finally, it should be noted that the lossy nature of plasmonic Ge produces a red-shift of the resonance
in the near-field intensity compared to the far-field resonances observed in far-field extinction spectra,
as is well documented in the literature and reported in Fig. S4, where we demonstrate the comparison

between simulated extinction and near-field intensity spectra for gap antennas with 2 pm arm length.
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Figure S4 | The simulated extinction and near-field intensity spectra of a gap antenna. The simulation

for a gap antenna with arm length L = 2 um reveals the red-shift of the near-field resonances compared to the

spectral position of the far-field extinction peaks.



D. Geometrical details of the samples investigated in the main manuscript

Sample | L (um) | W (um) | dx (um) | dy (um) | g (um)
1 (Fig. 2¢) | 2 0.8 5 2 -
2 (Fig. 2d) | 2 0.8 7.3 2 0.3
3 (Fig. 2e) | 3 0.8 7 2 -
_ ax . o
T _I Jdy
I N I N
e | -H-iw
(top view) g

Figure S5 | The geometry of the investigated samples. A sketch of the geometry of the samples discussed
in the main text. In the table, samples are numbered from 1 to 3 and a reference to the related figures in the

main text is added.

E. Detailed analysis of the infrared spectra of the antenna arrays

The two resonances R1 and R2 discussed in the article text are attributed to two distinct resonant modes
propagating along the antenna long axis. This assignment is based on a full body of simulations (see
also Section C of the Supplementary Information) and infrared reflectance measurements that we
performed as a function of the incidence angle, with electric field polarization direction both parallel
and perpendicular to the antenna axis and, for each of the two sample orientations, also with the electric
field vector contained in the incidence plane or perpendicular to it. All infrared measurements were
identically repeated on copies of the arrays, fabricated on a different Ge-on-Si wafer, where the doping
level was of the order of 10'” cm™. This material is referred to as ‘undoped’ throughout this work since
the charge density, although relevant for determining the DC conduction properties, is too small to
give imprints in the infrared range. The combined analysis of all the acquired spectra allowed us to
unambiguously conclude that: (i) the R1 and R2 resonances do not appear in the undoped material; (ii)
the R1 and R2 peaks described as plasmonic resonances in the article text are present only when the
polarization of the electric field vector is directed along the antenna arm; (iii) R1 and R2 are not due
to Bragg-like modes of the periodic array structure. Here we complement this information by

presenting and discussing some selected features of the infrared transmission and reflection spectra.



First of all, it should be noted that, as is well-known from the theory of plasmonic antennas, transverse
resonances should be expected as well in our samples. Indeed Fig. S6 compares experiments and
simulations obtained with electric field polarization parallel or perpendicular to the antenna axis for a
double-arm gap antenna. Two broad and weak features centered at about 600 and 900 cm!, which can
be more easily recognized in the simulated spectra, appear for the perpendicular polarization (dashed
lines) and can be attributed to resonant transverse oscillations of the conduction electrons. The net
dipole moment induced by such resonances, however, is weaker than the one for the longitudinal
resonances, which results in an accordingly weaker (sometimes negligible) far-field spectral signature.

As expected, transverse antenna resonances are blue-shifted compared to the respective longitudinal

resonances.
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Figure S6 | The experimental and simulated normalised extinction spectra for different electric field
polarizations. a, The experimental extinction spectra for electric field polarization parallel (solid line) and
perpendicular (dashed line) to the antenna axis. b, The simulated extinction spectra for electric field

polarization parallel (solid line) and perpendicular (dashed line) to the antenna axis.

Fig. S7 presents further selected experimental results, demonstrating the same weak transverse
resonances for both gapless and gap antennas and also confirming that for both electric field
polarization parallel and perpendicular to the antenna axis the response of an undoped sample with the

same nominal geometry is flat within the experimental noise.



L=2um

:

—— Electric field parallel to the antenna long axis
02 Electric field parallel to the antenna short axis
- Undoped

200 400 600 800 1000

Extinction
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII

-1
Wavenumbers (cm )

Figure S7 | The experimental extinction spectra for different antennas and different electric field
polarizations. The extinction spectra with parallel (thick lines) and perpendicular (thin lines) polarization of
the L = 2 um antenna arrays (both gapless and gap antennas, see sketches). The dotted lines refer to an undoped

sample. The set of data for the double-arm gap antenna has been vertically shifted for clarity.

The sharp increased-noise feature at 610 cm™, visible in all spectra and for both orientations of the
electric field, is an artifact due to the Raman-active phonon of the Si substrate that oscillates exactly
at that frequency. The Raman-active phonon becomes weakly IR active in virtually all commercial Si
wafers due to the presence of symmetry-breaking impurities. As a consequence, the signal-to-noise
ratio of infrared spectra taken on samples with Si substrates usually drops around 610 cm’!, because it
is not possible to fully compensate for the rapidly-varying optical constants of the Si substrate in both

the sample spectra and the bare Si spectral reference.

To confirm that the spectra from doped and undoped antennas differ only in the presence of the
localized plasmon resonances, we demonstrate in Fig. S8 a representative example with specular
reflectance spectra taken at near-normal incidence from the L = 2 um single-arm antenna array. These
results confirm that all the spectral features above 1000 cm™ are present both in the doped and undoped
antenna sample, although with small differences due to slight changes in the Ge refractive index

because of doping, while the spectral region below 1000 cm™ demonstrates clear differences in the
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two samples because of the appearance of the R1 and R2 resonances discussed in the main text (see
left panel). A weak signature of the transverse plasmon resonance is also visible around

900 cm™ in the undoped sample for the perpendicular polarization (see right panel).
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Figure S8 | The experimental reflectance spectra. The specular reflectance measured at near-normal
incidence with electric field polarization parallel to the long (left panel) and short (right panel) antenna axis for
the L = 2 um single-arm antenna array. The antennas fabricated out of both doped (solid line) and undoped
(dashed line) material have been measured, with their respective spectra being virtually identical with the sole
exception of the appearance of the signature related to the R1 and R2 resonances (dashed circles in the left

panel).

Since we fabricated extended antenna arrays in order to be able to perform far-field spectroscopic
experiments in the full IR range with almost-collimated beams, grating modes appear in the
transmission and reflection spectra as Rayleigh anomalies (abrupt variations of both reflectance and
transmittance at a given frequency). We performed an extensive study of the Rayleigh anomalies in
order to exclude any contribution of these modes arising from Bragg diffraction in the arrays to the
observed plasmonic resonances. We measured both specular and non-specular angle-resolved
reflectance spectra in the mid-IR region (500 to 3000 cm™) to identify all possible resonant optical
features of the antenna arrays, using an optical setup with illumination and collection angles that can
be separately varied. The setup is comprised of two spherical mirrors, collecting light on a cone with
apical half-angle of 6°, that can be remotely controlled in vacuum so as to vary the elevation angle
between 0° and 90° (a sketch of the optical setup is reported in Fig. S9a). The specular reflectance
spectra of the single antenna arrays with L = 3 pum for several incidence/collection angles are reported
in Fig. S9b. When the incidence light is polarized parallel to the antenna axis and the electric-field
vector is contained in the incidence plane (so called ‘p’ polarization), the specular reflectance displays

a smooth decrease with increasing frequency, reminiscent of the normal-incidence reflection spectra
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of the unpatterned sample (see Fig. S1), plus a peak around 800-900 cm™ and a feature around 1600-
2000 cm dispersing to higher energies for increasing incidence angle. The former series of peaks can
be attributed to the R2 antenna resonance and does not show any significant dependence of the peak
frequency on the incidence angle, as expected for localized plasmon resonances. At variance, the latter
series of peaks clearly blue-shifts with increasing incidence/collection angle. In the non-specular
reflectance configuration (Fig. S9c) the zero-order reflected intensity is eliminated and the plasmonic
resonance around 800-900 cm™!' disappears from the spectra, while grating modes remain clearly
visible, and are peaked at different wavelengths for different collection angles &, following the Bragg’s

law for a normally-incident plane wave:

2 ] 2

v (N (L
WBragg (L,),0) = (a Sin9) +(b>

where a and i are the periodicity and the mode order in the direction parallel to the antenna axis, while

b and j refer to the direction perpendicular to the antenna axis in the sample plane.
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Figure S9 | The angle-resolved reflectance spectra. a. A sketch of the optical setup used for specular and non-
specular reflectance measurements. b. The specular reflectance for different incidence/collection angle from the
L = 3 pum single-arm antenna array. c¢. The non-specular reflection at normal incidence for several non-normal

collection angles.
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F. Absorbance spectra of PDMS and CEMS
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Figure S10 | The absorbance spectra of PDMS and CEMS. The absorbance A of the substances used for sensing
in the two experiments described in the main text. The absorbance was determined from FTIR transmission
measurements on solid (PDMS) or liquid (CEMS) films prepared in the same way as those used for sensing,
although with a much larger thickness to increase the FTIR signal-to-noise ratio. The inset shows the spectral

region of interest for the localized plasmon resonances of the investigated Ge antennas.
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G. PDMS sensing: comparison with a weakly-absorbing polymer
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Figure S11 | Line shape extraction for antenna-enhanced PDMS sensing. We demonstrate the reflection
spectra for PDMS-coated (thick solid lines) and AZ5214-coated (thin solid lines) antennas. Doped antennas are
represented red, green, and blue; undoped antennas are represented yellow; the black line is a representative

example from doped antennas studied with polarization perpendicular to the antenna axis.
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H. PDMS sensing: comparison with undoped antennas
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Figure S12 | The normalized spectra for antenna-enhanced PDMS sensing. We calculate the ratio between
the spectra obtained for parallel and perpendicular light polarization from clean antennas (dashed lines) and
PDMS-coated antennas (solid lines). While PDMS-coated plasmonic antennas (red, blu, and green lines, panels
a-c) maintain the vibrational feature at 800 cm-! after normalization, the latter completely disappears in the case
of nominally undoped antennas (yellow line, panel d), clearly highlighting the coupling between the vibrational

resonances and the longitudinal plasmonic resonances.
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I. PDMS sensing: role of the R1 resonance

In order to exclude any influence from the tails of the R1 localized resonance on the PDMS feature
around 800 cm!, we performed FDTD simulations with the exact same materials and templates as in
Fig. 4 but with the PDMS only in the position of the R1 hot spots. The results, demonstrated in the
figure below, show no trace of the PDMS vibrational feature and therefore confirm that R1 plays no

role in the observed line shapes.
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Figure S13 | Sensing simulations with the R1 hot spots. We plot the calculated reflectivity obtained from
FDTD simulations for a gap antenna with the PDMS placed at the position of the R1 hot spots.
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J. CEMS sensing: simulated near-field enhancement
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Figure S14 | The average near-field intensity enhancement for the antenna in the CEMS sensing
experiment. To qualitatively support the results in Fig. 5 of the main manuscript, we demonstrate here the
simulated near-field intensity enhancement averaged around the antenna at a distance of 50 nm from the
surface, clearly highlighting the larger overall enhancement obtained in the plasmonic spectral region below

1000 cm-1.
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