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ABSTRACT: Midinfrared 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 2 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 toward integration of
plasmonic sensors with the ubiquitous CMOS platform.
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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 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 past few years the latter approach, mainly pursued with the
nanofabrication of gold antennas, led to reported signal
enhancements exceeding 3 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 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 semi-
conductors 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 ωp, i.e., the frequency
below which the real part of the dielectric constant of the
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material becomes negative. Standard doping of semiconductors
usually sets ωp in the far-IR, while entering the mid-IR range
requires high doping levels, n up to 1019−1020 cm−3 according
to the scaling law ωp ∝ (n/me)

1/2, me being the electron
effective mass.
In particular, the development of a plasmonic platform for

molecular sensing based on group-IV semiconductors20−25

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,
while 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 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 past 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 engineer-
ing 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 λ ≈ 20 to 4 μm, or
frequency ω ≈ 500 to 2500 cm−1).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−1 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−1 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 (me
≈ 0.12 for n-type Ge and me ≈ 0.26 for n-type Si), which
widens the range of applications of plasmonic sensing (allowing
for higher ωp) 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.
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) method41,42 and exploit phosphorus as the donor to achieve
a doping level n ≈ 2.3 × 1019 cm−3, thus setting ωp ≈ 1000
cm−1 (∼10 μm 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−1 range. Finally, the fabricated devices are used for
plasmon-enhanced sensing experiments, detecting the vibra-
tional fingerprints of thin molecular films and liquids and
demonstrating signal enhancements of up to 2 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 Figure 1, have fixed thickness and

width of the order of 1 μm (i.e., comparable with the skin depth
of the doped Ge in the 400−900 cm−1 range) and a range of
arm lengths L varying from 1 to 4 μm (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”, labeled as R1)
lies in the 300−500 cm−1 range with the hotspots located at the
Si/Ge interface, while the second mode (“air-like”, R2) lies in
the 800−900 cm−1 range with hotspots at the upper antenna
edges toward the air half-space. Field intensity maps of the two
modes at their respective near-field resonance frequencies are
presented in Figure 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 toward the air half-space and therefore interact

Figure 1. 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 labeled 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 μm
long, and the gap is 300 nm.
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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 Figure 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. 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 transmission suffers from light diffusion coming from
the backside roughness17 and from absorptions in a thick Si
substrate with a standard concentration of impurities.30

Figure 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 and 3.0 μm, respectively, and one gap antenna
with L = 2.0 μm for the individual antenna arms. In order to
extract the antenna response, we demonstrate in Figure 2b−d a
normalized extinction Enorm = 1 − (Tant/TSi), with Tant and TSi
being the transmission spectra acquired from the antenna
sample and from the bare Si substrate, respectively, and the
reflection R = (Rant/RAu), with Rant and RAu 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 ×
1017 cm−3 and ωp < 100 cm−1, 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 μm single-arm antennas in Figure 2b,d), 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 Figure 2b−d,
are in excellent agreement with the experiments, with small
discrepancies that can 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, Sections C and E), which
highlights the localized character of the two resonances and
confirms that we are indeed addressing the plasmonic response

Figure 2. Demonstration of mid-IR plasmon resonances in Ge
antennas: (a) a representative SEM image of a Ge antenna sample.
(b−d) Experimental and simulated reflection and extinction spectra
for single-arm antennas with L = 2.0 μm length (b), gap antennas with
L = 2.0 μm arm length (c), and single-arm antennas with L = 3.0 μm
length (d). The solid lines refer to doped plasmonic antennas, and the
dashed lines refer to undoped nonplasmonic 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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of individual antennas. This paves the way toward 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 Figure 2d, the
reader should notice that the asymmetric shape of the peak
around 400 cm−1 is due to the occurrence of a Rayleigh
anomaly, as thoroughly discussed in the Supporting Informa-
tion (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 Figure 3), we have coated the same

antennas of Figure 2 with a polydimethylsiloxane (PDMS)
layer, which features a vibrational absorption resonance at 800
cm−1 (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 Figure 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-view technique
with a dual electron and ion beam apparatus) in Figure 3a.
Reflection spectra for the antenna samples are displayed in
Figure 3b. A comparison between the reflection spectra of the
clean samples (dashed lines) and of the spin-coated samples
(solid lines) reveals 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−1. 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 Figure 3c) that the line-shape around 800
cm−1 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−1 vibrational feature from
PDMS completely disappears in the undoped antennas after
such normalization, meaning that no PDMS-antenna inter-
action is taking place irrespective of the field polarization. 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. Figure 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
Figure 4a (right panel). It should be noted here that, as
observed in the SEM image in Figure 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

Figure 3. 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 μm, while individual arms of the gap
antenna are 2 μm 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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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 Figure 4b), the first
one with PDMS placed only in the hotspots (black lines in
Figure 4c) and the second one with the PDMS coating
everywhere except in the hotspots (red lines in Figure 4c). The
total PDMS volume in the former simulation is about 100 times
smaller than in the latter. In the left panel of Figure 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−1. 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 is observed in the right panel of
Figure 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 2 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 (Figure 4a, left panel) is interpreted as the far-field
interference of the two contributions outlined in Figure 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 Figure 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
Figure 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 Figure 1).
This must likely be ascribed to small uncertainties in the
dielectric description of the Ge/PDMS system and in the
evaluation of the enhancement for the sensing experiment.
Finally, we applied Ge plasmonic antennas to the sensing of

chloroethyl methyl sulfide (CEMS), 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 (Figure 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 s and by measuring the
period of the Fabry−Peŕot interference fringes in the near-IR.
When the droplet thickness was estimated to be below 2 μm,
longer FTIR spectra with higher signal-to-noise ratios 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, to provide a
precise value of the signal enhancement due to the antennas.
Figure 5b demonstrates the IR absorption fingerprint spectrum
of the pure substance (gray line), obtained in transmission
geometry with a 20-μm-thick IR cuvette. A strong vibrational
doublet appears at 690−720 cm−1, 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−1 in the region of dielectric
behavior of the Ge, i.e., above the plasma frequency. In Figure
5c 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).

Figure 4. (a) Experimental (left panel) and simulated (right panel)
reflection spectra from the PDMS-covered gap antenna sample,
obtained with the field polarization parallel (blue line) or
perpendicular (red line) to the antenna axis. The simulated spectra
have been translated vertically for the sake of clarity. (b) Sketch of the
PDMS distribution in the simulations demonstrated in panel c. (c)
Simulations of reflection spectra highlighting the individual contribu-
tions coming from the antenna hot spots (black lines) and from
everywhere else (red lines), for light with the polarization
perpendicular to the antenna axis (left panel) and parallel to the
antenna axis (right panel).

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b03247
Nano Lett. 2015, 15, 7225−7231

7229

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03247/suppl_file/nl5b03247_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b03247


By taking the difference between these two spectra, the
vibrational molecular fingerprint of CEMS is clearly recovered
(Figure 5d). One can notice, however, that the relative spectral
weight of the doublet at 690−720 cm−1 compared to the
feature at 1430 cm−1 in Figure 5d is stronger than in the bare
liquid material of Figure 5b, thus qualitatively pointing toward 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
× 1019 cm−3, reaching a plasma frequency around 1000 cm−1,
the whole relevant fingerprint region extending roughly up to
1800 cm−1 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 1020 cm−3 in n-type Ge.50

Enhancement factors of up to 2 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 antennas8,13

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
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-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.
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