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The combination of semiconductor plasmonics with microfluidics allows surface-enhanced infrared spectroscopy of

molecules in the flow regime. Exploiting semiconductor plasmonics enables surface-enhanced mid-IR spectroscopy from

4 um to 20 um and accesses the so-called molecular fingerprint region from 6.7 um to 20 pm (1500-500 cm™). Besides

addressing the whole fingerprint region and allowing the identification of molecules by database comparison, the IlI-V

semiconductor material class allows potentially an integration of semiconductor-based IR-sources, IR-detectors and IR-

resonators on-chip. Miniaturized plasmonic enhanced microfluidic mid-IR spectrometry has great potential to analyse and

identify minute amounts of molecules in the flow regime. This work describes technological processing to combine

semiconductor plasmonics and microfluidics. Two proof-of-concept prototypes were experimentally realized and

subsequently tested. Measured mid-IR spectra allow to clearly distinguish ethanol and water by their respective IR-

absorption characteristics when inserted into the microfluidic flow chamber. Additionally, a semiconductor surface plasmon

resonance shift can be observed according to the inserted solvent. Finally, the formation of a self-assembled monolayer

under flow conditions is demonstrated by an observable mid-IR surface plasmon resonance shift of 6 £ 1 cm (140 + 23 nm).

Introduction

This work presents novel materials for plasmonic enhanced
microfluidic infrared spectroscopy which allows reaction
analysis and monitoring under flow conditions. In the context of
on-chip infrared spectroscopy (1), the combination of
semiconductor plasmonics and microfluidics addresses two
challenges: on the one hand the use of innovative materials and
on the other hand the use of sensitivity enhancing plasmonic
structures to go beyond the enhancement effects of exploiting
attenuated total reflection (ATR). At least two different
application areas are conceivable. First, the further
development of the semiconductor plasmonic sensor and
integration as process analytical technology (PAT) for trace
analysis of reaction products in a so-called laboratory of the
future approach (2). Second, further development on
integration of IR-detector and IR-source on-chip to finally
address global public health by development of portable on-
chip microfluidic diagnostic devices (3). Innovative approaches
exploit the widespread of portable visible light sources and
portable visible light detectors in smartphones for label-free
bio-detection (4). The underlying detection principle is the shift
of a resonant frequency of a specifically designed plasmonic or
photonic structure (5). Despite good sensitivity, this technique
does not provide full spectral information. For this reason, it is
still challenging to create portable vibrational spectroscopy
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devices which allow Raman spectroscopy or IR spectroscopy on-
chip. Concurrently to the maturing of microfluidic fabrication
technology (6, 7), the advancements of silicon manufacturing
techniques might allow relatively cheap mass-production of
silicon photonic circuits as the backbone of a miniaturized
Raman spectroscopy device (8). As Raman spectroscopy works
in the visible range of light, the lab-on-chip approach benefits
from the wide accessibility of transparent material for
microfluidic fabrication and from the widespread of portable
light sources and light detectors. Nevertheless, infrared
spectroscopy, as complementary vibrational spectroscopy
technique to Raman spectroscopy, offers some advantages.
Infrared light is less harmful to molecules than intense laser
light necessary for Raman scattering. Additionally, a typical
cross-section for infrared absorption is with approximately 10-2°
cm? much higher than a typical cross-section for Raman
scattering (102° cm?), thus infrared spectroscopy is intrinsically
by several orders more sensitive (9). The lower scattering cross-
section of the Raman process can be compensated by surface-
enhanced Raman scattering (SERS), where the electric field is
strongly enhanced at the surface of resonant nanostructures
and decays rapidly away from the surface (10). In combination
with microfluidics, an elegant way to obtain SERS-signal for low
concentration trace analysis consists in mixing analyte
molecules and plasmonic particles in a microdroplet sensor (11,
12). Another way of using SERS to improve immunoassays is to
address nonspecific adsorption by specifially designed
fluorophore-integrated gold/silver nanoshells as SERS nanotags
(13). Analogous to surface-enhanced Raman spectroscopy
(SERS) for visible light, surface-enhanced infrared absorption


https://doi.org/10.1039/C9RE00350A

Published on 15 November 2019. Downloaded by University of Montpellier on 11/20/2019 8:45:24 AM.

Reaction Chemistry & Engineering

(SEIRA) spectroscopy exists for the infrared (14). The motivation
of exploiting specifically designed plasmonic resonators for
SEIRA is to obtain more measurement signal for measuring low
concentrations of molecules in the proximity of the resonators’
surface, e.g. to trace the formation of self-assembled
monolayers (SAM) of organic molecules.

Gold is so far the most prominent material for fabricating
plasmonic resonators in the IR-range, but doping levels in the
10 cm ~3 range transform 1lI-V semiconductors, in particular
InAs and InAsSb, to ideal mid-IR plasmonic materials (15). It was
shown that heavily Si-doped InAs(Sb) not only rivals gold in the
mid-IR range in terms of larger density of hot-spots and thus
better signal to noise ratio for plasmonic applications (16), but
also in terms of good compatibility with silicon technology. A
theoretical study showed that in the infrared range, the better
performance of degenerate semiconductors  versus
conventional metals in terms of hot-spot density is a general
trend (17). Not only heavily Si-doped IlI-V semiconductors but
as well heavily Ga-doped ZnO and heavily doped Germanium
allows the fabrication of plasmonic sensors which can compete
with state-of-the-art sensors based on gold (18, 19). Finally, it is
a question of choosing the right degenerate semiconductor
material for the envisaged spectral range. InAs and InAsSb are
particularly suited to provide plasmonic resonances in the
molecular fingerprint region from 5um to 20 um (20, 21).
Despite these advantages of InAs and InAsSb for SEIRA, gold and
its chemical inertness can be used in a wider range of different
chemical environments. While InAs and InAsSb are stable in
water and organic solvents, aqueous buffer solutions (pH=5 or
pH=9) lead, without additional surface passivation, to Indium
leakage (22). In particular, when InAsSb is grown on GaSb, the
oxidation process of GaSb in water is another factor to consider
for potential sensing applications (23). Despite the restriction to
a smaller range of different chemical environments, InAs and
InNAsSb based plasmonic resonators have the important
advantage of being combinable with Ill-V semiconductor-based
optoelectronic devices such as IR-lasers or IR-light detectors
(24). 1I-V semiconductor as InAs/GaSb Type-ll superlattice
structures are used as IR-detector material (25) and widely
tunable quantum cascade lasers based on IlI-V semiconductors
(AllnAs/GalnAs) (26) or InAs/AlSb-based quantum cascade
lasers grown on silicon can serve as IR-light sources (27). More
information on semiconductor infrared plasmonics can be
found in a recent review article (28).

In the context of on-chip infrared spectroscopy, a major
challenge is to bypass the lacking IR-transparency of glass and
poly(dimethylsiloxane) (PDMS) in the so-called molecular
fingerprint region from 6.7 um to 20 um (1500-500 cm™) by
using IR-transparent materials. Calcium fluoride (CaF,) has
shown good compatibility with microfluidics and has high
transmission values in the order of 90% from the visible range
of light till IR-light around 10 pm. Most undoped IlI-V
semiconductors are with transmission values around 50% less
transparent than Calcium fluoride, but they allow to access the
whole molecular fingerprint region till 20 um. To circumvent the
challenge of transmission through not IR-transparent polymers,
the attenuated total reflection (ATR) technique can be applied

2| J. Name., 2012, 00, 1-3

for IR-transparent substrates coated with thin laygrs,ef ngtal
(29). Generally, infrared spectroscopy il tHe GHPéMGETEd XAl
reflection (ATR) configuration can be combined with an infrared
focal plane array (FPA) detector to allow chemical imaging of
biological systems (30). Whether in ATR or transmission
configuration, the combination of microfluidics and Fourier-
transform infrared (FT-IR) spectroscopy allows imaging of
reactions in a controlled flow regime (31-33). Besides
circumventing the lack of IR-transmission through PDMS,
another advantage of the ATR-technique is the high-surface
sensitivity and the avoidance of signal saturation originating
from solvent IR-absorption bands (34). The possibility to further
improve the sensitivity of infrared microfluidic spectroscopy
was demonstrated by combining a plasmonic resonator based
SEIRA-spectroscopy system with microfluidics (35). This
pioneering SEIRA on-chip work exploited gold plasmonic
resonators on an infrared transparent CaF,-substrate. The
successful combination of resonant nanoantenna systems and
microfluidics allows in-situ ultra-sensitive spectroscopy of
biomolecule interactions in real time (36). Recent technological
advances culminated in nanoresonators combined with
nanometric flow chambers for SEIRA applications (37). This
research field is still very active and applications in the field of
studying dynamic lipid membrane processes demonstrate the
great potential of these nanoresonator systems combined with
microfluidics (38).

This article demonstrates that semiconductor plasmonic
resonators can be combined with microfluidics. It has to be seen
in the context of other semiconductor mid-infrared on-chip
sensing concepts (39) such as for example Germanium-based
semiconductor mid-infrared waveguide sensors integrated with
a microfluidic chip for cocaine detection (40). Equally to
Germanium-based approaches, the binary InAs or the ternary
InAsSb can be grown on semiconductor substrates such as Ill-V
semiconductor substrates or on silicon (27, 41). This allows a
combination with Ill-V semiconductor-based mid-IR waveguides
(42).

In the following, the combination of heavily Si-doped InAs based
plasmonic resonators on top of an IR-transparent InAs substrate
with PDMS based microfluidics is demonstrated. Two
microfluidic devices were fabricated and tested. In particular,
the so-called backside configuration is suited for surface-
enhanced IR-spectroscopy as demonstrated by measuring the
alcohol content of a liquid in the flow regime and by measuring
the formation of a self-assembled monolayer on the resonators’
surface.

Results and Discussion
Design and fabrication of microfluidic devices

Microfluidic devices fabricated by soft-lithography are often
based on polymers such as PDMS. Such microfluidic devices are
transparent for visible light but not for IR-light, due to IR-
absorption of this polymer. Two different solutions are
proposed to allow IR-spectroscopy of microfluidic devices
combining semiconductor plasmonic resonators with polymer-

This journal is © The Royal Society of Chemistry 20xx
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Figure 1: Instruction for assembling a semiconductor plasmonic resonator system with a soft lithography (PDMS) produced microfluidic system for
backreflection IR-spectroscopy applications. (a) The lithographically produced SU-8 pattern defines the PDMS casting mould of the later liquid spectroscopy
chamber. The SiN, layer evaporated onto the IlI-V semiconductor layer has an opening due to shadow masking at the position of the plasmonic InAs:Si
grating. (b) After the elastomeric PDMS is stripped from the SU-8, additional inlet and outlet channels are punched into the PDMS layer. (c) The final
assembling steps consists in combining the PDMS layer with the SiN, layer after plasma activation of both contact surfaces to create bond forming surface
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radicals. The infrared beam path where the IR-light is incident and back-reflected through the backside of the InAs substrate is shown for illustration.

based microfluidic circuits: first, the microfluidic device in the
backside reflection configuration shown in Figure 1 and second
the microfluidic device in transmission configuration shown in
Figure 3. The key feature in both designs is the inclusion of a
SiNx-layer (alternatively a SiO,-layer) in between the
semiconductors (InAs) top surface and the bottom surface of
the polymer block (PDMS-based) with the imprinted
microfluidic liquid chamber (width of 3 mm and length of
3 mm). The deposition of the 200 nm thin SiNx-layer is
necessary as adhesion layer for permanent bonding of PDMS
because the InAs surface could not be oxygen plasma-activated
in the sense that a sufficient amount of surface radicals was
created to allow subsequent bonding with the surface-radicals
of a plasma-activated PDMS layer. Only with the intermediate
SiNx-layer deposited on top of the InAs-substrate a sufficiently
strong bonding for the subsequent microfluidic measurements
was obtained. More details on the process parameters can be
found in the Materials and Methods section.

The backside configuration gets its name from the incident and
back-reflected IR-light shown in Figure 1(c). The beam path is
sketched in red and it can be seen that the incident IR-light is
transmitted through the InAs-substrate, then back-reflected at
the interface of plasmonic resonators and liquid chamber and
finally, after another transmission through the InAs-substrate,
collected by an IR microscope coupled to an IR spectrometer
operating in reflection mode. In the same Figure, the
microfluidic inlet and outlet channels are represented. The
fabrication of the microfluidic circuit sketched in Figure 1(a) and
Figure 1(b) is a standard process, where photolithography and

This journal is © The Royal Society of Chemistry 20xx

a specifically designed mask were used to write the microfluidic
pattern with the photopolymer SU-8 on a Silicon substrate. The
casting of PDMS, followed by a low-pressure treatment to
evacuate air bubbles and by a baking step led to an imprint of
the microfluidic circuit into the block of PDMS. The PDMS was
stripped off from the SU-8 photopolymer and from the
substrate and finally inlet and outlet were punched into the
PDMS.

Concurrently to the microfluidic fabrication, the semiconductor
plasmonic resonators were fabricated. The process started with
molecular beam epitaxy (MBE) to create a 100 nm thin layer of
heavily Si-doped InAs on top of a commercially available
residually-doped InAs substrate. The low residual doping of the
substrate guaranteed good transparency in the mid-IR range of
light and the heavily-doped toplayer led to metallic, i.e.
plasmonic behaviour of this layer. A grating structure with a
ribbon width of 750 nm and a grating period of 1800 nm was
patterned by photolithography and dry etching. A
representative scanning electron microscopy (SEM) image is
shown in Figure 2(a). As dry etching led to some under etching,
the depth of the wells in between two ribbons is 150 nm. The
plasmonic resonators, defined by the thickness of the 100 nm
thin layer of heavily Si-doped InAs, are therefore standing on a
50nm high pedestal of non-doped InAs. By optical
characterization of the as-grown material a doping gradient was
observed for the 100 nm Si-doped InAs toplayer. Further
information and relevant process parameters can be found in
the Materials and Methods section. A crucial step during the
plasma-enhanced chemical vapor deposition (PECVD) of the

J. Name., 2013, 00, 1-3 | 3
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Figure 2: (a) Scanning electron microscopy (SEM) image of a llI-V semiconductor plasmonic grating based on heavily Si-doped InAs ribbons on top of a Ill-V
semiconductor substrate, here non-doped InAs. (b) Photography of a successful assembly of a IlI-V semiconductor mid-IR plasmonic grating and PDMS
based microfluidic system for IR-spectroscopy in backside reflection configuration. The 1-cent euro coin with diameter of 16.25 mm illustrates the size of

View Article Online

(b) DOI: 10.1039/COHE00350A

200 nm thin SiNx-layer on top of the InAs-substrate was to use
a shadow mask, placed on top of the heavily Si-doped grating
structure during the deposition process, to protect it from SiNx
coverage. After the deposition process, the shadow mask was
removed and the plasmonic resonators were SiNx-free while
the InAs-substrate around the grating was SiNx-covered. It can
be summarized that the process steps for assembly, shown in
Figure 1, lead to working microfluidic devices for back-reflection
IR-spectroscopy applications. For the sake of illustration, a
photograph of an assembled microfluidic device is shown in
Figure 2(b). It can be seen that the assembled device (top right)
has roughly the same size as a 1-cent euro coin with a diameter
of 16.25 mm. The IlI-V substrate, here InAs, with a plasmonic
grating, is shown (bottom right) to illustrate the core of the
device. Diffraction explains the colourful appearance of the
grating in the picture.

Another way of combining semiconductor plasmonic system
and polymer-based microfluidics for microscopic IR-
spectroscopy applications is the so-called transmission
configuration where the IR-opacity of the polymer used to
define the microfluidic circuit is bypassed by inserting an IR-
transparent window layer above the liquid measurement
chamber. In the fabrication process, the IR-absorbing polymer
is removed from the IR-beam path. The function of the IR-
transparent window layer is two-fold as it should let IR-light
pass, but at the same time seal the microfluidic circuit to avoid
liquid leakage. Germanium was chosen in this work as IR-
transparent window, because Ge has 47 % transmission at 5 um
and the value decreases continuously to 30 % transmission at
20 um. The fabrication steps to insert a Germanium window
substrate into the microfluidic device are shown in Figure 3. The
process steps for the transmission configuration are similar to
the process steps for the backside configuration. From the
sketch of the beam path, shown in red in Figure 3(c), the

4| J. Name., 2012, 00, 1-3

advantages of this design become clear. The improvement is
that IR-light transmitted through the whole structure (InAs-
substrate, liquid, Ge-window) can be collected and analysed by
a microscopic IR-spectrometer operating in transmission mode
while the same device can be operated as well in backside
reflection mode.

As the process steps are similar to the process steps shown in
Figure 1, the focus here is on the additional technological steps.
Figure 3(a) shows the assembly of a microfluidic device in
transmission configuration. The specific step here is to maintain
the Ge window on top of the SU-8 pattern while uncured PDMS
is poured on the silicon wafer. To do so we used a phase change
polymer, namely poloxamer or Pluronic F127. This block
copolymer shows a phase transition at 7°C, being liquid below
and gel over this temperature. A drop of liquid Pluronic F127 is
then poured on the surface of the main chamber of the circuit.
A 200 um thick double side polished Germanium wafer has
been cut to 5x5 mm? pieces using a Disco DAD3200 blade dicer.
Then a piece of Ge is positioned on top of the SU-8 surface
covered with Pluronic. A gentle pressure is applied to both align
the Ge-substrate on top of the SU-8 chamber and to wet the
surface between Ge-substrate and SU-8 chamber. When room
temperature is reached, then the Pluronic solidifies to a paste
which fixes the Ge-substrate in position. Furthermore, the
Pluronic serves as buffer layer between SU-8 and Germanium
during the PDMS-casting. The casting of PDMS was followed by
a low pressure treatment to evacuate air bubbles and followed
by a baking step (70°C, two hours) to cure the PDMS. Before
unmolding of the PDMS from the substrate, the device was
cooled down in a fridge to liquefy the pluronic again and ease
the unmolding process. Subsequently the PDMS was thoroughly
rinsed with water to remove the Pluronic. Additional to the
punching of inlet and outlet channels, an opening with 3 mm
diameter and therefore smaller than the dimensions of the Ge-

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: Instruction for assembling a semiconductor plasmonics system with a soft lithography (PDMS) produced microfluidic system for backreflection
and transmission IR-spectroscopy. (a) The lithographically produced SU-8 pattern defines the PDMS casting mould. A small drop of liquid (cold) Pluronic is
spread on the SU-8 at the position of the later measurement chamber and fixes a Ge-substrate when the Pluronic solidifies at room temperature. The SiN,
layer evaporated onto the Ill-V semiconductor layer has an opening due to shadow masking at position of the plasmonic resonators. (b) Before the
elastomeric PDMS is stripped from the SU-8, a punch removes the PDMS above the embedded Ge-substrate (window punching). Then, the sample was
cooled down to liquefy the Pluronic and to facilitate the detachment. After stripping the PDMS with the embedded Ge-substrate from the SU-8, additional
inlet and outlet channels are punched into the PDMS layer. (c) The final assembling steps consists in combining the PDMS layer with the SiN, layer after
both contact surfaces were plasma activated to create bond forming surface radicals. The infrared beam path where the IR-light is incident and back-
reflected through the backside of the InAs substrate is shown for illustration. The IR-light transmitted through the measurement chamber and through

Published on 15 November 2019. Downloaded by University of Montpellier on 11/20/2019 8:45:24 AM.

the Ge-substrate serving as topside IR-window layer is equally shown.

substrate was punched into the PDMS as can be seen in Figure
3(b). This punch removed the PDMS, but left the Germanium
intact. Thus IR-measuremt under flow and in transmission mode
become possible. The other technological process steps were as
previously described. It can be summarized that the additional
process steps for assembling the semiconductor plasmonics
system with a soft lithography (PDMS) produced microfluidic
system, shown in Figure 3, lead to working microfluidic devices
for transmission and back-reflection IR-spectroscopy
applications.

IR-spectroscopy in backside reflection configuration

After successful fabrication, the microfluidic device for surface-
enhanced IR-spectroscopy in backside reflection configuration
was tested. A microfluidic flow control system (Elveflow
Microfluidic Pressure controller OB1 MK3) was used to work
under reproducible flow conditions. The pumping pressure was
set to obtain a flow rate of 0.033 ml/min. For the first tests,
water and ethanol were chosen as solvents. The choice of these
liquids was motivated by the expectation of negligible chemical
reactions with PDMS, InAs, InAs:Si and Ge. The swelling of PDMS
upon ethanol contact was anticipated (43). Brukers Hyperion
3000 IR-microscope with Vertex 70 Fourier-Transform Infrared
Spectrometer (FTIR) was used. The microfluidic device was fixed
on the sample holder and the microscope objectives were

This journal is © The Royal Society of Chemistry 20xx

adjusted such that the focal plane was in the plane of the
semiconductor plasmonic resonators. A polariser in the beam
path orients the electric field of the IR-light parallel or
perpendicular to the grating. The reference spectrum to
determine the reflectance of the device is obtained on a gold
mirror.

The result of this IR-back-reflection study is shown in Figure 4.
The beam path is sketched in the inset of Figure 4(a). In the top
panel of Figure 4(a), the IR-back-reflected light polarized
perpendicular to the grating R | is shown for ethanol flow (red
line) and for water flow (blue line). For both solvents, a broad
dip around 700 cm™ (12 um to 20 um) can be seen in the
spectra. Additionally, in the ethanol spectra, the C-O stretching
modes can be seen as antisymmetric peaks in the 1050 to 1200
cm region and a weak carbon-carbon (C-C) vibrational mode is
detectable as antisymmetric peak centred around 880 cm™. In
the middle panel of Figure 4(a), the IR-back-reflected light
polarized parallel to the grating R || is shown for the flow of the
two solvents. While the antisymmetric peaks, attributable to IR-
vibrational modes of ethanol, are clearly visible, the broad dip
around 700 cm™ cannot longer be seen in the spectra. In the
bottom panel of Figure 4(a), the ratio Ry /R is shown. The
antisymmetric peaks, attributed to C-C and C-O vibrational
modes, cancel out and the broad signature around 700 cm™ can
be clearly seen as peak. The ethanol (red) and the water (blue)
lines overlap from 1000 cm™ to 1500 cm™, but they are shifted

J. Name., 2013, 00, 1-3 | 5
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Figure 4: (a) Microscopic infrared spectroscopy in backside reflection configuration (sketched in the inset) was performed with the p-fluidic sensor system
shown in Figure 2. Different spectral responses were obtained in dependence of the solvents in the microfluidic measurement chamber, either ethanol
or water, and in dependence of the polarization of the incident and back-reflected light, either polarized perpendicular Ry or parallel Ry to the grating.
A localized surface plasmon resonance (LSPR) shift was observed for ethanol and water filling. (b) As the grating consists of many resonators, one resonator
with adequate periodic boundary conditions was chosen for calculating the electric near-field at the resonance wavelength of 15 um for polarization in-
plane, i.e. perpendicular to the grating. The colour scale bar shows the electric field enhancement
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/Ein . (c) The same resonator, at the same wavelength,
no near-field enhancement effect as the LSPR mode is not excited in this

one towards the other in the spectral region around 700 cm™.
The maxima of the water and the ethanol peak are shifted by
30+ 5cm?. The broad RI/R, peak is attributed to the
plasmon (LSPR) of the
nanoresonators and the LSPR-shift is explained by the
difference of the refractive index of ethanol and water in this
spectral range (44). As ethanol and water both have complex
refractive indices in the range of interest, an analysis based on
projection could be performed (45). This is nevertheless beyond
the scope of this work and an open challenge for semiconductor
surface plasmon resonance system working in the IR-range. It
has to be noted that the antisymmetric peak shape of the IR-
absorption modes originates from an interaction with the
plasmonic resonators and can be described as Fano-like
resonance (46).

To underline the plasmonic nature of the observable peak,
numerical finite-difference time domain (FDTD) calculations
were performed with the commercially available software
Lumerical FDTD solutions (47). In Figure 4(b) and in Figure 4(c),
the calculated electric near-field enhancement |E/Ein| for one
resonator, with adequately periodic boundary
conditions on the left and right side of the unit cell, is shown for
the resonance wavelength of 15 um. The length of the unit cell
corresponds to the grating period and out-of-plane dimension,
i.e. the third dimension is assumed to be infinite. The
geometrical parameters of the model were chosen such that
they correspond to the experimentally determined values. The
refractive index for the plasmonic heavily Si-doped InAs layer
was determined by Brewster mode measurements and

localized surface resonance

chosen
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subsequent fitting with a Drude function (48). In Figure 4(b), the
more than ten-fold enhancement of the local electric field E in
terms of the incident electric field E;, decays rapidly away from
the surface of the resonators’ surface when exited with IR-light
polarized perpendicular to the grating. The model focuses on
the resonators’ interface and light propagation through the
InAs-substrate, such as light in-coupling from air into the InAs-
substrate is neglected. The main conclusion is that the LSPR
mode, exited at around 15 um, leads to electric field
enhancement which can be exploited for surface-enhanced
infrared spectroscopy. In Figure 4(c), the simulation result for
incident IR-light polarized parallel to the grating is shown. It can
be seen that no near-field enhancement is observable because
the incident light is not confined within the resonator, therefore
there is no LSPR excitation.

To summarize, the experiments and the supporting simulations
demonstrate that microfluidic surface-enhanced
spectroscopy is possible in the backside reflection configuration

infrared

when semiconductor plasmonic resonators are combined with
soft lithography (PDMS) based microfluidic systems.

IR-spectroscopy in transmission configuration

Following the assembly instructions summarized in Figure 3, a
working device for IR-spectroscopy under flow conditions and
in transmission configuration was fabricated and characterized.
In a first step, the transmission through a non-doped InAs-
substrate and through the semiconductor resonator system
before combination with the microfluidic system was

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: (a) Microscopic infrared spectroscopy in transmission configuration for the devices sketched in (b) and (c) is shown. Different spectral responses
were obtained in dependence on the solvents in the microfluidic measurement chamber, either ethanol (EtOH) or water (H,0), and in dependence on the
polarization of the incident and transmitted light, either polarized perpendicular Tior parallel T to the grating. The transmission through the InAs
substrate and the plasmonic grating, sketched in (b), is shown in the top panel of (a). The transmission is decreasing with decreasing wavenumber and a
plasmonic resonance leads to a T L transmission dip for light polarized perpendicular to the grating. The transmission through the assembled p-fluidic
sensor, i.e. with Ge-window in the light beam path, is sketched in (c) and the measurement result is shown in the middle panel of (a). Interference effects
and decreased transmission are observable. The trend of decreasing transmission with decreasing wavenumber is fitted by an analytical formula shown
in blue. In the bottom panel of (a) the transmission for EtOH or H,0 flow is shown. As EtOH and H,0 have different, well-known IR-absorption
characteristics, a fit of the reduced transmission is shown by considering the Beer-Lambert law (blue for EtOH flow and purple for H,0 flow).
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measured. The substrate was placed onto the sample stage of a
Hyperion 3000 microscope. The focal plane was adjusted with
the microscope’s top and bottom objectives to obtain
maximum transmission. To normalize the obtained spectrum, a
spectrum without sample, i.e. 100% transmission was
measured. Subsequently, the semiconductor resonator system
with the integrated Ge-window was measured in transmission
mode by choosing the focal plane to obtain maximum
transmission. Then, the microfluidic flow control system was
connected and transmission was measured for ethanol and
water flow in the microfluidic measurement chamber. A
polariser in the beam path allowed to choose IR-light
polarisation parallel or perpendicular to the grating.

The result of this IR-transmission study is shown in Figure 5. In
the top panel of Figure 5(a), the IR-transmitted light polarized
parallel to the grating T and perpendicular to the grating T |
is shown. It can be seen that the InAs-substrate has good and
nearly constant transmittance properties in the wavelength
range from 4 um to 8 um. The measured value of 50 % of
transmittance is due to the relatively high refractive index of
InAs (Nmas = 3.4) which causes significant reflection losses at
the air-InAs interface and can be easily improved by an anti-
reflective coating for InAs. It should be noted that for both
polarisations a decreasing transmittance is observed in the
range from 8 um to 20 um. At 20 um only 25 % of the incident
light is transmitted and this decrease of transmittance with
higher wavelength is explained by multi-phonon absorption in
the InAs-substrate (49).The significant spectral signature for

This journal is © The Royal Society of Chemistry 20xx

sensing application is the transmission dip around 700 cm™
(12 um to 20 um) appearing only for polarization perpendicular
to the grating. This signature is attributed to a localized surface
plasmon resonance. While this result is encouraging to pursue
with the transmission configuration for surface-enhanced
infrared absorption (SEIRA) spectroscopy, the middle panel of
Figure 5(a) shows that the plasmonic resonance is less visible in
transmission configuration after combining the semiconductor
plasmonic resonators with the integrated
microfluidic system. The main reason for blurring the
detectability of the plasmonic signature is the appearance of
interference due to light trapping within the air-filled
measurement chamber. The overall transmittance is reduced as
the IR-light has to be transmitted as well through the Ge-
window. The transmittance values for light polarized parallel or
perpendicular, plotted in red and black, were nearly
indistinguishable. Instead of modelling all interfaces and
explaining the observable interferences, a much simpler fit
function with two free parameters accounting for InAs multi-
phonon absorption at decreasing wavenumber was used to fit
the measured data in the relevant wavenumber V range. This fit
function is plotted in blue and the following formula was used:

Ge-window

Tfiey = 0.32 — 120[cm /% [em ]

When the measurement chamber was filled with ethanol or
water via the microfluidic flow control system, then the
transmittance was another time strongly modified as can be
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Figure 6: (a) The p-fluidic sensor system shown in Figure 2 was used for microscopic infrared spectroscopy in backside reflection configuration for different
molar concentrations of EtOH in water. The localized surface plasmon resonance (LSPR) appears as dip in the reflectance curve for incident light polarized
perpendicular to the grating Ry (solid lines) and not for light polarized parallel to the grating Ry (dashed lines). In both polarizations the C-C stretching
mode and the C-O stretching mode of EtOH can be seen as Fano-like resonances. Under pure water flow, these EtOH IR-signatures vanish. (b) The x-axis
shows the molar percentage of EtOH in water. The left y-axis shows the differences in reflectance, i.e. the maximum — minimum values of the first derivative
around the IR-absorption signature, for the C-C and the C-O stretching mode. The right y-axis shows a wavenumber scale. As the ratio of Ry/R 1 leadstoa
peak, a fit of this peak allows to extract the wavenumber where the LSPR resonance is maximum. A decrease of the LSPRinax wavenumber with increasing
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seen in the bottom panel of Figure 5(a). The transmittance of
water and ethanol for both light-polarizations does not
demonstrate any difference. However, a clear difference
depending on the inserted solvent can be seen. While water lets
no IR-light pass, except for two small transmission zone around
1800 cm™ and around 2500 cm™, the ethanol filling leads to
relatively good transmission window between 1500 cm™ to
2500 cm™ and three smaller ones around 1000 cm™. The
disappearance of the interference and the strong reduction of
transmission due to the liquid filling can be easily understood
by the absorptive nature of the chosen solvents. Besides
distinguished IR-absorption signatures, both liquids have a non-
negligible IR-absorption baseline. In blue, both spectra were
plotted by a fit function with includes the Beer-Lambert law:

AMolvent

Tz = (0.32 —120/7) - exp Vil

As the extinction coefficient k as imaginary part of the refractive
index is well known for water and ethanol (44), the fitting allows
to determine a value for the thickness t of the measurement
chamber. The found value of 84 + 10 um is in the same order as
the height of the SU-8 used to define the chamber. This
demonstrates that the Pluronic fabrication step did not
substantially increase the height. More importantly, the results
clearly show that the microfluidic device is working in
transmission configuration, but this configuration is not suited
for surface-enhanced infrared spectroscopy as absorption in
the micro-metric fluidic chamber dominates the transmission
spectra. Ultra-thin microfluidic detection chambers might be a
way to allow SEIRA spectroscopy in the transmission
configuration. Additionally, the transmission could be increased
and the inference fringes reduced by adding anti-reflective
coatings.

8| J. Name., 2012, 00, 1-3

Demonstration of alcohol sensing capacity

Having fabricated and tested firstly the device for backside
reflection operation and then the device for transmission and
backside reflection operation, the advantages of the backside
reflection configuration for surface-enhanced IR-sensing
became clear and will be further elaborated in the following. As
100 % of water flow and 100 % of ethanol flow was already
tested and explained in the section on IR-spectroscopy in
backside reflection configuration, the focus of this section is a
detailed investigation of ethanol-water mixtures. Although
volume ratios are more intuitive to obtain in a chemistry lab,
the choice was made to investigate molar ratios. The main
advantage of using molar ratios is the possibility to correlate the
IR-absorption intensity with the amount of absorbing
molecules. Five different solutions of different ethanol-water
mixtures were prepared and one after the other inserted via the
flow controller into the measurement chamber. A sufficient
waiting time of 5 min in between measurements allowed the
new liquid to replace the liquid from the previous measurement
in the microfluidic device. Additional to the waiting time
necessary to replace the liquid flow in the measurement
chamber, it was necessary to wait for PDMS de-swelling when
the polymer was no longer in contact with ethanol. Over time,
the ambient measurement conditions are changing. Therefore,
it is necessary to minimize the time between background
reference  measurement, i.e. gold mirror reflection
measurement, and backside-reflection measurements with
different solvents in the liquid chamber. In Figure 6(a) the
results of this experimental series are summarized. Constant
off-set values were added to show 10 spectra in one graph. On
top, in blue, 100 % of ethanol flow is shown for polarization
parallel and perpendicular to the grating. The localized surface

This journal is © The Royal Society of Chemistry 20xx
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plasmon resonance (LSPR) can be seen around 15 um for light
polarized perpendicular to the grating. Independent from the
chosen polarization, the C-C and C-O vibrational modes of
ethanol can be seen as anti-symmetric signatures in the spectra.
From the top to the bottom of Figure 6(a), the alcohol content
is decreased and the IR signatures representative for ethanol
decrease in intensity when the water content is increased in the
measurement chamber. The differences between R and R .
for the water flow measurements at higher wavenumbers
shown in Figure 6(a) are probably a measurement artefact and
could be explained by an insufficient waiting time to account for
PDMS de-swelling. The measurement data was analysed and
the result is shown in Figure 6(b). The x-axis shows the molar
ratio of ethanol in water. The red and black curves correspond
to the difference of maximum and minimum values (max-min)
taken for the first derivative of the determined reflectance
around an IR-vibrational mode (left y-axis). The main advantage
of this data treatment was that the values could be read out
much easier and without over- or underestimation of the value
due to the observable noise. The red curve shows the C-O
stretching mode at 1055 cm™ and the black curve shows the C-C
stretching mode at 880 cm™. Both curves increase with the
ethanol content and can serve as a calibration curve for
alcoholic beverage. The right y-axis corresponds to the blue
curve labelled LSPR,.x and the corresponding unit is
wavenumber. To determine the wavenumber corresponding to
the maximum of the localized plasmon resonance (LSPR), the
R”/RL peaks were fitted by a Lorentz fit function and the
location parameter of the fit function was determined as
LSPRhax Wavenumber. It can be clearly seen that the LSPR4x
wavenumber is decreasing with increasing ethanol content. This
is attributed to the modified refractive index of the resonators’
optical environment. This demonstrates that the device does
not only allow IR-spectroscopy to measure IR-modes of liquids
but also surface plasmon resonance (SPR) sensing in the
infrared range. Due to the complex refractive indices of ethanol
and water in the investigated IR-range, a simple determination
of the refractive index sensitivity is not possible, but a more
complete analysis based on projection could be performed in
the future (45).

Demonstration of the capacity to monitor surface reactions

To further elaborate on the surface plasmon resonance (SPR)
sensing capacity and to indicate possibilities and limitations of
this semiconductor sensing device for surface-enhanced
infrared spectroscopy, the impact of the formation of a self-
assembled monolayer (SAM) on the IR-spectra was investigated
in the backside configuration. Commercially available molecules
with phenyl-terminal group bonded via a carbon chain to a
phosphonic acid (PA) anchor group, subsequently called
Phenyl10PA, were dissolved in pure ethanol. The 10-
phenyldecylphosphonic acid (Cas N. 1429741-23-0) was
synthesized by Sikemia (Montpellier, France) and diluted in
pure ethanol (API, > 99 %) to obtain a 1 mM solution. The choice
of this molecule to study surface reactions on IlI-V
semiconductor surfaces, such as the exposed InAs-substrate

This journal is © The Royal Society of Chemistry 20xx
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Figure 7: The ratio of Ry to R before (black curve) and after (red curve) the
resonators were exposed for 13h to a microfluidic flow of 1 mM Phenyl10PA in
EtOH solution is shown. Despite long rinsing with 100% EtOH, after the exposure
to the phosphic acid solution, the original LSPR was not recovered and a clear red-
shift of the LSPR peak is observable.

surface and the exposed InAs:Si resonator surface, is motivated
by a recently published work where successful adsorption of the
same phosphonic acid anchor group on GaSb and InAsSb
surfaces was demonstrated (50). It could be demonstrated that
the adsorption and the reaction with surface oxides lead to
phosphonate monolayer formation. Additionally, the molecule
with its one-side terminated phosphonic acid group is not
expected to form multilayers when dissolved in pure ethanol
(51). The procedure of this surface reaction experiment consists
in three steps. At first, the liquid chamber was filled with pure
ethanol via the microfluidic flow controller. Reference spectra
were taken. Secondly, the ethanol vial was replaced by a vial
filled with 1 mM Phenyl10PA in ethanol and the start of the
reaction was the entry of the liquid into the measurement
chamber via the flow controller. The reaction could be
monitored by taking regular IR-measurements. In the end, after
13 h of 1 mM Phenyl10PA dissolved in ethanol flowing through
the measurement chamber, the device was rinsed by pure
ethanol flow for more than 10 minutes. The IR back-reflection
spectra taken in 100 % ethanol environment, after the reaction
of the exposed surface to Phenyl10PA, allow a before/after
comparison. The result of this experiment is shown in Figure 7.
In the inset of Figure 7, a sketch of the Phenyl10PA molecule
can be seen. The black curve corresponds to the Ry /R | values
before the surface reaction and the red curve corresponds to
the measurement results after the surface was exposed to the
Phenyl10PA dissolved in ethanol. It can be seen that after the
reaction the resonance peak is red-shifted by 6 + 1 cm™ (140 +
23 nm). As the resonance peak can be attributed to a localized
surface plasmon resonance (LSPR), and it is well known that a
minute variation of the optical environment of a LSPR-sensing
system, such as the formation of a self-assembled monolayer
on the plasmonic resonator surface, causes a detectable LSPR-
shift, we interpret the observable shift as an indicator of a
surface reaction. As the potentially complex refractive index of
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the investigated molecule is not known, a detailed analysis of
the SPR-shift is beyond the scope of this work. It can be
concluded that the fabricated device allows to measure surface
reactions involving small molecular quantities in the flow-
regime when operated in the backside reflection configuration.

Conclusion

This works shows that semiconductor infrared plasmonic
resonators can be combined with soft lithography (PDMS)
produced microfluidic systems. This combination allows
surface-enhanced infrared spectroscopy of molecules in the
flow regime. By testing two different designs, it was found that
the backside configuration is superior for surface-enhanced
infrared spectroscopy due to the advantage that the surface
plasmon resonance can be read-out easily. The tested
transmission configuration led to a working microfluidic device,
but IR-transmission through the 84 um thick liquid chamber was
dominated by liquid IR-absorption and is therefore not suitable
to detect changes of the systems surface plasmon resonance.
The advantageous backside configuration was exploited for
sensing applications. It was shown that the semiconductor
plasmonic microfluidic device allows to measure in a
quantitative way the alcohol content of a steady flow of liquids
and at the same time a plasmonic resonance shift due to the
modification of the optical environment of the plasmonic
resonator. In particular, the surface-sensitive shift of the
surface plasmon resonance was used to demonstrate that the
device has the potential to measure surface reactions involving
small molecular quantities such as the formation of a self-
assembled monolayer in the flow-regime. This semiconductor
approach is particularly interesting as IR-sources, IR-detectors,
and IR-resonators can potentially be integrated on-chip.

Materials and Methods

MBE growth and nanostructuration

A RIBER 412 molecular beam epitaxy (MBE) system was used to
grow a 100 nm thin layer of heavily Si-doped InAs on a
commercially available residually-doped InAs substrate from
Wafer Technology. The plasmonic properties of the heavily
doped layer were determined by measuring the mid-IR
Brewster mode and subsequent fitting with Drude functions
(48). We assume a continuous doping gradient, but a good
agreement between experimental and simulation result were
obtained in the mid-IR range by dividing the 100 nm InAs:Si
layer into two parts. First, a 50 nm thick higher doped layer
described by € = 12.3, wp = 1.15- 10" rad/s, y, = 2.8 - 103
rad/s and then a second 50 nm thick layer with lower doping
level described by € = 12.3 , w, = 0.98 - 10%° rad/s, ¥ = 2.5
10'®  rad/s. The process
photolithography follows recipes reported in previous work on

nanofabrication based on

the fabrication of IlI-V plasmonic nanoresonators (20, 41, 52).

The grating fabricated for this work was characterized by a
Nanoscope IV atomic force microscope (AFM) with a cantilever

10 | J. Name., 2012, 00, 1-3

(PPP-NCH-10, Nanosensors). A ribbon height of 130 420 nm
and a grating periodicity of 1800 * 20 nRQiépe FéterfinedOA
Fei Inspect S-50 scanning electron microscope (SEM) allowed to
confirm the grating periodicity and to determine a grating width
of 750+ 20 nm. These parameters were used for finite
difference time domain (FDTD) modelling with Lumerical FDTD
solutions (47).

Microfluidic fabrication

The fabrication of the polydimethylsiloxane (PDMS) microfluidic
system follows established process steps (6, 7). It starts with the
spin-coating of a 80 um thick layer of SU-8 2100 on a 3-inch
silicon wafer. The measurement chamber has a width of 3 mm
and a length of 3 mm. Baking, UV exposure and developing
define the microfluidic channels. A 10:1 mix of silicone
elastomer and its curing agent (Sylgard 184, Dow Corning) was
cast onto the SU-8 motif. Air bubbles were removed by a low-
quality vacuum for 1 h and then PDMS polymerization was
achieved at 70° C for 2 h in an oven. The PDMS microfluidic
system was then stripped off the SU-8 and two 0.6 mm wide
inlet and outlet channels were punched into the PDMS.

SiN, evaporation, plasma activation, and bonding

Before bonding with the polydimethylsiloxane (PDMS)
microfluidic system, a 200 nm thin SiNx-layer was deposited by
Plasma Enhanced Chemical Vapor Deposition (PECVD, Corial
D250, CORIAL S.A, France) on top of the InAs-substrate while
the 4x4 mm? grating area was shadowed by a 5x5 mm? piece
cleaved from a Germanium wafer. The PDMS microfluidic
system and the InAs-substrate with SiNx-layer and uncovered
grating structure were cleaned with ethanol and rinsed with
distilled water. Then they were placed in a plasma cleaner
(Femto low-pressure plasma system, Diener electronic GmbH,
Germany) for 60 s for surface activation. After connecting the
activated PDMS and SiNx-surface, the assembled device was
cured for 5 min at 110 °C on a hot plate.

IR-spectroscopy

The infrared spectra were measured with a Hyperion 3000 IR-
microscope coupled to a Vertex 70 Fourier-transform infrared
(FT-IR) spectrometer from Bruker. The light originating from a
globar source was focused onto the sample with a x15
magnification Cassegrain objective (NA = 0.4). A polarizer in the
beam path enabled polarization dependent detection of the
reflection signal with a single element liquid nitrogen cooled
mercury cadmium telluride detector. In the transmission
configuration, a second x15 objective could be adjusted to set
the focal plane of both objectives to the plane of the plasmonic
resonators. The FT-IR was set to take per spectrum of 200 scans
with 2 cm resolution.
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Microfluidic surface-enhanced infrared spectroscopy with semiconductor

plasmonics for the fingerprint region

Mario Bomers,? Benoit Charlot,? Franziska Barho,? Antoine Chanuel,® Aude Mezy,? Laurent Cerutti,® Fernando

Gonzalez-Posada,? and Thierry Taliercio*?

[1I-V semiconductor plasmonics enables to perform microfluidic surface-enhanced mid-IR
spectroscopy and to access the so-called molecular fingerprint region from 6.7 um to 20 um (1500-
500 cm™).
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