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ABSTRACT: A mid-infrared (mid-IR) spectrometer for label-

free on-chip chemical sensing was developed using an
engineered nanofluidic channel consisting of a Si-liquid-Si slot-
structure. Utilizing the large refractive index contrast (An ~ 2) 4. m : = Mid.1g

between the liquid core of the waveguide and the Si cladding, a -""" a \Mrﬁ?“’ Plion
broadband mid-IR lightwave can be efliciently guided and = ---

-"-

confined within a nanofluidic capillary (<100 nm wide). The .q"- S—

optical-field enhancement, together with the direct interaction w 5
between the probe light and the analyte, increased the sensitivity

for chemical detection by S50 times when compared to B Ry

evanescent-wave sensing. This spectrometer distinguished

several common organic liquids (e.g, n-bromohexane, toluene, isopropanol) accurately and could determine the ratio of
chemical species (e.g, acetonitrile and ethanol) at low concentration (<S pL/mL) in a mixture through spectral scanning over
their characteristic absorption peaks in the mid-IR regime. The combination of CMOS-compatible planar mid-IR

microphotonics, and a high-throughput nanofluidic sensor system, provides a unique platform for chemical detection.
KEYWORDS: Midinfrared, opto-nanofluidics, on-chip, sensors

An optofluidic sensor platform that integrates miniature In contrast to index sensors, mid-infrared spectroscopy is a
planar microphotonic sensors with high-throughput fluidic detection technique commonly used for identifying biochem-
circuits could be used for in situ and on-site detection in icals and tracing of toxic molecules' ™" and is free of target
application such as monitoring urban pollutants, toxins, volatile labels and sensor surface functionalization. The use of mid-IR
industrial elements, and certain military threats."~* One major spectrum circumvents the need for labeling the sample, because
drawback of current optofluidic sensors is the requirement of the characteristic wavelength of absorption by many functional
an additional process of surface functionalization of the optical groups present in chemical or biological molecules falls within
sensing device in order to identify specific chemicals.”® For this region of the spectrum. Current methods for acquiring
instance, biochemical sensors that use shifts in refractive index mid-IR spectra rely on either Fourier transform infrared
(e.g, microring resonators and microcavities) can neither spectroscopy (FTIR) or a scanning monochromator;'672°
differentiate nor identify unlabeled analytes in biological both methods, however, use benchtop equipment that is too
samples effectively without modification of optical sensor large for hybrid or monolithic chip-scale integration.

surfaces, because many different biochemical species coexist in Herein, we present a new chip-scale optofluidic device that
a biological sample and these species register nearly utilizes mid-IR techniques for label-free and surface function-
indistinguishable shifts of refractive index when adsorbed alization-free chemical sensing. The optofluidic platform is built
onto the sensors.”® Although resonator-based sensors show using CMOS processes and is capable of accomplishing broad
high sensitivity at a particular wavelength, broadband and mid-IR spectral sensing. Introducing an engineered slot-
continuous wavelength-swept detection cannot be readily waveguide into the sensor generates a strong optical field and
achieved due to the narrow inherent free spectral range substantially improves the sensitivity of the device. We
(ESR) of these devices.”'® As a result, simultaneous monitoring

of multiple analytes becomes impractical because a complex Received:  October 12, 2013

array of microfluidic components need to be individually Revised:  December 4, 2013

modified with different antibodies or markers. Published: December 13, 2013
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demonstrate experimentally that this mid-IR on-chip sensor can
differentiate several organic liquids and can determine the
molar fraction of components in a binary mixture of organic
liquids at low concentration. With the advantages of lightweight
and small footprint, our mid-IR slot-waveguide design can
enable the development of sensors for remote, on-site, and
body-wearable monitoring of chemicals in the environment.

To realize an optofluidic sensor that can achieve label-free,
multianalyte, real-time, and broad spectral tracing, we
developed a hybrid chip-scale mid-IR spectrometer that utilized
a nanofluidic optical channel. This spectrometer, which has the
dimensions of 2 cm (L) X 1 cm (W) X S mm (D), is connected
to an external tunable laser (60 mW) for identifying multiple
chemical functional groups through spectral scanning. Although
sophisticated optofluidics has been demonstrated in the visible
and near-infrared (NIR) spectrum,”"** fingerprint-absorption
peaks of organic or biochemical compounds rarely exist in these
shorter wavelengths. In contrast, the mid-IR spectrum is
particularly useful for chemical analysis because many chemical
functional groups have characteristic absorption bands.”*”’
For example, absorption due to C—H bonds of alkyl and
aromatic compounds, O—H, and N—H bonds are found within
this spectral region.

Advancing optofluidics from the visible/NIR to the mid-IR
would require (1) a platform assembled from components
transparent to mid-IR radiation and (2) a new approach that
can allow the mid-IR probe light to interact with the target
analyte efficiently in the fluidic channel®®™° This paper
describes a mid-IR transparent nanofluidics-based device that
utilizes an optical slot-waveguide to confine a broadband mid-
IR light wave.' ** This device provides improvements over
current evanescent-wave detection using fiber- or rib-waveguide
in two ways: (1) the availability of a broad spectral range (from
A =2.5 um to A = 4 ym) enables the differentiation of multiple
chemical species in the same sample; 2) effective spatial
confinement of the lightwave in each fluidic channel
significantly enhances the interaction between the probe light
and the analyte and imparts high sensitivity (<S #L/mL) to this
device. >’

Design Layout of mid-IR Opto-Nanofluidic Platform.
Figure 1 schematically illustrates the structure of the mid-IR
opto-nanofluidic device. The sensing element is a nanofluidic-
channel slot-waveguide (labeled as a fluidic slot-waveguide)
with its two ends connected to Si—SiO,—Si slot-waveguides
(labeled as a SiO, slot-waveguide). We embed the entire
nanofluidic channel and part of the silicon-oxide slot-wave-
guides in the center of a chamber made of polydimethylsiloxane
(PDMS) and introduce a solution of analyte into the device
through plastic tubes that pass through the top of the PDMS
chamber. Upon filling the interior of the chamber with liquid
analyte, the solution inside the nanofluidic channel converts the
fluid-filled channel into a fluidic slot-waveguide. A source of
mid-IR probe light is then introduced to the device by direct
coupling with one of the two SiO, slot-waveguides and
subsequently enters the fluidic slot-waveguide. The difference
in refractive index between SiO, and the target analyte leads to
an optical mode transition at the interface between the SiO,
slot-waveguide and the fluidic slot-waveguide. Our fluidic slot-
waveguide, however, encounters minimal optical loss from the
mismatch of refractive index during mode transmission because
of the similarity in the refractive index of SiO, (ngo, = 1.45)
and common organic liquids (n = 1.4—1.6). The nanofluidic
channel thus serves two functions in this device: (1) it works as
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Figure 1. Schematic of a mid-IR opto-nanofluidic sensor composed of
(i) a nanofluidic channel with a gap in which fluidic target analytes can
fill (labeled as a fluidic slot-waveguide), (ii) a Si—SiO,—Si structure,
which acts as an optical mode matching region as well as a mechanical
support (labeled as a SiO, slot-waveguide), and (jii) 2 PDMS fluidic
chamber with an inlet and outlet for delivery of target analytes into and
out of the fluidic slot waveguide. Liquid analyte is injected in/out of
the chamber through plastic tubes connected to the PDMS chamber.
This liquid fills the nanofluidic channel and it is where the optical
absorption for spectrum scanning takes place. Mid-IR light is initially
coupled into the front SiO, slot-waveguide and then passes through
the optical mode matching region, the fluidic slot waveguide
(nanofluidic channel), and finally into the SiO, slot-waveguide on
the exit end. Light transmitted from the waveguide edge encodes the
absorption spectrum of the analytes.

a mid-IR waveguide and (2) provides a detection zone that
allows maximal spatial overlap between the analyte and the
optical field. This interaction between the analyte and the
optical field enhances the sensitivity of the device. The two
SiO, slot-waveguides adjacent to the fluidic slot-waveguide seal
the two ends of the nanofluidic channel and prevent organic
liquid from leaking out the PDMS chamber. Thus, the SiO,
slot-structure serves as (a) an efficient mid-IR medium for
transmitting the mid-IR light into and out of the fluidic channel
and (b) a fluid-stopping element. After passing through the
nanofluidic channel, the mid-IR probe light propagates into the
second SiO, slot-waveguide at the other end. It is subsequently
transmitted from the second SiO, slot-waveguide into free
space and is immediately captured and recorded by a mid-IR
(InSb) camera detector outside the PDMS chamber. The
transmitted light is encoded with the absorption spectrum of
the analyte in the fluid because the absorption of probe light by
the analyte that fills the nanofluidic channel heavily modulates
the intensity of the guided light at the characteristic absorption
wavelengths.

To illustrate better the layout of the mid-IR slot-waveguides
and their corresponding mid-IR response, we highlight three
regimes of the optical cell schematically (Figure 2): the center
opto-nanofluidic waveguide and the front and the back Si-
SiO,—Si slot waveguides along with the profiles of their
refractive index. In either type of waveguides, the center is
composed of low-refractive-index medium (SiO, or organic
liquid), while the top and bottom layers are Si strips with a high
refractive index of ng; = 3.45. According to Maxwell’s equation,
if a dielectric multilayer has a “High n—Low n—High n” (ny—
n —ny) structure, and the n layer has subwavelength thickness,
high amplitude decaying fields will overlap in the center ny
medium in order to satisfy the continuity of the normal
component of electric displacement. As a result, a strong
electromagnetic field will be confined and guided by the low-
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Figure 2. Cross-sectional diagrams of (a) SiO, slot-waveguide and (b)
nanofluidic channel/fluidic slot-waveguide. (c) The schematic profiles
of refractive index and field intensity of a slot-waveguide. (The actual
simulated profiles of refractive index and field intensity are illustrated
later in Figure 4.) A target analyte, identifiable by its functional group,
fills the nanofluidic channel transforming it into a fluidic slot-
waveguide. The custom-designed index profile (ny—n;—ny) confines
mid-IR light to the fluidic channel, enhancing the interaction time
between the target analyte and light.

refractive-index material. On the basis of the same concept, our
SiO, slot and liquid-core-channel can efficiently guide and
confine the mid-IR probe light since both Si—SiO,—Si and the
opto-nanofluidic structures fulfill the ny—n;—ny condition.
Furthermore, the full overlap between the fluidic channel and
the mid-IR light will improve the chemical sensitivity due to the
direct interaction between the enhanced optical field and the
analyte. The actual simulated profiles of refractive index and
field intensity are illustrated later in Figure 4. In the absence of
a slot-structure, only the tail of guided waves (evanescent wave)
could interact with analyte, and this configuration would
significantly reduce the sensitivity of the device. To avoid
absorption of lightwave by PDMS, which is a mid-IR absorptive
between A = 2.6 ym to A = 4 um,*® we introduced an additional
SiO, layer that conformally covers the Si—SiO,—Si waveguide
to prevent direct contact between the SiO, slot-waveguide and
the PDMS chamber.

Figure 3 shows micrographs of the fabricated nanofluidic
channels and mid-IR slot-waveguides obtained by scanning
electron microscope (SEM). On the left, Figure 3a shows an
array of SiO, slot-waveguides consisting of Si—SiO,—Si three-
layered structures with the top layer fully covered by an extra
SiO, film, while the right shows several nanofluidic channels.
Figure 3b is an enlarged image of the fluidic channel, which has
a width of § ym, and the image highlights the interface where
the optical mode transitions from the SiO, slot-waveguide to
the fluidic slot-waveguide. To show the topography of the
sample, Figure 3c images the sample with a 54° tilt angle. A 5
pum tall conformal SiO, layer insulates the Si—SiO,—Si structure
from the PDMS chamber. This structure uniformly covers the
underside of the SiO, slot-waveguide. Figure 3d shows a
nanofluidic channel that is composed of a suspended Si—air—Si
structure. The absence of bumps or defects along the channel
confirms that its fabrication generated components that have
surface characteristics suitable for opto-nanofluidic devices.
Figure 3e shows higher-magnification images of a 100 nm thick
channel centered between two 1.5 pm thick Si strips. The
smooth edges and surfaces of the fluidic slot-waveguides seen in
the SEM image are highly desirable for chemical sensing
applications as they prevent loss of signal due to light scattering.

The enhancement of chemical sensitivity of our fluidic slot-
waveguide is evaluated by simulations using the finite-difference
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time-domain (FDTD) and finite-element method (FEM)
methods. We determined sensitivity by calculating the
attenuation of intensity of a guided wave that passes through
a nanofluidic channel filled with mid-IR absorptive fluids.
Figure 4a compares the predicted optical-field profiles for
propagating mid-IR (4 = 3.3 um) radiation within a
rectangular-strip waveguide to that of a nanofluidic slot
waveguide; both waveguides are simulated to be immersed in
mid-IR absorptive fluid. The light within the slot waveguide is
transverse magnetic (TM) polarized. In the case of the 3 ym
tall rectangular strip-waveguide, the optical field is mainly
retained inside the Si core and its penetration as an evanescent
wave into the surrounding fluid is small. In the slot-waveguide,
the optical field is highly concentrated at the center of the
fluidic channel and interacts strongly with the liquid inside the
channel. Thus, even a slight change in the concentration of
analyte will result in a significant modulation of intensity to the
guided mid-IR lightwave, which consequently boosts the
sensitivity when sensing chemicals. Because the light-confine-
ment inside the slot is dependent on the slot-width d, it is
important to evaluate the explicit relationship between d and its
associated sensitivity. We define sensitivity-enhancement as
Sqtot/ Sswipy Where S and Sy, represent the sensitivities of the
slot-waveguide and the strip-waveguide, respectively, as
depicted in Figure 4a. Figure 4b shows calculated mode
profiles at 4 = 3300 nm while d gradually increases from 80 to
300 nm. Clearly the mid-IR confinement decreases as the slot
become wider. Between d = 80 nm to d = 150 nm a sharp slot
waveguide mode is observed. However, as d increases beyond
150 nm a part of mid-IR wave becomes guided by the Si strip
instead of the slot. In addition, the field maximum originally
found in the slot center splits into two peaks and it also moves
to the interfaces between the Si and the slot. As d reaches 300
nm, there is a clear intensity drop in the slot center that results
a decrease of sensitivity. Thus, our modeling demonstrates the
importance of slot width, for the sensitivity of our mid-IR on-
chip sensor. From the plot in Figure 4c, an enhancement-factor
Sqtot/ Ssuip Of 56 times is obtained when a slot-structure with d =
300 nm is used, and it rises to 75 times as the slot-width
narrows to d = 80 nm. This improvement of sensitivity, arising
from the use of a fluidic-slot structure, is attributed to the probe
light-confinement within the nanofluidic channel. Although a
mid-IR strip waveguide’s sensitivity can be improved by
reducing waveguide height, the sensitivity enhancement
obtained is relatively trivial compared to the enhancement
from slot waveguides. From our calculation, the sensitivity of a
2 pm wide X 2 um high strip waveguide is only 1.5 times
greater than a 3 ym wide X 3 pm high strip waveguide, which is
far below the 75 times improvement when field concentration
effect is introduced from a slot-waveguide. Further reducing the
mid-IR strip waveguide size is not practical because it will (a)
cause additional waveguide propagation loss (more light will
leak into the slightly optical lossy oxide before it enters the
opto-fluidic channel) and (b) decrease the mid-IR light
coupling efficiency between our 9 pm wide (standard mid-
IR) input fiber and the waveguide.

We also investigated the broadband properties of sensitivity-
enhancement and the slot-waveguiding strength by calculating
the Sgo/Syp factor and the effective refractive-index ratio
Negiglor/ Mefisuwip, Tespectively. Figure 4d shows the intensity
profiles of mid-IR slot waveguides between wavelengths A =
3100 nm and A = 3600 nm, where the slot width d = 100 nm
and silicon thickness of 1.5 pm remain constant upon

dx.doi.org/10.1021/nl403817z | Nano Lett. 2014, 14, 231-238



Nano Letters

*8i0,-8i- 8i0,”
Si0, slot-wa

—5
20 um

(b)

“Nanofluidic channel™
Fluidic slot-waveguide

200 pm

(d)

“Nanofluidic channel”

veguide Fluidic slot-waveguide

Tilt view (54%)

ranofluidic channel

0,1 pm

Figure 3. SEM images of the mid-IR spectrometer. (a) An array of “Si—SiO,—Si” SiO, slot-waveguides (left) and nanofluidic channels (right). The
red dashed box indicates the optical mode-matching region. (b) Top view of a magnified image of the mode matching region, showing that the slot-
waveguide has a width of § ym. (c) Tilted view of the optical mode-matching region. A S um thick conformal layer of SiO, is seen above the Si—
Si0,—Si slot waveguide. (d) Tilted view of a suspended nanofluidic channel. No structural defect is found along the entire channel. (e) Enlarged
image of the nanofluidic channel, where a 0.1 ym opening is clearly resolved.

wavelength shift. From the results, mid-IR lightwave is highly
confined inside the slot over this broad spectral range, and no
significant change is found in the mode profiles. From the plot
in Figure 4e, the S,/ Sy, factors remain constant between 4 =
3.1 ym and A = 3.6 um. This constancy confirms that the
enhancement of sensitivity is wavelength independent.
Similarly, the o/ fefrop ratio has a variation less than
0.0S, which implies that the optical mode profile of our slot-
waveguide have a negligible difference over a A1 = 0.5 ym
window. Thus, unlike microresonators whose spectral ranges
and detection wavelengths are limited by resonance bandwidth
and resonant wavelengths, our fluidic slot-waveguides show a
wavelength-invariant enhancement of sensitivity and can
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perform spectral scanning over a narrow but useful bandwidth;
the bandwidth is sufficient for the identification of some
molecules and chemical functional groups.

This on-chip mid-IR spectrometer is capable of differ-
entiating compounds with different functional groups and of
quantifying the composition of a binary mixture of chemicals.
We acquired the absorption spectra by recording the intensity
variation of light existing the slot waveguides upon wavelength
scan. Figure Sa shows the spectra of n-bromohexane,
isopropanol, and toluene where distinctive absorption bands
were clearly resolved between A4 = 3.15 pm and A = 3.55 ym.
For n-bromohexane, a broad absorption was found at A = 3.4
pum, which corresponded to the absorption due to the aliphatic

dx.doi.org/10.1021/nl403817z | Nano Lett. 2014, 14, 231-238
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Figure 4. FDTD and FEM modeling of the nanofluidic slot-waveguides. (a) The field intensity profile of a strip Si waveguide (left) and nanofluidic
slot-waveguide (right) at 4 = 3300 nm. For a strip-waveguide, light is guided by the Si medium, whereas strong light confinement inside center fluidic
channel is obtained using a slot-waveguide. The color bar indicates the field intensity. (b) Mid-IR slot waveguide modes as slot width d increases
from 80 to 300 nm. The wavelength A is 3300 nm and silicon thickness is 1.5 ym. The intensity of slot waveguide mode decreases and its peak splits
into two lobes as the slot width increases. (c) Calculated S,/ Sqwip ratio (sensitivity improvement) at different slot-width, d. A 75X enhancement is
obtained when slot-width d reaches 80 nm. (d) Mid-IR slot waveguide modes as wavelength increases from 4 = 3100 nm to A = 3600 nm. The slot
width d = 100 nm and silicon thickness of 1.5 ym remain constant. No changes of mode profiles are found as the wavelength increases. (e)
Calculated Sgo./Squip and fyge ot/ Mefrsirip between 4 = 3100 nm and 4 = 3600 nm. S;,./Sy.;, is wavelength independent and the variation of #¢/
Neffstrip 15 less than 5% as the wavelength is swept.

C—H stretches from its long alkyl chain. In the case of intensity profiles transmitted from the mid-IR fluidic-slot
isopropanol, two signals were found at 4 = 3.15 ym and 4 = 3.4 waveguide exposed to mixtures of ethanol (EA) and acetonitrile
um. The strong intensity absorption below 4 = 3.15 um was (AN) at different relative concentrations. We chose two
characteristic of O—H stretches, whereas the broad signal at 4 = wavelengths, 4 = 3250 nm and A = 3450 nm, to analyze the
34 um was caused by the alkyl C—H stretch. For toluene, composition of the mixtures and the results are shown in Figure
multiple peaks were found because it consists of both alkyl and Sb. We found that pure ethanol had a higher ratio of intensity
aromatic C—H bonds. The absorption at longer wavelength of (I1=3450 nm/Li=3250 nm) than pure acetonitrile. As the concen-
A = 3.4 ym was attributed to the methyl group while the signals tration of acetonitrile in ethanol increased, the ratio of intensity
below 4 = 3.3 ym belonged to C—H absorption of the benzene at these two wavelengths approached unity. Detailed variation
ring. In addition to chemical differentiation, the concentration of intensity ratios between different EA/AN compositions are
of compounds in an organic solution of known molecules can shown in Figure Sc. A sharp drop of I;_3450 nm/Di=3250 nm 1S
also be determined by our mid-IR sensing techniques. To clearly observed as the acetonitrile concentration increased, and
evaluate the improvement in sensitivity, we recorded the optical we obtained a chemical tracing limit of 10~ volume ratio,
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which was 50 times better than when mid-IR evanescent-wave
sensing was used.”” We attribute the improvement in detection
limit to the enhanced direct interaction between the mid-IR
light and the analyte and to the efficient light-confinement
within a nanofluidic slot-waveguide. The slight deviation of the
experimentally observed improvement (50X) from that we
modeled (75x) was likely a result of higher-order waveguiding-
modes that were simultaneously excited during the light
coupling between the fiber and the waveguide.

In conclusion, we have demonstrated a hybrid chip-scale
integrated mid-IR spectrometer that can achieve label-free and
surface-functionalization-free chemical identification of several
compounds. Our sensor can also detect the concentration of
solutions. The miniaturized chemical sensor integrates opto-
nanofluidics with engineered slot-waveguides, and it achieves
optical-waveguide mode-matching. Owing to direct interaction
of light with sample and strong nanoscale light-confinement a
S0 times enhancement of sensitivity over a strip-waveguide
evanescent-wave based optofluidic sensor device is accom-
plished. We experimentally demonstrated the ability to
differentiate n-bromohexane (R—Br), isopropanol (R—OH),
and toluene (Ar—CH;) by associating the spectral light
intensity with characteristic mid-IR absorption. Our mid-IR
opto-nanofluidics platform establishes a new approach in
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developing compact, high throughput, and in-field chemical

monitoring.

B ASSOCIATED CONTENT

© Supporting Information

Fabrication of mid-IR slot waveguides and nanofluidic channels
and experimental setup for on-chip mid-IR spectrum character-
ization. This material is available free of charge via the Internet
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