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Abstract:  We have fabricated and tested, to the best of our knowledge, the 
first microfluidic device monolithically integrated with planar chalcogenide 
glass waveguides on a silicon substrate. High-quality Ge23Sb7S70 glass films 
have been deposited onto oxide coated silicon wafers using thermal 
evaporation, and high-index-contrast channel waveguides have been defined 
using SF6 plasma etching. Microfluidic channel patterning in photocurable 
resin (SU8) and channel sealing by a polydimethylsiloxane (PDMS) cover 
completed the device fabrication. The chalcogenide waveguides yield a 
transmission loss of 2.3 dB/cm at 1550 nm. We show in this letter that using 
this device, N-methylaniline can be detected using its well-defined 
absorption fingerprint of the N-H bond near 1496 nm. Our measurements 
indicate linear response of the sensor to varying N-methylaniline 
concentrations. From our experiments, a sensitivity of this sensor down to a 
N-methylaniline concentration 0.7 vol. % is expected. Given the low-cost 
fabrication process used, and robust device configuration, our integration 
scheme provides a promising device platform for chemical sensing 
applications. 
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1. Introduction  

An actively investigated area since its debut in the early 1990s, microfluidics has been an 
emerging concept that can potentially revolutionize chemical and biological analysis. The 
development of microfluidic chips, platforms comprising micro-channel systems connecting 
liquid reservoirs, envisions the integration of sample preparation, separation, purification, and 
identification functionalities onto one single chip, i.e. the so-called “lab-on-a-chip” concept. 
Such miniaturized systems are amenable to mass production, enabling highly complex flow 
systems and automated, multiplexed analysis with minimal analyte volumes, significantly 
reducing cost and human intervention [1]. Given the advantages of microfluidic analytical 
chips over their conventional macroscopic counterparts, efforts have been made to integrate 
microfluidic systems with planar optical waveguides for spectroscopic sensing [2, 3] and 
optical attenuators [4]. Advantages of such systems include low cost, robustness, the 
possibility of integration with peripheral electronics, long optical path length, and hence 
significantly improved sensitivity. However, the waveguide materials that have been used for 
this purpose are silicon oxide or oxynitride, limiting the detection wavelength range to near-
infrared. Thus, extending a microfluidic waveguide sensing platform to mid- or even far-IR 
spectroscopy becomes highly desirable. 

Chalcogenide (ChG) glasses are of great interest for microphotonics applications due to 
their structural flexibility, wide range of optical and electrical properties, large capacity for 
doping, high optical nonlinearity, and photosensitivity. Several microphotonics devices such 
as gratings [5], optical storage units [6], holographic recordings [7], optical amplifiers [8] and 
lasers [9], all of which utilize these unique properties of chalcogenides, have already been 
demonstrated. Chalcogenide glasses exhibit a wide transparency window stretching from the 
visible to the far-infrared, a property related to the large atomic mass of chalcogens and 
relatively weak bonding between the constituent atoms [10]. This special property makes 
chalcogenide glasses an ideal material candidate for sensing, as most chemicals and biological 
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toxins which need to be detected have their spectral fingerprints in the mid and far-infrared 
range. Compared to their fiber-form counterparts [11, 12], planar ChG-based waveguides are 
more mechanically robust and amenable to large-scale integration with other on-chip photonic 
and electronic devices, enabling a full spectrum of optical signal read-out and processing 
functions. Chalcogenide waveguides have been fabricated in several glass compositions using 
techniques including direct laser writing13, wet etching [14], plasma etching [15] and lift-off 
[16], and their applications in gas sensing have also been reported [17]. 

In this paper, we report, for the first time, the fabrication and characterization of a 
microfluidic sensor device integrated with planar chalcogenide waveguides. We also 
demonstrate the feasibility of using this sensor to detect N-methylaniline. 

2. Device fabrication 

2.1 Film deposition 

Bulk Ge23Sb7S70 glass was prepared from high purity elements using a traditional 
chalcogenide melt-quenching technique. Details of the bulk sample preparation process may 
be found elsewhere [15]. The high-quality glass bulk was then thermally deposited onto 6” Si 
wafers already coated with a 3 μm thermal oxide layer (Silicon Quest International Inc.) in a 
custom-designed thermal evaporator (112 Evaporator-Sputter Station from PVD Systems 
Inc.). The film was deposited at a base pressure of 2×10-7 Torr using a Tantalum baffled 
source, and the deposition rate was stabilized at 18 Ǻ/s. The Si substrate was mounted on a 
thermostat stage and was thus maintained at room temperature throughout the deposition 
process. 

2.2 Waveguide patterning and channel definition 

Channel waveguides with a 6 μm width and a 400 nm height were defined using traditional 
lithography, and patterned subsequently via SF6 plasma etching (Plasmatherm dual chamber 
etcher, gas flow 40 sccm, pressure 30 mTorr, incident power 350 W). Figure 1 schematically 
illustrates the fabrication process flow for our device. Excess photoresist was stripped off 
using oxygen plasma in the same plasma chamber. Details of the waveguide fabrication and 
characterization will be published shortly [16]. In a second photolithography step, 
microfluidic channels as well as fluid reservoirs were defined in a 25 μm-thick layer of SU8 
(SU8 2025, Microchem Inc.) photocurable resin that was spun coated onto the wafer. The 
SU8 channels were then sealed using a PDMS (polydimethylsiloxane) cover. Before bonding, 
the wafer was cleaved into 12 mm × 8 mm dies. Due to differences in chemical composition, 
PDMS cannot be irreversibly bonded onto SU8 even after oxygen plasma surface treatment. 
To improve the adhesion between PDMS and SU8, a two-stage curing procedure was 
employed. PDMS monomer (Sylgard 184 Silicone Elastomer Kit, Dow Corning Inc.) was 
mixed with its curing agent at a 15:1 ratio. The mixture was degassed in a dessiccator and 
then partially cured at 65˚C for 1 h. Partially cured PDMS exhibits improved adhesion to SU8 
due to uncross-linked dangling bonds on partially cured PDMS surface. Fluid inlet and outlet 
holes were punched into the PDMS cover using a syringe prior to its bonding to SU8 
channels. Finally, the assembled device was heated at 65˚C for 3 h to fully cross-link the 
monomer to form the polymer. Plastic tubing systems were added to the liquid inlet and outlet 
to allow pressure injection of fluids. Figure 2 shows a photo of the assembled microfluidic 
chip with fluid inlet and outlet tubing. 
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Fig. 1. Schematic processing flow of the microfluidic sensor chip integrated with Ge23Sb7S70 waveguides. 

         

Fig. 2. Photo of the assembled microfluidic chip with fluid inlet and outlet tubing; the 
microfluidic channels and Ge23Sb7S70 waveguides are too small to resolve in the image. 

3. Experiment and results 

3.1 Ge23Sb7S70 film 

A small film thickness is desirable, since a large fraction of the optical power then strays 
outside the glass core as an evanescent field. Since the waveguides have a small core height of 
400 nm (compared to the 1550 nm wavelength), the interaction of the optical mode with the 
fluidic analyte surrounding the waveguide is enhanced, leading to improved sensitivity of the 
evanescent sensor. 

For this reason, Ge23Sb7S70 film has been deposited with a 400 nm ± 2.5% thickness across 
the entire 6” wafer. The thickness of the film was measured using a Tencor P10 surface 
profiler. Using a Metricon 2010 Prism Coupler, the refractive index of the as-evaporated film 
was determined to be (2.24 ± 0.02) at 1550 nm. 

3.2 Ge23Sb7S70 waveguide transmission loss 

Ge23Sb7S70 waveguide transmission loss was measured using paper-clip waveguide patterns 
defined on the same wafer as the sensor devices. Ge23Sb7S70 waveguide transmission 
characterizations were performed on a Newport AutoAlign workstation. Lens-tip fibers were 
used to couple laser light into and out of the waveguides. Reproducible coupling between 
waveguides and fibers was achieved via an automatic alignment system. A schematic of the 
measurement setup is shown in Fig. 3(a). The loss measurement yielded a transmission loss of 
(2.3 ± 0.3) dB/cm at 1550 nm wavelength for as-fabricated channel waveguides, a relatively 
low loss compared to the previously reported 10-15 dB/cm loss at 1540 nm in As2Se3 channel 
waveguides [19]. 
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(a)                     (b) 

Fig. 3. (a). Schematic of the measurement setup for transmission loss in waveguide and 
absorption in sensor; (b) Near field image of 1550nm optical output from a Ge23Sb7S70 
waveguide. The modal FWHM (Full Width at Half Maximum) is measured to be 4.3 μm by 1.0 
μm. Inset: TM waveguide mode profile simulated using a finite domain technique20. 

3.3. Microfluidic channel and evanescent sensor 

SEM cross-sectional images (taken on a JEOL 6320FV field-emission high-resolution SEM) 
of the waveguides in Fig. 4(a) exhibited a vertical sidewall profile and excellent feature size 
fidelity. In order to test the mechanical strength of the bonding between SU8 channels and the 
PDMS cover, FITC (fluorescein isothiocyanate, green fluorescence emission at 525 nm 
wavelength) solution was injected into the capped channels via pressure applied using a 
syringe. A fluorescence image in Fig. 4(b) (taken on an Olympus BX51 fluorescence 
microscope) indicates that the solution successfully filled the channels without leakage. 

   

(a)          (b) 

Fig. 4. (a). SEM cross-section of a 50 μm wide SU8 microfluidic channel before being capped 
with a PDMS cover; Insets: the high magnification cross-sectional micrographs of the 
Ge23Sb7S70 waveguides formed by SF6 plasma etching sitting at the bottom of the channel, 
showing a vertical sidewall profile. The slightly darker area on the left side is an artifact due to 
electronic charge accumulation during SEM observation; (b) Fluorescent image of a 
microfluidic channel filled with FITC (fluorescein isothiocyanate) solution on a sensor chip, 
indicating successful fluid injection into the channel free of leakage. 

Sensor performance was tested by monitoring the optical output while injecting a solution 
of N-methylaniline mixed with a solution of carbon tetrachloride into the microfluidic channel. 
The N-H bond in N-methylaniline is known to exhibit an absorption peak near 1500 nm [21], 
which was used as the characteristic fingerprint for chemical identification in our test. The 
absorption (in dB), αL, induced by N-methylaniline in our microfluidic channel was 
calculated by taking the ratio of light intensity transmitted through a microfluidic channel 
filled with pure carbon tetrachloride (Isolvent) and through a channel filled with N-
methylaniline solution in carbon tetrachloride (Ianalyte) (0.33, volumeric concentration), i.e. 
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analyte

solvent

I

I
L 10log10=α

    (1) 

with L the length of the waveguide immersed in analyte solution (cm). The same waveguide 
was used throughout the experiment to eliminate any uniformity issue associated with 
waveguide intrinsic loss. The resultant absorption spectrum shown in Fig. 5(a) exhibits a well-
defined absorption peak at 1496 nm, which is in excellent agreement with a traditional 
absorption measurement carried out on a Cary 5E UV-Vis-NIR dual-beam spectrophotometer 
as seen in Fig. 5(b). As seen in Fig. 5(b), since carbon tetrachloride has no absorption band 
and is transparent in the investigated range, this spectral peak is unambiguously assigned to 
N-H bond vibrational absorption. 

 

Fig. 5. (a). Absorption spectrum showing the N-H bond absorption at 1496 nm wavelength in 
N-methylaniline measured using our integrated evanescent sensor. The absorption is defined by 
taking the ratio of light transmission in the case of a microfluidic channel filled with pure 
carbon tetrachloride against the case when the channel is filled with N-methylaniline solution 
in carbon tetrachloride (0.33, volumetric concentration). (b) Transmission spectra of pure N-
methylaniline and carbon tetrachloride (CCl4) measured using traditional UV-Vis spectroscopy. 
The absorption spectrum of N-methylaniline shows the same N-H absorption peak near 1496 
nm while carbon tetrachloride is transparent in the wavelength range of interest. 

The peak absorption in dB at 1496 nm was measured for different concentrations of N-
methylaniline solution in carbon tetrachloride and the result is shown in Fig. 6. The excellent 
linear fit suggests that the sensor exhibits linear response when varying analyte concentrations 
in the range investigated. 

 

Fig. 6. Peak absorption of N-methylaniline solution in carbon tetrachloride measured using the 
waveguide evanescent sensor as a function of N-methylaniline volume concentration, 
indicating good linearity of the sensor response. 
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Moreover, the absorbance at 1496 nm of a solution with a concentration of 0.33 volume % 
has been determined to be ~14.3 dB (signal) according to Fig. 5(a). As seen in Fig. 6, the 
sensor response is linear with concentration, and thus the absorption peak height scales with 
concentration. For this reason, at concentration x, the absorbance (dB) will be given by 
14.3*(x/0.33). The noise induced by the power fluctuations has been estimated to be ~5% 
which corresponds to 0.21 dB. The minimum detectable concentration (denoted by x here) is 
reached when the signal is equal to the noise. For this reason, the sensor sensitivity to N-
methylaniline in carbon tetrachloride is estimated to be 0.7% (given by 14.3*(x/0.33) = 

2 *0.21) by comparing the absorption peak height (signal) with fiber output power. The 
lower limit actually measured in our experiment is 6.25% volumetric concentration. 

5. Theory of the molecule detection mechanism for improvement of device performance 

In the configuration we have adopted, the minimum detectable concentration of the analyte 
such as N-methylaniline (defined as the analyte concentration corresponding to a signal-to-
noise ratio of unity) of waveguide evanescent sensors can be derived by comparing the sensor 
signal (output power decrease due to analyte absorption) to noise (signal output fluctuations) 
and thus is given as follows22: 

2

0

2

0

0
min )

)exp(
()(

2

ALRFF

F

L
c j

−
+

Δ
=

σ
αη

   (2) 

where R is the photodetector responsivity, F0 is the input laser photon flux coupled into the 
waveguide, A stands for intrinsic waveguide loss not considering analyte absorption, L 
represents the length of the waveguide immersed in analyte solution, α is the absorption 
coefficient of pure analyte, η represents the waveguide power confinement factor in solution 
(i.e. fraction of optical power confined in analyte solution; note that it is different from the 
usual definition of confinement factor), and σj denotes dark current noise from the detector. 

The terms in Formula (2) under the square root correspond to two major noise sources: 
input laser power fluctuation and photodetector noise at the output. The latter term is of 
significance only when the analyte solution has strong absorption or is highly concentrated, 
which limits the dynamic range of detection. The former term, i.e. fluctuation of input laser 
power, primarily stems from the spatial shift of input/output fibers in our case, which leads to 
approximately a 5% fluctuation of optical power effectively passing through the analyte 
solution. 

As an example for the application of formula (2), if we utilize the strong absorption peak 
of water at 3 μm (α = 3333 cm-1 23) for detection of water in some non-absorbing solvent, the 
relevant minimum detectable concentration for our present sensor setup will be ~16 ppm for 
an interaction length of 1 cm, which improves further when the interaction length increases. 
The relatively low sensitivity (minimum detectable concentration ~0.7%) measured 
experimentally in the case of N-methylaniline is due to its low absorption coefficient at 1496 
nm compared to that of water at 3 μm. Using mid-infrared probing wavelength, which is 
highly absorbed in the medium, could significantly enhance sensor performance. Formula (2) 
suggests that in order to further improve the output signal from the sensor, high input optical 
power F0, small waveguide intrinsic loss A, and a large evanescent field η, are desirable. A 
moderately long waveguide immersed in solution will enhance sensitivity as well. However, 
the maximum waveguide length is limited by its intrinsic loss and photodetector noise. 

For commercial chemical sensing applications, a more robust coupling scheme would be 
necessary to improve our current sensor configuration. One solution to eliminate coupling 
variations is to use one reference beam in a Y-splitter, which is not subjected to interactions 
with analyte solution, as a coupled power monitor. The concept is schematically demonstrated 
in Fig. 7. The input waveguide has to be single-mode so the ratio of power partition in the two 
beams is independent of coupling conditions. Following a derivation process similar to that 
used to obtain formula (2), absorption arising from analyte would thus be given as: 
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where Isensor and Iref are output power from sensor beam and reference beam, respectively, and 
the subscripts “solvent” and “analyte” denote the cases when there is only pure non-absorbing 
solvent and when there is analyte solution present in the microfluidic channel, respectively. 
Significantly, equal power distribution in the two beams is not a necessary condition due to 
the fact that optical power only shows up in the expression in the form of ratios. 

 

Fig. 7. Schematic illustration of a fabrication method to eliminate optical coupling related 
fluctuation within our microfluidic channels: Input laser beam goes through a single-mode 
waveguide and then a Y-splitter; output power from the reference beam is used as a monitor for 
coupling variations. 

5. Conclusion 

We have experimentally demonstrated the first chalcogenide waveguide evanescent sensor 
integrated with microfluidic channels for analyte transport. Ge23Sb7S70 channel waveguides 
patterned by SF6 plasma etching show a minimum loss of 2.3 dB/cm at 1550nm. The 
assembled device has been tested for N-methylaniline sensing, and the resultant transmission 
spectra exhibit a clear absorption band at 1496 nm, which, in agreement with traditional UV-
Vis spectroscopy, corresponds to N-H bond absorption fingerprint. The sensor performance 
has been theoretically analyzed and a practical method for noise reduction has been proposed. 
Given the small size, high robustness, low-cost fabrication and good sensitivity, the sensor 
can find applications such as environmental monitoring and explosive detection. 
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