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Abstract: We demonstrate microfluidic laser intra-cavity absorption
spectroscopy with mid-infrared A=9um quantum cascade lasers. A deep-
etched narrow ridge waveguide laser is placed in a microfluidic chamber.
The evanescent tails of the laser mode penetrate into a liquid on both sides
of the ridge. The absorption lines of the liquid modify the laser waveguide
loss, resulting in significant changes in the laser emission spectrum and the
threshold current. A volume of liquid as small as ~10pL may, in principle,
be sufficient for sensing using the proposed technique. This method, similar
to the related gas-phase technique, shows promise as a sensitive means of
detecting chemicals in small volumes of solutions.
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1. Introduction

Mid-infrared (mid-IR) quantum cascade lasers (QCLS) have recently become a mature
technology providing continuous-wave operation with hundreds of milliwatts of output power
at and above room temperature [1]. The emission wavelength of these devices can be adjusted
by changing the width of semiconductor quantum wells and spans continuously from 3.4 to
24 um [2], covering the entire mid-IR fingerprint region [3]. This alows one to use QCLs for
a variety of chemical sensing applications, including gas [4,5] and liquid [6-10] sensing. In
this work we report a microfluidic sensor for detecting chemicals in small volumes of
solutions based on laser intra-cavity absorption spectroscopy (ICAS) using aA=9 um QCL.
Since the mid-1970s, laser ICAS has been used as a highly sensitive spectroscopic
technique [11]. In this method, the analyte is placed within the laser cavity. The absorption
lines of the analyte modify the laser losses, causing significant changes in the laser threshold
and emission spectrum. Because of the strong competition between different laser modes,
very weak absorption features of the sample can imprint signatures in the laser emission
spectrum. Alternatively, high sensitivity can also be achieved in laser ICAS by employing the
nonlinear nature of the lasing process when the laser is operated close to its threshold. In this
case, small changes in the laser loss may result in large changes in the laser emission
intensity. We note that the latter method is typically less sensitive than the former.
Traditionally, ICAS has been applied to gases. Liquids typically have strong absorption
features that preclude the need for along absorption path length. Additionaly, the absorption
lines of liquids are typicaly very broad, while for sensitive ICAS, the linewidths of the
absorption lines of the analyte must be much smaller than the laser gain bandwidth [11].
Microfluidics is a growing field with important applications in biotechnology, chemical
synthesis, and medicine [12-16]. Microfluidic devices offer the ability to work with smaller
reagent volumes, shorter reaction times, and the possibility of parallel operation. The small
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volume of analyte in microfluidic systems makes it difficult to use conventional absorption
measurements for analysis because of the limited optical path length [15]. Several solutions
have been suggested, including multi-path cells [17] and z-shaped cells [18]. Microfluidic
ICAS may provide a more sensitive and compact solution. Recently, microfluidic ICAS has
been demonstrated in the visible spectral region using an optically pumped microfluidic dye
laser [19]. The mid-IR fingerprint region is, however, far more broadly used for chemical
sensing and QCLs are excellent injection pumped sources in this region. Quantum cascade
lasers can be designed with a very large homogeneously broadened gain bandwidth, with full
width at half maximum (FWHM) of ~300cm™ [20,21]. This is significantly larger than a
typical FWHM of the absorption lines of liquidsin mid-IR (~20 cm™) and may make sensitive
microfluidic ICAS possible[11].

2. Fabrication and experimental results

Our microfluidic QCL ICAS sensor is based on a deep-etched narrow-ridge QCL with the
ridge walls exposed to aliquid. For a sufficiently small ridge width, the evanescent tails of the
laser mode have significant overlap with the liquid on both sides of the ridge (Fig. 1(a)). The
liquid absorption lines modify the modal loss and cause a change in the QCL threshold current
and emission spectrum. In Fig. 1(b) we plot the dependence of the laser mode loss on the
liquid absorbance and specify the modal overlap with the liquid for a TM o mode in aA=9 um
QCL with a standard dielectric waveguide structure (described below) and different ridge
widths. The modal overlap with the liquid increases as the ridge becomes narrower, resulting
in a strong dependence of the laser modal loss on the liquid absorption for very narrow ridges.
For a QCL with a 2-um-wide ridge, the laser modal losses increase from intrinsic values of 5-
10 cm™ to more than 100 cm™ as the imaginary part of the liquid refractive index grows from
0to 0.2i, the latter being atypical number for strong mid-IR absorption linesin liquids. Thus,
we expect to see dramatic changes in the laser threshold current and emission spectrum for
narrow-ridge QCLSs as they become submerged in an absorbing liquid. A very small volume
of liquid is required for sensing in these devices. The penetration depth of the evanescent tails
of the laser mode intensity on both sides of the ridge is calculated to be between 250 and 300
nm for ridge widths between 6 um and 2 um, respectively. For a typical ICAS QCL with a
2.5-mm-long, 2 to 6-um-wide, and 10-um-high ridge we thus estimate the required liquid
volume to be ~10 picoliters, providing appropriate microfluidic chamber material and delivery

Computed Transverse Mode Profile

Liquid absorbance at A=9um, cm™
4Q0 8Q0 1200 1600 2000 2400 2800

b
——6 um ridge (0.7%) = -
1 ——5um ridge (1.1%) -
4 um ridge (1.9%)

——3 um ridge (3.7%)
2 um ridge (9.0%)

1.0

@
®
[
N)
o

©
(¢
-
o
o

@
S

N

8
®
<

Vertical Direction (um)
N
>

N
R
IS
o

N
N

L

Laser waveguide loss, cm
®
o

N
(=3

N
o

L

0.00 0.04 0.08 0.12 0.16 0.20
3 Liquid absorbance, Im (n)

®

o
o

-3 -2 -1 0 1

Horizontal Direction (um)

Fig. 1. (8) Smulated electric field distribution for a TMg, mode in a deep-etched 2-
um-wide ridge quantum cascade laser with a gold electrical contact on top,
surrounded by a liquid. The laser active region is shown in red. (b) Dependence of
the TMqo laser mode losses on liquid absorbance for deep-etched ridge waveguide
quantum cascade lasers with various ridge widths. Also listed is the percentage of
modal overlap with the liquid (in intensity) for ridges of various widths. Liquid
refractive index, Re(n), is assumed to be 1.3 in the simulations. Simulations were
performed using commercial software packages, BeamPROP (R-Soft Design
Group, Inc) and COM SOL Multiphysics (COMSOL, Inc).
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system. Note that we have chosen to produce narrow-ridge QCLs for ICAS using evanescent
fields instead of introducing analyte directly into a laser cavity, because the latter would
require chamber walls with very good antireflection coatings or photonic crystal laser
structures[22], which are more difficult to fabricate.

We fabricated narrow-ridge QCLs using QCL material grown by metal organic vapor-
phase epitaxy. The laser active region is based on a bound-to-continuum design described in
Ref. [21]. The laser waveguide core consists of a 2.4-um-thick active region, composed of 35
stages, sandwiched between two 0.58-um-thick Ings;Gag47As layers Si-doped to 3x10™ cm®,
The top waveguide cladding is provided by 4 um-thick layer of InP Si-doped to 1x10*" cm
and a 0.5-um-thick layer of InP Si-doped to 5x10™ cm®. The lower waveguide cladding is
provided by 4 um of InP Si-doped to 1x10% cm™, grown on top of the InP substrate, which is
n-doped to 3x10" cm™. The devices are processed into deep-etched ridge waveguides with
ridge widths of 3, 4, 5, and 6 um. A 1.2-um-thick layer of gold is deposited on top of the
upper waveguide cladding by electron-beam evaporation. We then define the ridges using
Microposit SU-8 2005 photoresist mask and a combination of argon-milling and inductively
coupled plasma reactive ion etching to etch trough the 1.2-um-thick layer of gold and all the
layers of the QCL structure down to the InP substrate. In order to keep the side walls of the
ridges exposed to the liquid, the gold layer on top of the laser ridge is connected to the
bonding pad by the layer of gold on the surface of one of the ridge facets, see Fig. 2(a). This
facet has a distinct T-shape and is defined along with the rest of the ridge by inductively
coupled plasma reactive ion etching, using the same SU-8 2005 mask. The sidewall of the
facet is insulated with a 300 nm-thick SisN, layer deposited via chemical vapor deposition.
The gold stripe runs from the bonding pad at the bottom of the facet to the gold layer on top of
the ridge, providing both a high reflection coating and an electrical contact, Fig. 2(a). The
other facet of the laser is defined by cleaving the wafer. Scanning electron microscope images
of the processed devices are shown in Fig. 2(b,c). We note that the devicesin Fig. 2(b,c) have
significant surface roughness, which originates in the argon-milling step (see above). We hope
to reduce the surface roughness in future processing runs, using SisN; as a mask and/or
employing other device geometries.

In order to reliably deliver liquids to the QCL ICAS sensors, the devices were
encapsulated into poly-dimethyl-siloxane (PDMS) chambers with a silicon window positioned

<a>/7%’

Fig. 2. (@) Schematics of a narrow-ridge quantum cascade laser for inracavity
absorption spectroscopy. (b,c) Scanning electron microscope images of the
processed devices: (b) the cleaved edge of a laser ridge and (c) several narrow-ridge
quantum cascade lasers processed on the same substrate.
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Fig. 3. (a)-(d) Different steps in fabrication of a microfluidic chamber; (€) devices
after encapsulation; (f) a photograph of encapsulated devices.

in front of the cleaved laser facet for optical detection of the laser output. The encapsulation
procedure is illustrated in Fig. 3. First, we prepare 8x17 mm glass slides with 300-nm-thick
gold contacts deposited by thermal evaporation, Fig. 3(a). Then, athree-wall PDM S chamber
with 3-mm-high and 3-mm-thick walls is placed on top of the glass dlide; a thin layer of
uncured PDMS is used for adhesion, Fig. 3(b). The structure is then baked for 8 hours at
70°C. Next, a 8-mm-wide, 5-mm-high silicon window is cleaved from a 350-um-thick semi-
insulating double-side-polished silicon wafer and attached to the camber opening, Fig. 3(c).
Again, uncured PDMS is used for adhesion and the structure is baked. The cleaved lasers are
then placed in the chamber such that the cleaved facets are within 20 um of the silicon
window. The lasers are soldered to the top of the central gold contact on the glass slide using
Indium solder, Fig. 3(d). We then wire bond the lasers to the side contacts on the glass dide.
Finally, a 5-mm-thick PDMS cap with microfluidic inlet and outlet tubing is placed on top
and the chamber is sealed using small quantities of uncured PDM S and baking, Fig. 3(e). The
resulting chambers have inner dimensions of 4 mm by 6 mm by 2 mm, corresponding to a
volume of ~50 uL, and are very robust and allow for easy delivery of various liquids to the
lasers. Thefinal deviceis approximately 17 mm long, 8 mm wide and 8 mm tall, see Fig. 3(f).

After the encapsulation, the lasers were tested in pulsed mode at room temperature with
20 ns pulses at a repetition rate of 80 kHz. Devices with ridge widths of 5 and 6 um operated
reliably at room temperature. The maximum operating temperature of QCLs with 4-um-wide
ridges was approximately 290K; 3-um-wide-ridge QCLs operated only at cryogenic
temperatures. We attribute the deterioration of the narrow-ridge QCL performance with
decreasing ridge width to the ridge wall roughness (see Fig. 2(b)) that induces significant
scattering losses. In Fig. 4(a) we plot light output versus current and current versus voltage
characteristics of a typical device with a 5-um-wide, 2.5-mm-long ridge, with and without
various liquids in the PDMS chamber. Note that the shape of the current-voltage curve is
influenced by the ohmic resistance in the gold contacts on the glass slide and in the gold
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isopropanol, and =457+1.5 mA for a device without liquids. (b) Emission spectra
of the same deviceimmersed in various liquids.

contact on top of the laser ridge. The current-voltage characteristicsin Fig. 4(a) also show that
there is no significant leakage current as the laser ridge is immersed in the liquids. The laser
emission spectra near threshold are shown in Fig. 4(b). The spectra were taken with a Fourier
transform infrared spectrometer (FTIR) equipped with a nitrogen-cooled mercury cadmium
telluride (MCT) detector. The emission spectra for a device submerged in water and acetone
are similar to those taken without liquid, while the emission spectrum for a device submerged
in isopropanoal is very different, with the emission lines clearly shifted from approximately
1130-1135 cm™ to approximately 1144 cm. This behavior can be explained by studying the
absorption spectra of the liquids, shown in Fig. 5(a). While both water and acetone have no
absorption features near the laser gain peak, situated at approximately 1130-1135 cm™,
isopropanol has a strong absorption line there. As a result, the emission frequency of a device
submerged in isopropanol shiftsto 1144 cm™, a position of minimal absorption, see Fig. 5(a).
The threshold current density for devices with 5-um-wide, 2.5-mm-long ridges, without
liquids, is approximately 3.5 kA/cm?, significantly larger than the threshold current density of
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Fig. 5. (a) Absorption spectra of liquids used in the experiments. (b) Emission
spectra of an encapsulated 5-um-wide, 2.5-mm-long ridge device immersed in
various mixtures of isopropanol and acetone.

#84247 - $15.00 USD  Received 18 Jun 2007; revised 12 Aug 2007; accepted 16 Aug 2007; published 21 Aug 2007
(C) 2007 OSA 3 September 2007 / Vol. 15, No. 18/ OPTICS EXPRESS 11267



1.004 - .
] Y ! . 1IN —— 6 umridge
L (a) CE '\\U} ——5 um ridge
5 | I fo “= 1003 4 um ridge
5 ’ | g ——3umridge
/ AN 2 um ridge
A | N )]
gl ==l e \fl g
2 B Navenumbers, ent E 1.002
2 24 [}
(4]
ke 5y =
= — =
— 14| —— Isopropanol © 1.001
—— Acetone l l l S:"
04 — Water
— No liquid .
1100 1110 1120 1130 1140 1150 1.0 12 14 16
Wavenumbers, cm’ Refractive index of surrounding liquid

Fig. 6. (a) Emission spectra of a 5-um-wide 2.5-mm-long ridge encapsulated device

with and without liquids. The spectra were obtained at 297 K. The device was
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that the data in Figs. 4 and 6 is obtained with a different device. Inset shows the

zoom-in of the laser modes situated around 1143 cm* (b) Dependence of the TMgo

laser mode effective refractive index on a liquid refractive index for deep-etched

ridge waveguide quantum cascade lasers with various ridge widths. The liquid

absorbance, In(n), is assumed to be 0 in the simulations. Simulations were

performed using commercial software packages, BeamPROP (R-Soft Design

Group, Inc). Note that the dependence of the effective refractive index of the laser

mode on the liquid refractive index may be used for microfluidic tuning of quantum

cascade lasers [16].
2.5 kA/cm?® measured for traditional 18-um-wide ridge lasers processed from the same
material. Interestingly, the threshold current for our devices is significantly lower when the
ridges are immersed in acetone than when the laser ridge is kept dry, despite the fact that
acetone, having a refractive index of ~1.35, reduces dlightly the reflection feedback from the
cleaved facet of the device. We believe that this is an indication that the ridge surface
roughness does cause significant loss in our devices. Acetone decreases the refractive index
contrast at the ridge surface and reduces the scattering from the ridge surface roughness. Other
liquids (which have similar refractive indices to that of acetone) have similar effect, but the
threshold current reduction for acetone is the strongest as acetone has virtually no absorption
at the laser emission frequency.

We have ruled out as another possible reason for the lower threshold current acetone
evaporation and the attendant reduction of the laser ridge temperature. To do that, we have
compared the emission spectra of the encapsulated 5-um-wide, 2.5-mm-long ridge device
with and without liquids. The spectra are shown in Fig. 6(a). The change in the laser ridge
temperature causes the change of the refractive index of the laser waveguide, which resultsin
the frequency shift of the laser Fabry-Perot modes following a well-known [23] coefficient of
~-0.075 cm* per degree K, which we have verified it in our lasers by varying the substrate
temperature. Thus, the “liquid cooling” effect should show up as a blue-shift of the laser
modes when the liquid is added. Comparing the laser emission spectra with and without
liquids, shown in theinset in Fig. 6(a), we see that the frequencies of the laser modes are red-
shifted by =0.02 cm®, =0.14 cm™, and =0.15 cm™ for water, isopropanol, and acetone,
respectively. The red-shift appears, because the laser mode is partly outside of the laser ridge
and the refractive index of the liquid modifies the effective refractive index of the laser mode.
From the data in Fig. 6(b), we can estimate that, for a 5-um-wide laser ridge, the addition of a
liquid with the refractive index of 1.35 red-shifts the laser mode by ~0.4 cm™ in comparison
the laser emission without liquids. The difference of this number and the observed spectral
red-shift of the laser modes may be due to the refractive index dispersion of the liquidsin the
mid-infrared or due to the “liquid cooling” effect. It is clear, however, that the “liquid
cooling” effect of acetone cannot account for more than ~0.25 cm™ of the spectral shift, which
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would correspond to ~3.3° K ridge temperature change. We further note that, similarly, the
difference between the ridge temperatures of a device immersed in acetone, isopropanol, and
water iswithin 2°.

We have checked, by varying the substrate temperature for the same device in the range
280-310° K, that the laser threshold current changes by approximately 1.8 mA per 1° K of the
temperature increase. Thus, the “acetone cooling” effect may account for no more than ~6 mA
of the observed threshold current change of ~33mA, reported in Fig. 4(a), when the laser ridge
is immersed in acetone. The reason for a small liquid cooling effect in our devices, in
comparison with that observed in Ref. [24] is that the PDM S chamber is fully sealed and the
lasers are operated with very short (20 ns at 80 kHz repetition rate) current pulses. We note
that even shorter (<10ns) current pulses can be used to further reduce laser ridge heating.

For chemical detection, laser ICAS techniques utilize either laser emission spectrum
changes or laser threshold changes due to analyte absorption. Below, we investigate both
approaches with our QCL ICAS microfluidic sensors, using different mixtures of isopropanol
and acetone. We refer the reader to Ref. [11] for a detailed theoretical description of these
approaches.

In Fig. 5(b) we show the emission spectra of 5-um-wide, 2.5-mm-long ridge device
submerged in different mixtures of isopropanol and acetone. The spectra were taken a pump
currents close to the peak of the light output, using 20 ns pulses at a repetition rate of 80 kHz.
The laser emission frequency shifts from the peak of the laser gain position at approximately
1134 cm™ to the minimum of isopropanol absorption position at 1143-1146 cm™ as the
fraction of isopropanol in the solution rises. The peaks at 1143-1146 cm™ appear in the laser
emission spectrum a isopropanol concentration level of approximately 20% in the
isopropanol/acetone solution, see Fig. 5(b).

We note that the laser emission spectra, shown in Figs. 4(b), 5(b), and 6(a), do not display
a series of equally spaced Fabry-Perot modes with the frequency spacing of ~0.65 cm™
expected for a 2.5-mm-long QCL. We believe that this is caused by the ridge roughness that
provides feedback to some of the laser modes and influences the lasing mode selection. In
laser ICAS, the sensitivity of the laser emission spectrum to the analyte absorption arises from
the mode competition [11]. In future work, we expect to fabricate devices with reduced
surface roughness, which should result in their higher spectral sensitivity to anayte
absorption.

In the other approach for chemica detection using microfluidic QCL ICAS, we set the
pump current slightly above threshold for a device submerged in acetone and detect the laser
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isopropanol in methanol (clear areas). The laser was operated in pulsed mode with
9 ns pulses at 80 kHz repetition rate. The peak current was kept fixed slightly above
the lasing threshold.
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peak output power change for a 1% volume solution of isopropanol in acetone. Here we
utilize the fact that the laser emission power near threshold is very sensitive to the amount of
pump current in excess of the threshold value [11]. Because the threshold current in quantum
cascade lasers is sensitive to the device temperature, the encapsulated devices are mounted on
a temperature-stabilized heatsink to keep their temperature constant at 15°C +/- 0.1°. We
sequentially fill the device chamber with acetone and a 1% volume solution of isopropanol in
acetone and observe changes in the emission power, Fig. 7(a). The liquids are kept a room
temperature of ~25°C; therefore, as fresh liquid is injected into the chamber, the laser heats up
to ~25°C and shuts off because the threshold current at 25°C is larger than that at 15°C. As
the temperature of the device and liquid becomes that of the heatsink, the laser power recovers
and stabilizes, Fig. 7(a). Because of isopropanol absorption, the threshold current for a device
submerged in a 1% isopropanol solution in acetone is higher than that for a device submerged
in acetone only, resulting in lower laser output power at afixed current. In Fig. 7(b) we plot
similar data for the solutions of isopropanol in methanol. Here both liquids have significant
absorption at the laser emission frequency, see Fig. 5(a), however isopropanol absorption is
approximately three times stronger than that of methanol. The laser pump current is set
dightly above threshold for a device submerged in methanol. Thus, the laser gain
compensates methanol absorption at the laser emission frequency. As the methanol is
substituted with 5% isopropanol solution in methanol and the temperature of the device
stabilizes, the new laser power level is significantly lower due to the threshold current change
from additional isopropanol absorption, Fig. 7(b). In such away, our devices can be utilized to
detect absorbing analytes in solvents that themselves have absorption at the probe wavelength.
This may be valuable for probing chemical and biological analytes in water in the mid-IR,
since water has strong absorption over the entire mid-IR spectral range, see, e.g., Fig. 5(a),
and traditional mid-1R absorption spectroscopy of water solutionsis difficult to perform.

The sensitivity of ICAS is described using the effective absorption length, L, defined as
the cell pathlength required to obtain the equivalent signal change due to analyte absorption in
traditional absorption spectroscopy [11],

In(l/1
Leff —— ( / 0), (1)
o
where |q is the ICAS signal without analyte, | is the signal with analyte, and a=44m(n)// is
the absorbance of the analyte, n being the refractive index. For the data presented in Fig. 7(a),
we estimate |/1=0.75 and obtain Lg=170 um. For the data presented in Fig. 7(b), we estimate
[/15=0.35 and obtain Lg~165 um. These values are many orders of magnitude smaller than
those obtained in ICAS experiments with gases, where kilometer-scale values are routinely
obtained [11]. However, the sensitivity limit in our devices is currently determined by the
laser power fluctuations due to temperature or laser power supply fluctuations, rather than
spontaneous emission noise [11], leaving significant room for sensitivity improvement.

Severa steps can be implemented in order to improve Les in our sensors. The results
presented here have been obtained with 5-um-wide ridge devices. From Fig. 1(b) we see that
the modal overlap with liquid grows significantly for narrower ridges. The modal overlap and
the sensitivity to liquid absorption are expected to increase ~9 times for 2-um-wide ridges in
comparison with 5-um-wide ridges. Currently, the losses due to the walls roughness limit the
performance of the devices with ridge width below 5 um to temperatures lower than room
temperature. We expect to be able to significantly reduce the wall roughness in future
processing runs. With narrower ridges, improved processing, better temperature control, and a
more stable power supply, we expect to increase Ly by at least two orders of magnitude.

3. Conclusion

In conclusion, we have experimentally demonstrated microfluidic mid-IR injection-pumped
ICAS sensors based on deep-etched narrow-ridge A=9 um QCLs. Our devices have
demonstrated sensitivity equivalent to a 170-um-thick absorption cell, while a volume of
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liquid as small as ~10pL is, in principle, sufficient for sensing, providing appropriate chamber
material and delivery system. In future work, we expect to increase the sensitivity of our
devices several-fold.

The chemicals used in our experiments were selected for the purpose of demonstration of
the proposed technique. After establishing the sensitivity of the proposed method, our devices
may be used for a variety of relevant chemical sensing problems [6-10]. We note that the
sensitivity of the proposed method depends only on the absorption coefficient of the analyte at
laser emission frequency. The QCL active region can be specifically designed to target
absorption lines of any chemica compound of interest in the mid-infrared chemical
“fingerprint” region. We believe that our devices may become useful for a variety of mid-IR
sensing applications in microfluidic systems.
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