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We demonstrate on-chip hybrid integration of chalcogenide glass waveguides and quantum cascade lasers (QCLs).
Integration is achieved using an additive solution-casting and molding method to directly form As2S3 strip
waveguides on an existing QCL chip. Integrated As2S3 strip waveguides constructed in this manner display strong
optical confinement and guiding around 90° bends, with a NA of 0.24 and bend loss of 12:9 dB at a 1 mm radius
(λ ¼ 4:8 μm). © 2010 Optical Society of America
OCIS codes: 130.2755, 130.3060, 160.2750, 220.4000.

Planar waveguides made of chalcogenide glass materials
are being developed for a wide array of applications to
take advantage of the unique optical properties of these
glasses. Their high optical nonlinearities are being har-
nessed for all-optical signal processing in telecommuni-
cations [1,2]. Their photorefractive behavior is used to
tune distributed feedback lasers [3] and photonic crystals
[4]. Now, emerging mid-IR (λ ¼ 3–20 μm) applications
for chalcogenide glass are being explored, where attri-
butes such as high mid-IR transmittance and high refrac-
tive index are desired for compact waveguide-based
devices for trace gas sensing [5–7] or IR imaging and de-
tection in space [8]. In the field of chemical or biological
optical sensors, the trend has been toward minimizing
device footprints and cost by integrating light sources
and microphotonic elements [9] and developing planar
resonators [10,11]. There is an opportunity to boost both
sensitivity and accuracy by doing such detection in the
mid-IR, where molecular absorptions are resonant; how-
ever, the difficulty has been in developing compact and
easy-to-use mid-IR sources, optics, and detectors. We
take steps to close that gap by demonstrating an inte-
grated chalcogenide glass waveguide and a quantum
cascade laser (QCL), a first step toward realizing a
chip-scale mid-IR waveguide device.
Thin films of As2S3, a chalcogenide glass with high

transmission up to 9:4 μm wavelength, can be deposited
from solution by first dissolving pieces of bulk As2S3 glass
in propylamine solvent [12]. Baking away the solvent and
annealing at temperatures below the glass transition
(Tg ¼ 185 °C) produces films with near-bulk composi-
tions [13]. We pattern As2S3 strip waveguides from solu-
tion by using a soft lithography process, micromolding in
capillaries (MIMIC) [14], producing multimode straight
waveguides with 4:5 dB=cm propagation loss at λ ¼
4:8 μm [7]. This solution-casting and molding process, de-
scribed in detail in [7], produces As2S3 structures that are
40 μm wide and 10 μm high and at least 1 cm long. The
size of the waveguides matches the typical dimensions
of Fabry–Perot QCL ridges [Fig. 1(a)]. The QCLmode size
is determined by the dimensions of the laser ridge [15], in

this case 25 μmwide by 8 μmhigh. In this Letter, we show
how the solution molding process, previously used to
make stand-alone waveguides, is applied to fabricate
waveguides directly on-chip with a mounted QCL
[Fig. 1(b)]. In addition, we demonstrate the ability tomake
curved patterns by integrating a 90° bent waveguide. The
waveguide-laser integration is achievedwithminimal pro-
cessing steps because of the additive and etch-free nature
of the process.Moreover, alignment of the elements is rea-
lized easily due to the correspondence in dimensions.

The process is shown schematically in Fig. 2. First the
QCL bar is cleaved to produce two facets and then
mounted on a Cu block with InAg solder flux heated
to 160 °C. Electrical contacts are made by wire bonding.
The waveguide substrate, a 190-μm-thick glass coverslip,
is glued to the mounted QCL. The substrate height is cho-
sen to closely match the height of the QCL substrate after
mounting, so that the resulting waveguide is aligned with
the active region of the QCL. The glass substrate is also
scribed and cleaved into two pieces prior to mounting. A
polydimethylsiloxane (PDMS) mold with a 40-μm-wide
by 20-μm-high channel, forming a 90° bend with a 1 mm
radius, is aligned and placed on top of the substrate,
partially overlapping the laser ridge. Alignment is done

Fig. 1. (Color online) QCL and waveguide integration scheme.
(a) Schematic of a bar of as-cleaved QCLs. The laser ridge is
typically 15–25 μmwide and about 8 μm high. The active region
is <2 μm thick. Light is emitted from the front and back facets.
The InP substrate is ∼210 μm thick. (b) Schematic showing
hybrid integration of a curved As2S3 waveguide fabricated
on-chip with a mounted QCL. The waveguide dimensions are
designed to be slightly larger than the laser ridge size to facil-
itate alignment.
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manually by viewing the sample with a stereomicro-
scope. The end of the channel overlapping the laser ridge
is flared out to a width of 100 μm, to allow for some align-
ment error in the placement of the PDMSmold. The chan-
nel inlet, the end opposite to the laser, is situated on one
of the substrate halves, while the rest of the channel sits
on the other. As2S3 solution is cast into the channel inlet,
which fills by capillary action. Baking under vacuum, for
1 h at 60 °C and 3 h at 95 °C, drives off the solvent and
solidifies the structure. The PDMS mold is removed, and
the resulting waveguide surrounds the front facet of the
QCL, as shown in Figs. 3(a) and 3(b). A smooth wave-

guide output facet is produced by removing the pre-
cleaved substrate piece that had originally supported
the channel inlet.

The key to the hybrid integration process is the use of
the additive MIMIC technique, allowing the formation
and alignment of the waveguide to be done in a single
step. However, there are limitations on the dimensions
of the waveguides produced because the channel filling
is driven by capillary forces. The solution viscosity and
mold and substrate surface properties are optimized here
to fabricate the 40-μm-by-20-μm, 7-mm-long, multimode
waveguide for QCL integration. To produce either
single-mode or longer length waveguides, these param-
eters must be tuned, or the channel filling must be
assisted by pumps [16].

Integration allows for optical measurements to be per-
formed without complicated waveguide alignment and
coupling schemes. Output from a QCL operating in the
pulsed mode (0.8% duty cycle) at room temperature
and emitting at λ ≈ 5 μm is guided through a curved
waveguide and detected [Fig. 3(c)]. Output from the 7-
mm-long waveguide passes through a series of two
plano–convex ZnSe lenses (200 diameter, f ¼ 1:500) and
is collected by a liquid-nitrogen chilled HgCdTe (MCT)
detector. The detector signal passes through a preampli-
fier and is read from a digital lock-in amplifier. The op-
tical power of the light output from the waveguide is
compared to the output from the back facet of the laser
(with the waveguide covering the front facet) in Fig. 3(d),
showing a difference of 22:5 dB at the maximum power.
The presence of the As2S3 waveguide (n ¼ 2:3) on the
front facet of the laser (neff ¼ 3:2) reduces the reflec-
tance of the face by a factor of 10, and affects the laser
threshold current and slope efficiency accordingly [15],
but in future designs this effect can be counteracted with
the addition of laser facet coatings or gratings. By moving
the detector laterally across the far field beam, the wa-
veguide NA is derived. Figure 4(a) shows the far-field
profile of the light intensity of the waveguide, plotted
with that of the laser alone. The waveguide has an NA
of 0.24, which is slightly larger than, but comparable
to, the laser NA of 0.19. This correspondence in NA
allows for efficient coupling of laser light into the
integrated waveguide.

Previously, propagation loss of straight waveguides on
NaCl substrates was measured by cutback to be
4:5 dB=cm [7]. Stand-alone 90° bend waveguides on NaCl
with radii of curvature ranging from 4 mm down to
0:1 mm [Fig. 4(b)] are fabricated to characterize the bend

Fig. 2. (Color online) Waveguide integration process. (a) The
QCL bar is soldered onto a Cu block, which serves as a heat sink
and bottom electrical contact. Top QCL contact is made by wire
bonding to an Au pad. (b) The waveguide substrate, a 190-μm-
thick glass coverslip, precleaved into two pieces, is glued onto
the Cu block. (c) The PDMS mold is placed on the substrate,
overlapping the laser ridge slightly. (d) As2S3 solution is cast
into the inlet (red arrow), and the mold channel fills by capillary
action. (e) Baking solidifies the structure, and the PDMS mold
is removed. (f) The precleaved substrate piece is removed to
produce a waveguide facet.

Fig. 3. (Color online) Integrated waveguide characterization.
(a) SEM image, at 45° tilt, of integrated As2S3 waveguide and
QCL. The waveguide is 40 μm wide and 20 μm high, has a
1 mm bend radius, and is integrated with the QCL ridge at
the edge of the bar. (b) SEM image, at 45° tilt, of the waveguide
funnel-shaped end aligned to and surrounding the QCL ridge.
(c) Diagram of optical measurement setup. Emitted output is
collimated and focused by two ZnSe lenses (200 dia. f ¼ 1:500)
into a MCT detector with area 1 mm2. (d) Comparison of
waveguide optical power output with laser back facet output.
Pout (a.u.) is normalized at the detection limit of the measure-
ment setup.

Fig. 4. (Color online) (a) Far-field intensity profile, in lateral
direction, of waveguide and laser emission. NAwaveguide ¼ 0:24,
NAlaser ¼ 0:19. (b) Waveguide bend loss. Each data point repre-
sents data from three distinct waveguides. Inset, top-view
micrograph of nested As2S3 waveguide array, two waveguides
with r ¼ 0:2 mm and one with r ¼ 1 mm. Scale bar is 1 mm.
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loss. These waveguides are aligned and butt coupled to a
λ ¼ 4:8 μm emitting QCL, and their insertion and bend
loss are measured. The bend loss corresponding to each
radius, shown in Fig. 4(b), is extracted using the mea-
sured propagation loss of straight waveguides on NaCl
and measured coupling loss from [7]. For waveguides
with 1 mm radius of curvature, a 12:9 dB bend loss is
found. These multimode waveguides exhibit higher bend
loss compared to single-mode As2S3 waveguides [17]
likely, because the higher-order modes suffer greater
mode transition and radiation loss.
The ability to integrate chip-scale chalcogenide wave-

guides with QCLs is promising not only because it pro-
vides a compact conduit for QCL emission, but also
because it establishes a first step toward realizing mid-
IR photonic circuits and functional systems on a chip.
Guiding through curved waveguides opens the door to
more advanced elements, such as waveguide splitters,
interferometers, ring resonators, or other structures.
For instance, one can design a branched waveguide to
multiplex output from multiple QCLs on the same wafer
[18], enabling wavelength tunability with minimal optics.
Through direct integration, mid-IR photonics can make
significant strides forward, allowing novel devices
and architecture for emerging small-scale sensing
applications.
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