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We demonstrate low-loss chalcogenide (As2S3) waveguides on a LiNbO3 substrate for the mid-IR wavelength
(4:8 μm). Designed for single-mode propagation, they are fabricated through photolithography and dry-etching tech-
nology and characterized on a mid-IR measurement setup with a quantum cascade laser. For straight waveguides,
propagation loss as low as 0:33 dB=cm is measured and low-loss bends on the order of 100 μm are simulated, with
measurement results showing <3 dB for a 250 μm bend radius. The coupling efficiency is estimated to be 81%. In
addition, the influences of variations in width and bend radius are also investigated. © 2010 Optical Society of
America
OCIS codes: 130.3060, 130.3730, 230.7380.

Chalcogenide glasses are a set of amorphous materials
based on the chalcogen elements S, Se, and Te with cova-
lently bonded elements such as Ge, As, Sb, and Ga [1].
Compared to silicon dioxide, which has strong absorp-
tion in the IR, they exhibit good transparency and poten-
tially low loss for both 1:3–1:55 μm telecommunication
windows and mid-IR optical bands up to 10 μm in wave-
length [2]. The properties of arsenic trisulfide (As2S3)
have long been studied [3]. Its large refractive index,
photosensitivity, high nonlinearity, and low two-photon
absorption make it ideal for all optical signal processing
[4]. To fabricate integrated optical circuits that are made
of chalcogenide glasses, waveguides are the basic build-
ing block.
In the near-IR region (1550 nm), Ruan et al. have made

chalcogenide waveguides with the propagation loss as
low as 0:25 dB=cm by dry etching [5]. On the top of
Ti:LiNbO3 structure, As2S3 waveguides of low propaga-
tion loss (0:20 dB=cm) were achieved [6]. Fabrication of
lower than 0:5 dB=cm chalcogenide waveguides through
Si-CMOS-compatible lift-off technology was reported by
Hu et al. [7]. Other fabrication methods, such as photo-
sensitive laser beam writing [2], helium ion implantation
[2], and hot embossing [8], were also investigated.
In contrast to the ongoing fruitful research on optical

waveguides in the near IR, much less attention is paid to
the field of the mid-IR. However, as the study of quantum
cascade lasers (QCLs) and the development of mid-IR ap-
plications become more mature, there is an increasing
need for fabricating mid-IR optical waveguides. Up to
now, only a small amount of results has been reported,
and some involve only theoretical study and computer
simulation [9]. To our best knowledge, the first experi-
mental result was reported by Ho et al. It is a channel
waveguide that was made by the photodarkening effect
via laser writing in As2Se3 [10]. The best propagation loss
is 0:5� 0:1 dB=cm for TE and 1:1� 0:1 dB=cm for TM at
the wavelength of 8:4 μm. The coupling efficiency is only
20% owing to a lack of optimization of mode mismatch-
ing. The core-to-cladding refractive index contrast is es-
timated to be 0.04, which is low for making compact

structures. Besides that, solution-cast As2S3 waveguides
with a propagation loss of 9:47 dB=cm at 4:8 μm were
reported [11]. They were made by dissolving As2S3 into
a propylamine solvent, molding it with polydimethylsi-
loxane and evaporating the solvent. The waveguides
were 10–50 μm high and 20–80 μm wide, on a GaAs sub-
strate with a 2-μm-thick SiO2. The coupling loss is
16:4 dB high, owing to the air–As2S3 reflections and
rough cleave face.

Lithium niobate (LiNbO3) is adopted as the substrate
of As2S3 waveguides instead of silicon on insulator based
on the following merits. First, it has a wider transmission
range (2–5 μm) than SiO2, which is only transparent up
to 3:5 μm [12]. Second, the thermal expansion coefficient
of LiNbO3 (perpendicular 15 × 10−6=°C and parallel
5 × 10−6=°C) is much closer to that of As2S3 ð21:4 ×
10−6=°CÞ than SiO2 ð5 × 10−7=°CÞ, giving a better adher-
ence between the film and the substrate during the
thermal processes in waveguide fabrication. Moreover,
LiNbO3 as the substrate has the potential to manipulate
optical modes in versatile ways, utilizing its electro-optic,
photoelastic, piezoelectric, and nonlinear properties [13].

Near-field imaging of QCLs reveals that a very stable
mode pattern corresponding to a TM00 mode can be ob-
tained for a laser with a narrow active region [14]. The
QCL we use is a single-mode, pulsed laser that emits light
at the wavelength of 4:8 μm. In the vertical direction,
which is perpendicular to themultilayer stack, the FWHM
of the mode is 2 μm, while in the horizontal direction, it is
10 μm, confined by thewidth of the active region. In order
to design optimized waveguides that work at the funda-
mental mode and minimize the mode mismatching loss,
OptiBPM (from Optiwave), using the beam propagation
method (BPM), is employed to simulate light propagation
in straight waveguides, as shown in Figs. 1(a) and 1(b). As
for bendwaveguides, the traditional BPM is unreliable be-
cause of its paraxial approximation. Therefore, we apply
FIMMWAVE (from Photon Design) using the conformal
mapping method to model bend waveguides instead
[see Fig. 2(a)]. At the wavelength of 4:8 μm, the refractive
index of the As2S3 is 2.408 [3], while that of the lithium
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niobate substrate is 2.07. Such high-index contrast makes
tight-bend waveguides down to a 100 μm radius possible,
as shown in Fig. 2(b). According to simulation results,
straight channel waveguides that allow only the funda-
mental TM mode to propagate are designed, of which
the height is 2 μm and the width is 11 μm. Similar wave-
guides of width varying from 7 to 15 μm are also designed
for measurement comparison. The bend channel wave-
guide pattern has a series of waveguides of width 11 μm
and bend radius from 50 μm to 8 mm.
Standard microelectronics technology is used for fab-

rication. There are mainly four methods to prepare As2S3
film: spin coating, thermal evaporation, pulsed laser de-
position, and rf sputtering. Our experience suggests that
sputtered films are denser and are generally better ad-
hered to the substrate, owing to the higher bombardment
energy than others [6]. In our fabrication process, the
As2S3 film is deposited by a multitarget magnetron sput-
tering system. On top of it, a layer of SiO2 and Ti is coated
to protect the As2S3 film from being dissolved by com-
mercial NH4OH-based developers, which can cause the
formation of pinholes and peeling of the film [2]. The
thickness of As2S3 is 2 μm, and that of SiO2 and Ti are
180 nm and 30 nm, measured using a surface profiler.
After photolithography, the As2S3−SiO2-Ti-photoresist
stack is etched through to the LiNbO3 surface in a
reactive-ion-etch system using CHF3, because it is found
that dry etching is advantageous over wet etching in ob-
taining smooth sidewalls and controlling the waveguide
dimensions [5]. The end faces of the waveguides are then
polished to minimize coupling loss. As2S3 is a brittle
material, and it tends to break easily using the traditional
optical polishing method. Bonding wax is used for pro-
tection: two samples are bonded face to face with
wax, and the combined end faces are polished consecu-
tively on the rotation plates of 15, 3, and 0:5 μm with the
optimized speeds. Pictures of the waveguides after fab-
rication are shown in Figs. 3(a) and 3(b).

The waveguide measurement setup is composed of a
pulse generator, a single-mode QCL, a doublet of ZnSe
lenses, a liquid nitrogen cooled HgCdTe (MCT) detector,
a preamplifier, and a 7260 DSP lock-in amplifier from
EG&G Instruments. Mid-IR light at the wavelength of
4:8 μm is emitted from the QCL, and then buttcoupled
into the waveguide. Supplied at the voltage of 50 V, the
laser works at the frequency of 80 kHz, has pulse width
of 100 ns, and has a peak power of 0:2 W. From the out-
put end of the waveguide, the light propagates through
free space and then is collected and focused by a ZnSe
doublet (two lenses of focus lengths 3 and 1 cm, respec-
tively) into the MCT. The lock-in amplifier is used to
enhance the detection of weak signals.

The best insertion losses of straight waveguides mea-
sured are 3:81 dB (14 mm long) and 4:27 dB (21 mm
long). The results in Fig. 4(a) show a slight change of in-
sertion loss as the width of the waveguide varies. The
peak appears at the width of 11 μm, which is reasonable
considering the fact that the width of the laser active re-
gion is 10 μm. And it also qualitatively agrees with the
simulations. If the width of the waveguide is too small,
a certain amount of mode power leaks into the substrate,
and if it is too large, there will be higher modes propagat-
ing in the waveguide. Those higher modes are more sus-
ceptible to a disturbance in the waveguides, such as edge
roughness, than are the fundamental mode. In Fig. 4(b),
for waveguides with a width of 11 μm, the propagation
loss of 0:33� 0:01 dB=cm is obtained from the measure-
ments of waveguides of three lengths: 14, 18, and 21 mm.
For waveguides of widths of 7 and 15 μm, the propaga-
tion losses are estimated to be 0.35 and 0:71 dB=cm, re-
spectively. The propagation loss here is dominated by the
scattering loss, while the free carrier absorption of As2S3
is generally negligible [4]. Theoretically, the minimum
scattering loss in the mid-IR is even lower than that in
the near-IR, because the Rayleigh scattering intensity is
proportional to 1=λ4. Therefore, a further reduction in
propagation loss can be expected, by improving the side-
wall roughness, for example. The coupling loss is then
estimated to be 1:7 dB per facet based on the total inser-
tion loss (3:81 dB) and propagation loss (0:33 dB=cm).
Theoretical calculation shows the Fresnel reflection
for the As2S3–air interface is 0:8 dB. Therefore, the mode
mismatch between the waveguide and the QCL accounts
for the remaining 0:9 dB, corresponding to a coupling
efficiency of 81.3%.

For bend waveguides, the insertion loss tends to in-
crease as the bend radius decreases. If the radius is large
(>2 mm), the results of the bends are close to those of
straight waveguides, and the lowest loss is measured to
be 5:6 dB at the bend radius of 7500 μm. According to

Fig. 1. (Color online) Straight waveguide simulations: (a)
mode profile and (b) single-mode conditions.

Fig. 2. (Color online) Bend waveguide simulations: (a) mode
profile and (b) bend loss.

Fig. 3. (Color online) Waveguides after fabrication: (a) micro-
scopic picture and (b) SEM picture.
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FIMMWAVE simulations, as light travels through the
waveguide, the sharper the waveguide bends, the farther
the mode departs from the center of the waveguide and
the more the optical power leaks away. Practically, be-
cause the fabrication of thewaveguides is not perfect, that
is, the edges inevitably have a certain degree of roughness
and perhaps some exterior contamination, the deviated
mode can be disturbed and lose energy during propaga-
tion. In our experiments, we measured an insertion loss
of 6:65 dB for a waveguide of bend radius 250 μm. Sub-
tracting a 1:7 dB coupling loss at each end and a propaga-
tion loss along the 1 cm straight part of thewaveguide, the
mode loss associated with the 90° bend is 2:92 dB.
In conclusion, straight and bent chalcogenide (As2S3)

waveguides at the wavelength of 4:8 μm are fabricated
and characterized. They exhibit low total insertion loss
(3:81 dB for 14 mm long): the propagation loss is esti-
mated to be 0:33� 0:01 dB=cm, and the coupling effi-
ciency is 81.3%. A 2:92 dB, 90° bend waveguide of 250 μm
bend radius is demonstrated. To our knowledge, these
are the lowest loss mid-IR results reported so far, indicat-
ing the possibility of building low-loss As2S3-based opti-
cal devices with high coupling efficiency and high index
contrast.
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