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Bending Loss Analysis of Chalcogenide Glass Channel Waveguides
for Mid-Infrared Astrophotonic Devices
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SUMMARY In this study, the bending losses of chalcogenide glass
channel optical waveguides consisting of an As2Se3 core and an As2S3

lower cladding layer were numerically evaluated across the astronomical
N-band, which is the mid-infrared spectral range between the 8 μm and
12 μm wavelengths. The results reveal the design rules for bent waveg-
uides in mid-infrared astrophotonic devices.
key words: optical waveguides, mid-infrared spectral range, chalcogenide
glass, astrophotonics, beam-propagation method

1. Introduction

Optical integrated circuits (OICs) are being widely used
in astrophysics to realize high-angular-resolution and high-
contrast imaging over a broad wavelength range. The appli-
cation of OICs in astronomy is referred to as astrophotonics.
OIC-based solutions are smaller, lighter, and less expensive
than their conventional bulk-optics equivalents. In addition,
they can realize functionality that is difficult or impossible
to achieve by conventional solutions. Astrophotonics is im-
portant for the upcoming extremely large telescopes (ELTs)
currently under construction, which will enable the detec-
tion of smaller and/or fainter objects, such as exoplanets, in
detail [1].

To date, most astrophotonic instruments have been op-
erated in the near-infrared (IR) spectral range [2]–[6]. Con-
versely, the mid-IR spectral range is attractive for the direct
detection and characterization of an exo-earth in a habitable
zone because spectral features in the mid-IR range offer sig-
natures of important chemicals such as water, ozone, and
carbon dioxide [7], [8].

The As-S-Se family of chalcogenide glasses, character-
ized by favorable mid-IR transmission properties [9], [10], is
a promising platform for the mid-IR astrophotonic devices.
Additionally, laser writing techniques [11] that can gener-
ate permanent refractive index changes for the fabrication
of considerably complex optical circuits are available. In
fact, the fabrication of optical waveguides consisting of an
As2Se3 core and an As2S3 lower cladding layer for mid-IR
astrophotonics [11], and numerical analyses of their single-
mode conditions in detail [12] have been reported.

Bent waveguides are important building blocks of
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OICs. Although bent waveguides with small radii are vi-
tal for realizing compact and high-density OICs, losses oc-
curring in bent waveguides increase as the bending radii de-
crease. In addition, a high throughput is required for as-
trophotonic devices because astronomical observation pro-
grams are inherently photon starved. However, to the best
of our knowledge, the bending losses of chalcogenide glass
optical waveguides based on the As-S-Se family in the mid-
IR spectral range have not yet been characterized either ex-
perimentally or theoretically.

In this study, we performed beam-propagation analy-
ses for bent waveguides, which consist of an As2Se3 core
and an As2S3 lower cladding layer, to reveal the charac-
teristics of bending losses across the astronomical N-band
(8–12 μm). The results provide fundamental information
for the design of high-performance astrophotonic devices
operating in the mid-IR spectral range. Equivalent straight
waveguides (ESWs) [13]–[17] of the bent waveguides have
been analyzed using the two-dimensional finite-difference
beam-propagation method (FD-BPM) [18]–[20] to estimate
their loss characteristics.

2. Bent and Equivalent Straight Waveguides

Figure 1 shows the cross section of the chalcogenide glass
channel waveguide, which consists of an As2Se3 core layer
and an As2S3 lower cladding layer [9], [11], [12]. The re-
fractive indices of these materials and air are denoted as nc,
ns, and na, respectively. The wavelength dependencies of nc

and ns [12], [21], [22] were considered. The refractive index
change in the core layer is denoted by Δn, which is obtained
by the laser writing technique using the photodarkening ef-
fect [9] to form a channel waveguide of width wc. The ef-
fective index method (EIM) was applied to Fig. 1 to obtain
equivalent two-dimensional waveguides.

Figure 2 (a) shows an equivalent two-dimensional
waveguide of a bent waveguide with width of wc and bend-

Fig. 1 Schematic of the chalcogenide glass channel waveguide.
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Fig. 2 (a) A two-dimensional bent waveguide, and (b) its equivalent
straight waveguide. Here, u1 = R ln

(
1 − w/2R

)
and u2 = R ln

(
1 + w/2R

)
.

ing radius of R. The bent waveguide can be mapped onto an
ESW, as shown in Fig. 2 (b), using a conformal transforma-
tion [14]. Here, u = R ln

(
1 + q

R

)
, q = r − R, s = Rθ, and

the refractive index distribution of the ESW, n′(u), is given
as follows [13]–[17]:

n′(u) = n(q)
(
1 +

q
R

)
. (1)

Here, n(q) denotes the refractive index distribution of the
bent waveguide given as follows:

n(q) =

⎧⎪⎪⎨⎪⎪⎩
nco (−wc

2 ≤ q ≤ wc

2 )

ncl (otherwise)
, (2)

where nco and ncl are, respectively, the refractive indices of
the core and claddings of the two-dimensional bent wave-
guide evaluated by the EIM as shown in Fig. 2 (a).

3. Numerical Results

The two-dimensional FD-BPM [18]–[20] with the transpar-
ent boundary condition (TBC) [23] was employed to esti-
mate the bending losses of the ESWs. In the BPM anal-
yses, the fundamental mode of the original straight wave-
guide with a refractive index distribution of n(q) is launched
in ESWs at s = 0 [20].

First, we consider bent waveguides with wc = 6.5 μm,
tc = 3.7 μm, and Δn = 0.04 in which a single mode oper-
ation is ensured for Ex and Ey modes across the astronom-
ical N-band [12]. We note that the value of tc is fixed at
3.7 μm throughout this study. Figure 3 illustrates the pure
bend losses at the wavelengths of λ0 = 8, 10, and 12 μm as
a function of the bending radius, R. The pure bend loss was
evaluated as follows [15], [24], [25]:

Γ(s) = − 10
Δs′

log10

[
P(s + Δs′)

P(s)

]
, (3)

where P(s) denotes the modal power at s, estimated by
the overlap integral between the incident and propagating
fields [17], and s and s + Δs′ represent the two points used
to estimate the modal power. Although the losses are kept
small across the range of R at λ = 8 μm, they rapidly in-
crease as R decreases at λ = 12 μm because of the weaker

Fig. 3 Pure bend loss of bent waveguides with wc = 6.5 μm and Δn =
0.04 as a function of the bending radius for (a) Ex and (b) Ey modes.

Fig. 4 Cutoff wavelength of Ex
21 and Ey21 modes for a chalcogenide glass

channel waveguide with Δn = 0.04 as a function of the channel width.

Fig. 5 Pure bend loss of bent waveguides with Δn = 0.04 at the wave-
length of 12 μm for R = 5 and 10 mm as a function of the channel width.

confinement of the modal fields. The losses for Ey modes
are larger than the ones for Ex modes because of that the ef-
fective indices of Ey modes are smaller than the ones of Ex

modes for the same wavelength [12].
We considered bent waveguides with a wider channel

operating in a single mode across the N-band to realize
stronger confinement of the optical wave. Figure 4 illus-
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Fig. 6 Insertion loss of bent waveguides with Δn = 0.04 and R = 10 mm
at s = Rπ/2 as a function of wavelength.

Fig. 7 Insertion loss of bent waveguides with R = 10 mm at s = Rπ/2 as
a function of wavelength for (a) wc = 6.5 μm, (b) wc = 8.5 μm.

trates the cutoff wavelengths of the Ex
21 and Ey21 modes of

the original straight waveguide, evaluated using the EIM as
a function of wc. We observed that single mode operation is
ensured for wc ≤ 8.7 μm for Ex mode and wc ≤ 8.9 μm for
Ey mode. We noted that the Ex

12 and Ey12 modes cannot prop-
agate in the straight waveguide with the current value of tc in
the N-band [12]. Figure 5 shows the pure bend losses of the
bent waveguides at the wavelength of 12 μm for R = 5 and

10 mm as a function of wc. We observed that the loss can
be suppressed by a larger wc. Figure 6 shows the insertion
losses (IL) [20], which is evaluated as

IL = −10 log10

[
P(s)
P(0)

]
, (4)

of bent waveguide with wc = 6.5 and 8.5 μm at the propaga-
tion distance s = Rπ/2 as a function of wc. Here, Δn = 0.04
and R = 10 mm. The losses at longer wavelengths are sup-
pressed by a larger wc.

Next, we considered the dependencies of losses on the
refractive index change, Δn, because the confinement of the
optical wave can also be controlled by Δn. Figure 7 illus-
trates insertion losses of bent waveguides with wc = 6.5 and
8.5 μm at s = Rπ/2 for R = 10 mm as a function of wave-
length. The results for bent waveguides with Δn = 0.03,
0.04, and 0.05 are shown. We note that Δn owing to the pho-
todarkening effect can be controlled by the exposure time,
and that Δn changes as high as 0.05 [26]. In both the cases of
wc = 6.5 μm and 8.5 μm, we observe that the losses are sup-
pressed by larger Δn, and that the enlargement of Δn is more
effective than widening the channel to suppress the losses in
the longer wavelength region. Comparing Figs. 7 (a) and (b),
a smaller polarization dependency of the loss is achieved in
the shorter-wavelength region for larger values of Δn and wc.
We note that the losses in Fig. 7 are indicated on the logarith-
mic scale to emphasize the differences between the values in
the shorter wavelength range with respect to refractive index
changes.

4. Conclusions

In this study, we revealed the loss characteristics of bent
waveguides based on a chalcogenide glass operated in the
astronomical N-band. Two-dimensional ESW models of
the bent waveguides were analyzed using a two-dimensional
FD-BPM. The dependence of the loss characteristics on
the waveguide parameters was investigated. It was found
that the loss characteristics can be drastically improved by
larger values of wc or Δn, which enhance the confinement
of optical waves, particularly in the longer-wavelength re-
gion in the astronomical N-band. More accurate analyses
using a three-dimensional BPM will be conducted in our
future work to verify the accuracy of the cost-effective two-
dimensional analysis.
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