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Abstract – In this study, single-mode conditions
and bending losses of optical waveguides based on
Ge33As12Se55 chalcogenide glass, commercially known
as IG2, for astrophotonic devices in the mid-infrared
spectral range are numerically analyzed. The scalar
finite-element method was used to analyze single-
mode conditions. For the bending-loss analysis, equiv-
alent straight waveguides of bent waveguides were
analyzed using the two-dimensional finite-difference
beam-propagation method. The results revealed design
rules for astrophotonic optical integrated circuits in the
mid-infrared spectral range.

Index Terms – Astrophotonics, beam-propagation
method, bending-loss analysis, finite-element method,
optical waveguide, single-mode condition.

I. INTRODUCTION
Optical integrated circuits (OICs), which are vital

in current optical telecommunication systems, are being
widely used in astrophysics to meet the astronomers’
ever-increasing demand for higher angular, spectral, and
temporal resolutions over a broad wavelength range
among astronomers. Astronomers hope to understand
the formation of planets, stars, and galaxies to charac-
terize the atmospheres of exoplanets in habitable zones
and unravel the physics of black holes. The application
of the OICs in astronomy is referred to as astrophoton-
ics. The OIC-based solutions have advantages in terms
of size, weight, and cost compared to solutions based
on conventional free-space optics. In addition, they can
realize functionalities that are difficult or impossible
to achieve using conventional solutions. Astrophotonics
will be important in the new era of extremely large 30-m
class telescopes [1, 2].

Various astrophotonic instruments have been devel-
oped [3–15]. Most of them are operated in the near-
infrared (IR) spectral range owing to the availability
of technologies in the field of optical telecommunica-
tions. However, astrophotonic instruments operating in

the mid-IR spectral range have also been considered for
the direct detection and characterization of exo-earths.
Spectral features in the mid-IR range offer signatures of
important chemicals in habitable zones such as water,
ozone, and carbon dioxide [16, 17].

Chalcogenide glasses are promising materials for
mid-IR OICs because of their broad transparency
ranges. In addition, the ultrafast laser inscription (ULI)
technique, which generates permanent refractive index
changes, is a highly cost-effective and convenient
method for inscribing waveguides in chalcogenide
glasses [5, 11–15, 18]. The change in the refractive index
due to ULI can be controlled by the pulse energy.

Ge33As12Se55 chalcogenide glass, also known as
IG2 [19], is a well-established chalcogenide composi-
tion commonly used in mid-IR applications [14, 15, 20].
Because IG2 glass is transparent from 1 µm up to 12 µm
of the wavelength range [15] that covers the two atmo-
spheric transmission windows (3-5 and 8-12µm), IG2
glass is suitable for astrophotonic OICs operated in mid-
IR. Ultrafast laser-inscribed IG2 glass waveguides for
mid-IR OICs, such as directional couplers with rectan-
gular waveguides operating at a single wavelength, have
been fabricated and demonstrated. Measured coupling
ratio of a fabricated coupler was compared to the ones
by an analytical and a numerical method[14]. Although
characterizations such as the single-mode operation of
the rectangular waveguides have been experimentally
performed at a single wavelength, their single-mode con-
dition has been theoretically analyzed only for square
waveguides at a single wavelength [15].

Bent waveguides are important building blocks of
OICs. Although bent waveguides with small radii are
vital for realizing compact OICs, the losses that occur in
bent waveguides increase as the bending radii decrease.
A smaller bend loss is required for astrophotonic OICs
because astronomical observation programs are inher-
ently photon starved. However, to the best of our knowl-
edge, the bending losses of ultrafast laser-inscribed IG2
glass waveguides have not been experimentally or theo-
retically characterized.
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In this study, the analysis of single-mode conditions
using the scalar finite-element method (FEM) [21] and
bending-loss analysis using the two-dimensional finite-
difference beam-propagation method (FD-BPM) [22]
were carried out for IG2-glass-based waveguides. These
results provide fundamental information for designing
high-performance astrophotonic devices based on IG2
glass in the mid-IR spectral range.

II. CONFIGURATION AND NUMERICAL
METHODS

A. Bent waveguides
We consider a bent waveguide shown in Fig. 1. The

bent waveguide consists of a rectangular core, whose
width, thickness, and refractive index are, respectively,
w, t, and ncore. The core is surrounded by a cladding
material with a refractive index of nclad . It is assumed
that two uniform straight waveguides, whose cores and
claddings are identical to the ones of the bent waveg-
uide, are connected to the input and output of the bent
waveguide.

In this study, we assumed that the cladding mate-
rial was IG2 glass, and that the core was fabricated using
the ULI technique. The refractive index of the cladding,
nclad , is expressed as follows[19]:

n2
clad(λ ) = A+

B1λ 2

λ 2 −C2
1
+

B2λ 2

λ 2 −C2
2
, (1)

where A = 3.3408, B1 = 2.9626, C1 = 0.3600, B2 =
0.8298, and C2 = 35.0011. The refractive index of the
core is expressed as ncore = nclad +∆n, where ∆n denotes
the refractive-index change by the ULI, whose range
covers 0.008-0.02[15]. In this study, we considered the
waveguides operated in Ex modes.
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Fig. 1. Three-dimensional view of a bent waveguide,
whose core is surrounded by a cladding material.

B. Brief review of FEM
In this section, we briefly review the scalar FEM.

The scalar FEM is applied to analyze the single-mode
condition of the straight waguides connected to the bent
waveguide. We note that a single cross-section of the
bent waveguide is necessary for the analysis. Suppose
the cross-section is placed on the xy-plane. Under a

scalar wave approximation, the following wave equation
is derived from the Maxwell’s equations:

pF
∂ 2Ψ

∂x2 + pF
∂ 2Ψ

∂y2 +qF k2
0Ψ− pF β

2
Ψ = 0, (2)

where Ψ = Ex, pF = 1, qF = n2(x,y) for Ex modes, Ψ =
Hx, pF = 1/n2(x,y), qF = 1 for Ey modes, and n(x,y)
denotes the cross-sectional refractive-index distribution.

After dividing the cross-section by the second-
order triangular elements and applying the scalar finite-
element method, the following finite-element equation
was derived [21]:

[K]{Ψ}− k2
0n2

e f f [M]{Ψ}= {0}, (3)
where [K] and [M] denote the finite-element matrices,
{Ψ} is the nodal electric/magnetic field vector, {0} is the
null vector, and k0 and ne f f are, respectively, the wave
number in vacuum and the effective refractive index.
Here, n2

e f f and {Ψ} are, respectively, an eigenvalue
and eigenvector of equation (3). The Neumann bound-
ary condition is imposed on the computational window
edges.

C. Two-dimensional equivalent straight waveguide
Figure 2 (a) shows an equivalent two-dimensional

waveguide of the bent waveguide shown in Fig. 1. The
refractive indices of the core and cladding are, respec-
tively, denoted as nco and ncl , which are evaluated using
the effective index method.

The bent waveguide can be mapped onto an equiva-
lent straight waveguide (ESW), as shown in Fig. 2 (b),
using a conformal transformation[23]. It is noted that
the ESW is also applicable to cylindrical waveguides[24,
25]. Here, u = R ln

(
1+ q

R

)
, q = r − R, and s = Rθ .

The refractive index distribution of the ESW, n′(u), is
expressed as follows [23–27]:

n′(u) = n(q)
(

1+
q
R

)
, (4)

where, n(q) denotes the refractive index distribution of
the bent waveguide and is expressed as follows:

n(q) =

{
nco (−w

2 ≤ q ≤ w
2 )

ncl (otherwise)
. (5)

D. Brief review of FD-BPM
Herein, we briefly review the two-dimensional FD-

BPM. We consider an ESW as shown in Fig. 2 (b).
From Maxwell’s equations, the following wave equation
is obtained:

∂

∂u

(
pB

∂Φ

∂u

)
+

∂

∂ s

(
pB

∂Φ

∂ s

)
+ k2

0qBΦ = 0, (6)

where, Φ = Ey, pB = 1, qB = n′2(u) for the transverse
electric (TE) modes, and Φ = Hy, pB = 1/n′2(u), qB = 1
for the transverse magnetic (TM) modes.

Substituting the solution of the form:
Φ(u,s) = ϕ(u,s)exp(− jk0n0s), (7)
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Fig. 2. (a) Two-dimensional bent waveguide and (b) its
ESW for 2-D FD-BPM. Here, u1 = R ln

(
1− w/2

R

)
and

u2 = R ln
(

1+ w/2
R

)
.

into equation (6), we obtain the following equation for
the slowly varying complex amplitude ϕ:

pB
∂ 2ϕ

∂ s2 −2 jk0n0 p
∂ϕ

∂ s
+

∂

∂u

(
pB

∂ϕ

∂u

)
+ k2

0(qB −n2
0 pB)ϕ = 0, (8)

where n0 is the reference refractive index.
After applying the Padé approximation [28] and

the finite-difference procedure, the following system of
equations is derived [22]:

a+i ϕi−1(s+∆s)+b+i ϕi(s+∆s)+ c+i ϕi+1(s+∆s)

= a−i ϕi−1(s)+b−i ϕi(s)+ c−i+1ϕi+1(s), (9)
where a+, b+, c+, a−, b−, and c− are finite-difference
coefficients; i represents values at the ith sampling point
in the u-direction; and ∆s denotes the propagation step
size in the s-direction. equation (9) results in a system
of N linear equations, when ϕi(s) (i = 1,2, . . . ,N) are
given. Here, N denotes the number of transverse sam-
pling points. After solving equation (9), the propagat-
ing field of ϕi(s+∆s) (i = 1,2, . . . ,N) are obtained. The
transparent boundary condition[29] is used.

III. NUMERICAL RESULTS
A. Single-mode conditions

Figure 3 shows the boundary between single- and
multi-mode regions for the rectangular waveguides with
∆n = 0.011 at the wavelength of 9 µm evaluated by
the FEM, where filled and open circles, respectively,
represent single- and multi-mode operation. Hereafter,
we consider square waveguides with w = 15 µm and
t = 15 µm, and rectangular waveguides with w = 20 µm
and t = 15 µm, which are operated in single mode.

Figure 4 shows the normalized propagation con-
stant, b = (n2

e f f −n2
clad)/(n

2
core −n2

clad), as a function of
the wavelength for the square and rectangular waveg-
uides with ∆n of 0.09, 0.011, 0.013, and 0.015. Notably,
no higher-order mode was found for each value of ∆n
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Fig. 3. Single-mode region for the IG2-glass-based
waveguides with the refractive change, ∆n, of 0.011 at
a wavelength of 9 µm.
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Fig. 4. Dispersion curves as a function of wavelength for
waveguides with (a) w = 15 µm and t = 15 µm and (b)
w = 20 µm and t = 15 µm. No higher-order mode was
found in the wavelength range.

over the wavelength range. Evidently, the waveguides are
operated in single mode over the wavelength range and
in the range of ∆n.

It was experimentally and numerically shown that
square waveguides with w = t = 15 µm whose ∆ns were
in the range from 0.0097 to 0.0142 were operated in a
single mode at the wavelength of 7.8 µm [15]. We can
see that Fig. 4 (a) shows the same tendency.
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B. Bending loss analysis
The two-dimensional FD-BPM was employed to

estimate the bending losses of the ESWs. The funda-
mental mode of the original two-dimensional straight
waveguide with a refractive index distribution of n(q)
was launched in the ESWs at the s = 0. The distri-
bution of the fundamental mode is given as an initial
field of the BPM calculation, which are denoted ϕi(0)
(i = 1,2, . . . ,N) in equation (9). The spacing between
transverse sampling points is ∆u = 0.1 µm. The prop-
agation step size ∆s = 5 µm. The transverse computa-
tional window size was 100 µm. A core of an ESW was
placed in the center of the computational window. The
pure bend loss (PBL) was evaluated using the steady-
state differential power loss (DPL) level[30]. DPL was
evaluated as follows [26, 31, 32]:

Γ(s) =− 10
∆s′

log10

[
P(s+∆s′)

P(s)

]
, (10)

where P(s) denotes the modal power at s, estimated by
the overlap integral between the incident and propagat-
ing fields [27], and s and s+∆s′ represent the two points
used to estimate the modal power. In other words, PBL
is the slope of the graph of log10(P(s))[22].

Figure 5 shows the bending radius and wavelength
dependence of PBL on bent waveguides whose refractive
index changes, ∆n, are 0.11 with the square and rectan-
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Fig. 5. Pure bend loss as a function of bending radius
for bent waveguides, whose refractive index change, ∆n,
of 0.011, with (a) w = 15 µm and t = 15 µm and (b)
w = 20 µm and t = 15 µm.

gular core. Evidently, operation at a longer wavelength
requires a larger bending radius to suppress the PBL,
and the rectangular waveguides show smaller PBLs than
the square waveguides because of the stronger confine-
ment of optical waves due to the relatively larger cross-
sectional areas of the cores.

Figure 6 shows the DPL levels as functions of prop-
agation distance for the square bent waveguides with
bending radii are R = 20, 26, and 40 mm. Here, the
refractive index changes, ∆n, are 0.011, and the opera-
tion wavelengths are 8 µm. Total lengths of these bent
waveguides are taken as Rπ/2. The DPL values reached
steady-state levels at the ends of the waveguides. The
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Fig. 6. Differential power loss (DPL) values of waveg-
uides with w = 15 µm, t = 15 µm, and ∆n = 0.011, at
the wavelength of 8 µm for bending radii of 20, 26, and
40 mm.
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oscillatory nature of the DPL is due to coupling from
higher-order modes of the bent waveguide back into the
fundamental mode of the straight waveguide[26].

Figure 7 shows the PBL as a function of bending
radius at the wavelength of 8 µm for the square and the
rectangular waveguides with ∆n = 0.009, 0.011, 0.013,
and 0.015. Evidently, the PBL strongly depends on the
refractive index change, ∆n. When the refractive index
change decreases, the required bending radius rapidly
increases to realize low-loss OICs.

As an practical example, we consider rectangular
waveguides with w= 20 µm, t = 15 µm and ∆n= 0.013,
whose cross-sections are approximately identical to the
fabricated waveguides[14]. Figure 7 (b) shows that the
PBL of the waveguides are less than 1.2× 10−3 dB/cm
for R > 36 mm at the wavelength of 8.0 µm.

IV. CONCLUSION
In this study, the single-mode conditions and the

bending loss characteristics of IG2-glass-based optical
waveguides operating in the mid-IR spectral range are
revealed. Guided-mode analysis was performed using a
scalar FEM. As a result, the single-mode region was
shown for the waveguide with ∆n = 0.011 at the wave-
length of 9 µm, is shown. In addition, the square and the
rectangular waveguides, whose core widths and heights
are in the single-mode region, were operated in a single-
mode over the mid-IR spectral range. 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. Through ULI, the loss characteristics
were found to strongly depend on the refractive index
change, ∆n.
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[13] A. Ródenas, G. Martin, B. Arezki, N. Psaila,
G. Jose, A. Jha, L. Labadie, P. Kern, A. Kar,



YASUI: SINGLE-MODE CONDITION AND BENDING LOSS ANALYSIS OF ULTRAFAST LASER-INSCRIBED MID-INFRARED WAVEGUIDES 980

and R. Thomson, “Three-dimensional mid-infrared
photonic circuits in chalcogenide glass,” Opt. Lett.,
vol. 37, no. 3, pp. 392-394, Feb. 2012.

[14] H. L. Butcher, D. G. MacLachlan, D. Lee, R. R.
Thomson, and D. Weidmann, “Ultrafast laser-
inscribed mid-infrared evanescent field directional
couplers in GeAsSe chalcogenide glass,” OSA
Continuum, vol. 1, no. 1, pp. 221-228, Sep.
2018.

[15] H. L. Butcher, D. G. MacLachlan, D. Lee, R. R.
Thomson, and D. Weidmann, “Demonstration and
characterization of ultrafast laser-inscribed mid-
infrared waveguides in chalcogenide glass IG2,”
Opt. Express, vol. 26, no. 8, pp. 10930-10943, Apr.
2018.

[16] L. Labadie and O. Wallner, “Mid-infrared guided
optics: A perspective for astronomical instru-
ments,” Opt. Express, vol. 17, no. 3, pp. 1947-1962,
Feb. 2009.

[17] B. R. M. Norris, N. Cvetojevic, T. Lagadec,
N. Jovanovic, S. Gross, A. Arriola, T. Gretzinger,
M.-A. Martinod, O. Guyon, J. Lozi, M. J. Withford,
J. S. Lawrence, and P. Tuthill, “First on-sky demon-
stration of an integrated-photonic nulling interfer-
ometer: The GLINT instrument,” Monthly Notices
of the Royal Astronomical Society, vol. 491, no. 3,
pp. 4180-4193, Nov. 2019.
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