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The increasing demand in spectroscopy and sensing calls for infrared (mid-IR) light sources. Here, we theoretically
investigate nonlinear wavelength conversion of GegSb,Segq chalcogenide glass waveguide in the mid-IR spectral regime.
With waveguide dispersion engineering, we predict generation of over an octave wavelength (2.8 um-5.9 um) tuning range
Raman soliton self-frequency shift, over 2.5 octaves wavelength cover range supercontinuum (1.2 pm-8.0 pm), as well
as single soliton Kerr comb generated in suspended Ge,gSbi,Segy waveguide. Our findings evidenced that GeygSbsSegq
chalcogenide glass waveguides can simultaneously satisfy the generation of Raman soliton self-frequency shift, supercon-
tinuum spectrum, and Kerr frequency comb generation through dispersion engineering towards mid-IR on chip.

Keywords: chalcogenide glass, Raman soliton self-frequency shift, supercontinuum, soliton Kerr comb

PACS: 42.65.Dr, 74.70.Xa, 05.45.—a

1. Introduction

With the fast development of photonic integrated circuit
technology, the photonic industry is seeking on-chip solutions
towards large integration density, and low-cost manufactur-
ing. In addition to the telecommunication wavelength range
where silicon photonics thrive, this is also same trend in the
mid-infrared (mid-IR) regime, where applications such as free
space communication, spectroscopic sensing, and hyperspec-
tral imaging locate.!!"8 Specifically, in molecular sensing, a
broadband or wavelength tunable light source is generally in-
dispensable. Such a tunable source can be acquired by in-
tegrating quantum cascade lasers (QCLs) on-chip; however,
its tuning range are greatly limited.(>'%! Integrating Van der
Waals material such as black phosphors exhibits potentials
in tunable mid-IR lasing.['!"'>] Yet, wavelength tuning de-
pends on the cavity geometry and material thickness which
are not post-fabrication adjustable. There is, however, an-
other important technology that leverages nonlinear wave-
length conversion mechanisms. It converts a pump light, ei-
ther a femto-second (fs) pulse or a continuous wave (CW)
laser and expands its wavelength spread through Kerr and/or
other nonparametric processes.!!3~18] In fact, such technology
has already been widely adopted in near-IR fiber-based light
sources. 2!l However, its implementation in the mid-IR still
lacks investigation. The major challenge lies in the absorp-
tion of commonly used waveguiding material silicon dioxide
and silicon nitride materials beyond 5 um.?*) Germanium re-
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quires molecular beam epitaxy growth, which is a complex
and expensive process.[>*!

Chalcogenide glass stands out as a suitable material for
waveguide choice owing to its large transparent window start-

241 Moreover, it

ing from 1 pum extending beyond 10 pm.
has a large nonlinear coefficient comparable to that in sili-
con with negligible two-photon absorption.!?>?6 The amor-
phous nature of chalcogenide glass further facilitates its large
integration onto silicon wafers via mature physical vapor de-
position technologies. Indeed, chalcogenide glass waveguide
and its optical nonlinearity has been explored and experi-
mentally demonstrated in various spectral ranges.?’3%] How-
ever, chalcogenide glass containing arsenic is highly toxic and
prone to oxidation under environmental conditions, resulting
in unstable performance, and most importantly, drifting refrac-
tive index resulted from photodarkening effect. Consequently,
changing in refractive index alters its dispersion behavior, thus
deteriorating supercontinuum performance over time, such as
As—S?7:2831] and Ge-As-Se—S.13%! Replacing As with heav-
ier Sb atoms for Ge,gSbi2Seqo (GeSbSe) chalcogenide glass
can solve these problems, not only inheriting strong optical
properties, but also making the material non-toxic and more
stable. Compared to Ge—Sb-S, GeSbSe has higher refractive
index and nonlinear coefficient, which means higher integra-
tion and more favorable nonlinear effects.

In this article, we aim to present a systematic theoretical
investigation on its potential to achieve broadband or wave-
length tunable laser source toward mid-IR leveraging third or-
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der nonlinearities. By carefully engineering GeSbSe waveg-
uide dispersion, chalcogenide glass waveguides are able to
produce supercontinuum expanding over 2.5 octaves, Raman
soliton with center wavelength continuously tunable over an
octave as well as stable Kerr soliton combs. Our findings pro-
vide a useful design guideline for nonlinear mid-IR chalco-
genide glass photonics, which can simultaneously satisfy Ra-
man soliton self-frequency shift, supercontinuum, and Kerr
frequency comb generation.

2. Dispersion engineering in waveguide

To maximize the nonlinear wavelength conversion effect,
phase matching is the key requirement. In general, highly ef-
ficient nonlinear wavelength conversion occurs in the vicin-
ity of the zero dispersion wavelengths (ZDWs), for the rea-
son that the converted light will be able to interfere construc-
tively and accumulate in intensity. The light pulse wavelength
span/tunable range is further determined by the flatness of
the dispersion curve. Therefore, our goal is to engineer the
waveguide dispersion towards a flat curve with small disper-
sion. Specifically, we take chalcogenide glass with compo-
sition GeSbSe, also commercially available as IG5, as our
waveguide. And the FOM = ny/(BA)P4 of GeSbSe’s non-
linear material is 548, which indicates higher nonlinear con-
version efficiency. It is transparent in the mid-IR all the way
to 11 um, and its large nonlinear optical coefficient guaran-
teed low pump threshold energy. In addition, the arsenic-
free composition further immunes the material from oxida-
tion at room temperature, facilitating its fabrication and han-

B GeSbSe

Sio, M Si

400 T T T T
— c i i i i
2 (c)
< 300 1A s T
g
=}
~
wn
\9; 200 7777777777777777777777777777777777
a
2
£ 100 4 I N S A
g —— 2.0 um(W)X0.6 wm(
@ —— 2.0 pum(W)X0.8 pm(H) I
=) 0 2.0 pm(W)x1.0 pm(H) -\ 1\ ]
—— 2.0 um(W)X1.2 ym(H) ! !

2 3 4 5 6
Wavelength (pm)

dling. In order to completely eliminate any material absorp-
tion such as cladding, we cut the silicon dioxide bottom under-
cladding to form a suspended rib waveguide, which not only
provides greater optical confinement but also better waveg-
uide dispersion control.’>! A schematic drawing of the waveg-
uide structure is presented in Fig. 1(a), where we denote H as
the waveguide rib height, T as the slab thickness, and W as
the waveguide width. The two arrays of holes in the vicin-
ity of the rib allows wet etchant penetrating to undercut the
buried oxide. The three waveguide parameters are surveyed
to find their influence on the waveguide group velocity dis-
persion (GVD). Figures 1(b)-1(d) show the calculated GVD
curves of the fundamental TE mode by varying W, H, and T,
respectively. The material refractive index curve is directly
quoted from previously experimentally measured result from
an IR ellipsometer.'*°! The GVD clearly indicates that our sus-
pended waveguide structure has two ZDWs, which is benefi-
cial for engineering a flat curve. In contrast to the waveguide
width which does not impact the GVD curves (Fig. 1(b)), in-
creasing total waveguide height pushes the second ZDW to-
wards longer wavelengths, simultaneously enhancing the to-
tal anomalous GVD value (Fig. 1(c)). However, such effect
could be mitigated by making the slab thick (Fig. 1(d)). For
applications that require to maintain a low dispersion, a rel-
atively thick slab is preferred. Otherwise, a high rib to slab
ratio waveguide is recommended. However, mechanical sta-
bility must be taking into concern for this type of waveguide.
Studies have shown that a ratio below 4:1 is in general suffi-
ciently robust enough to support such suspended structure. 36!
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Fig. 1. (a) A schematic drawing suspended waveguide structure; (b)—(d) waveguide dispersion curve of varying width (fixed 7 = 0.3 um),
height (fixed 7 = 0.3 um), and slab thickness (fixed W =2 pm, H = 1.1 pm), respectively.
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3. Nonlinear wavelength conversion

The nonlinear dynamics of an optical pulse in waveguide
is governed by the generalized nonlinear Schrédinger equation
(GNLSE), which takes the following form: 137]

0A 1 . d . -

!
= n!

i"B, J"A
ot

=i (V(%)H%i) A(z,t)

X / R(f')|A (z,0 —1) ]2 dr’,
0
where A represents the envelop evolution of the optical pulse,

o stands for the propagation loss, 3, is the n-th orders of dis-
persion coefficient. The right-hand side of the equation con-

ey

siders possible nonlinear effect. ¥ stands for the nonlinear co-
efficient, and R(¢) is the nonlinear response function, which
includes both contributions from electrons and nucleus. It is
expressed as

R(1) = (1= /) 8(1) + frhr (1), 2)

where fr denotes the fractional contribution of the delayed
Raman response to nonlinear polarization, and hg(t) is the
Raman response function. Both are material dependent pa-
rameters. Numerically solving the GNLSE provides the pulse
evolution and nonlinear wavelength conversion dynamics.

3.1. Raman soliton self-frequency shift (SSFS)

It has been well established that a reasonable amount
of anomalous dispersion for the pump soliton pulse is nec-
essary to initiate Raman SSFS. We therefore choose GeS-
bSe waveguide (@ = 3 dB/cm) with dimensions W = 2.0 um,

2 uym

(a) N -1.1 pm

7L0.3 pum

o

A=2.8 ym

A=2.86 pm

H=1.1 um, T =0.3 um, as shown in Fig. 2(a), whose disper-
sion curve is represented by the red line in Fig. 1(d). A 100-fs
laser pump pulse with center wavelength at 2.8 pm is chosen to
fully explore SSFES effects in the mid-IR. We conduct the sim-
ulation by numerically solve GNLSE using previously estab-
lished split step Fourier transform protocol.*3] The results of
the generated SSFS with respect to the pump pulse energy and
its corresponding temporal evolution are plotted in Figs. 2(b)
and 2(c), respectively. At a threshold energy of 7 pJ, SSFS
starts to be observed. As the pump energy increases to 200 pJ,
the center wavelength of the SSFS shifting from 2.8 pm and
reaches 5.9 um, creating larger than one octave tuning range.
It is interesting to note that the soliton shape becomes broader
after the pump pulse is beyond 150 pJ, whose center wave-
length also coincides with the maximum point of the waveg-
uide’s GVD curves. This is primarily due to the fact that with
dispersion diminishes, nonlinear effect of spectral broadening
begins to dominate, and therefore the created soliton are more
spectrally spread.

Next, we investigate its soliton dynamics as is given in
Figs. 3(a) and 3(b). After propagating a waveguide length of
5 mm, a distinctive soliton branch separates from the pump
and begins red shifting until passing a length of 10 mm. After
that, the soliton balances its dispersion with nonlinearity and
reshapes. It is also evident that more than one soliton as well
as dispersive waves are generated in this process, which is also
observable in Fig. 2(b). We then further calculated the conver-
sion efficiency of SSFS and plotted in Fig. 3(c). The results
clearly show the efficiency is greater than 50%, regardless of
the pump pulse energy.
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Fig. 2. (a) Illustration of waveguide structure for Raman SSFS, (b) spectral, and (c) temporal evolutions of SSFS with increasing pump power.

104207-3



Chin

. Phys. B 33, 104207 (2024)

1.0
E £l
& 08 &
ﬁ =
50 0.6
=1 =]
s 3
s 04 3
=] =]
20

¢ j 02 ¢
@ «
= y o E

— : 0
2000 3000 4000 5000 6000 ~10

Wavelength (nm)

0
Time delay (ps)

. 56— :
S (OF |

& 3

5 Sdp 0 77777777 ]
RN

‘:.5 52 g———0—4g \ *****
o ‘ | | )

2 ‘ | | |

g BOF-—
>

=

Q i i i i

O 48 H H H L

10 20 50 100 150 200

Pump energy (pJ)

Fig. 3. (a) Spectral and (b) temporal evolutions of the pump soliton pulse along waveguide propagation, (c) pump soliton conversion efficiency to SSFS

under various pump energies.

3.2. Supercontinuum generation

Supercontinuum is another nonlinear wavelength conver-
Unlike SSFS that carefully shifts the soliton
central wavelength towards longer wavelengths, supercontin-

sion process.

uum expands the pump laser and creates a spectrally ultra-
broadband pulse. It involves multiple nonlinear mechanisms
such as soliton fission, self-phase modulation, four-wave mix-
ing, intra-pulse Raman scattering as well as dispersive wave
generation. To effectively generate supercontinuum, a flat
curve with low dispersion value is required to meet the phase
matching condition. The waveguide (¢ = 1 dB/cm) struc-
ture is then designed to be W =3.0 um, H = 1.0 um, T =
0.7 um, whose dispersion curve and structure are illustrated in
Fig. 4(a). To generate a supercontinuum with maximum pos-
sible spread, we pumped the waveguide at the anomalous dis-

persion side of the ZDW. The same pump pulse parameter as
the one in SSFS (100 fs, 2.8 um, and 200 pJ) are injected. Fig-
ures 4(b) and 4(c) display its spectral expansion and evolution
after passing 10-mm long waveguide, respectively. Significant
spectral broadening of over an octave is achieved after 50-pJ
pump power. As the pump power continues to increase, the
supercontinuum expands starting from 1.2 pm and passing be-
yond 8 um, covering over 2.5 octaves. Its evolution map also
indicates that fission of the soliton pulse occurs at a waveguide
length of 10 mm. Subsequently, the solitons shift their center
wavelengths, broaden their spectral width, and finally connect
to form a consecutive ultrabroadband pulse. Our waveguide
structure has evidenced its superior ability in achieving super
broadband mid-IR light source.
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Fig. 4. (a) Illustration of waveguide structure for supercontinuum generation and their corresponding dispersion curve, (b) supercontinuum
generation under increasing pump energy, and (c) spectral evolution of supercontinuum pulse.
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3.3. Kerr soliton micro-comb generation

In addition to directly pumping in a waveguide, Kerr soli-
ton comb leverages strong cavity field enhancement effect in
high-Q whispering gallery resonant mode. It excites a greater
number of oscillating modes through four-wave mixing and
forms a stable soliton envelop. The modal field dynamics
are characterized by a spatiotemporal formalism known as
Lugiato—Lefever equation (LLE), an intra-cavity azimuthal
representation of the GNLSE.3®! It takes the form of

oy(6,7) B’y

= —(1+id)y+ily]*y - iS5z TF @

drt

The 7 =t /7, here represents the time normalized by the
photon life time, § is the frequency detuning normalized by
cavity loaded FWHM, and B is the normalized GVD.

2 (20— ) 2f3

6:—77 B:—i,
Ao

4
Ay @

where Ay, denotes the FWHM of the loaded cavity reso-
nance. F' is the external pump term

SgOAwext P
F= \\ 3 1o 5
A(D%t hQO ( )

Here, go = noch3/(n}Vp) is the nonlinear gain where ng and
ny are the linear and nonlinear refractive indices, Vj is the
modal volume, P denotes the external pump, and A®ey, is the
coupling-Q-related FWHM.

To numerically solve LLE, the dispersion term is ex-
pressed with respect to cavity resonance mode. The frequency
of the relative mode number (1 can be expressed as the Taylor
expansion around the center frequency €2, yielding a linear
dispersion D and integrated higher order dispersion Djy,

LT N L SR O
0y = (1)0+D1,U+§D2/.L +6D3“ +ﬂD4u +--
= iwg+ DU + Diy. (6)

We designed a micro-resonator with a ring radius of
250 pum under the same geometry, its second-order dispersion
and integrated dispersion Dj,; of both TE and TM modes are
plotted in Figs. 5(a) and 5(b), respectively. The pump wave-
length of 2.8 um is selected to coincide with the zero disper-
sion of Djy;. By setting a loaded-Q factor of the resonator
to be 9 x 10°, the corresponding waveguide propagation loss
a of 0.8 dB/cm, and a pump power of 28.5 mW, our sim-
ulation results yield a single Kerr soliton formed inside the
micro-resonator with wavelength spanning from 2.62 pum to
2.98 pum, which are illustrated in Figs. 5(c) and 5(d). The
comb teeth spacing is 1.76 nm, and their ensemble establishes
a sechy envelop, evidencing the comb’s soliton behavior. It is
worth emphasizing that multiple soliton comb and modulation

instability comb states are also solutions to the LLE, by care-
fully adjusting the pump wavelength detuning, such states are
accessible. The wavelength spanning can be expanded by fur-
ther dispersion engineering (i.e., waveguide width, height, and
slab thickness) and increasing the pump power. The generated
mid-IR soliton combs have great potential in ultrafast ranging
and detection as well as dual comb spectroscopy for molecular

sensing. (03]
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Fig. 5. (a) The second order and (b) the integrated dispersion curves for TE
and TM polarization in a micro-ring cavity resonator, (c) the azimuthal field
distribution of the cavity, and (d) a soliton micro-comb spectrum generated
from the resonator.

4. Discussion

While it is obvious from mathematical equations that CW
laser-pumped parametric processes require stringent phase
matching condition, managing dispersion is also vital in ultra-
fast pulse evolutions. For SSFS, a certain abnormal dispersion
is needed to maintain the soliton state. We further simulated
SSES process at an even higher abnormal dispersion at a pump
wavelength of 2.9 um, as shown in Fig. 6(a). The soliton con-
version efficiency of 2.9-um pump wavelength is lower than
that of 2.8 um, the soliton conversion efficiency is 47.2% when
the pump energy is 200 pJ. By comparing with Fig. 2(b), it can
be seen that at longer SSFS center wavelength, a higher pump
power is demanded to balance the large initial dispersion. It
is also interesting to point out that pumping close to ZDW
does not promote SSFS for the reason that small dispersion no
longer supports soliton state which consequently fissions into
supercontinuum. Similarly, pumping at the normal dispersion
side of the ZDW also yields different forms of supercontin-
uum. Plotted in Fig. 6(b) is the simulation result of pumping
wavelength of 2.45 um for waveguide structure as shown in
Fig. 4(a). Instead of undergoing soliton fission process, the
pump pulse broadens its wavelength span via self-phase mod-
ulation, forming a flat-top supercontinuum. The wavelength
covers from 1.2 um to 5.5 pm narrower compared with the re-
sults in Fig. 4(a) but is highly coherent, which is advantageous
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under coherence-required application. Therefore, in addition
to choosing a waveguide material with high nonlinearity and
low absorption, dispersion engineering is another key factor in
achieving efficient nonlinear wavelength conversion.
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| An A /\
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Fig. 6. (a) SSFS evolution pumped at higher abnormal dispersion and
(b) a flat-top supercontinuum generation pumped at normal dispersion.

5. Conclusion

To sum up, we proposed a suspended mid-IR nonlinear
waveguide by transparent and highly nonlinear material GeS-
bSe. Through waveguide geometry dispersion engineering,
we successfully predicted such waveguide capable of produc-
ing continuous wavelength tuning Raman soliton from 2.8 pm
to 5.9 um, 2.5 octaves wavelength spanning supercontinuum
from 1.2 pum to 8.0 um, and micro-resonator single soliton
Kerr comb. GeSbSe waveguides with loss down to 0.8 dB/cm
have been fabricated in our recent work, *%! which will make
generation of such braodband supercontinuum, SSFS, and
Kerr soliton possible in the future. Our result clearly evi-
denced GeSbSe suspended waveguide with strong nonlinear
optics capability in the mid-IR spectral regimes.
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