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We reported a chalcogenide glass-based rib waveguide fabricated using photolithography and dry etching method. A
commercial software (COMSOL Multiphysics) was used to optimize the waveguide structure and the distribution of the
fundamental modes in the waveguide based on the complete vector finite component. We further employed thermal anneal-
ing to optimize the surface and sidewalls of the rib waveguides. It was found that the optimal annealing temperature for
GeAsSeS films is 220 °C, and the roughness of the films could be significantly reduced by annealing. The zero-dispersion
wavelength (ZDW) could be shifted to a short wavelength around ~ 2.1 pm via waveguide structural optimization, which
promotes supercontinuum generation with a short wavelength pump laser source. The insertion loss of the waveguides with
cross-sectional areas of 4.0 umx3.5 pm and 6.0 pmx3.5 pm was measured using lens fiber and the cut-back method. The

propagation loss of the 220 °C annealed waveguides could be as low as 1.9 dB/cm at 1550 nm.

Keywords: chalcogenide film, dispersion engineering, optical waveguide, thermal annealing

PACS: 42.82.-m, 42.82.Cr, 42.82.Et, 42.81.Dp

1. Introduction

Supercontinuum (SC) generation is realized via disper-
sion and a series of nonlinear effects.!'! Broadband mid-
infrared SC light source has been found to be applica-
ble to optical coherence tomography, bio-imaging, molecu-
lar fingerprinting spectroscopy, and high precision frequency

[2-51 Recently, SC generation has been widely stud-

[6,7]

metrology.
ied in optical fiber as well as planar waveguide devices.
Generally, it requires the fiber or waveguide to be pumped at
a waveguide close to its zero-dispersion wavelength in order
to achieve the maximum expansion of the SC spectrum. In
addition, it is preferable to choose materials with a large Kerr
nonlinearity®! since SC generation is typical nonlinear inter-
action processes including self-phase modulation, cross-phase
modulation, soliton dynamics, Raman scattering, four-wave
mixing, and so on. 1!

ChGs have emerged as promising nonlinear materials
with a number of distinct properties that make them attrac-
tive for mid-IR applications, ChGs consist of one or more of
chalcogen elements S, Se, and Te that are covalently bonded
with glass forming materials such as As, Sb, Ge, and Ga.!!!l
Compared to other glass materials, ChGs exhibit higher op-
tical Kerr nonlinearity, high refractive index, and wide mid-

DOI: 10.1088/1674-1056/abd 757

infrared transparency window.!'?! ChGs can provide a wide in-
frared transmission spectrum with sulfides exceeding 8.5 pm,
selenides up to 14 wm, and tellurites to around 20 pm. Sil-
icon has some disadvantages in high-speed nonlinear optical
signal processing. In 1550 nm band, silicon would be affected
by two-photon absorption (TPA) and free carrier absorption
(FCA), thereby reducing the performance.!'*! Chalcogenide
glasses are chosen because they have some unique properties,
including low TPA and no FCA."*-17] The third-order nonlin-
earity of ChGs up to ~10~13 cm?/W is 100-1000 times higher
than that of silica.!'®1°] Recently, Karim et al. reported a nu-
merical study of the air clad Gej; 5As24Segq.5 1ib waveguide
with a SC spanning from 2 um to 6 um when the waveguide
was pumped with a peak power of 500 W at a wavelength of
3.1 um.?%1 Further theoretical studies by Karim have shown
a supercontinuum output from 1.8 pm to beyond 8 pm in a
Ge1.5A824Seq4 5 1ib waveguide on Mng.m] Zhang et al. re-
ported SC spectrum ranging from 1 pum to 7 um in As,S3 glass
rib waveguide pumped by pulses with a peak power of 2 kW,
and duration of 50 fs at a wavelength of 1.55 um.*?! More-
over, Yu et al. also presented experimental results showing a
linearly polarized SC spectrum extending from 2 pm to 10 um
over highly nonlinear rib waveguide employing 4.5 kW peak
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power 330 fs pulses pumped at 4.184 pum.!”! The width of the
SC spectrum generated in the planar chalcogenide waveguide
is smaller than that in the fibers. However, the advantage of
the waveguide platform is that all the functions can be inte-
grated on a single chip, which can ultimately be used for more
powerful lab-on-chip systems. [>]

In this paper, we fabricated Ge;;Asy9S)5Sess waveguide
by UV-lithography and dry etching, and determined appro-
priate etching parameters and thermal annealing temperature
(220 °C) to reduce the scattering loss of the surface and
sidewalls of the waveguide.**?>] We chose Ge;;As29S75Sess
glass component because the Ge|| 5As4Segs.5 MCN= 2.67)
component in the Ge-As-Se glass system has been demon-
strated to be the most stable composition,®! and the re-
placement of Se with a certain amount of S can signifi-
cantly increase the laser damage threshold in Ge—As—Se glass
system.”’l GeAsSeS glass exhibits relatively good thermal
stability (7, = 237 °C) and a third-order nonlinearity around
2.82-5.46x 1071 cm?/W at 1550 nm.['*! The surface rough-
ness of the as-deposited and annealed films, the morpholo-
gies, and the propagation loss of the waveguide were char-
acterized. In addition, the two ChG materials are thermally
matched which are highly suitable for preparing step-index
waveguides.

2. Waveguide design and simulation

The waveguide structure was optimized by changing the
height and width of the waveguide to obtain a good distri-
bution of the optical modes. The rib waveguide was applied
because it can effectively reduce the interaction between the
mode and the sidewall of the waveguide, which is beneficial to
the fabrication of low-loss waveguides. The optimized struc-
ture of the waveguide was obtained using a commercial soft-
ware (COMSOL Multiphysics). The structure diagram of the
waveguide is shown in Fig. 1. A 1.1 um GeAsS film was de-
posited on a silicon (TOX) substrate with 2 um thermal oxide
layer by thermal evaporation, such a thin film could be used
as the bottom cladding layer to reduce light leaks into the sub-
strate. Then a 4.5 pum-thick GeAsSeS film with 3.5 um etch-
ing depth was used as the optical transmission layer. Another
layer of GeAsS was used to cover the top of the waveguide
to prevent the core layer from absorbing moisture and other
impurities in the air. The width of the waveguide was fixed at
2 um, 4 um, and 6 wm, respectively.

|| Ge1 1A52982{,Se35
GesoAsi5555

TOX

Fig. 1. Schematic of the waveguide cross section.

Figure 2 show the electric field distributions at different
wavelengths. Figures 2(a) and 2(b) show the electric field dis-

tributions of quasi-TE and quasi-TM modes at 1550 nm, re-
spectively. It is evident that quasi-TE and quasi-TM modes
are well confined in the waveguide. The field distributions of
the quasi-TE mode at wavelengths of 2 um, 4 pum, 6 um, and
8 um in the waveguide are shown in Fig. 2(c). We found that
even at long wavelengths, the mode field could be effectively
confined in the rib structure. The width and height of the de-
signed waveguide are 6 pm and 3.5 pm, respectively.

-

quasi-TM
1.5 pm

Fig. 2. (a) and (b) Electrical field distributions of the quasi-TE and
quasi-TM modes at 1550 nm. (c) Electric field distribution of the quasi-
TE mode at 2 pm, 4 um, 6 um, and 8 pm, respectively.

For ChG glass, the ZDW is usually larger than 4.5 pm,
reducing the ZDW of the waveguide structure is crucial for
SC applications,?®! since most of the commercially available
lasers operate at short pump wavelengths less than 2 pm. The
ZDW of the waveguide could be shifted to a shorter wave-
length through dispersion engineering. The dispersion curves

of the two modes are calculated by

A d2negr
c da?’

Dy = ey
The dispersion of the transmission mode is determined by the
wavelength A and the speed of light ¢, as well as the second
derivative of the mode effective index (neg) relative to the
wavelength. The calculated results of the designed waveg-
uides with different widths are shown in Fig. 3. It can be
seen from Fig. 3(a) that a 2 um wide waveguide exhibits a
close double-zero dispersion point, which limits the broaden-
ing of SC. Although in the short wavelength region, for 4 um
and 6 um wide waveguides, quasi-TE and quasi-TM have al-
most the same influence on the dispersion of the waveguide.
However, it is obvious that the effect of the quasi-TE mode on
the waveguide dispersion is smaller than that of the quasi-TM
mode as the wavelength increases. The ZDW of the quasi-TE
mode and the quasi-TM mode in waveguides with widths of

4 um and 6 um is around 2.1 wm, which is shorter than the
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ZDW reported in Refs. [29-31] The effective mode area (Ae)

is given by
2
aen=| [[1ERas| ] [[ 110 @

where E represents the electric field transverse component

propagating inside the waveguide. The integration is per-

formed on the whole waveguide cross-section calculation re-
gion. The A of the waveguide with 6 um width (14.3 um?
for TE mode and 14.5 um? for TM mode) is obviously larger
than that of the waveguide with 4 pm width (9.6 um? for TE
mode and 9.9 um? for TM mode). The smaller the A, the
higher the nonlinear coefficient of the waveguide, which can

enhance the nonlinear effect.

Wavelength (pm)
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Fig. 3. Calculated dispersion curves of the quasi-TE and quasi-TM modes with the waveguide width of 2 pm, 4 pum, and 6 pum, respectively.

3. Waveguide fabrication

The GeAsSeS and GeAsS targets were fabricated using
melting-quench method and then used as the source materials
for the thermal evaporation. Figure 4 displays the flow chart of
the fabrication process of the chalcogenide waveguide. 1.1 pm
thick GespAsi5S55 and 4.5 pum thick Gej1As29S;5Sess chalco-
genide films were deposited on a TOX substrate successively.
The films were annealed at 220 °C for 3 hours to reduce resid-
ual stress and scattering loss.!*?! GeAsSeS waveguides were
fabricated through UV-lithographic patterning and dry etching
by employing a positive AZ series photoresist.*>! The pho-

toresist with a thickness of 1-2 um was spin-coated on the film
and then the film was baked for 6 min at 90 °C to survive de-
velopment and subsequent etching without peeling. After UV
exposure, the photoresist was developed followed by hard bak-
ing. After a contact ultraviolet lithography for 8 s, the photore-
sist was developed followed by 0.5 h post-baking at 120 °C.
During etching, the ICP power was 500 W, HF was 100 W,
the reaction chamber pressure was 6 mTorr, and the etch rate
was ~ 1600 nm/min. The optimized CHF3:CF, etching ratio
allowed us to obtain a rib waveguide with smooth surface and
high sidewall verticality. Finally, a 1 um-thick GeAsS layer
was covered as a protective layer on the core layer.

sio, ll S~ ~—— > ~—
(a) substrate (b) clading (c) core (d) photoresist
Gep1As20S25Sess [l cleaning deposition deposition coating
GesoAs15555

photoresist ]

mask 1l

(e) UV exposure

(f) plasma
etching

(h) clading
deposition

(g) photoresist
removal

Fig. 4. Schematic fabrication process of the waveguide.

4. Results and discussion

The composition of the films was measured by using
energy-dispersive x-ray spectroscopy (EDX). The refractive
index curves of the Ge;;Asy9S,5Se35 and GezgAsi5Sss films
are shown in Fig. 5. The linear refractive indexes of the
films annealed at different temperatures below 7, (237 °C)

were measured by an ellipsometer (J. A. Woollam IR-Vase
IT). Compared with GegSeg, and As,S3 films, 3431 GeAsSeS
films show the better stability of refractive index. The dif-
ference in refractive index between the annealed film and the
deposited film is less than 0.04 in Fig. 5(b). The increase in re-

fractive index caused by the densification of the film could be
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explained by the increase in the number of heteropolar bonds
after annealing, thereby increasing the effective polarizability
of the material. The film thickness shows the opposite trend,
i.e., it decreases with the annealing temperature. By raising the
temperature to reach 240 °C, the film thickness drops sharply
by ~ 7 % due to the high temperature causing the material
to evaporate from the surface, which is also reflected by the
increase in surface roughness.

2.7
(a) — Geq1As29S255e35
5 261 — Ge3oAs15555
e’ ’¥
g 2.5¢
2
5 24}
&)
g
& 2.3t
~
2.2}F
2 4 6 8 10
Wavelength (pm)
0
2.58} (b) 9 §
% - refractive index
[3) . o
ke -=-fractional change 4y @
= 2.57F in film thickness - f::
£ 6 ©
© g
% 2.56 —8 g
= ~10 g
2.55¢} €3
0 50 100 150 200 250

Annealing temperature (°C)

Fig. 5. (a) Refractive index of as-deposited films. (b) Variation in rel-
ative thickness and refractive index at 1550 nm of GeAsSeS films an-
nealed at different temperatures.

The first and crucial step in low-loss waveguide fabrica-
tion is to prepare high quality films with stable physical prop-
erties. The glass material needs to be added several times dur-
ing thermal evaporation coating, which would cause delamina-
tion of the film. Thermal annealing is a simple method to ac-
celerate the relaxation of the film to its equilibrium state. The
density of the film could be improved by the proper thermal
annealing.[*%) In Fig. 6, the morphology AFM images for the
as-deposited and annealed GeAsSeS films show the fine parti-
cles on the surfaces of the films. Each group is processed with
identical fabrication schemes but with different temperatures
below T, (237 °C). By performing thermal annealing treat-
ment on the as-deposited film at a temperature from 180 °C to
240 °C with a step of 20 °C (Table 1), the change in root mean
square roughness (RMS) of the film surface was measured by
AFM. For the as-deposited film, the RMS is 2.98 nm and de-
creases with the increased temperature up to 220 °C, although
the change is not obvious. The mean square error (MSE) de-
creases significantly as the temperature increases to 220 °C.
The measurement results show that the roughness of the film
annealed at 220 °C is reduced by 18% compared to that of the

as-deposited film. By raising the temperature to over 240 °C,
small cracks and bubbles were observed in the film through a
microscopy, which is attributed to the thermal mismatch be-
tween the film and the silicon-based substrate. We thus con-
clude that the best thermal annealing temperature is 220 °C.
The previous studies have shown that an annealing treatment
can reduce the Rayleigh scattering of the films via the sup-
pression of homopolar bonds, voids, and dangling bonds in
the deposited film.[3! Compared with the as-deposited state,
the annealing treated film has smaller nanoparticles, and thus
could be used to prepare low-loss waveguides.

13.2 nm

—8.3 nm

Fig. 6. AFM topographical image of Ge-As—Se-S film surfaces taken at
5x5 pm scanning area: (a) as-deposited film, (b) 220 °C annealed film.

Table 1. Surface amplitude parameter for GeAsSeS films.

Temperature ~ As-deposited 180°C  200°C 220°C 240°C
RMS (nm) 2.98 2.87 2.65 243 2.49
MSE (nm) 0.491 0479 0434  0.201 0.260

To obtain high-quality GeAsSeS waveguides, we chose
a mixed gas of CF4 and CHF; for etching. The gases in the
reaction chamber of ICP form a plasma including ions, molec-
ular mixtures, electrons, CF, (x = 1, 2, 3) groups, and fluorine
radicals. The main factor affecting the etching behavior is the
relative density of the fluorine radicals. The etching strength
increases as the density of fluorine radicals rises. The inert flu-
orocarbon polymer formed by the CF, groups is deposited on
the surface and sidewalls of the etched film. This fluorocarbon
polymer protective layer can prevent further etching by fluo-
rine radicals. Although the fluorocarbon polymer deposition
and fluoride radical etching are isotropic, the lateral etching
rate is lower than the vertical polymer removal rate. Enhanced
anisotropy can reduce the occurrence of trenches and sidewall
cuts in lateral etching.’”! We have previously tried using CF;4
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and O; as etching gases, but some undesirable phenomena oc-
curred, such as rough etched surfaces, curved sidewalls, and
large etching deviation, due to a large number of fluorine radi-
cals and relatively few CF, groups in the etching environment.

Scanning electron microscopy (SEM) and optical mi-
croscopy were used to observe the morphology of GeAsSeS
waveguides. It can be seen from Figs. 7(a) and 7(b) that the
waveguide fabricated by the preparation process herein ex-
hibits a vertical sidewall and excellent morphology. The ver-
tical sidewalls of the rib waveguide can reduce the loss due to
scattering and effectively confine the light in the mode field.
Figures 7(c) and 7(d) show the cross-sectional morphology of
the waveguide prepared by the as-deposited film and the an-
nealed film. The waveguide prepared by the 220 °C annealed
film exhibits better compactness on all levels, which is bene-
ficial to the subsequent preparation of the waveguide without

the problem of falling off.

B

before annealing

after 220 °C annealing
6 um

6 um

Fig. 7. (a) SEM image of the waveguide. (b) Optical microscopy image
of the waveguide. (c) and (d) Cross-sectional view images of GeAsSeS
rib waveguide before and after annealing.

The transmission properties of the waveguide samples
were measured using an automated alignment system with lens
fibers to couple light into and out of the waveguide and the out-
put light was detected using a power meter (Newport 1918-R).

The propagation loss in dB/cm is defined by

P, out

1
loss = —ZIOlog B 3)

Figure 8 shows the propagation loss measured at 1550 nm
of the rib waveguide samples fabricated from the as-deposited
and annealed films with different lengths (12 mm, 7 mm, and
3 mm). To avoid the experimental uncertainty and statisti-
cal error in the loss measurement, several runs of the mea-
surements were carried out on the waveguide samples and the
data of the loss were averaged. The calculated propagation
losses in 6 pm wide and 4 pm wide annealed waveguides are
1.91£0.21 dB/cm and 2.134+0.26 dB/cm, respectively. The
approximate measurement error indicates that the annealed
waveguide exhibits more than 0.4 dB/cm lower propagation

losses compared to the waveguide before annealing. The prop-
agation loss increase could be primarily attributed to increas-
ing sidewall scattering as the width decreased from 6 pm to
4 um. In addition, the coupling losses between lensed fibers
and the waveguide could be determined by the intercepts of the
fitting line, which was ~ 7 dB/facet for the waveguide. Pre-
sumably, the relatively large coupling loss is the mode mis-
match between the waveguide and the lens fiber. The cou-
pling loss can be reduced via several approaches, like pol-
ishing the waveguide end surface and adding anti reflection

coating. [33-40]
—14.0
B W=6 pum 220 °C annealing
—14.5 A W=6 pm as-deposited
® W=4 yum 220 °C annealing
= —15.0 v W=4 um as-deposited
Z
» —18.5F
w0
= 16.0
- .
2
£ —16.5F
o
w0
= —17.0}
W=6 uym: y=—14.36—0.191x
—17.5¢k W=6 uym: y=—14.38—0.237x
W=4 uym: y=—-14.70—0.213z
—18.0F W=4pm: y=-14.73-0.252z
1 1 1 1 1 1

0 2 4 6 8 10 12
Length (mm)

Fig. 8. Insertion loss and propagation loss of waveguides fabricated
from the as-deposited and annealed films.

5. Conclusions

In this paper, Ge1As29S255e35 waveguides were fabri-
cated by photolithography and dry etching. The ZDW of the
obtained waveguide could be shifted to ~ 2.1 um through ap-
propriate dispersion engineering, which provides great conve-
nience for the laser pump wavelength required for SC genera-
tion. The experiments demonstrated that thermal annealing is
an effective way to reduce film roughness and reduce optical
loss. Without changing the geometry of the waveguide cross-
section, thermal treatment can reduce film roughness (up to
18%) and reduce optical loss (up to 19%). The correspond-
ing propagation losses of the annealed waveguides of 6 pm
(width)x3.5 pum (height) and 4 um (width)x3.5 um (height)
are 1.940.21 dB/cm and 2.134+0.26 dB/cm at 1550 nm, re-
spectively. Based on the optimized design and fabrication pro-
cess of the waveguide, GeAsSeS chalcogenide waveguides are
suitable for potential applications related with SC sources.
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