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We report the fabrication and the physical and optical characterizations of sulphide

GaxGe25−xSb10S65�x=0,5� rib waveguides. High quality films fabricated on SiO2 /Si wafer substrates

were obtained using the sputtering magnetron rf deposition method. The slab waveguides obtained

without annealing present propagation losses of about 0.6 dB/cm at 1550 nm. These optical losses

are not important for implementation in optical devices based on silicon-on-insulator or polymer, for

instance, atomic force microscopy measurements revealed low interface roughness between the

different media �substrate/film and film/air�. Reactive ion etching was used to pattern rib

waveguides between 2 and 300 �m wide. The parameters were optimized to obtain a dry etching

process that had low surface roughness, vertical sidewalls, etch depth of more than 1 �m, and

reasonable etching rate. This technique was used to fabricate Y optical junctions for optical

interconnections on chalcogenide amorphous films. Their optical transmission was demonstrated by

optical near field of guided modes and optical losses were measured and discussed. © 2008

American Institute of Physics. �DOI: 10.1063/1.2968248�

I. INTRODUCTION

In the many fields where integrated optics can be used,

the development of amplifiers and laser sources, optical sen-

sors, and all-optical devices based on nonlinear properties

will be able to provide low cost and highly compact optical

systems. Chalcogenide glass offers advantages such as a

wide transmission window �1–20 �m� depending on the

material’s compositions and its high refractive index, making

integrated optics suitable for sensitive detection of biological

or environmental variations.
1–6

They also present interesting

nonlinear optical properties, photorefractive effects, and low

phonon energies for active devices. These properties �wave-

length conversion, Raman and parametric amplification, la-

ser sources for mid-IR, etc.� are actually under investigation

on fibers and planar waveguides made of chalcogenide

glass.
7–18

Slab waveguides based on chalcogenide amorphous

films with good adherence and controlled composition may

include rare earth ions. They can be obtained using different

methods of deposition such as thermal evaporation,
19–22

chemical vapor deposition,
23

pulsed laser deposition,
24–27

and rf sputtering.
28–30

The first step was to produce rib

waveguides, i.e., two-dimensional guiding structures com-

posed of a thin high-index layer deposited on a low-index

substrate. Lithography and plasma etching are standard pat-

terning techniques in microelectronics used to design and

manufacture complex optical devices on a compact chip.

The aim of this study is to obtain sulphide waveguides

using rf-magnetron sputtering showing a low surface rough-

ness and low optical losses. The composition of the films

Ge25Sb10S65 and Ga5Ge20Sb10S65 �called 2S1G and 2S2G,

respectively� were also selected for their transparency in the

visible and near-IR domain compared to selenide and tellu-

ride films, their glass transition temperature higher than

300 °C related to the network cross-linkage strengthened by

the presence of fourfold coordinated germanium atoms and

their faculty to accept rare earth doping in the case of 2S2G

with partial substitution of gallium for germanium.
27,31–33

II. EXPERIMENTAL CONDITIONS

A. Synthesis of targets, film deposition, and
characterizations of the sputtered films

Chalcogenide glass targets were synthesized from com-

mercial elemental precursors �Ga, Ge, Sb, and S� of high

purity �5N�. The precursors despite their high nominal purity

often present a surface oxidation and can be polluted by wa-

ter. So, sulfur was purified before the synthesis by dynamic

and static distillation to remove impurities and then was kept

in a glove box under dry argon atmosphere. All the elements

were placed in evacuated quartz ampules and then sealed.

The synthesis was performed in a rocking furnace at a tem-

perature of 800 °C for 12 h. The ampule containing the melt

was then air quenched. Targets were directly obtained from

glass rods in the form of cylinders with 5 mm thickness and

50 mm in diameter.a�
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The starting substrates measured 1.5 in. Si wafers. They

were wet oxidized at 1175 °C in an open tube furnace for 10

h. Oxide thickness was measured with a Taylor–Hobson pro-

filometer and was equal to 2.7 �m.

2S2G and 2S1G films were deposited by rf-magnetron

sputtering on top of these surface oxidized silicon substrates.

Deposition was carried out at a working pressure in the range

of 5.10−3–5.10−2 mbar. The sputtering power was main-

tained at low rf power �15–50 W� during deposition.

The layer and rib waveguide surface and their rough-

nesses �rms� were analyzed both by field emission scanning

electron microscopy �SEM� �JEOL JSM 6301F� and by

atomic force microscopy �AFM� using tapping mode™ with

10 nm tip radius cantilevers �Nanoscope III, Digital Instru-

ments�.

B. Photolithography and dry etching methods

A classical photolithography process was used to prepare

dry etching with positive Shipley S1813 photoresist. First, a

1.3 �m thick photoresist was spin coated on the wafers.

After soft baking, the photoresist was then exposed to UV by

means of a Cr-mask using a Suss Microtech MJB3 i-line

mask aligner. The exposed bands were dissolved with a com-

mercial developer. Considering the high reactivity of chalco-

genide films in relation to the NH4OH- or KOH-based devel-

oper, the TMAH-based developer Microposit MF 319 was

selected. After hard baking, different parameters were inves-

tigated in the etch process: study of the gas composition

�either CF4 or CHF3 and combined with O2�, gas flow from 1

to 30 SCCM �SCCM denotes cubic centimeter per minute at

STP�, gas pressure between 0.3 and 30 mTorr, and rf power

in the range of 30–300 W. The etching was performed with a

Nextral NE 110 reactive ion etching �RIE� machine to obtain

both vertical and smooth sides. The CF4 and CHF3 gases

were selected since the F− ions could form volatile com-

pounds with sulphide glass. The etch rates were determined

by SEM observation of film cross sections.

C. Optical characterization

The effective refractive indices of the propagation modes

in the planar waveguide were measured with a Metricon-

2010 laser beam with wavelengths 633, 1302, and 1540 nm

for both TE and TM polarization and rutile prism were used

to excite the TE and TM modes inside the planar chalcogen-

ide waveguides.

Optical losses were measured by studying the scattered

light from the surface of the waveguides. These waveguides

varied in length from 2 to 2.5 cm.
34,35

The laser light was

single-mode fiber-coupled into the waveguide. The intensity

of the scattered light was recorded with a digital camera

placed above the sample. Transverse scanning along the di-

rection of light propagation enabled us to obtain the two-

dimensional �2D� light intensity distribution of the wave-

guide modes. The longitudinal variation was obtained by

integrating the data along each sampling transverse line. The

light intensity decreased exponentially with the

FIG. 1. SEM images of cross sections and surface of sulphide thin films deposited by rf-sputtering.

FIG. 2. �Color online� AFM image of a 1�1 �m2 area of a 2S2G deposited film.�a� Film with thickness=2 �m and �b� film with thickness=6 �m.
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z-propagation distance. In this study, the attenuation values

were the average of several measurements performed on sev-

eral samples. The polarization of the coupled light in the

waveguide was not controlled.

In addition, light propagation was observed at the output

of the waveguides by recording near field profiles of guided

modes at 1550 nm.

III. RESULTS AND DISCUSSION

A. Morphology and topography of the native and
etched films

The 2S2G and 2S1G film deposition rate varied from 10

to 20 nm min−1 depending on the target composition and the

distance between substrate and target. In these deposition

conditions, the thickness of thin films varied from 0.5 to

20 �m.

SEM technique was applied to study the morphology of

thin films, as shown in Fig. 1. Neither columnlike structure

in the cross section nor cracks at the surface of the 11 �m

thick films were observed. The layers seemed to be dense.

The rms roughness was determined by AFM, over a 1

�1 �m2 area, before and after annealing for several differ-

ent thicknesses �Fig. 2�. The roughness slightly increased

nonlinearly, the roughness being 0.2 nm for a film of about

2 �m in thickness, 0.25 nm for 4 �m, and 0.4 nm for

6 �m. After annealing near the glass transition temperature

range, no changes in the roughness were observed. Similar

results were obtained for both 2S2G and 2S1G films.

At this stage, the optical quality of films deposited by rf

sputtering was sufficiently high to obtain rib waveguides by

dry etching with fluorinated gases. The problem with chalco-

genide films is to achieve vertical sidewalls that are not in-

wardly or outwardly tapered. So, we varied etching condi-

tions in the capacitive plasma method and the gas used. For

RIE using CF4 plasma, the etching rate for 2S1G and 2S2G

was typically about 300 and 100 nm min−1, respectively

�100 W, 3 mT, and 10 SCCM�. A clear isotropic feature with

lateral undercuts was observed for these etching parameters

with a higher pressure �30 mT�. However, a positive effect

was that the etching rate rose by a factor of about 1.5. The

CHF3 gas was selected to minimize the undercutting of the

sidewalls due to the formation of protective fluorocarbon

polymer layer. However, the use of the CHF3 gas was finally

less efficient in terms of etch rate. The optimized conditions

enabled etch rates of about 15 nm min−1 for 2S2G and

30 nm min−1 for 2S1G �100 W, 3 mT, and 25 SCCM� to be

obtained. The lower etch rate in CHF3 is certainly due to a

greater thickness of the fluorocarbon film deposited on the

chalcogenide film surface during steady-state etching. In-

deed, it was demonstrated that etch rate is strongly influ-

enced by the deposition of polymer film using CF4 or CHF3

gas.
36

The F/C ratio of CHF3 smaller than that of the CF4 gas

was expected to decrease the etchant concentration of fluo-

rine by forming HF and promoting the passivation of the

sulphide film by polymerization. A compromise was looked

for the effects of the addition of oxygen into the plasma. In

these conditions of these etching parameters, CHF3 /O2

plasma containing 30% of oxygen provided a better etch rate

that was three times higher than the previous one but was

still slow. For CHF3 plasma, sidewalls with overcut angles

lower than 20° were obtained by controlling the etching pa-
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FIG. 3. �Color online� Etch rate of 2S2G films as functions of O2 /CF4 gas

flow ratios, with a plasma power 100 W, pressure 3 mTorr, and 10 SCCM

CF4 flow rate.

FIG. 4. �Color online� SEM images showing rib waveguide made of 2S1G deposited by sputtering and AFM image of a 2�2 �m2 area of a 2S1G deposited

film.�a� Etched surface area, �b� surface of the rib waveguide before etching, and �c� surface of the rib waveguide after etching.
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rameters. The addition of oxygen to CF4 plasma during the

etching of 2S2G or 2S1G films was also explored but it did

not considerably enhance the etch rate and as the proportion

of oxygen increased, the etch rate decreased. Figure 3 illus-

trates the dependencies of etch rate on the O2 /CF4 gas flow

ratios when the power was 100 W and the pressure was

maintained at 3 mT. The O2 /CF4 plasma etch rate of 2S2G

increased to 180 nm min−1 before dropping to 60 nm min−1

when the plasma had over 50% of oxygen. The initial in-

crease could be related to the dissociation of CFx radicals in

the plasma, due to the production of carbon oxides.
37

Then,

the concentration of reactive fluoride compounds in the

plasma decreased due to dilution by oxygen and the possible

formation of oxides or an oxysulphide layer.

Due to these low etching rates obtained of CHF3 gas for

the parameters under considerations even with O2 /CHF3 gas

mixture, we turned our attention to CF4 gas in order to obtain

an anisotropic etching of the sulphide films with suitable etch

rate. Finally, the dry etching process used allowed a good

etching selectivity, uniformity, satisfactory etching rate, and

straight sidewalls �Figs. 1 and 4�. Thus, some rib waveguides

were fabricated with width from 2 to 400 �m and etch depth

from 0 to 3 �m avoiding an excessive etching at the side-

walls leading to undesirable sloped sidewalls. The roughness

evolution of the film after photolithography and CF4 etching

was controlled by SEM and AFM at the end of the process

after the removal of the photoresist from the waveguide.

These two techniques analyzed both the surface of the sul-

phide waveguide protected during the etching by the photo-

resist and the one etched �Figs. 4 and 5�. After photolithog-

raphy, dry etching, and photoresist stripping, the roughness

of the 2S1G film of about 1.5 �m thick is about 0.25 nm

both on the etched surface and on the top of the rib wave-

guide �Fig. 4�. The surface roughness slightly increases in

the case of 2S2G compared to 2S1G due to insufficient re-

moval of gallium during the etching process, as expected for

such chemical element with fluorine gas. This effect can be

compensated by increasing the rf power associated with a

low pressure �Fig. 5�.

B. Modal characterization

The refractive indices were measured by m-lines method

at 1550 nm. These measurements are shown in Table I. From

these results, the propagated modes were calculated using the

dispersion equation for a slab waveguide as a function of the

thickness of the guiding layer �Fig. 6�. The effective refrac-

tive index values of the first modes are presented in Table II.

Each of the guided modes propagates by total internal reflec-

tion with an angle � with respect to the perpendicular at the

interface guiding layer/cladding layer. The values of these

angle and their effective thickness are also shown in Table II.

In order to check the modal character of waveguide, the

guided modes were observed at the output of the waveguides

using a near field method at 1550 nm for slab and rib

waveguides �Figs. 7�a� and 7�b��. These measurements re-

veal that these waveguides are multimode for both slab �ac-

cording to vertical direction� and rib structures.

C. Optical loss measurements

Optical losses were measured for the different types of

waveguides. The measured attenuation coefficient mainly de-

pended on: material absorption ��abs�, surface scattering

��surf�, interface roughness and volume scattering ��vol�, and

the inhomogeneity of the refractive index and radiative

losses ��rad�. Thus, the overall attenuation was equal to the

sum of all these optical loss contributions. The measured

values are shown in Table III at 1550 nm. In the case of the

slab waveguides, the optical losses were always lower when

using 2S1G waveguides than those obtained using 2S2G

waveguides. This behavior could be explained by the pres-

ence of gallium in the 2S2G film for which a Raman scatter-

ing characterization revealed the possible formation of sul-

phide gallium clusters inside the glass that were not perfectly

well dispersed inside the glassy matrix even for sulfur rich

TABLE I. Characteristics of guiding and cladding layers. The refractive

index was measured at 1550 nm using m-lines method.

Type of material Refractive index at 1550 nm Thickness layer

��m�

2S1G glass 2.238 1.7

2S2G glass 2.245 1.2

SiO2 1.447 2.7

FIG. 5. SEM images showing rib waveguide made of 2S2G and 2S1G

deposited by sputtering.
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glass.
38

In the case of the 2S1G rib waveguides, using the

lowest widths �4 to 10 �m�, the loss values were nearly

constant and are around 0.9�0.3 dB /cm whereas losses

were reduced with the highest widths. These loss values were

equal to those obtained on slab waveguides. For rib

waveguides, we took into consideration not only the same

loss origins, but also the presence of a few defects due to the

photolithography process and the presence of edges. The

overlap between guided modes and interface increased there-

fore the participation of surface scattering became more im-

portant. This could explain the difference of losses between

planar and rib waveguides using small widths. This loss dif-

ference was estimated to be about 0.3 dB/cm.

D. Theoretical optical losses

Four reasons have already been invoked to explain the

origin of optical losses: �i� absorption, �ii� volume scattering,

�iii� surface scattering, and �iv� radiative modes. In order to

discuss the experimental results, the different factors of

losses were calculated in order to establish the principal

trends of different contributions.

�i� �ii� The value of losses due to absorption and scattering

volume was estimated using the attenuation optical

losses obtained for an optical fiber manufactured with

the same material.
39

In this study, the 2S2G and 2S1G

films are homogeneous and dense �SEM and AFM

analysis�. So, the refractive index was considered as

constant in depth. As a result, the volume scattering

losses can possibly be neglected in first approxima-

tion. At 1550 nm, the absorption coefficient was ma-

jored and was equal to 7�10−3 cm−1 corresponding

to 3�10−2 dB /cm. This value was low enough to

conclude that absorption by the material did not sig-

nificantly contribute to losses.

�iii� In order to evaluate the lineic losses due to substrate

leaky modes, these losses were calculated by using

transfer matrix formalism,
40

considering a slab wave-

guide of homogeneous permittivity �g=n2S1G
2 , of

thickness t=4.5 �m, between the air ��A=1�, and a

homogeneous cladding layer of permittivity �c=nSiO2

2 ,

deposited on silicon substrate. In geometric optics,

each of the guided modes propagates by total internal

reflection, with an angle ��n� with respect to the main

z-axis. Here we would find approximately ��0��4.2°

and ��9��45.3° for the first and last modes. Over a

projected length �z�n�=2t cotan���n��, the ray experi-

ences two total reflections, one at each boundary. One

can suppose that one of them is replaced by a reflec-

tivity coefficient R�n�=1−L�n� obtained from transfer

matrix formalism. Then, by equating the latter with

exp�−a�n��z�n���1−a�n��z�n�, one can define an

equivalent loss coefficient of ��n�=L�n� /�z�n�. As a re-

sult, ��0� is equal to 10−12 m−1 ��8 10−14 dB /cm�

and ��9��3 10−2 m−1 ��1 10−3 dB /cm�. So, in this

study, the losses due to substrate leaky modes are con-

sidered negligible.

�iv� Surface scattering losses are related to the rms devia-

tion of the planarity at guiding layer interfaces ���.

TABLE II. Modal characteristics of slab waveguides at 1550 nm for TE polarization.

Type of slab waveguide Mode number �at 1550 nm� Effective index � �radians� Effective thickness ��m�

2S1G m=0 2.226 1.50 4.77

m=9 1.553 0.77 5.15

2S2G m=0 2.239 1.50 4.77

m=9 1.570 0.78 5.11

FIG. 7. �Color online� �a� Near field of guided modes for a 2S1G slab

waveguide at 1550 nm and �b� near field of guided modes for a 2S1G rib

waveguide with an 8 �m width at 1550 nm.
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Light intensity lost by surface scattering at the two

interfaces of the guiding layer is given by the model

developed by Tien.
41

In this model, it is assumed that

the roughness �12 is constant at the �1� interface guid-

ing layer and �2� cladding layer and is equal to 0.2

nm. �This roughness was measured by AFM�. The

roughness �01 at the �0� interface air and �1� guiding

layer is the parameter in this study. Figure 8 repre-

sents surface losses using a 2S1G slab waveguide at

1550 nm calculated as a function of roughness �01 for

the five first modes. The surface losses increase im-

portantly with both the value of �01 and with the

mode order. The loss values can become very impor-

tant as a function of the value of the roughness and

could be the major source of losses.

E. Key results and realization of Y junctions

The difficulties inherent in the manufacturing of thick

films and micron and nanosize structures in chalcogenide

compared to oxide glass or silicon-on-insulator are

well-known.
42–44

The choice of germanium based sulphide

glass was fixed because of a better robustness expected with

the presence of germanium atoms in the glassy network and

a Tg relatively high for chalcogenide glasses.

The physical properties of these sulphide films turned

out to be suitable for RIE etching. By optimizing the param-

eters for the pure CF4 plasma process �power, gas pressure,

and gas flow rate�, an anisotropic etching behavior was ob-

tained with a reasonable etching rate equal to 100 and

300 nm min−1, respectively, for 2S2G and 2S1G and with an

overcut angle �positively sloped sidewall� inferior to 10°.

The O2 gas mixed with fluorine gas was used, as observed in

the case of Ge33As12Se55 films, in order to increase the etch-

ing rate and yield overcut angles lower than 30°.
5,45

It was

also used to limit, for pure CF4 , the too strong chemical etch

of As2S3 films leading to serious undercutting and very

rough sidewalls of the waveguides.
46

The use of oxygen can

be avoided in our case and allowed a better respect for the

composition of the sulphide film limiting the formation of

oxysulphide by oxygen diffusion into the film.

A single-mode fiber was used to couple light in the

waveguides and the external field excited different modes.

Although the simulation showed that these rib waveguides

supported multiple modes at 1550 nm, higher order modes

generally presented high losses due to the stronger coupling

of the propagating field in relation to the sidewalls. As a

result, the measured loss values include losses of several

modes notably the surface scattering losses at different ex-

cited modes. The values of 0.6 dB/cm would be principally

due to the contribution of surface scattering at different ex-

cited modes. Similar loss values of the same order of mag-

nitude were obtained using multimode chalcogenide glass rib

optical waveguides.
43,44

Waveguide splitter are important elements in a variety of

applications such as power splitters for planar lightwave cir-

cuits or optical sources for integrated microfluidic devices.
47

Such applications rely on the division of an optical signal

into N outputs �1�N�. Finally, straight Y junctions with a

guide width of 2 �m were formed on sulphide films by

similar processes. Figures 9 and 10 show different top views

of the structure and the near field, respectively, of guided

modes at the output of the Y junction at 1550 nm. This struc-

TABLE III. Optical losses of 2S1G and 2S2G slab waveguides and 2S1G rib waveguide for different widths

�w� at 1550 nm.

Optical losses �dB/cm� 2S2G slab waveguide 2S1G slab waveguide 2S1G rib waveguides

15	w��m�	300 10	w��m�	3

At 1550 nm 0.7�0.3 0.6�0.3 0.6�0.3 0.9�0.3
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FIG. 8. �Color online� Surface scattering losses as a function of the rough-

ness at the interface air/guiding layer for a chalcogenide glass slab wave-

guide at 1550 nm for different modes. The roughness is equal to 0.2 nm at

the guiding layer/cladding layer.

FIG. 9. �a� SEM micrographs showing Y junction rib waveguide made of

2S1G deposited by sputtering. �b� Top view of light guided in the symmetric

beam splitter at 1550 nm.
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ture was designed in order to be slightly multimode with a

film thickness of 500 nm and 4 �m width at the input and

2 �m after the Y junction. The top view �Fig. 9� of light

transmission shows not only the scattering light at the out-

puts of the Y junction but also the scattering light due to the

separation of branches. If an excess loss is expected for such

structures it has not been possible to evaluate this yet.

IV. CONCLUSION

We have demonstrated the feasibility of manufacturing

chalcogenide rib waveguides and Y junctions. Dry etching

processes leading to low surface roughness, lower damage,

reduced deviation from verticality of sidewalls, and reason-

able etching rate were demonstrated. Optical losses as low as

0.6 dB/cm were measured at 1550 nm in slab and rib

waveguides. The losses were principally due to surface scat-

tering losses of different guided modes. The results suggest

that germanium based sulphide amorphous films obtained by

magnetron rf sputtering deposition method are suitable can-

didates for waveguide technology. This technology using the

specific characteristics of chalcogenide glass has an excellent

potential for application in different fields such as optical

communication and sensing.
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