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Chalcogenide coatings are investigated to obtain either optical components for spectral applications or
optochemical sensors in the mid-infrared. The deposition of Ge;5SbySgs and TeyAszSes, chalcogenide
glasses is performed by two physical techniques: electron-beam and pulsed-laser deposition. The quality
of the film is analyzed by scanning electron microscopy, atomic force microscopy, and energy dispersive
spectroscopy to characterize the morphology, topography, and chemical composition. The optical prop-
erties and optical constants are also determined. A CF, dry etching is performed on these films to obtain
a channeled optical waveguide. For a passband filter made by electron-beam deposition, cryolite as a
low-refractive-index material and chalcogenide glasses as high-refractive-index materials are used to
favor a large refractive-index contrast. A shift of a centered wavelength of a photosensitive passband filter
is controlled by illumination time. © 2008 Optical Society of America

OCIS codes:

1. Introduction

Chalcogenide glasses are transparent in the near-
and mid-infrared regions of the spectrum (0.5-10 pm
for sulfides, 0.8—12 pm for selenides, and up to 20 pm
for tellurides) and present high refractive indices,
typically in the range of 2.0-2.9 at 1.5 pum [1]. They
have been applied as optical materials in this region
(lenses, coatings, prisms, plates, filters). They also
present attractive properties for a nonlinear optical
field. It is well established that x'® of chalcogenide
glasses is approximately 2 orders of magnitude larger
than that of silica, and large second-harmonic gen-
eration (SHQG) efficiencies can be expected in such
glasses.
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120.4530, 160.4760, 310.0310, 310.3840, 160.4670.

In addition, these amorphous chalcogenides can be
deposited in thin films as optoelectronic components
[2,3]. With their specific physicochemical properties,
these materials can also be used in optical coatings,
such as bandpass filters for telecommunication or
spatial applications in the infrared range. In an-
other field, optochemical sensors with complex planar
structures can make use of chalcogenide films for
exploring the IR spectral domain [4-7]. Mid-IR optic
sensors are of great interest with their inherent mo-
lecular selectivity, allowing qualitative and quantita-
tive analysis of various chemical and biological
species [8,9].

Moreover, chalcogenide amorphous films can see
their absorption edge shifted either toward longer
or shorter wavelengths (photodarkening and photo-
bleaching, respectively) and their refractive indices
modified under light irradiation of appropriate en-



ergy and intensity. The photoinduced effects of chal-
cogenide glasses and films are related to modification
of their electronic and atomic structure and their
physicochemical properties. This behavior strongly
depends on the choice of chemical system, composi-
tion, and deposition method. Consequently, the pho-
toinduced refractive-index variation of chalcogenide
films could be exploited for selective channel writing
or Bragg gratings in a planar waveguide [10-13] or
laser trimming of interference filters [14,15].

In this work, we are interested in two chalcogenide
films of composition Ge;5SbySgs and TeyyAsgySes,
called 251G and TAS, respectively. These particular
compositions were chosen because of their remark-
able properties: large optical window covering the
spectral region from 500 nm to 11 pm for 251G and
from 1.3 to 18 pm for TAS, excellent resistance to
devitrification, suitable durability toward water and
solvent corrosion, and high refractive index. More-
over, in the case of 251G, photosensitivity was re-
ported in the system of Ge—Sb—S [16]. We investigate
the chalcogenide film deposition by two deposition
methods: electron-beam deposition (EBD) and
pulsed-laser deposition (PLD). The PLD method is
promising for preparation of thin films of complex
composition because all components of the target can
be evaporated at once [17]. The EBD presents the
advantage of being able to deposit homogeneous thick
and large size films. Each method having advantages
and disadvantages, the comparison of the resulting
films from targets with identical starting composi-
tions is significant, making our purpose successful.

2. Experimental Methods

A. Glass Target Synthesis

The chalcogenide glasses of composition Ge;5Sby,Ses
and Te,As;oSes, are prepared in the form of rods
from the appropriate amounts of high-purity com-
mercial elements (99.999%): As, S, Se, and Te, spe-
cially purified to remove oxygen, molecular water,
carbon, and silica. These impurities introduce ab-
sorption in the mid- and far-IR ranges, as well as
scattering losses due to microinclusions. The chemi-
cal reagents S and Se are purified by vacuum distil-
lation with a low rate of evaporation. The synthesis
reactor is evacuated in an oil-free vacuum (10*
mbar). Then, the sealed ampoule containing the re-
agents is placed into a rocking furnace heated at
850 °C for 12 h for 251G (650 °C for 8 h for TAS) and
quenched in water. In the final stage, samples are
annealed at a temperature near Tg (the glass tran-
sition temperature) for 4 h and cooled slowly to room
temperature. The glass samples are obtained as rods
with a diameter of 18 mm for EBD and 25 mm for
PLD with a length of approximately 50 mm. Several
glass cylinders are obtained from the same batch,
allowing great reproducibility between successive
depositions and also for the PLD and EBD deposition
methods, which use exactly the same bulk batch. For
optical characterization, bulk samples of 1 mm thick-

ness are polished with fine powders of dimensions up
to 0.5 wm to obtain flat surfaces and parallel sides.

B. Deposition and Photolithographic Processes

Typical equipment for EBD used for the preparation
of coatings is a Balzers BAK 600 evaporation plant
with a 60 cm stainless steel bell jar, equipped with
two electron-beam guns with water-cooled crucibles.
The chalcogenide materials are placed in an interme-
diate graphite liner of 4 cc capacity. An x—y sweep can
be applied to the electron beam, and it can be ad-
justed to evaporate a relatively large area, increasing
the film uniformity. The films are deposited on the
fused-silica or silicon substrates that are subjected to
a normal cleaning procedure before being cleaned by
a discharge in a vacuum chamber.

Controlled by a quartz-crystal monitor, deposition
took place at a rate of 1 nm/s with a pressure of the
order of 2.10~® mbar. Optical monitoring in transmis-
sion was used to control the manufacturing of single
layers and passband filters. For all coatings, we used
colored glass filters to avoid the influence of light
absorption during the deposition due to the bandgap
energy of the materials located in the visible spectral
range (Schott OG 550 and RG 830, respectively, for
251G and TAS). To follow the coating formation in
real time, suitable wavelengths of approximately 840
and 1550 nm were selected, respectively, for 251G
and TAS [18,19].

For the manufacturing process of the passband fil-
ter, zinc sulphide (ZnS) and cryolite (Nas;AlF;) were
selected to perform the mirror parts considering that
the parameters of evaporation are compatible with
those of chalcogenide glasses, particularly for the
TAS composition. These materials deposited at am-
bient temperature for the substrates are well known
for their use as high- or low-refractive-index (2.25
and 1.35 at 1.5 pm for ZnS and Na;AlFy, respectively)
materials with the EBD technique [20].

For PLD, a KrF excimer laser operating at 248 nm
with a constant output energy of 200 mdJ per pulse,
with a pulse duration of 30 ns, and operating at
20 Hz was used. The laser energy incident on the
target surface was fixed at 1.4 J.cm % Thin films
were deposited in a vacuum chamber with a residual
pressure of 2.107® mbar before each experiment on
substrates held at room temperature. The target-to-
substrate distance was approximately 5 cm with ro-
tating substrates. To limit damage to the surface
upon laser irradiation, a laser beam translation made
it possible to scan the target surface, leading to a
uniformly ablated surface of 1 X 1.2 cm area. For the
considered laser energy, the deposition rates were
approximately 0.8 and 0.6 nm/s for TAS and 2S1G,
respectively.

A classical photolithography process was used to
prepare dry etching with a positive (S1813) or nega-
tive (SU8 2002) photoresist. First, the photoresist is
spin coated on the wafers. After a soft bake, the pho-
toresist is then exposed through a Cr mask thanks to
an i-line mask aligner. After a postexposure bake, the
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exposed bands (positive photoresist) or nonexposed
bands (negative photoresist) were dissolved with a
suitable developer. The experimental setup used for
reactive physical ion etching consists of a Nextral
radio frequency sputtering with CF, gas since the F~
ions were suitable to form volatile species with chal-
cogenide elements. After a hard bake, waveguides
were etched with a gas flux from 10 to 30 SCCM
(SCCM denotes cubic centimeters per minute at stan-
dard temperature and pressure) under gas pressure
between 3 and 10 mTorr and with a RF power range
of approximately 30-100 W. This process allows a
good etching uniformity. The etch rate of TAS and
251G is approximately 200 nm/min. A number of rib
waveguides were fabricated with widths from 3 to
400 pm and etch depths from 0 to 3 pm.

C. Bulk and Film Characterization

For optical properties, chemical composition, struc-
ture, topography, and morphology investigation,
silicon and silica substrates were placed in the dep-
osition chambers for the PLD and EBD techniques.

The composition of bulk glass and films was mea-
sured using a scanning electron microscope (SEM)
with an energy-dispersive x-ray analyzer (JSM 6400-
OXFORD Link INCA), and the morphology of the film
was observed by a field-emission gun SEM (JSM
6301F). For the case of the observation of morphol-
ogy and the composition of the multilayer, we used
a high-resolution field-emission SEM (Hitachi-
S4800) including energy-dispersive x-ray spectros-
copy (Horiba 7593-H).

Raman spectra were measured using a Ti:sapphire
tunable laser (Spectra-Physics 3900S, exciting line at
748 nm for this study) coupled to a confocal micro-
Raman triple spectrometer (DILOR XY500) in back-
scattering configuration; the typical resolution was
2.5 cm ', All spectra were recorded at room temper-
ature.

The surface roughness of the layers was measured
with an atomic force microscope (Quesant Q-scope
250). We used contact mode imaging with a scanned
area of 2 X 2 pm in general.

Thermal analysis, with an accuracy of +2 °C for
determination of Tg, was performed on a differential
scanning calorimeter (TA Instruments DSC 2010)
with a heating rate of 10 °C/min, and the typical
sample weight was approximately 10 mg. The den-
sity was measured in CCl, using the Archimedes
principle with an accuracy of =0.005 g/cm®. The den-
sity and glass transition temperature of the chalco-
genide glasses used are 3.2 and 250 °C for the 251G
and 4.5 and 137 °C for the TAS.

The transmittance and reflectance of the bulk
glass and thin chalcogenide films were measured
using visible-near-infrared and Fourier transform
infrared spectrophotometers. In the 320-900 and
600-1700 nm spectral regions, a PerkinElmer 18 and
a fiber spectrophotometer (with a typical resolution of
5nm and sample analysis area of 1 mm? for mapping)
were used, respectively [21]. In the case of the films
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deposited on a fused-silica substrate, a determination
of optical constants has been performed on a large
spectral range through reflectance and transmittance
measurements and with a variable angle spectro-
scopic ellipsometer (VASE, J.A. Woollam Co., Inc.).
Ellipsometric measurements allowed a spectral
range extension from 500 to 2300 nm at three differ-
ent angles of incidence of the primary light beam (65°,
70°, and 75°). In the case of the photosensitivity char-
acterization of the single layers and passband filter, a
tunable laser diode was used in the spectral range of
1520-1570 nm. The effective refraction indices of the
propagation modes in the planar waveguide were
measured with a Metricon-2010 instrument . A laser
beam at wavelengths of 1302 and 1540 nm for both
TE and TM polarization and a silicon prism were
used to excite the TE and TM modes inside the planar
chalcogenide waveguides [22].

3. Experimental Results

A. Chalcogenide Optical Results

The transmittance of TAS and 2S1G bulk glasses
with a thickness of approximately 1 mm is shown in
Fig. 1. The refractive indices of the glass targets in
the contact zone obtained from the prism-coupling
configuration are 2.38 and 2.98 for 251G and TAS at
1.54 pm, respectively. The transmittance of TAS and
251G thin films deposited by PLD and EBD for sev-
eral thicknesses (Figs. 2a and 2b) proves that the
layers obtained by these deposition methods present,
on the whole, good optical qualities. The transmit-
tance of 251G and TAS EBD was recorded for three
thicknesses (1.2 and 1.7 wm, respectively, and 5 pm)
and compared with a PLD thin film. For 251G, a
bandgap energy shift is observed between the PLD
and EBD films. In the case of TAS PLD film, such a
shift is not present, but a reduction of oscillation
amplitude of the transmittance can be noted. This
behavior could have its origins in the inhomogeneous
and more absorbent layer obtained by PLD compared
with that obtained by EBD.

According to the literature [23,24], the refractive
index and the thickness of the film can be determined
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Fig. 1. Transmission of TAS and 251G bulk.
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Fig. 2. Transmission of (a) 251G and (b) EBD films obtained by

PLD or EBD for several thicknesses deposited on silica sub-
strates.

starting from the transmittance and reflectance
curves. Considering this refractive-index method, the
films obtained by EBD and PLD are homogeneous,
except in the case of the TAS PLD films, which are
also absorbent (¢ = 0.003 at 1550 nm). In compari-
son, for the refractive index and the thickness of
the film measured by VASE, the experimental data
were fitted using a classical Cauchy dispersion law.
The values obtained by these first two optical meth-
ods are presented in Fig. 3, whereas the third method
used, the M-lines technique [25,26], gives the opto-
geometric parameters of several films (Fig. 4). By
comparison, some classical differences appear [27],
which depend on the model used and accuracy mea-
surements, but the agreement between these various
optical characterization methods is satisfactory.

At 1540 nm, far from the absorption edge, the re-
fractive index is equal to 2.42 + 0.01 for 251G and
2.87 = 0.01 for TAS EBD films with a thickness of
1.55 pm, which is in good agreement with the refrac-
tive indices of bulk samples. A decrease in refractive
index seems to be related to an increase in film thick-
ness with Anyge = 0.02 and Anqsg = 0.01 obtained by
ellipsometry for a thickness variation of approxi-
mately 3 wm, considering the measurement accuracy.
These slight variations of the refractive index, as a
dependence of the thickness, can be explained by
lower uniformity of the thick film (5 wm) obtained
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Fig. 3. Refractive index dispersion curves of 251G and TAS EBD
films obtained by VASE ellipsometry and spectrophotometry.

after several hours of deposition. It is well known that
as a result of irradiation and/or thermal annealing
of chalcogenide films, many of their properties are
changed; in particular, a shift of the bandgap absorp-
tion and also a refractive-index variation can be
observed [28]. Thus, during the deposition, the vari-
ations of temperature (approximately 20 °C) in the
chamber and electronic bombardment power (5%)
during EBD can also play a role in the layer quality.

Whatever the film thickness, the high-refractive-
index value of the chalcogenide films is associated
with a very low absorbance in the NIR part of the
spectrum (¢ < 10™%), and especially in the telecom-
munication C-band, around 1550 nm, except for TAS
PLD film.

The refractive indices of samples obtained by PLD
are generally a little bit lower than those for the films
obtained by EBD. For instance, the PLD films with
an intermediate thickness (2.6 and 3.1 um) have
comparable values, as determined by spectrophotom-
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Fig. 4. M-lines with Si prism-coupling configuration at 1540 nm

for 251G PLD and EBD films and indices of refraction of 251G PLD

and EBD films and TAS EBD film.
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etry at 1.5 pum, to EBD thick film (5 wm). This slight
difference can be explained by the fact that the
deposition techniques do not exactly employ the
same physical processes, mainly due to divergence
in terms of energy used for evaporation [17]. Thus,
an analysis of the chemical composition and struc-
tural investigation by Raman scattering was car-
ried out on the films compared with bulk targets to
extend the scope of the investigation for a better
understanding of the processes involved.

B. Characterization of Chalcogenide Pulsed-Laser and
Electron-Beam Deposition Films: Composition, Structure,
Topography, and Morphology

To understand the observations obtained by optical
methods, studies were undertaken on the chemical
composition, structure, topography, and morphology
of these films. During the evaporation process, the
effective temperature of vapors is relatively high and
chalcogenides can dissociate into fragments contain-
ing more- and less-volatile species. The disorder and
composition range of amorphous chalcogenide is im-
portant with a large free volume available. These
characteristics are beneficial for the formation of
compositional and coordination defects, which can
play a large part in optical properties (bandgap en-
ergy, refractive index, photosensitivity, etc.), all the
more in amorphous films. As a result, their composi-
tion and structure are strongly influenced by the dep-
osition conditions and can be investigated by energy
dispersion and Raman scattering spectroscopy, re-
spectively.

The analysis of EBD and PLD films by EDS al-
lows the determination of their chemical composition
of the various elements deposited on silicon. The film
composition was compared with those theoretical and
real of the Ge;5SbySg; and Te,AssSe; synthesized
bulk glasses. Table 1 sums up the analysis results.
For the 2S1G films, the chemical composition ob-
tained by EBD is close to bulk material, except a low
deficiency of sulphur (3%) usually observed for sul-
phide film deposition. Contrary to EBD 2S1G film,
the deposition by PLD with an energy fluency of
1.4 J/cm?” causes a substantial loss of sulphur, which
increases the proportion of (semi-)metal in the films
and also the relative proportion of antimony in com-
parison with germanium. This analysis can explain

Table 1. Chemical Composition by EDS of 2S1G and TAS Bulk Glass
and PLD and EBD Films

Theoretical Bulk EBD Film  PLD Film
Element (at. %) (at. %) (at. %) (at. %)

251G

Ge 15 14.8 15.3 15.1

Sb 20 21.0 22.5 26.8

S 65 64.2 62.2 58.1
TAS

Te 20 20.5 19.8 21.3

As 30 29.5 30.9 28.4

Se 50 50.0 49.3 50.3
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the difference observed on optical bandgap energy for
EBD and PLD film with a shift of transmittance to-
ward the NIR wavelengths (Fig. 2a). In the case of
TAS film, the variation of refractive index between
EBD and PLD films cannot be explained by a simple
variation of the composition, which is really close
(with regard to EDS accuracy, =0.5 %) to that of a
bulk glass target (Table 1).

On the Raman scattering spectrum of 251G glass
(Fig. 5a), a main large vibration band is present in the
range of 265 and 365 cm™'. This large band can be
decomposed into two main bands, considering the
composition of the glass. One band located close to
335 cm ™! can be associated with the v, symmetric
stretching mode of [GeS,] tetrahedrons [29], and the
presence of antimony induces the appearance of a
vibration band at approximately 295 cm ' associated
with the vibration of the [SbS;] trigonal pyramids
[30,31]. The other peaks usually related to the me-
dium range order structure of GeS, have been attrib-
uted to vy, usually called the companion peak, whose
origin remains controversial, and to the vibration of
Ge-S bonds in tetrahedral units linked by corners,
[29,32]. Moreover, because of the nonstoichiometry
of the glass, the small band related to the vibration
of the S-S bonds is also observable at 476 cm ' on
Raman spectra, which can be related to the connec-
tion of two tetrahedral or trigonal units by two sulfur
atoms [33]. The Raman spectra of the PLD and EBD
films are also mainly dominated by the band located
between 265 and 365 cm ', which overlaps the sym-
metric stretching modes of both [GeS,] tetrahedrons
and [SbS;] trigonal units. For PLD film, the relative
intensity between these two bands seems to change to
the profit of the band associated with antimony,
which is in agreement with the composition of the
film. It is also marked by the appearance of two new
bands of vibration at 165 and 208 cm *, which can be
connected with vibrations of metal bonds such as
Sb—Sb bonds for the first peak [30,31] and Ge-Sb-
and/or Ge-based tetrahedral structural units con-
taining fewer than four S atoms for the second peak
(GeS;Ge, GeS,Ge,, etc.) [29].

For TAS samples (Fig. 5b), the Raman spectra
present two main peaks and one important shoulder
at 170, 205, and 238 cm ', respectively. The nominal
composition of the glass (As;,Se; Tey) presents an
excess of Se and Te compared with the As,(Se, Te)g,
stoichiometric composition that can promote the for-
mation of Te-Te, Se-Te, or Se—Se bonds, which can
connect the pyramidal units of arsenic. Raman spec-
tra of an As—Se system present a broad main band in
the region of 200-300 cm ' [34]. In the case of
As,Seq, glass, the peak position of the main broad
band is located at 240 cm !, which is connected with
the stretching vibration modes of [AsSe;]| pyramidal
units. Consequently in the Raman spectra of TAS,
the shoulder at 238 cm ™! can be related to the vibra-
tion of [AsSe;] units keeping in mind that a contri-
bution may come from the formation of Se—Se in Se,
chains [35]. The extension of the band to 260 cm™*
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Fig. 5. Raman scattering spectra of (a) 2S1G and (b) TAS bulk
glass and EBD and PLD films.

could be related to the formation of Se—Se to form
As—Se—Se—As. For the band at 200 cm %, this line has
been assigned to vibrations of neighboring Se-Te
bonds [36]. The band at 170 cm ' should be related
with Te-Te or less probably Te-As. Effectively, ac-
cording to literature, two bands at 155 and 182 cm *
have been recorded in As;,Te;, glass, and the first
was associated with Te-Te bond vibrations [37]. In
the case of amorphous Se; ,Te, thin-film alloys, pre-

pared by thermal evaporation, it appears at approx-
imately 173 cm ' in samples with compositions of
approximately x = 0.3 [36].

Finally and in a first approach, the network struc-
ture of the 251G EBD film is close to that of bulk
glass, considering the Raman and EDS analysis. It
can be described as [GeS,] tetrahedral and [SbS;]
pyramidal units connected by sulphur and by some
S—S bridges, respecting the small sulphur excess of
approximately 5%. This conclusion cannot be applied
to PLD film for which the formation of defect bonds is
encouraged by the formation energies of a metal ho-
mopolar bond not far from the heteroatomic bond
(GeS or SbS) energies. These structural results have
repercussions for the optical properties of the 251G
films, which are comparable with bulk glasses for
EBD film but further apart for PLD films. In the case
of TAS composition, it is important to note that no
important discrepancy between bulk glass and film
occurs. The composition of PLD and EBD films are
really close to that of the bulk glass target, and film
networks seem not to be really modified by the dep-
osition. The TAS network seems to be mainly com-
posed of [AsSe;] connected by Se and bridges of Se—Se
and Se—Te due to the excess of chalcogens (55%). The
formation of Te-Te seems to occur, but it is difficult
not to consider the formation of As-Te, considering
the comparable value of their bond energy [17].

For topography measurements obtained by AFM,
we used TAS and 2S1G films deposited on silica sub-
strates. The root-mean-square (rms) roughness esti-
mated from AFM images measured over an area of
2 pm X 2 pm is approximately the same for the 251G
films by PLD and EBD deposited on a silica substrate
of approximately 0.91 and 0.97 nm, respectively

21
Fig. 6. AFM picture of 251G PLD and EBD films on fused-silica
substrate (mapping of 2 pm X 2 pm).
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(Fig. 6). A similar study for the TAS shows a clear
difference between coating techniques. Indeed, the
roughness is 95 nm for PLD compared with 0.8 nm
obtained with the EBD method. Nevertheless, be-
tween these nodules defined as microinclusions,
roughness is rather low (0.4 nm). This strong rough-
ness is explained by the appearance of nodules
irregularly spaced on the surface of the PLD film. A
well-known disadvantage of the PLD method is the
possible presence of particulates (droplets) in the de-
posited films. These nodules form light-scattering
sites, resulting in the optical quality of the films being
lowered, explaining the difference observed on trans-
mission. These nodules also explain why the layer
cannot be regarded as homogeneous film, affecting
also the determination of the refractive index by the
M-lines technique.

The TAS and 2S1G films were deposited on silicon
and directly cleaved for a morphology characterization
by a SEM (Fig. 7). An amorphous structure for the
251G films is observed, whatever the deposition tech-
nique used, with neither columnar nor granular mi-
crostructure (Figs. 7a and 7b). The film microstructure
can be considered vitreous—according to criteria de-
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Fig. 7. SEM images of 251G and TAS films deposited by EBD
and PLD on silicon substrate.
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cryolite passband in the spectral range of a tunable laser
(1520-1570 nm).

fined by Guenther et al. [38]—and so the packing den-
sity should be near 1. The microstructure of the TAS
PLD films is, as expected from AFM analysis, made of
nodules of approximately 100 nm to 1 pm with a
smooth area between them (Fig. 7c). In the case of EBD
films, free from cleavage defect consideration, the layer
is amorphous, and not porous, as 251G film.

C. Passband Filter

Since all EBD layers have undergone an adhesion
test with success [39], the selected TAS and 2S1G
glasses were used to confirm the potentiality offered by
chalcogenide glass as a high-refractive-index material
and a spacer layer of an all-dielectric passband Fabry—
Perot filter centered at 1550 nm and described by
the following formulas: Silica — (Ch-L)" — pCh —
(Ch-H)" — Air and Silica — (H-L)" — pCh — (L-H)" — Air
in which L is a low-index quarter-wavelength cryolite
layer and the notation Ch is a 251G or TAS high-

silica- (H)* - 4 ch - (L-H)* - AIr
10q Ch:2S1G  T,=03%

H:ZnS
L: Cryolite Texp=88'3%
0.84 29=1550nm
0.64 AA=3.7nm
|_
0.44 Experimental
—— Calculated
0.24
0.0 T - T —
1520 1530 1540 1550 1560 1570

Wavelength (nm)

Fig. 9. Transmittance of a passband in the spectral range of a
tunable laser (1520-1570 nm).



index layer, where (Ch-L)" or (H-L)" describe the clas-
sical periodical alternations of quarter-wavelength
mirrors. To obtain a good rejection (R = 96%) for
mirrors (H-L)" and (L-H)", the degree n must be in-
cluded between three and four; the index p of the
quarter-wavelength of the spacer is included between
four and six to obtain a relatively narrow bandwidth
FWHM, near 3 nm, at 1550 nm. To manufacture
these optical coatings and compensate the intrinsic
photosensitivity effects, the optical monitoring allows
the optical thickness to be adjusted for each layer
at the centered wavelength. Transmittance recorded
in the spectral range of 1520-1570 nm (Figs. 8 and 9)
shows good agreement with the theoretical predic-
tion. These first results prove the compatibility of
zinc sulphide and cryolite as classical materials with
glass chalcogenide as a new material to obtain optical
coatings. The slight differences observed can be ex-

§4800 1.0kV 8.1mm x8.00k SE(U)

$4800 1.0kV 8.1mm x50.0k SE(U)

Fig. 10. SEM image of a cross-section passband filter: Silica —
(Ch-L)? — 6Ch — (L-Ch)? — Air.

plained by three main causes: bulk scattering of ZnS
and cryolite layers, uniformity since a small crucible
area was used to deposit cryolite and chalcogenides,
and/or interface problems. To better understand the
slight difference between the theoretical and experi-
mental results, in the particular case of the filter
Silica — (Ch-L)? — 6Ch — (L-Ch)? — Air, the SEM im-
ages of the cross section of this coating deposited on
silicon was carried out. Figure 10 reveals the amor-
phous character of the TAS, identical to the single
layer study and crystalline character of cryolite made
of nanocrystallites (=100 nm), which is considered a
porous material. The chemical composition of this
coating is in good agreement with the TAS single-
layer analysis, in spite of the difficulty of extracting
chemical composition directly on a cross section of the
filter.

D. Applications and Photoinduced Effect

As mentioned in the introduction, this study was mo-
tivated by the need for an accurate characterization
(chemical composition, morphology, refractive index)
of the selected 2S1G and TAS chalcogenide films in
order to manufacture optical components likely to
present a photoinduced effect. Such optical compo-
nents are of great interest, in particular to detect gas
in the mid-IR or for telecommunication applications
in the C-band. As applications of this study of chal-
cogenide thin films, we present briefly in this sub-
section, our principal experimental achievements.
Under these conditions, a broadband light illumina-
tion was carried out on a single layer and a passband
filter with a spacer made of 251G and TAS, resulting
in a shift of more than 5 nm in the central resonant
wavelength toward the short and long wavelengths,
respectively. The shift of the centered wavelength at
1552 nm of a passband filter made of TAS and cryo-
lite according to the influence of the time of local
illumination is reported in Fig. 11. The photodarken-
ing observed in this case could be related to the for-
mation of defects and localized electronic states in the
tails of conduction and valence bands, which lower
the energy gap. The chalcogens (S, Se) and pnictogens

Transmission

0.0

1550 1552 1554 1556 1558 1560 1562
Wavelength(nm)

Fig. 11. Local illumination effect on the centered wavelength for
a passband filter: Silica — (Ch-L)? — 6Ch — (L-Ch)® — Air.
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Fig. 12. SEM image showing rib waveguide of TAS deposited by
EBD made by CF, dry etching.

(As, Sb), which are in large proportion in the selected
chalcogenide glasses, can take part in the photoin-
duced effect with their nonbonding orbitals (lone
pairs) forming the upper part of valence band states
and favored by the presence of chalcogen in the excess
developing bridge, as shown by Raman scattering
spectroscopy [40].

For optical integrated applications apart from the
use of photosensitivity to increase the refractive in-
dex, which presents some drawbacks, lateral confine-
ment of light can be performed on chalcogenide by dry
etching [41,42]. Ribs of 0.1 to 2 pm in depth were
obtained on PLD and EBD films using a CF, gas. The
ribs are well resolved as shown by a SEM on TAS
EBD film (Fig. 12). Thus, TAS and 251G waveguides
with vertical and relatively smooth sidewalls were
obtained, and the film roughness was low enough to
forecast having suitable optical losses (<1 dB/ecm at
1.55 pm for 251G [43]) for microsensor or nonlinear
optical application.

4. Conclusion

The deposition of Ge;5SbySgs and TeyAssySes, chal-
cogenide glasses (251G and TAS) has been per-
formed by two physical techniques: pulsed-laser and
electron-beam deposition. The quality of the films
was analyzed by nonoptical methods (SEM, EDS,
AFM) and by optical methods to determine their op-
tical constants. A dissimilarity of these characteris-
tics between PLD and EBD films was highlighted,
and the quality of the TAS PLD film should be im-
proved by varying the deposition parameters. A CF,
dry etching was performed for TAS and 2S1G film.
This anisotropic etching could allow a lateral confine-
ment of the light in optic sensor fabrication or non-
linear optic application. 2S1G and TAS waveguides
with vertical and relatively smooth sidewalls were
obtained, allowing the forecasting of suitable scatter-
ing losses for EBD film or improved PLD film. For
coatings, and in particular for passband filters, we
have used cryolite as a low-refractive-index material
and chalcogenides as high-refractive-index materials
for manufacturing with the EBD technique, favoring
a large refractive-index contrast.
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The wide range of photoinduced phenomena exhib-
ited by chalcogenide glasses enable them to be used in
a variety of optical applications. A particularly im-
portant feature of some of these phenomena is their
ability to change the refractive index of chalcogenide
glasses. Thus, the photosensitivity has repercussions
for the centered wavelength shift of a passband filter
controlled by illumination time. These changes could
take an interesting role in the fabrication of inte-
grated optical components and devices such as selec-
tive optical filters, couplers, and modulators.
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