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23.1 Introduction

Next generation devices for telecommunication and related applications will rely on the de-
velopment of materials which possess optimized physical properties that are compatible with
packaging requirements for systems in planar or fiber form. This allows suitable “integration”
to existing fiber-based applications and hence requires appropriate consideration to material
choice, its stability and long-term aging behavior. Included within this chapter are results of
recent efforts to engineer materials suitable for such integration. First, needs for integrated
optics and the attractiveness of chalcogenide-based glasses (ChGs) are reviewed. Second, the
flexibility offered within the As—S—Se glass system is discussed, and comparisons are drawn
between glasses in bulk and film forms. Following a description of the chemical systems and
the properties evaluated on materials in bulk glass and film form, results of efforts to create
components and characterize key structural attributes of such elements are described. The
property differences and characterization tools employed to realize these data are presented.
Efforts have been made in these studies to process and characterize the resulting structures in
the form to be used in their final device geometry. Lastly, the ability to photo-induce changes
within these glasses are discussed and key issues of such modification are reviewed. Described
are results of efforts to tailor optical properties concurrent with structural stability, and to eval-
uate changes to these properties which result during photo-modification and subsequent aging.

23.2 Chalcogenide Glasses for Near-Infrared (NIR) Optics

Two characteristics of As—S—(Se) compounds — a large glass forming region and a wide optical
transmission band, with potentially low loss for the 1.3—1.55 um telecommunications window
— make them excellent candidates tor infrared guiding applications. The ability to process
these glasses in substantial quantities in their bulk form, and their demonstrated capability of
tabricating good optical quality thin films formed by thermal evaporation and other deposition
techniques, enables the realization of relatively low cost As—S—(Se) integrated optical compo-
nents. With appropriate consideration of function and application, such components can be
“integrated” onto a single “chip’ or substrate.

In complementary work to that described elsewhere in this text, we and our collaborators
have demonstrated a range of optical functions that can be realized in these glasses, including
rare earth (Pr and Er) doping and emission in key telecommunication wavelengths, fabrication
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of waveguides (channel, self-written, fs-written). that can laterally or vertically couple light to
various locations within a planar structure, and gratings (relief and phase) that can spectrally
filter or modulate light. The results, summarized below, illustrate the attractiveness of these
materials for such applications.

ChGs are photosensitive when exposed to bandgap energy (£, ~ 2.35 eV for As,Sy)
[1,2]. Taking advantage of these photosensitive effects (photodarkening and photoexpansion)
in ChGs, allows the creation of bulk waveguide structures [3], or the patterning of photo-
induced relief gratings and guided wave structures in ChG films [4-6]. Recent results by our
group in this area are presented later in this chapter. The interplay between micro-structure and
desirable properties of devices is illustrated in materials suitable for use in high-specd optical
communication applications. Such applications require all-optical processing and switching
capabilities which must be compatible with system configurations. possess ultrafast broadband
response time, as well as Jow linear and nonlinear loss. Additionally. the material must be
amenable to the small sizes and stability requirements needed for future “on chip™ devices.
Chalcogenide glasses (ChGs) have shown promise in that they exhibit properties compatible
with the above requirements at 1.3 and 1.55 pm wavelengths |[7]. Recent experiments on
As-S, As—S-Se and related compounds have demonstrated flexibility in forming fiber and
film devices such as narrow-band spectral Bragg filters [8] and lens-arrays. rare earth doped
structures |9, 10] as well as couplers and self-written planar waveguides made from single and
multilayer film structures [11].

Key to the realization of components in any optical communication system. is a knowl-
edge that the material can carry out its function and maintain stability over specified thermal,
mechanical and environmental conditions. for a defined lifetime. Hence. the most attractive
material is only useful if a full understanding of its performance can be made in its “use™ ge-
ometry. Thus, results of our studies to engineer chalcogenide glasses for optical applications
have focused on the key property performance of the glasses in the final device geometry. We
have sought to define fundamental differences associated with processing and use, to identity
long-term stability issues and resolve them. with compositional and processing modifications.

23.3 Bulk Chalcogenide Glasses (ChG): Composition and
Optical Properties

Two kinds of glass samples have been used throughout the results reported here: binary stoi-
chiometric arsenic trisulfide (As,Ss or AsyoSqg) or its selenide analogue. originating from a
commercial source or prepared by a distillation process. The commercial samples. depend-
ing on the lot. exhibited regions with dark particles observed by optical microscopy. These
dark particles were identified as carbon particles by Fourier transform infrared (FTIR) spec-
troscopy, through measurement of an optical vibration mode at 1500 em™! characterizing the
C-S bonds. In order to improve the optical quality of glasses by removing potentially ab-
sorptive inclusions, a distillation procedure was established. The second type of samples were
ternary As—S—Se glasses containing <40 mol% As. The fabrication procedure employed to
obtain inclusion-free bulk glass material is described in detail in [12].
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Table 23.1: Compositions, density p. glass transition temperature T, and energy gap E,, of bulk binary
and ternary glasses.

Glass Composition p (glem*) T, (°C) E, (eV)
number (£ 0.00) (£ 2°C)

1 ASQS;;(AS“]S(;(]) 3.20 215 2.13
2 AS4(JS155€15 3.56 207 1.88
3 ASJ,()S;;()SC;{() 3.92 202 1.72
4 AS;;()513S€,13 4.27 196 1.62
5 AS,VM)SC(;() 4.59 191 1.54
6 ASQSHSGH 3.74 154 1.75
7 A524S:;gsejgx 3.63 131 1.74
8 AslgS4lSe11 3.50 114 1.72
9 A524S7(; 2.67 147 2.06
10 As24S575eq 3.1 137 1.72
11 AS};S]QSGF]T 4.05 122 1.51
12 ASQ4SC7(; 4.46 116 -

13 As11S155€e43 343 100 1.70

Figure 23.1: Ternary phase diagram depicting the three series of glasses examined within the As—S-Se

system.

The bulk glass compositions examined for variation of optical properties with structure
[13] are illustrated in the ternary phase diagram shown in Fig. 23.1. The physical properties
are summarized in Table 23.1. Shown in Fig. 23.1 are three series of glasses: compositions
along the line > AsyoSeo — (1 — ) AsyoSeqo form glasses where the molar ratio As/(S + Se)
was held constant at 2:3, and a systematic replacement of sulfur by selenium was made. These
compositions are represented as shaded circles and are labeled as compositions 1-5. Compo-
sitions maintaining a molar ratio S/Se = 1 were examined as a function of molar ratio As/(S +
Se). These compositions are represented in Fig. 23.1 as solid circles and represent a systematic
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reduction in As(S,Se);,» pyramidal units and a concurrent increase in chalcogen-containing
interconnecting chain members. To evaluate the role of chalcogen type and concentration on
both structure and linear and nonlinear optical properties, a series of compositions, (numbered
8—-12) were included. All glasses in this series contained 24 mol% As with an (S + Se) content
equal to 76 mol%, and are shown as heavy-lined open circles.

As can be seen in Table 23.1, there is a systematic red shift of the bandgap. F;. which is
correlated with the progressive substitution of selenium for sulfur in the glass. Concurrently,
an increase in density and decrease in 7, for increasing Se content occur. In the As-S and
As—Se systems, a decrease of the As(S.Se) ratio produces a blue shift of the band gap [ 14]. For
classes with Se/S = 1, the bandgap shows much less of a change. It is important to consider
the point where the two-photon absorption (2PA) of a candidate glass becomes significant. For
use at the telecommunication wavelength of 1.55 jim. this point (hr/2) is near 2.0 eV. Hence
glasses with a bandgap near or below this level may have appreciable nonlinear absorption
that could compromise performance in high power applications.

In Fig. 23.2, several characteristic Raman excitation wavelengths are illustrated with re-
spect to a plot of the glasses’ absorption coefficients for compositions with constant As/(S
+ Se) molar ratio. As will be discussed later, the selection of a probe wavelength for Ra-
man structural studies within this system becomes important. as excitation at wavelengths
within or close to the bandgap may promote absorption. The magnitude of this absorption
in most cases (observed for power levels as low as hundreds of microwatts) is sufficient to
impart measurable photo-induced structural changes. Often. such changes result in a discol-
oration, or the well-referenced phenomenon of photodarkening. As will be described within

this work, all Raman-based structural studies have utilized low-power (< 25 mW), near-
infrared (A = 840 nm) excitation, unless stated otherwise.
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Figure 23.2: Absorption coefficient (¢cm 1) versus wavelength for Asyo(S + Se)go glasses illustrating
the red shift in the absorption band with Se addition (from [7]). Shown for comparison are the glass
band cdge as comparcd with Raman excitation wavelengths.
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The linear optical properties within the As—S—Se glass system exhibit predictable system-
atic variation. Like the bandgap variation with Se addition depicted in Fig. 23.2. the same
glasses show a monotonic increase in linear index, n. with Se addition, when measured at
1.55 pm. This change in index for the same twelve glasses depicted in Fig. 23.1 is shown in
Fig. 23.3a. The change of index with composition can be directly related to the variation in
glass network structure associated with the compositional variation. The effect of an increase
in 2-coordinated chalcogen (S or Se) at the expense of 3-coordinated As gives rise not only
to a decrease in density, but also a concurrent decrease in refractive index. This is shown in
Fig. 23.3b where index is plotted as a function of structural connectivity. This connectivity,
is often described by a glass average coordination number (ACN), where the higher the ACN,
the larger is the extent of connectivity. ACN within the glass system has been calculated using
the following equation:

ACN = 3z + 2y

where & and y are the respective molar fractions of As and chalcogen species, respectively,
and the integer represents the normal coordination state of the atom in the glass network. The
systematic substitution of Se for S does not change the ACN as shown in Fig. 23.3b (as x and
* for stoichiometric (40 mol%) and As-deficient (24 mol% As) compositions, respectively).
However, for equi-molar chalcogen glasses (shown as triangles) the impact of decreasing con-
tent of 3-coordinated (As) species on the glass network and refractive index is clearly seen in
the systematic decrease in 7.
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Figure 23.3: Variation in linear refractive index (n) measured at 1.55 um as determined from Fresnel
loss measurements (a) for the three scries examined within the As—S—Se system (n 4+ 0.007). and (b) the
corresponding relationship between index and average coordination number (ACN) of the glass network
(from |31]).

The structural changes which impact linear index variation shown in Fig. 23.3 also lead
to a variation in the glass nonlinear refractive index. Here, not only are the structural species
important but their electronic character also plays a role. We have carried out extensive analy-
sis on bulk and ChG film [15, 16] materials using X-ray photoelectron spectroscopy (XPS), to
probe the variation in structural and electronic properties as a function of composition and fol-
lowing exposure to a variety of environmental conditions [17]. These studies have confirmed
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a systematic variation in position of the band edge, and limited variation in properties when
exposed to severely oxidizing conditions. Understanding changes in electronic structure aid
in the interpretation of many optical properties.

The normalized nonlinear index 1y as compared with fused silica for selected glasses
measured using z-scan at 1.55 um [12] is shown in Fig. 23.4a. The enhancement of nonlinear
optical properties (12) by substitution of selenium for sulfur in Asy,Sqo has been attributed
to an increasing number of covalent, homopolar bonds. On the other hand, distinctly large
nonlinear optical property values with ordinary linear values in Asy SsxSess (composition
7 in Fig. 23.3) may be due to Se—Se bonds, created by an As deficiency. Hence, what the
chemical species is, and what its electronic structure is, impact both linear and nonlinear
optical properties of the material.
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Figure 23.4: Variation in nonlinear refractive index as measured at 1.55 pm via z-scan (a) within the
As—S—Se system, and (b) plotted as a [unction of Se content. (Extrapolated data points arc preliminary
data from a limited sct of measurements.)

In the light of the above structural discussion. it is thought that the homopolar bonds and
their electron-laden lone pairs allow strong coupling of the electric field vector of the probing
laser light to the material leading to an enhanced nonlinearity. This is illustrated in Fig. 23.4b
which shows the variation in measured and extrapolated values of the n» ratio with chalcogen
content. Increasing the chalcogen content (from 60 to 76 mol%) leads to an increase in the 1
ratio to silica and we believe the pronounced rise is attributable to the much larger quantity
of Se—-Se bonds (versus S-S or S—Se) as determined by Raman spectroscopy [13]. While S-S
and S—Se bonds also possess two lone pairs per atom, these pairs have lower orbital electron
densities and are present in much fewer numbers as compared with more polarizable Se—Se
bonds. Structural analysis of these glasses has shown that the S present in these equi-molar
compositions tends to remain with the As pyramidal units, while the Se form the dominant
chain species. It is repeated here however. that the enhancement to ny offered by increasing
the concentration of the ns-enhancing species (in this case Se) comes at a price. Increasing
Se content increases the linear (and nonlinear) absorption of the glass. This means that the
enhancement seen is more dominated by a now present, resonance effect (the glass absorption
edge falls below the hr /2 guideline for non-resonant behavior); this means that the increased
absorption realized in the material can also contribute to other deleterious effects, such as
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measurement-induced structural modification. Such modification under specific conditions,
could lead to changes in the material structure/properties during use. Hence, a choice needs to
be made whereby the magnitude of ny is weighted against a deleterious concurrent increase
in absorption. For switching applications, both properties need be considered in the selection
of an optimal material.

23.4 Chalcogenide Thin Films and Comparison with Bulk
Glass

Chalcogenide thin films have been studied extensively for their variation from the parent bulk
glass material and their stability in physical properties following deposition. As properties of
a glass are a function of its thermal history it is not unexpected that films or fibers may have
properties that vary from those seen in their melt-derived bulk analogues. Similar measure-
ment of fiber properties within the As—Se system [18] showed similar variation in properties
with forming conditions. As—S-Se films evaluated in this study show a range of property
variation from their parent bulk glasses.

All glass films examined in our studies have been processed at Laval University’s Centre
Optique, Photonique at Laser (COPL) facilities using a clean room fabrication facility dedi-
cated to processing ChG materials. Processing conditions, summarized for films and subse-
quently fabricated gratings, are discussed in detail in [11, 19]. In all cases, films are deposited
from thermally evaporated parent bulk glasses, onto room temperature, oxidized silicon sub-
strates under a vacuum of nominally 107 Torr. Glassy films processed by these techniques
were confirmed to be amorphous in nature and vary in composition from the parent bulk by
less than 5 mol%. [7] Most single- or multilayer films that have been prepared are approxi-
mately 2 pm in thickness or less [20]. Shown in Fig. 23.5 is a scanning electron micrograph
of a multilayer ChG film structure midway through its lithographic processing steps, en route
to becoming a channel waveguide. To fabricate the multilayer film structure, two bulk glass
compositions were loaded into the deposition chamber and alternately deposited to form a
multilayer structure. A channel within the core ternary glass serves to guide.
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Figure 23.5: SEM micrograph of a multilayer AsasSzsSess/As2Sy ridge directional coupler midway
through its lithographic processing protocol.
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To compare the properties of films with those of their bulk counterparts, a series of op-
tical and structural analyses were carried out. As described in detail by Laniel et al. [21]
a systematic set of measurements were performed on films prepared under identical deposi-
tion conditions to examine the variation in film refractive index. refractive index data were
collected at wavelengths surrounding the 1.55 pm telecom wavelength, and these data are
summarized in Table 23.2. Shown are data for glasses numbered 1-8 from the bulk glass
ternary series. Bulk glass starting compositions are shown, and unless listed (in parentheses
below the parent composition), film compositions were identical with that of the parent mate-
rial, as quantified through use of microprobe analysis. Values of index prior to and following
a two-hour annealing at 120 °C are also tabulated.

Within the error of the measurements, no apparent variation in index was measured via
the grating coupling technique over the 1.53—1.60 pm spectral range of the measurements. As
compared with changes in bulk glass refractive indices with composition shown in Fig. 23.3a,
film indices exhibited slightly larger variation with composition. This variation may be at-
tributable to subtle compositional variations and the higher cooling rate with which the film
structure assembles from the vapor phase. The ability for molecular species to assemble in
the vapor phase [22] would give rise to a notably more ordered, connected molecular structure
as compared with systems where no molecular ordering is believed to occur (e.g. in ternary
As—-S-Se glasses). Annealing of the as-deposited films resulted in a further increase in index
and density, as the frozen network structure relaxes and further polymerizes. As illustrated in
the subsequent section, these structural changes can be readily identified with Raman spectro-
scopy. Films exhibited an almost 2% higher linear index as compared with bulk glasses, and
annealing increased the film density (decreased the as-deposited film volume) and index by a
further 2%.

Densification and thickness changes have been reported in other studies within our group
for fresh, annealed and aged films, as examined using Rutherford backscattering spectroscopy
(RBS) [23,24]. Structural relaxation and subsequent rearrangement occur in both the short and
long timeframes and dictate the aging kinetics of the materials. These changes are quantified
in subsequent sections as corroborated by Raman spectroscopic analysis. Such long-term
property modification, if any, is important in specific device structures.

23.5 Structural Characterization of Chalcogenide Glasses

23.5.1 Raman Spectroscopy

Inelastic scattering of light — or Raman scattering — in a material yields structural and dy-
namic information on a molecular level. The Raman spectrum provides a “fingerprint” of the
molecular species present. The non-destructive nature of the probe, flexibility in sampling
arrangements, and a technical revolution [25,26] in multichannel detection and prefilters have
opened up many new areas where Raman measurements have proven valuable [27,28].

As discussed earlier, efforts to optimize film properties and device performance have fo-
cused on identifying the chemical and structural origin of the linear and nonlinear response in
terms of the material processing conditions used in creating the optical element {13]. Impor-
tant to this study, NIR Raman spectroscopy atfords new opportunities in the non-destructive
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analysis of materials, which are strongly absorbing in the visible. A distinct advantage over
the more conventional approach using the visible range of the spectrum is the ability to ob-
tain the Raman spectrum of photosensitive compounds without interference from photoreac-
tions caused by the probe beam. In chalcogenide glasses shifting the excitation wavelength to
840 nm (below the bandgap) allows one to obtain high-quality Raman spectra without mate-
rial modification. The higher spatial resolution necessary to characterize planar films can be
achieved with a microscope attachment.

In the microstructural analysis of single- and multilayer waveguide devices, Raman spec-
troscopy employing integrated optical techniques can be extremely powerful [66]. The mate-
rial of interest is cast into a slab waveguide, thereby significantly increasing both the scattering
volume and the electrical field intensity within the film. In spite of its sensitivity, waveguide
Raman spectroscopy (WRS) using guided mode excitation [29, 30] has not been applied to the
structural characterization of chalcogenide glasses until recently [31,32]. Discussed here are
selective results of such experiments where chalcogenide film Raman spectra were measured
using guided mode excitation.

Raman scattering in the NIR is excited with 840 nm radiation from a tunable Ti:sapphire
laser (30-50 mW), as depicted in Fig, 23.6. The scattered Raman light is analyzed with
a single-grating spectrograph equipped with a thinned, back-illuminated CCD detector. The
Rayleigh line is suppressed with a semiconductor bandgap filter [33]. The spectra shown in the
following were not corrected for the instrument profile, nor was any smoothing or background
correction performed.
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Figure 23.6: Experimental setup for near-infrared Raman spectroscopy. Sampling arrangements for
micro- (backscattered gecometry) and waveguide excitation (90° gecometry) are shown.

23.5.2 NIR Raman Spectroscopy of Bulk Chalcogenide Glasses

Figure 23.7 illustrates the near-infrared Raman spectra (incident and scattered polarization
resolved along the z-axis) for a series of binary and ternary ChG compounds. The spectra
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were obtained at a spectral resolution of 1.5 cm™! which is verified by resolving the isotope
splitting of the symmetric stretch vibration of Cl in CCl; near 459 cm” !
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Figure 23.7: Raman spectra of bulk glasses obtained with near-infrared excitation (A = 840 nm) as a
function of compositional variation. Spectral resolution is 1.5 cm ™!,

The increased spectral resolution of the bulk spectra clearly shows that each of the dom-
inant bands consist of several overlapping components. The dominant feature in the binary
sulfide and selenide compounds are bands at 345 cm™! (As4Sg0) and 230 cm ™! (As0Seqn ).
respectively. These spectra are in good agreement with previous studies [34], and the strong,
broad band is attributed to an anti-symmetric As—(S.Se)-As stretching vibration in the
As(S,Se); pyramids. According to the analysis of Lucovsky and Martin [35], the normal
modes of the bulk glasses (e.g. clusters of As(S.Se)s) molecules with weak intermolecular
coupling) are obtained by treating the molecular pyramid modes (As(S.Se);) and bridging
chain modes (As—(S,Se)-As) independently. In the ternary compounds with S/Se = 1 mo-
lar ratio and decreasing As content, a progressive decrease of these broad bands is observed,
indicative of a decrease in the number of As-containing pyramidal sites. New bands appear-
ing around 255 ecm™! and 440-480 cm ™! form in the now chalcogen-rich glasses. and are
attributed to Se-Se and S-S homopolar bonds. These units serve as chalcogen chains con-
necting the remaining pyramidal units. The small number of S-S bonds indicated by a weak
band near 495 cm~! for equal concentrations of S and Se suggests that the S stays with the
remaining pyramids, and that it is the Se which dominates the connecting chain units. Local
structural investigations using Raman spectroscopy have been carried out on As—S—Se glasses
previously [34] but compared with bulk glasses. only limited comparison of the structural
differences attributable to different molecular entities created during film or fiber processing
have been directly made [22].

Deviations from bulk glass properties in oxide fibers have been well studied and clearly
illustrate the processing-induced structural property modifications possible in highly coor-
dinated oxide glasses [36,37]. The extent of such compositional variation, and the resulting
structural units formed, varies with the specific fiber or film processing technique used, and
can be extreme or subtle depending on such variables as deposition rate, substrate tempera-
ture, deposition, draw environment (vapor chemistry) or draw rate. One might expect, as has



394 23 Engineering Glussy Chalcogenide Materials for Integrated Optics Applications

been observed in As,Ses film and fiber materials [21], that this deviation from bulk would be
larger for As—S materials than that observed in oxide glasses. Neutron scattering and X-ray
diffraction studies on bulk sulfide and selenide glasses and glasses deposited as thin films [22]
have shown variations in structural units on the intermediate range order scale. Depending
on processing conditions, polymeric cages (based on AsyS; units) or less connected groups
of As—S pyramidal units, were observed. More importantly, since they are different from the
traditional units formed in the “bulk”, they are much more metastable, and can be structurally
modified or eliminated with post-deposition processing. Knowledge of how structural fea-
tures form and how they impact physical properties including optical properties is crucial to
optimize desirable film properties and stability.

23.5.3 NIR Waveguide and Micro-Raman Spectroscopy of
Chalcogenide Films

Waveguide Raman spectroscopy (WRS). using guided mode excitation [29, 30] has been ap-
plied to thin organic and polymeric films, to probe spontaneous [38] and coherent [39] scat-
tering, and very recently, to sol-gel derived planar germanosilicate [40] waveguides and lead
titanate [41] films. The refractive index of these organic and oxide materials allows the use
of high-index glass prisms such as LaSF5 (n ~ 1.8) for coupling a range of propagation vec-
tors into the waveguide structure. In spite of its sensitivity, WRS has not been applied to the
structural characterization of chalcogenide glasses until recently [31,32] most likely owing to
their high index (~2.45) and lack of suitable prism couplers and difficulties associated with
working in the near-infrared.

Figure 23.8 illustrates the variation in Raman spectra obtained in an As»Ss channel (film)
waveguide structure, as probed across the waveguide endface. In the cases shown, the exci-
tation beam (840 nm) was launched into the waveguide’s end-face at various lateral positions
(a—d), illustrating the sensitivity of the probe to regions near the edge (¢) or center (a, d) of the
guide structure.

The WRS spectra obtained from bulk As,S; in amorphous and crystalline form, and
an as-deposited film are shown in Fig. 23.9. Though the As,S;film has a thickness of just
1.5 pm, the high signal-to-noise ratio achieved by guided mode excitation is evident and the
low-frequency Raman peaks are well separated from interfering Rayleigh scattering.

The distinction observed between bulk spectra and that of the film structure emphasizes
the resulting structural differences associated with film processing conditions. Certain key
components such as the band at 345 cm ' remain in all spectra. However. new substructures
appear in the film spectra as compared with the broad features of the bulk spectra. These dif-
ferences from bulk are due to the different (molecular) arrangements of the constituent atoms
within the film. These sharp, molecular-signature structures were confirmed not to be due to
crystallinity within the film, but most likely result from the formation of as-deposited AsS,
units [22,42]. Several sharp molecular bands superimposed on a network-like continuum have
also been observed in Raman spectra excited with near band energies (647 nm) [42-44]. By
using a longer excitation wavelength (840 nm) and due to the absence of changes in the spec-
tra when varying the power (10-50 mW) we rule out photo-induced changes from the probe
beam [45].
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Figure 23.8: Waveguide Raman spectra of single layer, As»S3 channel structure. Panels (a) to (d) show
a sequence traversing along the lateral direction (L to R) on the endface of the waveguide traversing from
channel to channel. Excitation wavelength is 840 nm.
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Figure 23.9: Structural features in film and bulk As»S3 Raman spectra as compared with high-purity
crystal (from [66]). (Crystalline specimen courtesy of Prof. M. Frumar, University of Pardubice, Czech
Republic).

23.6 Photo-Induced Changes in Glassy Chalcogenides

Recent publications have proposed the possibility of a refractive index change by femtosec-
ond laser exposure of glasses in their transparent spectral region [46—48|. Most papers have
reported this effect in silica or germanosilicate glasses [46]. Waveguide writing has been
achieved by generating line damage inside various glasses and especially in chalcogenides
[47]. Self-written waveguides have also been reported in AsyoSeo glass films using a fem-
tosecond 800 nm source propagating through the films axis [48] and in bulk |7].

The photo-induced phenomenon has been widely investigated in amorphous materials.
Chalcogenide glasses are well known to exhibit reversible photo-induced effects to bandgap
light exposure [49-53]. The low optical bandgap of chalcogenide glasses make them highly
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sensitive to visible exposure. Exposure to bandgap wavelength light induces a photodarken-
ing in As,Sq glasses, a reduction of the glass bandgap, and a refractive index change in the
exposed region according to the Kramers—Kronig relation. An important aspect of the photo-
darkening is that it was not observed in crystalline materials but only in disordered materials,
leading to the conclusion that photodarkening effects are related to the increase of randomness
of the glass network [54].

A correlation between reversible photo-induced effects and structural change has been
discussed by different authors [13,53.55.56] for bulk and well-annealed thin film materials.
The increase of homopolar As—As and S-S chemical bonds, and of the disorder of the glass
network was considered to contribute to the photodarkening effect. However, the relation
between structure and photodarkening is not well established.

Discussed in this section are results of studies evaluating the effects of writing over a
range of exposure conditions on ChG materials in bulk and film form. In addition to writing
waveguides, we are interested in understanding the thresholds whereby laser interaction with
the ChG material transitions from reversible to irreversible photostructural change, and onto
permanent damage resulting from ablation.

23.6.1 Exposure Sensitivity of Chalcogenide Glasses

Photo-induced changes to a material can occur over a range of exposure conditions and in
ChG materials are a function of material photosensitivity. In early work by our collabora-
tors, [11] the photosensitivity of AsoS; was compared with the highly nonlinear As;;S;xSe;x
composition used in multilayer waveguide structures. It was shown that under identical ex-
posure conditions, the ternary material exhibited dramatically reduced induced index changes
tfollowing illumination with a continuous wave (CW) 514.5 nm source.

The extent of changes (both structural and optical) have been shown to vary widely with
wavelength of the irradiating light (with respect to the bandgap), intensity (ns versus ps or fs
pulses as compared with CW), and cumulative exposure dose. The resulting material mod-
ification associated with these conditions. range from the well-documented (reversible or ir-
reversible) photodarkening, to irreversible destructive modification to the glass bonds during
laser ablation. We are investigating the variation in structural changes imposed on bulk and
film ChG materials associated with these widely differing exposure regimes, in an attempt to
maximize the means by which the glasses can be modified for a range on on-chip components.

The mechanism of fs interaction in materials remains a topic of extensive research. Tt
has been studied in detail at the University of Central Florida (UCF) with the aim of micro-
machining bulk materials in ambient atmosphere [53,57]. Efforts to utilize these sources
in the fundamental regimes of modification possible in ChG materials are briefly described
in [57.58]. along with the fundamental mechanisms believed to be dominant in the drilling of
deep holes in a range of oxide and non-oxide glass materials.

Of recent interest is the ability to generate a broad range of material response using fs
laser pulses. In an effort to quantify the variation in ChG material response. we systematically
increased the power density on an As»S; film. evaluated the photoexpansion and ablation, and
discerned where the cross-over in material behavior occurred. These results, discussed in [59].
are depicted in Fig. 23.10. Shown in Fig. 23.10a are the resulting spots illuminated with sub-
100 fs pulses, with power density of the exposure, shown on the r-axis. Fig. 23.10b illustrates



23.6  Photo-Induced Changes in Glassy Chalcogenides 397

I (GW/cm?2)

Hight (um)

Distance (mm)

Figure 23.10: (a) Array of features written in an As2S3 film using fs pulses of a Ti:sapphire (A =
800 nm) laser illustrating the power density threshold (in GW/ecm?) where photoexpansion (right of
black line) transcends to laser ablation (left of black line). (b) White light interferogram and linescan
illustrating topographic variation in lines written under the power density regimes identified in (a). The
left features (top and bottom) correspond to trenches ablated during writing, whereas the faint regions of
photoexpansion (right) occur in these films for power densities less than 35 GW/em?.

the change in film surface relief associated with transitioning into the ablation regime. Here,
the photoexpansion seen with sub-threshold exposure, gives rise to ablative material removal,
as seen in the New View 5000 White Light interferometer scans, at a threshold of 35 GW/cm?.
The mechanisms of material modification in these two forms of materials are markedly differ-
ent.

23.6.2 Photo-Induced Waveguides in Bulk ChG Materials

We have written permanent waveguides in both bulk [7] and film AsySy glasses [58] using a
train of 850 nm femtosecond laser pulses and have measured both the induced index varia-
tion and structural changes induced through the photo-modification. An index variation in the
bulk material, correlated to photodarkening was reported and corresponds to a local increase
comparable with the magnitude observed in other bulk ChG studies. Micro-Raman spectro-
scopy has shown the local chemical change associated with the refractive index variation. It is
believed that local changes in nonlinear absorption occur during the writing process, leading
to a structural change and local index modification. Correlation of these optical changes with
the structural modification within the bulk glass are illustrated in Fig. 23.11.
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Figure 23.11: (a) Three dimensional map of Raman scattering illustrating the local evolution of the
Raman bands centered at 345 em™! (a) and at 236 cm™" (b} for the central region of a waveguide
written in bulk As2S3 (from [3]). These maps correspond to the creation of homopolar As—As bonds (b)
at the expense of previously existing As—S bonds (a).

The refractive index variation between the waveguide (exposed region of the glass sam-
ple) and the cladding (unexposed region) was evaluated following waveguide writing. An
induced index change of +0.04 was associated with the formation of the 9 mm diameter cir-
cular waveguide formed by moving the sample through a well-characterized focal region. A
key finding of the study defined the structural mechanism associated with the writing process
in the AsyS3 material. The concurrent destruction of As—S bonds within the glass network and
the associated formation of As—As bonds during the bulk material modification is quantified
by a two-dimensional micro-Raman analysis (excitation A = 752 nm). The spatial variation
of these two key bond types are shown in the plots in Fig. 23.11a and b. Figure 23.11a illus-
trates the local depletion of As—S bonds in the central waveguide region, as reflected in the
decrease of Raman intensity of the As—S 345 cm™! peak. This change is accompanied by a
corresponding increase in the 236 cm~! band (Fig. 23.11b) attributable to local formation of
“wrong” As—As bonds. As no homopolar bonds are theoretically present in the stoichiometric
bulk AssSs, their formation is characteristic of (fs) laser modification. As will be described
in the next section, this mechanism is converse to the that seen during waveguide writing in
films, where homopolar bonds that exist in as-deposited films actively participate in the local
structural rearrangement during laser interaction.
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23.6.3 Photo-Induced Changes in ChG Films

Photo-induced effects have been observed in a variety of chalcogenide glasses [41,42]. These
effects include optical transmissivity and reflectivity variations, refractive index changes, and
variations in chemical reactivity. Two-photon induced refractive index changes by exposure in
the 800 nm region have been measured [60]. The ultimate long-term stability of chalcogenide-
based optical elements relies on the generation of photo-induced structures which undergo
limited structural relaxation with time. ChGs typically exhibit lower glass transition tem-
peratures (1) than oxide glasses and hence can exhibit significant sub-T,, relaxation at, or
near, room temperature [18]. This relaxation can result in structural changes that modify the
as-written glass structure and performance of the optical element. To ascertain the effects
of structural relaxation resulting from aging, spectroscopic analyses of As»S; film structures
were performed following annealing and in freshly written (<1 month) and aged (~3 years
under ambient conditions) Bragg gratings. In all cases, a depletion in as-deposited/as-written
As—As and S-S bonds and modification of As-S bonds, was observed. The extent of such
changes depended on the initial, as-formed concentrations of each type of bond. and how the
film was aged or annealed. Changes in waveguide Raman spectra for AsyS; structures prior
to and after annealing, and following 514 nm exposure similar to that used in grating writing
are shown in Fig. 23.12 and are discussed in {23,24]. The sharp features seen in the Raman
spectrum of the as-deposited film illustrated in Fig. 23.12 are not present in bulk ChGs and
correspond to molecular units that can undergo reconfiguration over time.
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Figure 23.12: Variation in waveguide Raman spectra for fresh, annealed, and photostructurally modified
As3S3 channel waveguide (exposure A = 514.5 nm). Excitation wavelength is 840 nm (from [66]).

Characterization of grating structures shortly after writing, and after prolonged room tem-
perature aging shows that while small amounts of the as-written relief structure stayed in the
aged grating structure, few molecular species seen in as-deposited structures remained, and a
considerable reduction in induced index change (1) occurs.

The polarization dependence of such writing processes has been studied in ChG, most
recently by our Laval colleagues in AsySs3. and others in As—Se glasses in |61] and refer-
ences therein. We are currently examining the concurrent glass structural modification in the
Saliminia-written [62] structures, using micro-thermal analysis techniques |63].
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The effects of photo-induced changes are evident in the Raman spectra as well. By excit-
ing Raman scattering with sub-bandgap energies (A = 840 nm) at low-power levels (25 mW)
photostructural changes due to the probe beam are avoided. Large changes are seen in the
Raman band near 235 cm ™! which is associated with As—As bond vibrations. Several mecha-
nisms for photo-induced changes in chalcogenides, including bond redistribution and coordi-
nation defects, have been suggested [60]. Trigonal AsS; pyramidal units can be transformed
into a five-fold coordinated As site having four As—S bonds and one As—As bond via a photo-
ionizatton process [44]. The variation in film age and deposition technique dictates how far the
film structure is from the local equilibrium state and the impact of such structural changes on
expected grating optical performance. These issues are currently being examined, and recent
results have shown that homopolar bonds seen in as-deposited films (shown near 200 cm—!
in Fig. 23.12), remain. even after aging periods of several years. Not only do these well-
aged films retain their photosensitivity (i.e. undergo induced refractive index modification
and structural changes (expansion)). but the magnitudes of both are comparable to that seen
in freshly formed films, illuminated shortly after deposition. These results will undoubtedly
lead to further progress in forming stable, written structures in these ChG materials.

23.6.4 Grating Fabrication in As,S3; Glassy Films

Unlike the grating fabrication techniques described above for ChG films illuminated through
masks or with interfering CW beams, femtosecond (fs) lasers also appear to be a promising
tool for the direct write micro-structuring of optical materials. It was demonstrated that un-
amplified femtosecond lasers could produce optical breakdown and structural change in bulk
transparent materials using tightly focused pulses of just 5 nJ [55].

Using an extended cavity unamplified Kerr-lens mode locked Ti:sapphire laser (A =
800 nm, repetition rate 28 MHz. sub-50 fs pulse duration, up to 20 nJ/pulse), relief and volume
gratings with a 20 pm period were fabricated on a 1.66 pm thick, AssSy thin film [64]. The
output of the laser was focused by a 15x, 0.28 NA reflective objective onto a target attached
to a 3D motorized translation system.

The sample was processed in two regimes: first, the intensity was kept below the abla-
tion threshold, generating a volume grating resulting from photoexpansion and an induced
index change. The resulting structure from a Zygo New View 5000 is shown in Fig. 23.13a.
In the second regime, intensities above the ablation threshold produced a reliet grating with
grooves of 0.2 um depth (Fig. 23.13b). Previous studies have linked bulk glass structural and
optical property changes (photosensitivity) through Raman spectroscopy. showing that non-
linear absorption-induced index changes were linked to local bonding changes in As»S, [13].
Following this approach, waveguides over 1 ¢cm in length and ~ 10 zm in diameter were fabri-
cated in As,S; thin films by direct transverse writing using the same unamplified Ti:sapphire
laser [67]. Further studies are under way including the measurement ot the refractive index
change by the refracted near-field technique. Concurrently, we are evaluating long-term sta-
bility in both photoexpansion and induced index with age, including studies on pre-aged films,
which have undergone most of their short-term, post-deposition relaxation.
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Figure 23.13: Surface profile of (a) the phase and (b) topographic relief in gratings on an As2S3 film
produced with sub-50 fs laser pulses from the extended cavity unamplified Ti:sapphire oscillator (from
[65]).

23.7 Conclusions and Outlook

This chapter has summarized a variety of results whereby ChG materials have been processed
and characterized with the aim of understanding key material attributes in geometries suitable
for use in integrated optical components. Within the narrow composition space where we have
focused on obtaining a thorough grasp of bulk/film property trends and variation, clear learn-
ings have been realized associated with the linear and nonlinear optical properties of these
glasses and their relation to glass structure. It been shown by these efforts and those of others
that compositional-tailoring of glasses to known properties can yield structures and compo-
nents with good optical quality and promise of potential in-service stability. Such know-how
thus allows identification of materials that can be deposited onto glass or Si chip substrates
and modified to carry out key functions suitable for moving and amplifying light.

Photo-induced structural changes can be realized in ChG materials to induce structure
and refractive index changes. Such modification can be used to write structures, either with
CW bandgap light, or near-bandgap light employing short (fs) pulses. The photosensitivity
offered by ChG materials allow polarization-dependent features to be written which may offer
promising component opportunities once stabilization techniques employing pre-aging are
optimized. This material flexibility, along with the technology know-how associated with true,
three-dimensional structuring capabilities offered through direct write techniques, illustrate
further routes to clever device engineering.

Emerging results of ongoing interest and research in ChG materials will allow a range of
key components with stable optical and physical properties to be realized for next generation
optical elements. Characterization of key structural features on materials in their final device
configuration allows for a thorough understanding of the inter-relationship between processing
and end use. Such analysis is essential in predicting long-term stability requisite for device
applications.
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