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DEVELOPMENT AND APPLICATIONS OF CHALCOGENIDE GLASS OPTICAL
FIBERS AT NRL

I. D. Aggarwdl, J. S. Sanghera
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Chalcogenide glass fibers based on sulphide, selenide, telluride and their rare earth doped
compositions are being actively pursued. Great strides have been made in reducing optica
losses using improved chemical purification and fiber drawing techniques. Chalcogenide glass
fibers are enabling numerous applications which include laser power delivery, chemical
sensing, imaging, scanning near field microscopy/spectroscopy, IR sources/lasers, amplifiers
and optical switches.

(Received May 24, 2002; accepted July 22, 2002)

Keywords: Chal cogenide glass, Optical fiber

1. Introduction

Chal cogenide glasses are based on the chacogen dements S, Se and Te and the addition of
other dements such as Ge, As and Sb leads to the formation of stable glasses [1]. The addition of
halides leads to the formation of chal cohalide glasses [2]. Examples of stable glasses indude As,S;
[1], GexSyBra [2], As:Se; [1] and GeypAsicSesoTey [3]. More recent efforts have reported on rare
earth doping for active applications and consequently alternative glasses have been deve oped.
Examples of these glass systems include Ge-Ga-S [4], Ge-As-Ga-S [5], GaLaS [6], GaNaS [7],
Ge-S-1 [8] and Ge-As-Se[9].

Since the chacogenide glasses transmit to longer wavelengths in the IR than slica and
fluoride glasses (Fig. 1), there are numerous potential applications in the civil, medical and military
areas. These can be essentially divided into two groups, namdy “passive’ and “active’ applications:
(a) Passive Applications: The fibers are used as a light conduit from one locati on to another without
interacting with the light, other than that due to scattering, absorption and end face refl ection losses
associated with the fiber. (b) Active Applications: The light propagati ng through the fiber is modified
by a process other than that due to scattering, absorption and end face refl ection losses associated with
the fiber. Examples of these include fiber lasers, amplifiers, bright sources, gratings and non-linear
effects.

This paper describes the properties of the chalcogenide glass fibers and some of the
applications being deve oped in our laboratory.
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Fig. 1. Transmission spectrafor severd glasses (thickness of about 2-3 mm).
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2. Experimental techniques for preparing fibers

Chalcogenide glasses are either melted directly in quartz ampoules or in vitreous carbon
crucibles located within quartz ampoules. Typica melt temperatures range from 600°C to 1100°C,
depending upon composition. The liquids are quenched and the glass rods annealed at temperatures
around the appropriate softening temperatures. The optical fibers are obtained by heating preforms
fabricated via rod-in-tube type processes [10,11] or by double crucible (DC) processes [11,12,13].
The dadding tubes can be obtained via an in-situ casting process, which is preferred due to less
contamination and higher quality surfaces, or by core drilling from larger samples which typically
leads to a rough surface quality. The preforms can also be obtai ned by extrusion of core and cladding
glass billets [7]. The DC process enables adjustments to be made in the core/clad diameter ratio
during fiber drawing by independent pressure control above each melt. Therefore both multimode and
single mode fibers can be drawn with re atively fewer processing steps using the DC process.

There has been much work on determining the origin of the extrinsic scattering centers and
absorption impurities and consequently numerous purification techniques based on distillation and
sublimation of precursors and glasses have been developed to reduce their contribution to the total
optical loss of the fiber [14,15,16].

3. Results and discussion
3.1. Properties of fibers

Table 1 lists some physical, mechanical and optical properties of two chal cogenide glasses
used in making optica fibers [17]. Compared to the more traditiona oxide glasses, they can be
described as having lower Tg's, higher CTE's, lower hardness and higher indices of refraction [17].
Fig. 2 shows the transmission spectra of three chalcogenide fibers made in the authors' laboratory.
The fibers were made using digtillation and sublimation of the precursors [16]. Depending upon
composition, the sulphide, sdenide and tdluride based fibers transmit between about 0.8-7 um,
1-10 um, and 2-12 pm, respectively. Therefore, the practical applications dictate the type of fiber to
be used. The As-S fibers have received the most attention to-date in our laboratory and so the loss
routinely achieved is about 0.1-0.2 dB/m in fiber lengths of about 500 meters. Purification and
composition play an important role in making low loss fibers. Fig. 3 compares the losses routindy
obtained for a couple of chalcogenide glasses aong with the lowest (*champion”) losses reported in
theliterature [3,15].
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Fig. 2. Transmission loss spectra of chal cogenide glass fibers after purification of chemicals.
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Fig. 3. Transmission loss spectra of (@) lowest loss sulphide fiber, (b) typical suphide fiber,
(c) lowest losstdluride fiber, and (d) typical telluride fiber.

The question arises as to what is the origin of the extrinsic scattering and absorption |osses,
and furthermore, how can these impurities be removed. The scattering centers have been previoudy
identified as bubbles and partides of SiO, and carbon and their contribution to the scattering loss has
been rigorously analyzed [14]. Despite this, the concentration of these species has not been
experimentally determined. On the other hand, the absorbing species have been quantitativey
characterized [16]. Table 2 ligts the estimated concentration of typica absorbing impurities found in
sulphide and tdluride fibers [ 16].
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Fig. 4. Esimation of theoretical minimum lossin a sulphide fiber. A and B represent poor and
high quality glasses, respectively [16].

Although the losses of the fibers are routindy higher than the champion values, it is
worthwhile to estimate the theoretical minimum | oss. This has been done for an arsenic sulphide glass
[16] and the results are shown in Fig. 4. The minimum loss is estimated to be about 4 dB/km at
5.0 um [16]. The minimum loss obtained for a 400 ppm Dy doped unclad seenide glass fiber was
0.8dB/mat 6.6 um and 3 dB/m at 1.3 um. Multimode fiber has been drawn with a loss of 6 dB/m at
1.33 um and a minimum loss of about 3 dB/m at approximatdy 6 pum. The losses for Pr doped fibers
are similar. Undoped samples have been fabricated into singlemode fibers (core / cladding diameters
=4/ 110 um) with losses of 3 dB/m at 1.55 um. In general, typical measured | osses for the rare earth
doped glasses are >0.5 dB/m and so i mprovements in purification and fiberization technology are still
needed to reduce the measured optica losses. Although the losses of the sulphide fibers are routingy
higher than both the “champion” and the estimated theoretical va ues, these fibers can, and are being
used in numerous applications. Unfortunately, theoretica estimates are not available for other glass
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systems, but despite this, the sdenide, tdluride and rare earth doped glass fibers are being fabricated
and utilized in numerous applications.

Tables 3 and 4 list the passive and active applications of chalcogenide glass fibers,
respectively, which have been demonstrated or are being investigated. These will be discussed in
more detail in the next section.

3.2. Passive applications
3.2.1. Laser power delivery

High power CO and CO, lasers operating at 5.4 um and 10.6 um, respectively, are readily
available and can be used for industrial welding and cutting. Transmitting the laser power through
fibers enables remote operation. Small core diameter (< 200 um) fibers have demonstrated tol erance
to power densities of ~125 kW/cn? at 5.4 pm and ~54 kW/cm? a 10.6 pm without damage [19] (Fig.
ba and b). Tdluride glass fiber losses at 10.6 um lie in the range of 1.5 dB/m to 3 dB/m, depending
upon composition and purity [3,18].
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Fig. 5. (8) CO laser transmission, (b) CO,laser transmission, (c) pulsed high energy laser
transmission in the 2-5 pm region, and (d) Free Electron Laser energy transmission.

The arsenic sulphide fibers transmit in the amospheric 2 to 5 um region and can be used for
transmission of laser power in this region [20]. Pulsed laser power delivery has been demonstrated
(Fig. 5€). The average power is about 2.69 Watts but the peak power is 26.9 kW, which corresponds
to a peak power density of 1.07 GW/cm? without fiber damage for up to 1.5 x 107 pulses [21]. This
remarkabl e threshold to damage is close to the predicted value of about 3.0 GW/cm? due to didectric
breakdown at the surface. This threshold to damage is obtained by control of fiber polishing,
otherwise the fiber end face undergoes damage at relatively lower powers.
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Recent efforts have considered ddlivery of energy from a medical free electron laser (MFEL)
operating between 2 and 10 um through chal cogeni de fiber [22,72]. The MFEL can emit more than 10
MW of power in a femtosecond pulse which rdates to an average power of greater than 10 Watts.
While not dl this power is needed, it has been shown [23] that in certain cases, surgery at 6.1 um and
6.45 um based on cleaving of protein bonds is more efficient and leads to less denatured tissue and
scarring than with conventional Er:YAG lasers at 2.94 um based on OH absorption [23]. We have
successfully demonstrated (Fig. 5d) almost 18 mJ output at 6.1 pm (43 mJ launched) and 12 mJ at
6.45 um (30 mJ launched) using large core diameter (800 um) sulphide and sdenide fibers,
respectively [72]. The peak power densities were 1.6 and 1.2 GW/cn?, respectively. While these
fibers were not AR coated, it is expected that future AR coated fibers will enable higher output
energies. Ophtha mic surgery requires operation at 2.94 um, with an energy requirement of 1-2 mJ.
This has been demonstrated using chalcogenide fibers. Output energy from an Er:YAG laser
operating at 2.94 um has been transmitted through sulfide fiber. Up to 271 kW/cm? power density has
been transmitted without damage to the fiber. It is conceivable that laser power can be used for
machi ning numerous materials and biological samples by tuning the wavd ength and transmitting the
laser power through the chal cogeni de fibers to remote aress.

The end face reflection losses decrease the overall throughput of laser power. For example,
AsySso and GezpAsi0Ses T e glasses have refractive indices of about 2.4 and 2.8, for which reflection
losses are about 17% and 22% per face, respectively. Consegquently, AR coatings are being deve oped
for both discrete wavdengths as wel as broadband operation [18,20]. Reflection losses have been
reduced to about 1 % per face for sulphide fibers at some IR wavd engths [20].

3.2.2. Chemical sensing

Chalcogenide fibers are well suited for chemical sensing applications since most molecul ar
spedies vibrate in the infrared region. The chalcogenide fibers can be used in fiber optic chemica
sensor systems for quantitative remote detection and identification. Examples of different sensing
techniques include evanescent/ATR (attenuated tota reflectance) [24-26], diffuse reflectance and
absorption spectroscopy [27-29]. The diffuse reflectance and evanescent/ATR techniques are useful
for samples that scatter or are opague at the IR wavelengths. Numerous systems have been studied
and many species have been detected including agqueous, non-aqueous and toxic liquids as wdl as
solids [24-29]. Examples include ail, freon, soap, paints, polymer curing reactions, glucose/water,
benzene and derivatives, chlorinated hydrocarbons, dcohaols, carboxylic acids, aqueous acids,
perfumes and pharmaceutical products. Fig. 6a shows some representative spectra.

Condition based maintenance (CBM) is becoming increasingly important and uses the
approach, “if it isn't broken, don't fix it". For example, changes of oil in motor vehides are routindy
performed every 3000 miles or so, but are not necessarily needed and therefore the incurred costs can
be quite significant. A fiber optic dipstick probe could potentially monitor the qudity of the oil and
consequently save large amounts of money in preventing unnecessary oil changes in the military and
civil sector. For example there is an additive package used to inhibit viscosity breakdown of engine
ail. Unfortunately, environmental breakdown of the additive package occurs and leads to viscosity
breakdown of the ail. A fiber optic dipstick can be used to monitor the by-products of degradation of
the additive package (Fig. 6b). The darm bdls sound when these reach a pre-deermined threshold
value, signaling an ail change.
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Fig. 6. Chemica sensing using IR fibers for (a) mixture of benzene and toluene and (b)
difference spectra of degraded ail (after 27).

A fiber optic based reflectance probe has been used to detect contaminants in soil (Fig. 7)
[30]. The detection was accomplished with the probe deployed in a cone penetrometer and tested in
the fid d. Detection limits of 130 ppm of marine diesd fud in sea sand have been demonstrated using

a 20 meter length of cable[30].
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Fig. 7. The cone penetrometer system using chalcogenide fiber for detection of contaminants

and water in soil.

Chalcogenide fibers with a glass cladding have been used for evanescent sensing of a few
10's of ppm of benzene (and derivatives) and chlorinated hydrocarbons. The low detection limits were
achieved by etching the cladding glass and re-covering with specific polymer coatings that
preferentially enrich one phase in them near the core surface [31]. Polydimethylsiloxane (PDMS)
preferentially enriched benzene (and derivatives) and low-density polyethylene enriched the
chlorinated hydrocarbons on the core surface while preventing water from penetrating the coating.
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Fig. 8. Attenuated Total Reflection (ATR) spectra of (a) chicken tissue/organs and (b) liver of
living sheep.

Recently, a chalcogenide fiber ATR probe has been used to show the spectra differences
between various tissues and organs in bio-medical samples. Fig. 8a shows the IR spectra for various
organg/tissues from a dead chicken, while Fig. 8b shows the IR spectrum recorded from the liver of an
anaestheti zed sheep [22]. Similar IR spectra have been recorded from an anaesthetized mouse with a
malignant (cancer) human breast tumor grown near the surface. Whil e these data were recorded using
chal cogenide glass in contact with tissue, alternative IR transmitting and bio-compatible probes will
most likdy be needed for human testing. However, the chal cogenide fibers can be utilized to generate
abio-medical database for medical diagnostics such as tissue evaluation and early detection of cancer
[32]. Currently, large portions are cut out of the body, prepared into thin sections and desiccated
before FTIR analysisis performed. Obviously, the flexible fiber optic approach is minimally invasive.
While silica fibers are available they are inappropriate for infrared spectroscopy in the 2-10 pum
region.

3.2.3. Temperature monitoring, thermal imaging and hyperspectral imaging

Ueda e al. [33] have used As-S fibers with a Teflon cladding to measure temperature
increases of up to 200°C on the surface layer of ceramic plates during grinding.

Kapany and Simms first suggested the use of chalcogenide fibers for therma imaging [34].
Saito et a. [35] recorded the image of an dectric iron at 773 K, with some degree of coherency
through a 1000 fiber bundle. Nishii et d. [36] fabricated a flexible fiber bundle containing 8400
Teflon coated fibers and recorded the thermal image of an operating integrated circuit in the 3 to 5.4
pm region using an InSb detector. Techniques are needed for the febrication of coherent and
registered fiber bundles containing small diameter fiber but with tight tolerances and high precision.
Fig. 9 shows the cross-section of an imaging bundle fabricated at NRL using glass clad sulphide fiber
that transmits to beyond 5 pum. The bundle diameter was 165 pum and the fiber core diameters were
only 6 um.

Fig. 9. End face optical picture of an IR fiber imaging bundle containing 427 fibers. The core
diameters are 6 pm and the outer diameter iS165 pm.
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The area of hyperspectral imaging can be exploited by coupling coherent fiber bundles to
imaging spectrometers with focal plane array (FPA) detectors based on InSb (2-5.4 um) or MCT (3-
11 um). The focal plane array detectors are extremely sensitive and can be used for performing both
spatial and spectral andysis in the infrared [37]. In other words, one can derive an IR spectrum from
each pixd thereby performing chemical spectroscopy at every pixd. FPA detectors have been used
for obtaining spectral and spatial information about the environment for a number of years, but
without fibers. The only report in the literature pertaining to IR fibers is a 10 x 10 fiber bundle of
As;S; fiber with a Teflon cladding that was reformatted to a 1 x 100 array and the output analyzed
using a grating spectrometer [38]. The intensity contour of a Xenon lamp was recorded. Coupling to
FPA’s requires high precision diameter and high quality fiber bundles so that each fiber in the bundle
couples to only one pixel on the detector otherwise the images will be blurred. Alternatively, many
small diameter fibers, as shown in Fig. 9, can be used to coupleto asingle pixd.

3.2.4. Near field microscopy

Sub-diffraction limit resolution has been demonstrated using single mode silica fibers by
pulling and/or eching the fiber ends from a diameter of 125 um to below 100 nm at the fiber tip.
Prdiminary results were obtained using multimode chal cogenide fiber micro-tips with about 1 pum
resolution [39]. More recently, the authors have used high quality singlemode and multimode
chalcogenide fibers to demonstrate about 20 nm topographic resolution and about 200 nm spectral
resolution for different samples such as pol ycrystalline diamond [40], pancregtic cells [41], biofilms
and semiconductor samples. Fig. 10 shows the topographic and optical images for a polycrystaline
diamond film and pancreatic cells, respectively. The dark regions highlighted in the optical images are
due to absorption by specific molecular vibrations. In our opinion, this is a promising technique for
imaging and performing spectroscopy of semiconductor and biological samples with sub-micron
resolution.
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Fig. 10. The scanning near field IR microscopic (SNIM) data for pancregtic cells and a
polycrystaline diamond film using a selenide fiber micro - tip. The topographic and optical
spectra were recorded with aresolution of about 25 nm and 200 nm, respectively.
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3.2.5. Fiber multiplexing

Fused fiber couplers are important since they enable fiber multiplexing. For example, they
might be used in IR fiber optic chemical sensing systems and data transmission systems. A
preliminary fused taper fiber coupler has been fabricated using a multimode arsenic sulphide fiber
with a coupling ratio of 3:1 at 2.65 um [42], but it should be possible to use singlemode fibers.

3.3. Active applications
3.3.1. Rare earth doped fibers

Rare earth ions possess characteristic eectronic energy levels which are only dlightly
influenced by the host matrix due to the screening effect of the d-eectrons. When pumped with the
appropriate energy, the dectrons are excited into upper levels from which they can subsequently
decay to lower levels. Certain transitions become increasingly more efficient in longer wavd ength
transmitting hosts such as the chalcogenide glasses due to less multiphonon quenching and IR
fluorescence emissions beyond 2 um are only seen in cha cogenide glasses and not in silica (Fig. 11).
Table 5 lists the IR emission waveengths found in chalcogenide glasses [43-53]. The only laser
oscillation observed in chal cogenide fibers has been from Nd at 1.08 pm [54] while amplification has
been demonstrated using Nd at 1.08 um [55] and Pr at 1.34 um [7]. These results were obtained in
sulphide glass hosts. The 1.3 um waveength is of interest for telecommunications [56]. The gain
coefficient obtained from the singlemode sulphide (Ga-NaS) fiber at 1.34 um was a remarkable 0.8
dB/mwW and the efficiency was about 30 %. The fiber loss at 1.34 um was about 1 dB/m [56].

Rare Earth Doped Chal cogenide Glass Fiber

/

Silica Fiber

IR Emission

Pump Light

Fig. 11. Infrared emission from arare earth doped chal cogenide glass fiber. The diode laser
pump power is coupled into the chalcogenide fiber using butt coupled silicafiber.

Recent work has shown that Dy doped se enide glasses are better candidates for 1.3 um fiber
amplifiers due to the lower phonon energy of the host glass, and the larger asorption and emission
cross-sections for Dy [53]. The quantum efficiency is expected to be about 90% and the gain
coefficient approximatey double the value for the best Pr doped sulphide fiber [53]. Modding has
shown that the Dy doped sdenide fiber can tolerate higher losses compared with Pr doped sulphide
fibers. Therefore, device lengths will be shorter, such that a45 cm length of doped sel enide fiber with
aloss of about 10 dB/m can give ~40 dB gain a 1.34 um. Table 6 shows some of the properties.
Preliminary multimode fibers have been drawn with losses of about 6 dB/m at 1.3 um and less than
3 dB/m at about 6 um [57]. Unclad fibers have been fabricated with losses of about 3 dB/mat 1.3 um
and less than 1 dB/m at 6 um. Prdiminary single mode fibers have been drawn with minimum losses
of about 3 dB/m [57].
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Fig. 12. (8) The broadband mid-IR emission from a Pr doped GeAsGaSe glass fiber and (b) a
prototype high brightness fiber device.

Since the rare earth doped chal cogenide fibers emit in the 2 to 5 um region [70] they are an
attractive aternative to blackbody sources for many applications. For example, arrays of the fibers
can be used for infrared scene simulation (IRSS) for characterization of focal plane array detectors
(eg. InSb) [58]. Fig. 12a shows the emission spectrum of a Pr doped sdenide glass fiber,
demonstrating broadband emission between about 3 and 5 um. Prototype fiber devices (Fig. 12b) and
bundles have been fabricated and mid-IR emission measured from the pixds [58]. Black body
temperatures of up to 2400 K have been simulated in single pixel pumping indicating that these fibers
are capable of providing bright sourcesin theIR (Fig. 12b).

It is possible to use these fiber sources in chemical sensor systems [22]. For example, the IR
transmissi on spectrum of athin film of toluene between two CaF; plates has been recorded using a Pr-
doped sd enide fiber (pumped at 1.064 pum) as amid-IR source [73].
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Fig. 13. The IR fluorescence emission from Th doped chalcogenide glass [59].

Longer wavelength emission from 7-9 um has been demonstrated in Th doped GeAsGaSe
and GeAsGaTe glasses. This represents the longest wavdength emission seen from any rare earth
doped glass or crystal system [59]. Fig. 13 shows the emission spectrum in the 4-5 um and 7-9 um
regions. The measured lifetime of the excited state was 12 s and 80 us for the sdenide and tdluride
glasses, respectivedy.

The ability to write gratings in chalcogenide fibers will enable smart compact devices
including lasers and dispersion compensators. Some work has been performed on writing gratingsin
chalcogenide glass fibers [60,61,74]. Asobe & d. [60] have fabricated an As,S;-based fiber Bragg
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grating for 1.55 um wave ength operation by the transverse hol ographic method using a He-Ne | aser.
A reflectivity of > 90% was obtai ned with an estimated changein refractiveindex of about 10,

3.4. Non-linear effects

Glasses possessing high third order non-linearities (X3) are required for ultra-fast switching in
time division multiplexing (TDM) tel ecommuni cations systems. It is well established that the values
of X? for chalcogenide glasses are about two orders of magnitude larger than silica [62,63]. To our
knowledge, the number of papers reporting the use of this phenomenon in actual switching
applications is not extensive. M. Asobe et a. [64] demonstrated efficient optical Kerr shutter (OKS)
switching operation with pico-second response time using a 1 meter length of eliptica core fiber and
a 100 GHz signal operating at a waveength of about 1.5 um. More recently, glasses have been
reported with non-lineariti es approaching 1000 times silica [65,66]. This opens up the potentia for
compact and integrated all optical switches.

Since glasses lack a center of inversion symmetry and thus have no second order nonlinear
susceptibility (X?) they should not exhibit second harmonic generation (SHG) [67]. However,
undoped and Pr-doped Gal.aS glasses have exhibited SHG [68] through optical pumping. This SHG
may be due to crystalization or the effect of frozen-in dectric fidds. The latter arises from the
relationship X? = EgX3, where Eq is the frozen-in dectric field [67]. Electric poling has been
successfully used to produce SHG in silica based fiber systems [69] as wdl as As-S glass film
fabricated via evaporation [75]. It is not unreasonable to expect similar results in chal cogenide fibers.
Since X is about 2 to 3 orders of magnitude larger in chal cogenides compared with silica, we expect
larger SHG efficiencies in dectrically poled chal cogenide glasses. However, the question arises as to
whether the eectric fields can be frozen-in for chal cogenide glasses. We have observed preliminary
second harmonic generation using dectrically poled arsenic sulphide glass. Figure 14 shows the
observed SHG at 780 nm when pumping a 1 mm thick arsenic sulphide glass disk at 1560 nm. The
sample was dectricaly poled at 100°C for 5 hours under nitrogen gas atmosphere. At the present time
the magnitude appears comparabl e to silica glass but the mechanism is unknown.

1 Pump laser : Mirage OPO
0.16 Pump A =1.56 ym
1 Pulsewidth=5ns
0.121 RepRate =10Hz

SHG Signal (V)

0.08 1
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0 ‘ : :
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Fig. 14. The SHG observed at 780 nm from an electrically poled thin As-S glass disk pumped
at 1560 nm.

We have demonstrated Raman amplification in small core As-Se fiber [71]. We observed
over 20 dB of gain in a 1.1-meter length of fiber pumped by a nanosecond pulse of ~10.8 W peak
power at 1.50 pm. The pesk of the Raman gain was shifted by ~230 cm™ to 1.56 um. The Raman
gain coefficient is estimated to be about 2.3 x 10™ m/W, over 300 times greater than that of silica
The large Raman gain coefficient coupled with the large IR transparency window of these fibers
shows promise for devel opment of As-Se Raman fiber lasers and amplifiers in the near, mid and long
IR spectral regions.
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4. Conclusions

Tremendous progress has been made in reducing the optical losses of the chal cogenide glass
fibers in the past severa years resulting in numerous applications. We strongly believe that IR fiber
optics will become increasingly more important in the future as further improvements are made to the
quality of the fibers and new compositions devel oped. One of the most exciting devel opments in the
future is in the area of rare earth ion doping of fibers for IR sources. The IR lasers and amplifiers
deveoped using this phenomenon will be very useful in civil, medical and military applications.
Remote IR spectroscopy and imaging using flexible fibers will be redized for medical and military
applications. Other future research areas that will inevitably be explored include the fabrication of
Bragg gratings in fibers and non-linear optica properties of the IR glasses. The authors strongly
bdieve that chal cogenide glass fiber optics will grow due to the numerous and potentialy extensive
applications. The availability of high qudlity, low loss and high strength singlemode and multimode
fibers will undoubtedly improve the capabilities of existing technologies as wdl as enable new
technol ogies. In summary, the future of chal cogenide glasses and fibers looks very bright.

Acknowledgements

The authors would like to acknowledge their colleagues at the Naval Research Laboratory: L.
Brandon Shaw, Vinh Nguyen, Pablo Pureza, Fred Kung, Peter Thiden, Shyam Bayya, Fritz Miklos
and Lynda Busse.

References

[1] Z. U. Borisova, Glassy Semicondutors, Plennum Press, NY 1981.
[2] J. S. Sanghera, J. Heo, J. D. Mackenzie, J. Non-Cryst. Solids 103, 155 (1988).
[3] J. S. Sanghera V. Q. Nguyen, P. C. Pureza, F. H. Kung, R. Miklos, I. D. Aggarwd, J. Lightwave
Tech. 12, 737 (1994).
[4] E. Snitzer, K. Wei, US Patent No. 5, 379,149 (1995).
[5] B. Aitken, M. A. Newhouse, US Patent # 5, 389, 584 (1995).
[6] D. W. Hewek, R. S. Dedl, J. Wang, G. Wylangowski, J. A. Mederios Neto, B. N. Samson,
R. 1. Laming, W. S. Brocklesby, D. N. Payne, A. Jha, M. Poulain, S. Otero, S. Surinach,
M. D. Baro, Electronics Letters 29, 237 (1993).
[7] H. Tawarayama, E. Ishikawa, K. Itoh, H. Aoki, H. Yanagita, K. Okada, K. Yamanaka,
Y. Matsuoka, H. Toratani, Optical Fiber Conference, Victoria, Canada, PD1-1, published by
Optical Society of America, Washington, DC (1997).
[8] V. Krasteva, A. Yurkina, D. Machewirth, G. J. Sigel Jr., Non-Cryst. Solids 213 & 214
304 (1997).
[9] D. A. Turnbull, S. Q. Gu, S. G. Bishop, J. Appl. Phys. 80, 2436 (1996).
[210] J. Nishii, T. Yamashita, T. Yamagishi, Appl. Optics 28, 5122 (1989).
[11] J. S. Sanghera, I. D. Aggarwal, L. Busse, P. Pureza, V. Nguyen, R. Miklos, F. Kung,
R. Mossadegh, SPIE 2396, 71 (1995).
[12] T. Kanamori, Y. Terunuma, S. Takahashi, T. J. Miyashita, Lightwave Technal. 2, 607 (1984).
[13] A. V. Vasil'ev, G. G. Devyatykh, E. M. Dianov, A. N. Gur’yanov, A. Yu. Laptev,
V. G. Platnichenko, Yu. N. Pyrkov, G. E. Snopatin, I. V. Skripachev, M. F. Churbanov,
V. A. Shipunov, Quant. Electron. 23, 89 (1993).
[14] J. S. Sanghera, L. E. Bussg, |. D. Aggarwad, J. Appl. Phys. 75, 4885 (1994).
[15] M. F. Churbanov, J. Non-Cryst. Solids 140, 324 (1992).
[16] J. S. Sanghera, I. D. Aggarwd, J. Non-Cryst. Solids 213 & 214, 63 (1997).
[17] J. S. Sanghera, I. D. Aggarwd, in: J. S. Sangheraand |. D. Aggarwal (Eds.), Infrared Fiber
Optics, CRC Press Inc., 1998, p. 325.
[18] J. Nishii, S. Morimoto, I. Inagawa, R. lizuka, T. Yamashita, T. J. Yamagishi, Non-Cryst. Solids
140, 199 (1992).



Development and applications of chalcogenide glass optical fibersat NRL 677

[19] L. E. Busse, J. A. Moon, J. S. Sanghera, |. D. Aggarwal, Laser Focus World 32, 143 (1996).

[20] L. Busse J. Moon, J. S. Sanghera, |. D. Aggarwal, J. Harrington, K. K. Lum, Proc. of 1995 IRIS
Specidty Group on Materias (publ. by Erim, Ann Arbor, MI, 1995) p. 237.

[21] I. D. Aggarwdl, L. E. Busse, L. B. Shaw, B. Cole, J. S. Sanghera, Proc. Diode Laser Technol ogy
Review, March 2-4, Albuquerque, NM (1998).

[22] J. S. Sanghera, |. D. Aggarwal, Proceedings of the 18" Int. Congress on Glass, July 5-10, San
Francisco, CA (1998).

[33] G. Edwards, in: Research at Vanderbilt (1996).

[34] J. Heo, M. Rodrigues, S. Saggese, G. H. Sigd Jr., Appl. Optics 30, 3944 (1991).

[35] J. S. Sanghera, F. H. Kung, L. E. Busse, P. C. Pureza, I. D. Aggarwal, J. Am. Ceramic Soc. 78,

2198 (1995).

[36] X. H. Zhang, M. V. Duhamd, H. L. Ma, C. Blanchetiere, J. Lucas, J. Non-Cryst. Solids 161,
547 (1993).

[37] M. Druy, in: J. S. Sangheraand |. D. Aggarwal (Eds.), Infrared Fiber Optics, CRC PressInc.,
1998, p. 305.

[38] P. Mdling (Rempec Inc.). Commercial Literature.

[39] M. Saito, Tech. Digest 1st Workshop on Optical Fiber Sensors (Japan Soc. of App. Phys.) (1985)
p. 113.

[40] G. Nau, F. Bucholtz, K. J. Ewing, S. T. Vohra, J. S. Sanghera, |. D. Aggarwal, SPIE 2504, 291
(1995) and US Patent # 5, 739, 536.

[41] J. S. Sanghera, G. Nau, P. C. Pureza, |. D. Aggarwal, US Patent # 5, 525, 800 (1996).

[42] B. Rigas, P. T. T. Wong, Cancer Research 52, 84 (1992).

[43] T. Ueda, K. Yamada, T. Sugita, J. Eng. Ind. 114, 317 (1992).

[44] N. S. Kapany, R. J. Simms, Infrared Phys. 5, 69 (1965).

[45] M. Saito, M. Takizawa, S. Sakuragi, F. Tane, Appl. Optics 24, 2304 (1985).

[46] J. Nishii, T. Yamashita, T. Yamagishi, C. Tanaka, H. Stone, Appl. Phys. Letts. 59, 2639 (1991).

[47] Raytheon IR Center of Excellence. Product 256x256 InSb VISMIR FPA.

[48] H. Suto, Infrared Physics and Technology 38, 93 (1997).

[49] M. K. Hong, S. Erramiilli, P. Huie, G. James, A. Jeung, SPIE 2863, 54 (1997).

[50] D. T. Schaafsma, R. Mossadegh, J. S. Sanghera, |. D. Aggarwal, J. M. Gilligan, N. H. Tolk,
M. Luce, R. Generosi, P. Perfetti, A. Cricenti, G. Margaritondo, Ultramicroscopy 77, 77 (1999).

[51] J. S. Sanghera, L. B. Shaw, L. E. Busse, D. Tdlley, |. D. Aggarwal, SPIE 3596, 178 (1999).

[52] D. T. Schaafsma, J. A. Moon, J. S. Sanghera, |. D. Aggarwal, J. Lightwave Tech. 15,
2242 (1997).

[53] R. Reisfdd, A. Bornstein, Chem. Phys. Lett. 47, 194 (1997).

[54] A. Bornstein, R. Reisfdd, J. Non-Cry4t. Salids 50, 23 (1982).

[55] R. Reisfdd, A. Bornstein, J. Non. Cryst. Sol. 27, 143 (1978).

[56] R. Reisfdd, Ann. Chim. Fr. 7, 147 (1982).

[57] C.C. Ye D. W. Hewak, M. Hempstead, B. N. Samson, D. N. Payne, J. Non. Cryst. Solids 208,
56 (1996).

[58] J. Moon, B. B. Harbison, J. S. Sanghera, |. D. Aggarwal, Proc. of Photonics 96, Dec. 9-13,
Madras, India (1996).

[60] Y. B. Shin, W. Y. Cho, J. Heo, J. Non. Cryst. Solids 208, 29 (1996).

[61] Y. B. Shin, J. N. Jang, J. Heo, Opt. and Quant. Electron. 27, 379 (1995).

[62] L. B. Shaw, B. H. Harbison, B. Cole, J. S. Sanghera, |I. D. Aggarwal, Optics Exp. 1, 87 (1997).

[63] T. Schweizer, D. W. Hewak, B. N. Samson, D. N. Payne, J. Luminescence 72-74, 419 (1997).

[64] L. B. Shaw, B. Cole, J. S. Sanghera, |. D. Aggarwal, D. T. Schaafsma, Optical Fiber
Communications, San Jose, CA (1998) paper WG8.

[65] T. Schweizer, B. N. Samson, R. C. Moore, D. W. Hewak, D. N. Payne, Electron. Lett. 33,
414 (1997).

[66] A. Mori, Y. Ohishi, T. Kanamori, S. Sudo, Appl. Phys. Lett. 70, 1230 (1997).

[67] M. Yamada, M. Shimizu, Y. Ohishi, J. Temmyo, M. Wada, T. Kanamori, M. Horiguchi,
S. Takahashi, |IEEE Photonics Technol. Lett. 9, 994 (1992).

[68] B. Cole, L. B. Shaw, P. C. Pureza, R. Mossadegh, J. S. Sanghera, |. D. Aggarwal, J. Non-Cryst.
Solids 256 & 257, 253 (1999).



678 I. D. Aggarwal, J. S. Sanghera

[69] L. B. Shaw, D. T. Schaafsma, B. Cole, B. Harbison, J. S. Sanghera, |. D. Aggarwal, SPIE 3368,
42 (1998).

[70] L. B. Shaw, B. Cole, P. Thiden, J. S. Sanghera, |. D. Aggarwad, |EEE J. Quantum Electronics 37,
1127 (2001).

[71] M. Asobe, T. Ohara, |. Yokohama, T. Kaino, Electron. Lett. 32, 1611 (1996).

[72] US Patent #6, 195, 483 (2001).

[73] H. Nasu, Y. Ibara, K. Kubodera, J. Non-Cryst. Solids 110, 229 (1989).

[74] K. A. Richardson, J. M. McKinley, B. Lawrence, S. Joshi, A. Villeneuve, Opt. Mats. 10,
155 (1998).

[75] M. Asobe, T. Kanamori, K. Kubodera, IEEE Photonics Technol. Letts. PIL4 362 (1992).

[76] G. Lenz, J. Zimmermann, T. Katsufuji, M. E. Lines, H. Y. Hwang, S. Spalter, R. E. Slusher,
S. W. Cheong, J. S. Sanghera, |. D. Aggarwal, Optics L etts. 25, 254 (2000).

[77] . M. Harbold, F. O. llday, F. W. Wisg, J. S. Sanghera, V. Q. Nguyen, L. B. Shaw,
I. D. Aggarwal, Optics Letters 27, 119 (2002).

[78] E. M. Dianov, P. G. Kazansky, D. Yu. Stepanov, Sov. J. Quant. Electron. 19, 575 (1989).

[79] M. T. DeArugjo, M. V. D. Veamdho, A. S. Gouveia-Net, A. S. B. Sombra, J. A. Medeiros Neto,
|EEE Photonics Technol. Letts. 8, 821 (1996).

[80] P. G. Kazansky P. S. J., Russdll, H. Takabe, J. Lightwave Tech. 15, 1484 (1997).

[81] B. B. Harbison, J. S. Sanghera, J. A. Moon, |. D. Aggarwal, US Patent # 5, 846, 889 (1998).

[82] P. A. Thiden, L. B. Shaw, P. C. Pureza, V. Q. Nguyen, J. S. Sanghera, |. D. Aggarwal,
Proceedings SPIE Photonics West, San Jose, CA, January 20-24 (2002).

[83] L. B. Shaw, L. E. Busse, V. Nguyen, J. S. Sanghera, |. D. Aggarwd, F. H. Kung, R. Mossadegh,
D. Jansen, D. Mongin, G. M. Peavy, CLEO Technical Digest 39 CThM74, 502 (2000).

[84] L. B. Shaw, B. Cole, D. T. Schaafsma, B. B. Harbison, J. S. Sanghera, I. D. Aggarwa, CLEO
Technical Digest 6, 420 (1998).

[85] A. Salima, A. Villeneuve T. V. Gdstyan, S. LaRochelle, K. Richardson, J. Lightwave Technol.
17, 837 (1999).

[86] Y. Quiquempais, A. Villeneuve, D. Dam, K. Turcotte, J. Maier, G. Stegeman, S. Lacroix,
Electronics Letters 36, 733 (2000).



