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Abstract: We select a chalcogenide core glass, AsSe, and cladding glass,
GeAsSe, for their disparate refractive indices yet sufficient thermal-
compatibility for fabricating step index fiber (SIF) for mid-infrared
supercontinuum generation (MIR-SCG). The refractive index dispersion of
both bulk glasses is measured over the 0.4 pm-33 pm wavelength-range,
probing the electronic and vibrational behavior of these glasses. We verify
that a two-term Sellmeier model is unique and sufficient to describe the
refractive index dispersion over the wavelength range for which the
experimentally determined extinction coefficient is insignificant. A SIF
composed of the glasses is fabricated and calculated to exhibit an ultra-high
numerical aperture >0.97 over the entire wavelength range 0.4-33 pm
suggesting that the SIF glass pair is a promising candidate for MIR-SCG.
Material dispersion characteristics and the zero dispersion wavelength, both
critical design parameters for SIF for MIR-SCG, are derived.

©2014 Optical Society of America

OCIS codes: (160.2750) Glass and other amorphous materials; (060.2310) Fiber optics;
(320.6629) Supercontinuum generation.
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1. Introduction

The chalcogenide glasses [1] are based on Group 16 elements of the Periodic Table: S, Se and
Te, usually formulated with additions of Group 14 and Group 15, such as the germanium and
arsenic elements, respectively, to increase glass stability and robustness. The chalcogenide
glasses are amorphous semiconductors, exhibiting an optical band-gap. They combine low
phonon energy and high optical nonlinearity [2]; hence chalcogenide-glass optical fibers are
suitable as mid-infrared (MIR, 3-25 microns) supercontinuum generation (SCG) sources. The
advent of bright, broadband MIR-SCG fiber sources will enable developments in the new
field of remote, real-time molecular sensing and spectral imaging with a huge impact across
many sectors, including: mid-IR medical endoscopic systems for real-time sensing, imaging
and analysis of tissue [3,4] (thereby hastening diagnosis, medical decisions and treatment-
planning); remote monitoring of manufacturing and chemical processes (thereby enabling
process-control and product quality control); remote, real-time sensing of explosives and
narcotics for security purposes; sensing of exhaust gases for real-time monitoring of
environmental-quality and energy-efficiency and also sensing in food production and security.
In this work, we have selected two chalcogenide glass compositions: AsSe (As4Seso
atomic% (at%)) and GeAsSe (GejpAsy; 4Ses66 at%) [5] as the core and cladding glasses, for a
step-index fiber (SIF) for MIR-SCG. The AsSe core and GeAsSe cladding glass pair was
chosen to give not only ultra-disparate refractive indices for ultra-high numerical aperture
(NA) SIF, but also to have sufficient thermal-compatibility above and below the glass
transition (T,) in order to enable fiber fabrication [5]. The purpose of the high-NA
chalcogenide fiber is to allow guidance over the whole transparency region, which includes
most of the so-called molecular fingerprint region. In particular, the high NA and high
nonlinearity would allow supercontinuum generation to potentially span the low loss region.
Material dispersion data are required to guide the design of chalcogenide glass SIF for
MIR-SCG [6-8] that go beyond the transparency region of about 5 um of other MIR SIF,
such as ZBLAN [9]. However, few dispersion data are available in the MIR and far-infrared
(FIR, 25-50 um wavelength range) for the chalcogenide glasses [10]. Here, we have measured
refractive index dispersion of the AsSe core and GeAsSe cladding glasses from the visible
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region (VIS: 0.4-0.7 um), through the near-infrared (NIR: 0.7-3 um), MIR (3-25 um) and into
the FIR (limited here up to 33 um by the ellipsometer employed). We verify that a two-term
type Sellmeier model is unique and sufficient to describe the refractive index dispersion of
each glass. Material dispersion of the glasses and the zero dispersion wavelengths are derived
and the variation of numerical aperture (NA) with wavelength is calculated for SIF, comprised
of the AsSe core and GeAsSe cladding glasses.

2. Preparation of glass samples for the refractive index dispersion measurement
2.1. Glass melting

Arsenic (7N, Furukawa Electric Ltd.) and selenium (5N, Cerac) were pre-purified by heating
under vacuum (107Pa) at 310°C and 270°C, respectively; Ge (5N, Cerac) was used as-
received. The AsSe core and the GeAsSe cladding glass precursors were each batched into a
pre-purified, silica-glass-ampoule which was then evacuated and sealed. Glass melting was
carried out with rocking at 800°C / 12h. The melt was cooled in situ to 650°C, air-quenched
and then held immersed vertically for 1 minute in a furnace, which had been pre-heated to the
onset-T,. Quenching was completed under N, gas-jet cooling as the ampoule was gradually
withdrawn from the furnace. The rod-shaped glass product was then annealed by heating at
the onset-T, for 2 h, followed by cooling with the furnace. Onset-T, is defined here as the
extrapolated onset [11] of the T, event in the differential scanning calorlmetry (DSC) run
carried out at a heatlng rate of 10 "C/min and immediately after a controlled pre-treatment of
the glass sample comprising heatlng at 10°C/min to above the T, event on the DSC curve then
cooling at 10°C/min to ambient in the calorimeter before the actual run. It is important to
specify the thermal history of the glasses in this way as refractive index varies with the glass
fictive temperature [11].

2.2. Sample preparation

A glass disc of 10 mm diameter and 1.7 mm thick was cut (Leco, diamond wafer blade) from
each of the AsSe and GeAsSe annealed glass rods. Disc faces were ground (SiC, Buehler,
1000 grit) and successively polished to a 1 um finish. To ensure that the opposite faces of the
discs were both flat, orthogonal to the rod axis and parallel, the disc samples were lightly hot-
pressed under vacuum at T, + 25°C, between two tungsten carbide discs (each = 100 mm
diameter, of flatness 0.08 pm and of surface finish 0.009 pm). The samples were then
annealed at the onset-T, and allowed to cool with the press. After the hot-pressing, the back
face of each disc was re-roughened (SiC, Buehler, 1000 grit), while the polished, pressed front
disc-face was protected with Parafilm M©. The final AsSe and GeAsSe disc thicknesses were
1.04 mm and 1.06 mm, respectively.

3. Refractive index dispersion measurements

The AsSe core and GeAsSe cladding bulk glass samples (prepared as in section 2.2), were
analyzed by means of spectroscopic ellipsometry at ambient temperature (298K) at incident
angles 55 to 75, in 10 intervals; the incident angle range was close to the Brewster angle, in
order to collect the data in the angular region with most sensitivity to the reflection differences
between p- and s- polarized light. Over the 140 nm—1700 nm wavelength-range the Woollam
UVU VASE rotating analyzer ellipsometer was used to measure refractive index and the
entire optical path was enclosed inside a dry nitrogen purge to eliminate absorption from
ambient water vapor and oxygen. Over the 1.7 um — 33 um wavelength-range, the refractive
index was measured by means of the Woollam IR-VASE rotating compensator ellipsometer.

Ellipsometry uses polarized light to characterize materials; the change in light polarization
is measured after reflecting the light from the material-surface and, if the material is isotropic
and ideal, then this may be expressed as two parameters: y (related to phase) and A (related to
amplitude), for each wavelength/angle combination. The incident-angle dependence of v, and
of A, is defined by the complex ratio of the p- and s- polarized Fresnel reflection coefficients:
1, and 1y, respectively, as given in Eq. (1) [12].
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WVASE32 version 3.774 was used to analyze the raw data. The standard practice of data
analysis followed in order to eliminate noise is to assume a refractive index model or a
combination of models (as in the present case) and the presence of an effective medium to
represent surface roughness [13]. The unknown properties of the sample are defined as model
fit parameters which the software adjusts recursively to obtain agreement between modeled
and measured data. In the present work a Cody-Lorentz function along with multiple Gaussian
oscillators was used to model the absorption spectrum of the AsSe core glass and GeAsSe
cladding glass samples. The Cody-Lorentz function models the imaginary part of the
permittivity (e;) as shown in Eq. (2) [14]:

E1 exp(E_Et]'
E E |
(E) , “ O0<E<E, 2
teh =

? (E-E,) AE,TE E>E

(E-E,) +E2 [(Ez—E§)2+F2E2],

where: E is the photon energy in eV and E, E;, E,, E,, E;, E,, A and I are fitting parameters
in eV [14]. E; is identified as the demarcation energy between the Urbach tail transitions and
band-to-band transitions [14].

Using the Kramers-Kronig relations shown in Eq. (3), a wavelength-dependent real part of
the permittivity function (g,) was obtained [12]:

E(E)= (=)
T

E=GE N

52_E2

where ¢;(o0) is a constant and g denotes the Cauchy principal value of the integral and & is

the energy dummy variable.

A Sellmeier dispersion function was superimposed on this real part of the permittivity
model to obtain a complete model of the complex permittivity for each glass composition.
Hence, using the relationships: ¢; = n’ - k> and & = 2nk, the refractive index (n) and the
extinction coefficient (k) were calculated. The model fitted a surface roughness layer on each
glass sample, composed equally of glass and void (air) in an effective medium approximation,
of 5.5 nm depth for the AsSe sample and of 2.3 nm depth for the GeAsSe sample. The depth
of this layer was a parameter determined in the regression analysis to best-fit the models. The
root-mean-square angular error between the measured v and A values and the modeled values
was = 0.5° for both samples.

Figure 1 shows the refractive index (n) dispersion curves and the variation of the
extinction coefficient (k) with wavelength, which were calculated from the ellipsometry
measurements of the AsSe core and GeAsSe cladding bulk glass samples.

From Fig. 1, the steeply rising extinction coefficient with decreasing wavelength starting
from ~650 nm (GeAsSe), and ~700 nm (AsSe), which reaches a maximum extinction
coefficient at ~ 1.7, is proposed to be associated with the optical band-gap electronic
absorption of each of the two glasses.

Zakery and Elliott [15] describe the optical band-gap of amorphous semiconductors as
divisible into three parts:

« for o (absorption coefficient) > 10* cm™, a square root dependence is found with
frequency
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« for 10* cm™ > o > 10° cm™, the dependence is exponential (‘Urbach’ edge)

« for a < 10° cm™, the dependence is also exponential (‘Weak Absorption Tail’)

Plotting (cthv)"? versus hv (where v is photon frequency and h is Planck’s constant) above
the Urbach edge yields a straight line and it is generally accepted that the optical band-gap of
the amorphous chalcogenides may be defined as the intersection of this straight line with the
energy axis. Applying this method, Zakery and Elliott [15] reported the optical band-gap as
701 nm, and 645 nm, for AssSeq (at%) and GegAs,sSegs, respectively, which are coincident
with the onset of rising extinction coefficient with decreasing wavelength of ~ 700 nm for the
AsgSego and ~ 650 nm for the GepAsy; 4Segs.6 glass found here (Fig. 1).

3.6 — AN N AL — 2
34 (7 ' Assen -+ 138
sSe K ==-==-e-
- ~
= 3.2 GeAsSen == =- | 10 2
5 3 : 14 2
§ 28 - f\i ............................. ..... 1.2 E‘a,:':
b . : : : : B : S
~ 26 B R B R e e e vl o
S 24 O Y o 8
X P : : : : : ! o
% 22 N A : ‘ 06 -E
s 2 R L 04 F
1.8 0.2
1.6 e 0
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Wavelength A / um

Fig. 1. Refractive index (n) and extinction coefficient (k) variation with wavelength calculated
from the ellipsometry measurements of the AsSe core and GeAsSe cladding bulk glass
samples.

Also in Fig. 1, the onset rise in extinction coefficient with wavelength at ~ 30 microns
wavelength is noticeable for the AsSe and GeAsSe glass samples and is due to fundamental
vibrational absorption [16].

4. Refractive index models
4.1 Glass transparent window

From the ellipsometry measurements here, despite the refractive index/wavelength data being
calculated to five significant digits from the raw ellipsometric measurements, the modeled
refractive index and extinction coefficient were prudently only taken as accurate up to four
significant digits. As a consequence, the transparent region of each glass sample was taken to
be where the extinction coefficient (x) was smaller than 0.0005, which was the region
extending from ~ 0.7 um to ~ 30 um wavelength, according to the extinction coefficient plot
in Fig. 1. An extinction coefficient of 0.0005 corresponds to a loss of 390 dB/cm at a
wavelength of 0.7 um, and 9 dB/cm at a wavelength of 30 um. The group of Moynihan [16]
has applied infrared spectroscopy of AssSeqy, of very short optical path-length samples -
down to 18 um, to study the spectral region of intrinsic overtone and combination bands
occurring from 7.7 pm to 33 pm wavelength. According to Moynihan and his co-workers
[16], the optical loss of As4Sesy in this wavelength region exhibits a maximal absorption
coefficient (o) of 35 cm™ at 20.8 um (a combination band) and at ~ 33 pm (rising absorbance
and the limit of their study) wavelengths. This would correspond to a loss of 152 dB/cm at
both wavelengths. This loss value is greater than the limit of transparency as defined above
(where the extinction coefficient (k) is smaller than 0.0005); so this absorption should have
been apparent on the extinction coefficient vs. wavelength plot here (Fig. 1), and indeed was
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at 33 um wavelength, but not at 20.8 um wavelength. It is worth noting that this combination
band at 20.8 um wavelength was identified in the study of Moynihan’s group’s [16] as 2v;_the
second overtone of the fundamental stretching band (v,) due to AsSe; pyramid units in the
AsyoSeq glass structural matrix. Therefore the fundamental stretching band (vs) was calculated
[16] to occur at 41.7 um wavelength, but was not observable using the technique of Moynihan
and his co-workers [16]. The second maximal loss occurred almost coincident with a shoulder
(on a rising loss curve) assigned to the fundamental stretching (v,) of bent As-Se-As bridges
in the AsgoSeg glass structural matrix and calculated to occur at 29.4 pm wavelength [16].

For realizing MIR-SCG SIF, the fiber optical loss should be minimized to < 0.1 dB/cm:
which is only achievable, for the AsSe and GeAsSe glasses studied, in a limited wavelength
window between the optical band-gap intrinsic absorption and a point in the overtone and
combination band MIR spectral region; we term this window, of loss < 0.1 dB/cm, the useable
glass transparent window and it is appropriate for applications like passively transmitting
MIR-SIF and for active SIF for MIR-SCG. Of course, in reality the useable glass transparent
window will be compromised by extrinsic scattering loss and extrinsic absorption loss in the
glasses and loss due to waveguide geometrical imperfections.

4.2 Refractive index models

Once the complex refractive index of a particular sample has been measured at several
wavelengths, a model is required which will interpolate the data points and represent the
characteristic in as few coefficients as possible. Two such models, which are well known [17],
are the Sellmeier model, given in Eq. (4), and the Cauchy model, given in Eq. (5):

NooAN
n2—1:A0+Zﬁ )

n=1 n
n2—1=A+%+% 5)

where: 4, and 4, are dimensionless coefficients; a, are the material resonant wavelengths; N
denotes the number of resonance terms; A is wavelength and 4, B, C are Cauchy fitting
coefficients.

For the chalcogenide glasses and other semiconductor materials [12], a Tauc-Lorentz
model has also previously been employed to represent the complex refractive index in the
VIS-to-NIR spectral regions [18], around the optical band-gap. Due to the piecewise nature of
the Tauc-Lorentz model, its general implementation in time-domain-type numerical modeling
has proved impractical [19]. On the other hand, both the Sellmeier and Cauchy models are not
only simple in concept but also material dispersion may be obtained from the second
derivatives of Eq. (4) and Eq. (5). The Cauchy model in this form does not encompass the
entire glass transparent window (defined in 4.1) and so the Sellmeier model was rather applied
here.

The Sellmeier model embodies a number of resonances in the material. Due to the
theoretically unbounded nature of the material resonances (i.e. the right hand side of Eq. (5)
becomes infinite as A — a,), the Sellmeier model can only be applied to the non-absorbing
spectral region of the material, defined here as the transparent window region (section 4.1).
The Sellmeier model is non-analytical and this precluded determination of the corresponding
imaginary part of the refractive index related to loss. The Tauc-Lorentz model on the other
hand expresses the complex refractive index via the Kramers-Kronig relationship [12] but is
only applicable around the optical bandgap absorption spectral region. For the MIR-SCG
applications considered here, the dispersion characteristics in the transparent window of the
glass and, even more pertinently, the useable window (see section 4.1) are more important
than accurate modeling of the imaginary part of the complex refractive index (permittivity) of
the optical band-gap edge, which have been shown to reach a loss in excess of ~ 10® dB/cm
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[15]. Moreover, the Sellmeier model has been shown to provide accuracy for As-(Ge)-Se
glass compositions in representing the real part of the refractive index in the useable window,
for which the extinction coefficient was more negligible [19,20].

4.3 Fitting procedure

Unlike the Cauchy model, which is a simple polynomial, when fitting to a Sellmeier model
using a linear least square fitting (LSF) algorithm, more attention to detail is required for
setting the initial parameters. Since the Sellmeier model becomes unbounded at resonance
frequencies, the a, parameters must be initially placed outside the transparent window fitting
region, i.e placed here at wavelengths for which the extinction coefficient was > 0.0005
(section 4.1).

In [20], As-(Ge)-Se chalcogenide glasses were modeled accurately only up to 2.3 pum
wavelength in the NIR using one Sellmeier term in the VIS region and a constant. Moreover,
the wavelength range of the refractive index measurement data available did not enable the
authors of [20] to model the material zero dispersion wavelength, which would have required
experimental data for wavelengths extending beyond the NIR, into the MIR and FIR. In
contrast, our refractive index measurements here encompassed the complete glass
transparency window (see section 4.1) and beyond, spanning the 0.4 pm-33 pm wavelength-
range, to model the chalcogenide glasses.

Depending on the choice of @, parameters, several different sets of Sellmeier coefficients
can be obtained. However, not all of these models tend to a physical interpretation and this
would be an advantage in giving insight not only into the dispersion characteristic but also
into the electronic and vibrational characteristics of the material. In addition, it is convenient
to have a unique set of Sellmeier coefficients independent of the fitting procedure (i.e.
independent of the initial parameters, reduced mean squared error etc.).

From Fig. 1, due to the discontinuity of the Sellmeier model at a;, and a,, these were
allowed to vary below 0.7 pum, and above 33um, respectively, in the fitting process.
Accordingly, this has been named the Sellmeier II (1,1) model to signify two resonances: one
in the VIS-NIR and one in the FIR region. Coefficients A,, A; were initialized at 1 and were
allowed to take any real value. At the end of the fitting procedure, the fitted parameter co-
variances were smaller than 0.1%, indicating that the coefficients were convergent for the
model sought.

In order to test whether we could achieve a lower modeling error by introducing a third
Sellmeier term, two Sellmeier III models were fitted with the extra term: a;  and Aj; in the
VIS-NIR (named: Sellmeier III (2,1)) and FIR regions (named: Sellmeier III (1,2)),
respectively. When a; was placed in the VIS-NIR part of the spectrum, it was given an initial
value of 0.7 um and was allowed to vary below 0.7 um. When a; was placed in the FIR
region, it was given an initial value of 33 um and was allowed to vary above 33 um. A; was
initialised at 1 and was allowed to take any real value. The refractive index fitting error
percentages for the three models for As-Se, and Ge-As-Se glasses, are shown in Fig. 2(a)
and(b), respectively. The final Sellmeier coefficients used for the three types of fittings are
provided in Table 1 for reference.

4.4 Sellmeier model parameters

From Fig. 2(a) and Fig. 2(b), all three models provide a good fit to the refractive index
dispersion accurate up to 0.1%, within the transparent window (section 4.1). Moreover, the
Sellmeier II model (two terms: a; and a,) was found to be a sufficient and unique model to
represent accurately the two As-(Ge)-Se chalcogenide glasses across their transparent
window. Closer examination of Table 1 shows that the effect of the extra Sellmeier term a;
was simply to split one of the existing resonances into two resonances, close together, without
increasing the fitting accuracy significantly.

For the Sellmeier II model (two terms: a; and a,), the physical significance of a, and a, for
the AsSe glass is now considered. a, is associated with vibrational band resonant absorption.
The value of a, from the Sellmeier I model is 41.395 pm which fits well with the position of
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the fundamental stretching band (v;) calculated to occur at 41.7 pm and due to stretching of
AsSe; pyramid units in the As4Seq glass structural matrix [16]. This suggests that the
refractive index dispersion might be predicted from knowledge of the fundamental resonant
absorptions of a chalcogenide glass. Turning to the Sellmeier II model for the GeAsSe glass,
a, is a vibrational resonance at 38.537 um, at shorter wavelength than a, of the AsSe glass
(41.395 pm).

10 N NULRRY 1 10 T T T T 1
Sellmeier-11(1,1) —— Sellmeier-1I(1,1) =——
Lr 1T Sellmeier-111(2,1) = = = -
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Z 107 4 Z 103 -
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Fig. 2. Refractive index modeling error of < 0.1% for: (a) AsSe and (b) GeAsSe, using models:
Sellmeier II (1VIS, 1FIR), Sellmeier III (2 VIS, 1 FIR) and Sellmeier III (1 VIS,2 FIR).

For AsSe, a less good fit to known resonant absorption is found for the Sellmeier II a,
coefficient than for the Sellmeier II a, coefficient. The Sellmeier II a; coefficient is associated
with the optical bandgap absorption. As mentioned earlier (section 3 [15],), the optical
bandgap of AsySeg has been calculated to be at 701 nm which is quite different from the a;
value for the AsSe glass here of 438 nm. The extinction coefficient, calculated from the
refractive index data measured here, at 701 nm [15] is low enough to lie within the as-defined
transparent window (section 4.1). For the moment, this precludes the Sellmeier II model for
these chalcogenide glasses being wholly predictable from known absorption coefficient data.

Nevertheless, we have presented the unique and complete dispersion relationship in the
whole transparency window, for the AsSe and the GeAsSe chalcogenide glass compositions.
The advantage of having a unique set of coefficients is that from a literature of glass chemical
composition/molecular structure and unique Sellmeier II coefficients, one might correlate the
dispersion and glass chemical composition or even molecular structure. With refinement, this
could eventually allow one to reverse engineer glasses to produce a suitable glass composition
for a particular application requiring certain dispersion characteristics.

We compare now the AsSe Sellmeier II model coefficients (two terms: a; and a,) with
those published for AMTIR-2: an AsSe glass of similar, but not identical, composition to that
used in the current work (AMTIR-2: reported T, is 10K-15K lower, implying an enriched Se
content compared to AsgSesy) described in the literature [10]. The AMTIR-2 Sellmeier model
coefficients published in [10] are not coincident with absorption bands, especially the longer
quoted [10] resonance at 19 um. We suggest that this is at least in part due to the fact that
refractive index data in only a limited region (1 pm to 13 um) were available to those authors.
Hence, the resonant wavelength of the long wavelength Sellmeier term would essentially have
become a free parameter, and in [10], was fixed at 19 um. According to the Moynihan et al.
[15] study, the closest absorption band to 19 pum is the second overtone of the fundamental
absorption at 41.7 pm occurring at 20.8 um); it is concluded that the choice of fixing the
Sellmeier parameter at 19 um was not rigorous [10].
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Table 1. Sellmeier coefficients of As-Se and Ge-As-Se glasses. The numbers in parentheses
correspond to the number of material resonances in the VIS and the FIR, respectively.

AMTIR-2 data for As-Se, rearranged to see correspondence, is from reference [10].

Sellmeier Sellmeier I11(2,1) Sellmeier 11I(1,2) AMTIR II [4]
11 (1,1
As-Se
Ay 3.3344 2.5611 3.3337
A 3.3105 1.9098 3.3111 1.308575
a 0.43834 pm 0.47350 pm 0.43830 pm 2a;=0.48328 pm
A, 0.89672 0.89565 1.1850 0.347441
a, 41.395 pm 41.383 pm 41.226 ym 19 pm
A; 2.1738 -0.28860 2.234921
a3 0.31202 pm 40.742 pm 0.24164 pm
Ge-As-Se
Ao 2.7742 1.2966 2.7741
A 2.8928 2.7616 2.8928
a; 0.40470 pm 0.40801 pm 0.40470 pm
A, 0.73204 0.73204 0.84788
a, 38.537 um 38.524 um 38.291 um
As 1.6087 -0.11740
a3 0.095693 um 37.060 um

4.5 SIF and numerical aperture

SIF multimode fiber based on the AsSe core and GeAsSe cladding glasses has been
successfully fabricated. Figure 3(a) is a scanning electron micrograph (SEM) of the cross-
section of sample of the cleaved multimode SIF. Figure 3(b) shows the SEM energy
dispersive X-ray analysis (EDX) Ge elemental mapping of the fiber cross-section. Ge was
found only in the surrounding cladding (GeAsSe) and not in the core (AsSe), as expected.
Further details about this fiber, and small core fiber, will form the basis of another
publication, but we note here that the useable glass transparency window of this fiber, based
on our criterion of loss <0.1dB/cm, is from 0.7-11.7 pm.

The numerical aperture (NA) of the SIF composed of the designed glass pair was
calculated from:

NA=\|n’-n’ (6)

where 7n; and n, are the refractive indices of the core AsSe glass, and the cladding GeAsSe
glass, respectively, comprising the optical fiber. As shown in Fig. 4, SIFs constructed from
this AsSe/GeAsSe glass pair had a calculated NA greater than 0.97 over the entire wavelength
range of refractive index measurement by means of ellipsometry: 0.4-33 um. This ultra-high
NA allows the core modes to be strongly confined in the fiber core (i.e. strong guiding) and
theoretically a MIR-SC to be unhindered across the wavelength range, making this glass pair a
promising candidate for SIF MIR-SCG. The large NA will naturally make the fiber multi-
moded, as is well-known in step-index optical fiber theory; see for example [21]. However,
only very few of these modes will be guided above Sum and through good coupling the
number of excited modes can be significantly reduced. Using short pump pulses to increase
intermodal temporal walk-off modal issues can be further reduced, as demonstrated by, e.g.,
Shavrin et al. [22].

#210165 - $15.00 USD Received 14 Apr 2014; revised 4 Jun 2014; accepted 13 Jun 2014; published 27 Jun 2014
(C) 2014 OSA 1 July 2014 | Vol. 4, No. 7 | DOI:10.1364/OME.4.001444 | OPTICAL MATERIALS EXPRESS 1452



™100 pm ' 100 pm '

(a) (b)

Fig. 3. SIF multimode fiber comprising an AsSe glass core and GeAsSe glass cladding: (a)
scanning electron micrograph (SEM) of the cross-sectional view of the multimode fiber and (b)
SEM energy dispersive X-ray analysis (EDX) Ge elemental mapping of the fiber cross-section
where Ge was found only in the surrounding cladding (GeAsSe) and not in the core (AsSe), as
expected.

1.4
1.35
1.3
1.25
1.2
1.15
1.1
1.05

NA

0.95

0.7 1 2 5 10 20 30
Wavelength A / um

Fig. 4. NA variation with wavelength for an optical fibre comprised of the AsSe glass core and
GeAsSe glass cladding.

4.6 Dispersion

Supercontinuum generation in simple step-index optical fibers depends critically on both
optical confinement and the dispersion tailoring [23]. Efficient SCG may require pumping in
the anomalous dispersion regime, close to the material zero-dispersion wavelength (ZDW)
[23]. Pumping in the anomalous dispersion region close to the material ZDW with high power
lasers causes the long wavelength edge of the SC eventually to be determined by a number of
solitons red-shifting due to the Raman effect. For femtosecond pumping, the solitons will be
generated by soliton fission; for long-pulse pumping (picosecond to CW (continuous wave))
the solitons will be generated when the pump breaks up due to modulation instability. To
exist, the solitons require anomalous dispersion and to red-shift efficiently the dispersion
should be weak. Therefore, for the spectral broadening to continue to long wavelengths, the
dispersion should remain anomalous and weak in a correspondingly broad wavelength-region.
Hence, it is critical to know the dispersion characteristics not just around the material ZDW,
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but also of the material across the whole MIR region, for ultra-broadband MIR-SC sources
based on chalcogenide SIF.
The material dispersion D was calculated from the standard formula [21]:

AModPn
D—‘Z[W] @)

where 7 is the refractive index at wavelength 4 and c is the light velocity in vacuo. For AsSe
and GeAsSe, the material dispersion obtained from Eq. (7), using the second derivative of the
refractive index given by Eq. (5), is shown in Fig. 5. From Fig. 5, the material ZDW for As-
Se, and Ge-As-Se, occurs at 7.4 um and 7.0 um, respectively. This may be compared with 7.2
for AsSe AMTIR-2 glass [10] as reported by Ung and Skorobogaty [24] who assumed that
this was As4oSeq but from the published T, [10] this seems not to be the correct stoichiometry
(see section 4.4).

Importantly, from Fig. 5, it may also be seen that the material dispersion remains weak out
to 20 um wavelength.
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Fig. 5. Material dispersion D calculated from Eq. (7) and the fitted Sellmeier II (1,1) models of
As-Se and Ge-As-Se. Inset: material dispersion close to the material ZDW.

5. Conclusions

Bulk glass samples AsSe and GeAsSe were prepared and analyzed for their refractive index
dispersion by means of ellipsometry over the wavelength range: 0.4 — 33 um. A Sellmeier
two-term model, with one resonant VIS absorption and one resonant FIR absorption, was
determined as sufficient for fitting the refractive index dispersion across the transparent
window of each glass. We suggest that this is an analytical approach with potential for
anticipating refractive index dispersion when the short and long wavelength resonant, intrinsic
absorption of the chalcogenide glass composition is known. For the AsSe glass, the resonant
FIR absorption (41.395 um) corresponded with the literature value (41.7 um). For the AsSe
and GeAsSe glasses, the literature optical bandgaps (701 nm and 645 nm) respectively)
corresponded with the onset of extinction (~700 nm and ~650 nm, respectively) but not with
the modeled resonant photon energies, which were at higher energies. Material dispersion
characteristics of the glasses, useful for SCG modeling, have been calculated. The material
ZDW of As-Se, and Ge-As-Se, occurs at 7.4 um and 7.0 um, respectively, and the dispersion
remains low out to 20 um wavelength, whereafter it increases rapidly at longer wavelengths.
We have calculated the N4, from the refractive indices measured using ellipsometry, for SIF
composed of the AsSe core and GeAsSe cladding glass-pair and shown that it is higher than
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0.97 over the entire wavelength range measured (0.4-33 pum). Our results show that this glass
pair, which exhibits sufficiently matched thermal properties for SIF fabrication, which was
experimentally demonstrated here, is a promising candidate for high N4 chalcogenide glass
SIF for broadband MIR-SCG.
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