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We report the results of systematic measurements of the group velocity dispersion (GVD) in chalcogenide glass
(ChG) bulk samples, composite ChG fibers, and robust high-index-contrast nanotapers. The composite ChG-
polymer fibers are drawn from an extruded multimaterial preform incorporating a thick built-in polymer jacket
that is thermally compatible with the ChG used, and the nanotapers are then produced without removing the
polymer. We isolate the contributions of material and waveguide GVD to the total dispersion in the nanotapers
and support the results with finite-element simulations. These results indicate many possibilities for dispersion
engineering and nonlinearity enhancement in all-solid index-guiding ChG fibers stemming from the flexibility of
this fiber fabrication methodology. © 2013 Optical Society of America
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1. INTRODUCTION

Chalcogenide glasses (ChGs) [1] are endowed with several
salutary features that make them excellent candidates for
applications in midinfrared (MIR) nonlinear fiber optics. ChGs
may be stably drawn into fibers [2,3], are transparent in the
MIR [1], have higher nonlinear coefficients than typical oxide
glasses [4-9], and have low two-photon absorption [10,11].
This potential is thwarted, however, by the mechanical fragil-
ity of ChGs [12] and their large normal group velocity
dispersion (GVD) in the infrared [13], which distorts ultra-
short optical pulses [14] and reduces the effective optical
nonlinearity [15]. Furthermore, in some applications, such as
supercontinuum generation, the GVD sign and magnitude play
a crucial role, and hence must be precisely controlled [16,17].

To harness the useful features of ChGs in MIR nonlinear
fiber optics, both of these issues (mechanical fragility and
dispersion control) must be addressed. Several approaches
have been pursued to obviate the high bulk-ChG GVD through
engineering the waveguide dispersion. In one approach, ChG
photonic crystal fibers (PCFs) [18,19] have been developed
for GVD control [20]. The difficulty of ChG processing, in ad-
dition to the steeper viscosity-temperature dependence that is
shifted to a much lower temperature for ChGs compared to
that of silicates [21,22], have made progress along these lines
slow since it is difficult to precisely and uniformly control the
nanoscale trusses and wires required in the PCF cladding.
An alternative approach relies on fiber tapering to modify
GVD through dimensional control [23,24] or hanging-core
ChG fibers [19,25]. Tapering also enhances the nonlinearity
by increasing field confinement in high-index-contrast struc-
tures [26] but is hampered by the unfavorable mechanical
properties of ChGs [12].

We have recently reported a new approach for fabricating
composite ChG-polymer preforms from which robust ChG
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fibers are drawn: one-step multimaterial preform coextrusion
[27]. This process produces ChG preforms provided with a
thick built-in thermoplastic polymer jacket that is thermally
compatible with the ChG. This feature has important conse-
quences for the prospects of ChG fibers. First, the built-in
polymer jacket improves the mechanical strength of the fiber
with respect to both bending and extensional forces [27].
Second, since the ChG and polymer are thermally compatible,
the drawn fiber may be tapered without removing the polymer
Jjacket [28-30]. Third, the process facilitates the fabrication of
fibers with large core/cladding index contrasts ((M¢ope—
Netad)/ Meag) # 0.15 in [27]). This procedure thus yields a
new generation of ChG fibers that alleviates the traditional
concerns of their mechanical strength and simultaneously
opens up routes to new designs for GVD control and nonli-
nearity enhancement.

In this paper we present the results of systematic measure-
ments of the GVD parameter §, [15] at wavelength 1 = 1.5 pm
in bulk ChGs, in high-index-contrast composite ChG fibers
produced by the above-described process, and in robust ChG
nanotapers. We measure f; using spectral interferometry [31]
after each fabrication step in order to detect potential effects
attributed to the specific thermal processing associated with
this new fiber production methodology. We isolate the contri-
bution of waveguide dispersion and find excellent agreement
with calculated values across both normal and anomalous
waveguide dispersion regimes. Furthermore, we measure
GVD in bulk ChGs at 4 = 2 pm to assess the utility of thulium
fiber lasers that are emerging as a potential pump source for
MIR nonlinear fiber optics [32-36]. By combining the bulk S
measurements at A = 2 pm with calculated waveguide GVD,
we present designs for all-solid zero-GVD ChG fibers.

This study is further motivated by the scarcity of reported
direct GVD measurements in ChGs. Typically, ChG GVD is
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estimated from the measured wavelength-dependent refrac-
tive index (AsySe; in [37] and As,S3 in [38]), carried out
recently using ellipsometry [39] and the prism-coupling tech-
nique [40]. The only reports on direct measurement of f, in
ChGs are for bulk As,S; at 1.3 pm [41]; As,Se; fiber [42];
As,Ses, Ge5SbgSes [43]; and AsyS3 [44] microstructured fi-
bers at 1.5 pm. Moreover, since short, few-centimeter-long
tapers are expected to be particularly important in MIR super-
continuum generation [23], it is crucial to accurately assess
the effect of tapering on ChG fiber GVD. To the best of our
knowledge, there have been no reported GVD measurements
in ChG tapers. The results presented here on direct f; mea-
surements in bulk samples, fibers, and nanotapers help close
that gap. We present the results of nonlinear characterization
of these fibers and nanotapers elsewhere [30,45].

This paper is organized as follows. We first briefly describe
our fiber fabrication methodology (details are delegated to
Appendix A) and highlight the unique aspects of tapering dy-
namics for a hybrid ChG/polymer fiber compared to tapering
all-glass fibers. After we review the field confinement for the
fundamental mode as we reduce the hybrid fiber diameter, we
describe the optical setup used to measure fs via spectral
interferometry. We then present our measurement results for
bulk, fiber, and nanotaper samples. Finally, we use the meas-
urement parameters to provide potential designs for all-solid
zero-GVD ChG fibers. These results will be useful in the design
of future ChG-fiber-based MIR optical sources based on non-
linear interactions.

2. BULK, FIBER, AND NANOTAPER SAMPLE
PREPARATION AND CHARACTERIZATION

Bulk samples of three ChG glass compositions were prepared:
G17 Asteg; Gg, Astel_5sl'5; and Gg, A5283 (Flg l) See
Appendix A for processing details. These three ChGs have
high third-order optical nonlinearity [4-9] and their stable
thermo-mechanical properties allow for thermal drawing into
fibers [2,3]. The samples were prepared in the form of 10 and
30 mm diameter cylindrical rods that we used for bulk GVD
measurements and for subsequent fiber-preform extrusion, re-
spectively. We determined the transparency windows of these
ChGs using an FTIR spectrometer (Bruker Tensor 37) in the
spectral range 0.5-20 pm [see Fig. 1(a)]. We note the gradual
shift of the absorption band edges to longer wavelengths as Se
replaces S in the glass matrix at both the long-wavelength
[Fig. 1(a)] and short-wavelength [Fig. 1(b)] ends.

Unlike the “double-crucible” approach to ChG fiber draw-
ing [46,47], in which the fiber is drawn from two melts of
the core and cladding glasses in an inert atmosphere, we draw
our fibers from a preform in the ambient environment. We
produced three preforms. Preforms I and I were fabricated
by one-step multimaterial coextrusion [27]. Preform-I consists
of a G; core, a G3 cladding, and a polyetherimide (PEI)
built-in protective jacket with diameter ratios G;:Gs:PEI =
2.5:7.5:12 mm. Preform-II consists of a G, core, a Gz clad-
ding, and a polyethersulfone (PES) jacket with diameter ratios
Gy:G3:PES = 2.5:8.75:12 mm. The core/cladding diameter
ratio and the glass compositions used may be readily varied
by changing the structure of the extrusion billet and the design
of the die [27]. In addition, we measured the optical transmis-
sion of a typical thermoplastic polymer PES, used in the fibers
as a protective jacket [see Fig. 1(c)]. As is clear, PES is highly
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Fig. 1. (a) FTIR transmission spectra for three ChG samples.
G1:AsySes; Go: AsySeq 551 5; and Gg: As,S3. Each sample is a 10-mm-
diameter disc of thickness ~2 mm. Insets show photographs of the
samples; all scale bars are 5 mm. (b) FTIR transmission spectra
showing the low-wavelength cutoff for G;, Gy, and Gs. (c) FTIR
transmission spectrum for a 2-mm-thick polymer sample; PES,
polyethersulfone.

absorptive in the MIR. In designing such fibers, care must thus
be taken to minimize the fraction of light reaching the poly-
mer. Finally, Preform-III consists of a G; core and a PES clad-
ding prepared by rolling a 125-pm-thick PES film around a
10 mm diameter, 10 cm long G; glass rod [48-50].

Preforms I and II were drawn into canes ~150 pm-core-
diameter. A thin-polymer-film is rolled around the cane
(PEI for Preform I and PES for Preform II) and then thermally
consolidated under vacuum. A new preform is thus produced
that is drawn into a fiber with core diameter 10 pm, cladding
diameter 30 pm, and outer diameter 1 mm for Fiber I, and core
diameter 10 pm, cladding diameter 35 pm, and outer diameter
1.2 mm for fiber II [Figs. 2(a) and 2(b)]. Fiber III consists of a
10 pm diameter G; core and a 1 mm diameter PES jacket
[Figs. 2(c) and 2(d)]. The final core diameter in all fibers is
controlled during fiber drawing and is typically maintained
at 10 pm. We point out for completeness recent efforts on pro-
viding ChG fibers with a polymer coating through collapsing a
[poly(methyl methacrylate), PMMA], jacket around a prefab-
ricated ChG fiber [51].

We produced fiber nanotapers using Fiber-II without re-
moving the polymer using a home-built tapering system

Fig. 2. Scanning electron microscope (SEM) images of Fiber II
(a) full cross section and (b) ChG core/cladding region; and Fiber
III. (c¢) Full cross section and (d) ChG core region. P: Polyethersulfone
(PES). G;:AsySes; Gy:AsySe; 5S;5; and Gg: AsySs.
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Fig. 3. Fiber axial plastic deformation upon heating in a tapering
setup with 5 mm wide uniform heating zone—corresponding to the
red rectangle in panel (a). Panels (a) through (e) are transmission
optical micrographs that correspond to identical samples (Fiber III,
equivalent drawing tension of 40 g) at different temperatures for
40 s. Initial fiber outer diameter is 1 mm. (f) Transmission optical mi-
crograph showing a magnified side image of the intact G; core inside
the PES cladding. The black symmetric outer portions of the cladding
in the microscope image result from the curvature of the taper outer
surface.

[28], which allows us to exercise considerable control over the
taper axial profile and results in robust nanotapers. Although
glass-fiber tapering has been studied extensively [52], our
ChG-polymer hybrid fiber reveals different tapering dynamics
since the polymer, which is the principal material component
in the fiber, dictates its mechanical properties. Upon heating,
the stress stored in the fiber polymer cladding during drawing
and associated axial elongation (resulting in molecular
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alignment in the polymer) is released in the heated section.
During fiber drawing, tension is determined in grams (equiv-
alent force) by a force meter that measures the restoring force
from the fiber being pulled. The tension is determined by the
drawing temperature, the drawing speed, and the downfeed
speed of the preform into the draw-tower furnace.

Consequently, the polymer undergoes plastic deformation
and shrinks away from the heating zone to accumulate at its
edges (Fig. 3). At the center of each sample, the fiber diameter
is reduced the most (the minimum core diameter at the mid-
point is referred to hereafter as d,;,), producing a tapered
shape along the axis. Sectioning the fiber at different positions
along the taper axis and examining the cross sections reveals
that the core diameter scales approximately at a constant ratio
with the outer diameter. As a result, we will take the axial
variation of the fiber outer diameter along the nanotapers
to be an indication of their core diameters.

We find that the size and shape of the swelling or bulges
thus formed depend on both the tapering parameters and
the fiber-drawing tension. To study the effect of tapering tem-
perature on the polymer swelling, we prepared five identical
fiber samples drawn under 40 g equivalent tension and
mounted them with fixed ends in a 20 mm long heating zone
(5 mm long uniform heating section) and heated them for 40 s
at different temperatures without pulling the sample ends
(Fig. 3). It is clear that as the tapering temperature increases,
the deformation in turn increases. In another experiment,
samples from three fibers—that were drawn under different
tension—were heated at fixed temperature, and fiber defor-
mation was observed in real time (Fig. 4). Our observations
confirm that plastic deformation is more pronounced for a
fiber drawn under higher tension. To reduce the effect of plas-
tic deformation during tapering, we subsequently draw the fi-
bers at low tension. Now, by also applying axial pulling force
during tapering, we may control the length of the produced
taper while maintaining minimal deformation at the edges.

The unique aspect of the polymer jacket is that it enables
tapering the samples, thereby reaching submicrometer-
diameter cores while remaining robust enough for convenient
handling. For example, the taper shown in Fig. 5(a) with
400 nm core diameter has a ~50 pm outer diameter. Moreover,
in [29] we demonstrate stable tapering of a polymer-
embedded G; ChG nanowire to sub 5 nm diameter. In our
optical characterization experiments, we typically cut the ta-
pered section of the fiber, fix it on a glass slide using epoxy,

Temperature: 307 °C

Tension: 114 g

llmm

10s

t

20 s

Heating time

30s

80 g

Fig. 4. Dependence of the axial plastic deformation upon heating in a tapering setup (see Fig. 3) on the tension during fiber drawing and tapering
time. Each panel is an optical transmission micrograph of a fiber sample with initial fiber outer diameter 1 mm. The tapering temperature is held
fixed throughout and the fiber-drawing tension is constant in each column.
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Fig. 5. (a) Robust nanotaper with minimum core midway along the
sample d;, = 400 nm. (b) Nanotaper mounted on a glass slide and
is fixed using epoxy, after which the facets are polished. (¢) SEM
micrograph of the nanotaper cross section at the taper mid-point
(corresponding to minimum diameter). (d) Higher-magnification
SEM micrograph highlighting the ChG core/cladding structure; com-
pare to Fig. 2(b). Note the increase in the apparent ChG cladding size
due to smearing of the ChG/polymer interface that occurs during
surface polishing in preparation for SEM imaging.

and then polish the facets [Fig. 5(b)]. A section through the
midpoint of such a taper [Figs. 5(c) and 5(d)] reveals that
the fiber structure is maintained.

Finally, we note that care must be taken during tapering to
avoid the onset of fluid instabilities, such as the Plateau-
Rayleigh capillary instability, that may be induced during ta-
pering when the ChGs are in a low-viscosity state. Such a fluid
instability may result in the breakup of the continuous ChG
core into isolated spheres held stationary in the polymer clad-
ding [28,53]. We have reported elsewhere [28] the restrictions
on tapering speed and temperature that enable us to avoid
such phenomena and obtain axially continuous nanotapers.

3. OPTICAL CONFINEMENT IN
ChG-POLYMER NANOTAPERS

As the core diameter decreases, transmitted light becomes
less-confined to the core. Therefore, while tapering first re-
duces the mode diameter, and hence increases the intensity,
eventually the mode spreads out and the intensity drops with
further reduction in core diameter. We used COMSOL to de-
termine the reduction in field confinement of the fundamental
mode with decrease in diameter [Fig. 6(a)], maintaining the
relative dimensions of the Fiber II structure. At A = 1.55 pym,
core diameters of 1 pm, 500 nm, and 250 nm result in confining
~80%, 50%, and 20% of the fundamental mode to the core,
respectively. In the latter case where the least amount of light
is confined to the core, 6% of the beam resides in the polymer
layer, thereby increasing the infrared transmission losses [see
Fig. 1(a)]. Therefore, for MIR applications, the fiber structure
must be modified by increasing the ChG cladding diameter to
minimize the percentage of light reaching the polymer.
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Fig. 6. (a) Fraction of light in the core, cladding, and polymer jacket
in a structure corresponding to Fiber II while changing the core
diameter for both 1 = 1.55 and 1.95 pm. The fractions were computed
assuming the measured indices given in Table 1 and the ratio of diam-
eters core:cladding = 1:3.5, as shown in Fig. 2(b). The polymer
jacket was assumed infinite. At larger diameters (not shown), the
fundamental mode is mostly confined to the core. (b) Transmission
loss of 4 = 1.55 pm laser light in 25 mm long tapers with different
diameters—normalized to the transmission in an equal length of
non-tapered fiber.

Measurements of the optical transmission of 1.55 pm CW
laser light in several 25 mm long tapers and different core
diameters is shown in Fig. 6(b). When the core diameter is
reduced below 1.5 pm, the transmission is significantly re-
duced. One potential reason is that local scattering centers
in the glass matrix play a more significant role here than they
usually play in the larger-diameter fibers before tapering.

4. DISPERSION CHARACTERIZATION

A. Measurement Setup and Procedure

Fiber dispersion measurement techniques may be classified as
pulse-delay (or time-of-flight), phase-shift, or interferometric
methods. The pulse-delay technique is suitable for large group
delays by determining the differential delay between optical
pulses of different wavelengths [54,55]. This method is typi-
cally used for long fibers, but recent efforts have extended
it to shorter lengths [56,57]. In the phase-shift method, sinus-
oidally modulated broadband light is coupled to the fiber and
the delay between two selected wavelengths is extracted from
their relative phase shift, subject to phase-wrapping ambigu-
ities [58]. Interferometry resolves group delays down to 0.1 fs
and is thus suitable for short fiber samples [59,60].

We measured f; here using spectral interferometry [31] in a
single-mode-fiber-based Mach—Zehnder interferometer (MZI)
with the sample placed in one arm (sample arm) and a fixed
delay in the other (reference arm) [see Fig. 7]. The same pro-
cedure was used for measurements at A = 1.55 and 1.95 pm,
except for the use of a different light source and detector.
Light input to a fiber coupler is split between the reference
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Fig. 7. Setup for measuring fs. S, source; FC, fiber coupler; C, colli-
mator; L, lens; A, attenuator (to increase fringe visibility); OSA, optical
spectrum analyzer. Solid lines are single-mode fibers.

and sample arms of the MZI. In the reference arm we place a
free-space optical delay 7 and a variable attenuator. In the
sample arm, light is coupled out of the SMF, is collimated, tra-
verses the sample, and is then coupled back into a SMF fiber
(Fig. 7). Three spectra were recorded for each sample by
means of an optical spectrum analyzer (OSA): the sample
spectrum I(1) obtained by blocking the reference MZI arm;
the reference spectrum /,(4) obtained by blocking the sample
arm; and the output spectrum I,(4) obtained by superposing
the sample and reference spectra.

The interference term was extracted from I, I, and
I.:cos Ap=(I,-1I,-1,)/(2/T.I,), where Ap = ¢ — wt + @g;
here 7 is the delay, w is the optical frequency, ¢g is a back-
ground phase estimated with the sample removed, and ¢
is the sample phase. We extract Ag versus wavelength directly
from cos A, making use of the fact that the phase difference
between each two successive peaks in /(1) is 27z. In order to
accurately estimate the average wavelength difference be-
tween the peaks, amplitude modulation and noise were fil-
tered from I, (1) in the Fourier domain [Figs. 8(a) and 8(b)].
This is particularly important when measurements are
carried out at 2 pm in order to discriminate against the fine
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atmospheric absorption lines that overlay the measured
spectra [Figs. 8(d) and 8(e)]. We then estimate f, by fitting
Ag to a second-order polynomial and averaging 10 measure-
ments for each sample and then repeating the experiment at
6-8 different positive and negative delays [Figs. 8(c) and 8(f)].

B. Dispersion of Bulk Samples

In the case of bulk samples in the form of 10 mm diameter
ChG discs, light is collimated in free space by C;, traverses
the sample and is then coupled back into an SMF via a second
collimator C, (lenses L; and L, are removed in this case; see
Fig. 7). We measured f; at A = 1.55 pm and 1.95 pm [see
Fig. 8]. As a reference, we measured S, for a 1 in. cube of
BK7 glass and compared it with those of the bulk ChG samples
(Table 1). We find that GVD is normal and decreases with
wavelength in the ChGs, while GVD is anomalous and
increases with wavelength in BK7. This may be understood
by noting that A = 1.55 pm is above the zero-dispersion wave-
length of BK7 but below that of ChGs [37,38]. Note also the
increase in GVD as Se replaces S in the ChG matrix.

We used the same setup to also measure the refractive in-
dex of the samples. The fringe spacing in I,,(1) is longest when
the optical path lengths are equal in both MZI arms. We adjust
the optical delay in order to achieve this condition both in the
presence and absence of the sample, from which we estimate
the refractive index n (with £0.015 precision). The measured
indices at 1 = 1.65 and 1.95 pm are reported in Table 1. Note
the gradual increase in n concomitant with that in g, as Se
replaces S in the ChG matrix.

To the best of our knowledge, these are the first direct
measurement of GVD in ChGs at 1.95 pm. The measured
GVD values here for A = 1.55 and 1.95 pm are much larger
than those associated with typical oxide glasses, which poses
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Fig. 8. (a) Spectral interference fringes in the output spectrum /,(4) (note the logarithmic vertical scale) obtained using an OSA (Advantest

Q8381A). The sample here is the BK7 bulk cube and the source is amplified spontaneous emission (ASE) from an EDFA (EAU-200-c, IPG Pho-
tonics). (b) Fourier transform (FT) of I,(1). The black dashed box corresponds to the portion filtered out to extract the interference fringes.
(c) Filtered spectral power density obtained by taking the inverse FT of (b) and the extracted spectral phase A@(1). (d)—(f) are similar to
(a)-(c) except that the source is ASE from a thulium fiber laser, the OSA is Yokogawa AQ6375, and the sample used is a bulk As,Ss

disc; see Fig. 1(a), lower-left inset.
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Table 1. Measured Bulk Index n» and GVD g, in
ps’/km at 1.55 and 1.95 pm Wavelengths®

Sample Glass n 155  py 166 n 195  fpy 1.95
Ref. BK7 1.516 -21 — -32
Gl As,Se; 2.904 978 2.876 762
G2 As;Seq 555 2.743 670 2.645 554
G3 As,S; 2.472 474 2.456 383

“The indices n are estimated within +0.015.

difficulties in using ultrafast pulses for nonlinear applications
in ChG fibers. We shall use these measured values of n and f,
below to guide the design of zero-GVD all-solid ChG fibers.

C. Dispersion of Fiber Samples

The procedure used for bulk samples was also implemented
for measuring the GVD in fiber samples, all of which have
10 pm diameter cores. In this case, light collimated by C; is
then focused via a lens L; into the fiber. C; was chosen to
match the fiber fundamental mode. The output light is colli-
mated with a lens Ly (identical to L;) before being coupled
back into an SMF fiber via collimator C,. Although the fiber
samples are multimoded, we ensure that the measured f, is
that of the fundamental mode by monitoring the existence
of interference fringes in the sample spectrum I (1) with
the reference arm blocked, which reveals the potential exci-
tation of multiple modes. The measured f, for 2.5 cm long
Jiber samples (Table 2) differ only slightly from the bulk core
glass. This is expected from the small values of waveguide
GVD predicted theoretically at large core diameters and large
core-cladding index contrast [Fig. 9(b)]. We computed the
waveguide GVD for the fundamental mode in COMSOL using
the measured indices (Table 1) and structural dimensions for
the fibers (Fig. 2). We then estimate the fiber GVD by combin-
ing the measured bulk GVD and calculated waveguide GVD,
and find this estimate in good agreement with the measured
fiber GVD for all three samples (see Table 2).

D. Dispersion of Nanotaper Samples

Finally we measured g, for the robust nanotapers prepared
from Fiber II following the same procedure used for the fiber
samples. The measured diameter profiles shown are given in
Fig. 9(a), showing minimum core diameters d,;, at the nano-
taper midpoints of 1.4 pm, 600 nm, 400 nm, and 330 nm
(Table 3). The high index-contrast in conjunction with the
large change in core diameter (starting from 10 pm at the un-
tapered end and extending down to d,;,) leads to very wide
changes in local waveguide GVD along the taper. We mea-
sured the total GVD phase shift produced by the taper and
then divided it by the taper length L to obtain an average
GVD parameter f, (Table 3). We corroborate the measure-
ments by computing /_};SH“) = (1/L)Y_;p>(2) Az + /352, where

Table 2. Measured (Meas.) and Simulated (Sim.)
Fiber GVD g, at 1.55 pm in ps?/km; Jacket: Polymer
Outer Jacket

Sample Core Clad. Jacket pes Ao
Fiber I Gy Gy PEI 968 967.2
Fiber II Gy Gs PES 685 659.4

Fiber III Gy — PES 915 966.8
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Fig. 9. (a) Measured diameter profile along the nanotapers’ axes
(Table 3). Only half the length of the tapers are shown. The other
half of each profile is a mirror reflection around the midpoint.
Diameter ranges corresponding to normal and anomalous GVD are
identified. (b) Calculated waveguide p, for Fiber II at A = 1.55 pm
and 4 = 1.95 pm for different core diameters. (c) Calculated wave-
guide f, as a function of core diameter and wavelength. The two
horizontal dashed lines correspond to the wavelengths used in our
measurements.

Po(2;) is the local fundamental-mode waveguide GVD at
A= 155 pm at positions z; along the taper separated by
Az = 1 mm, and ﬂgz is for the GVD of the bulk core glass
Gs. The dependence of waveguide GVD on the core diameter

Table 3. Measured (Meas.) and Simulated (Sim.)
Average GVD f, at 1.55 pm in ps?>/km for Fiber-II

Nanotapers
Sample i L (cm) M) £y
Taper 1 14 pm 2.1 640.8 621.4
Taper II 600 nm 3.7 817.0 801.4
Taper III 600 nm 4.25 752.3 731.6
Taper IV 400 nm 2.5 631.8 692.8
Taper V 330 nm 4.9 640.6 676.1
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and wavelength is shown in Figs. 9(b) and 9(c). The wave-
guide GVD at 1.556 pm alternates with decreasing D from
anomalous (1.2 pm < d) to normal (0.4 <d < 1.2 pm) and
then anomalous (d < 400 nm). The second anomalous range
is due to the interaction of the extended field tail of the fun-
damental mode in the ChG cladding with the polymer jacket.
By combining the measured diameter profiles along the nano-
taper axes [Fig. 9(a)] with the calculated diameter-dependent
Po [Fig. 9(b)], we estimate f;(2;), from which we obtain the
average f,. The measured and calculated f, are in good agree-
ment (Table 3). The results highlight the importance of the
axial taper profile on engineering the nanotaper dispersion.

5. DESIGNS FOR ALL-SOLID ZERO-GVD
ChG FIBERS

The ability of our fabrication process [27] to produce a high-
index-contrast core/cladding fiber structures opens the
possibility of GVD control—necessary in most nonlinear
wavelength conversion applications—using a simple all-solid
structure. Using the measured indices and GVD parameters,
we present examples of core-cladding structures that achieve
zero-GVD in the infrared. First, consider the Fiber-II structure
investigated above, but assuming an infinite Gs cladding (no
polymer jacket). A core diameter of d = 4 pm achieves zero-
GVD in the spectral range 1 = 3.1-3.2 pm (assuming a linear
drop in bulk GVD with wavelength). In order to achieve zero-
GVD at shorter wavelengths, a higher index-contrast is neces-
sary. One approach is to use a tellurite glass cladding n = 2.1,
which produces zero-GVD at 2.2-2.3 pm (close to the thulium-
fiber laser operating wavelength) with d = 1.4 pm for either a
G, or Gy core. In other words, by controlling parameters that
are accessible to our fabrication procedure (Rcore, Mcladding,
and d), we may shift the zero-dispersion wavelength to the
near-infrared where high-power laser sources are available.

6. CONCLUSION

In conclusion, we have presented systematic GVD measure-
ments in ChG bulk samples, short lengths of high-index-
contrast composite ChG fibers and robust nanotapers utilizing
spectral interferometry. The fibers are drawn from preforms
produced by a recently developed process, one-step multima-
terial preform coextrusion, and our results confirm that the
multiple thermal cycling involved in this methodology does
not change the material dispersion. Furthermore, our results
indicate that engineering the GVD through index-profile design
and the fiber/taper geometry may enable zero-GVD high-index-
contrast all-solid ChG fibers [27] for MIR nonlinear fiber optics.

APPENDIX A

Bulk glass samples are prepared from commercial glass
(Amorphous Materials, Inc.) by melt-quenching [21,61]. The
as-purchased glass (typically 10-150 g) is crushed into small
pieces with average size <10 mm and loaded into a silica am-
poule, which is evacuated (10~¢ Pa) and sealed with a
propane-oxygen flame. The ChG is melted in a rocking fur-
nace at 900°C-950°C for 12 h, quenched in cold water, and
then annealed near the glass-transition temperature for 2-5 h
to produce 10 and 30 mm-diameter glass rods for bulk mea-
surements and fiber preform extrusion, respectively. Three
glass compositions were investigated: G;, AssSes; Gy,
AsySeq 55;5; and Gs, AsySs. G; and Gg were directly remelted
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from AMTIR-2 and AMTIR-6 glasses [62], respectively, while
G, was synthesized by mixing G; and Gs. Finally, the annealed
10-mm- and 30-mm-diameter glass rods were cut and polished
into discs for further measurements and for extrusion,
respectively.

The billets used in extruding the preforms were prepared
by vertically stacking discs of the appropriate materials. Three
30 mm diameter 15 mm thick discs are vertically stacked in a
cylindrical billet: The bottom disc is the polymer, the second
disc is the cladding ChG, and the top disc is the core ChG. The
polymer discs were prepared by thin-film-rolling technology
[22,50]. The billet is then heated in a stainless steel sleeve
and extruded under pressure through a 12-mm-diameter cir-
cular die. The extruded preform consists of nested cylindrical
shells with the bottom (top) disc in the billet corresponding to
the outermost (innermost) layer. A thin polymer film (75 pm
thick PEI for Preform-I and PES for Preform-II) was rolled
around a section of the extruded multimaterial preform and
thermally consolidated under vacuum to produce a preform
with a thicker polymer jacket, which—in turn—we draw into
fibers.
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