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The search for low-loss and robust optical fibers in the infrared spectrum has always been an important research
topic for many investigators. Over the years, fibers of various materials groups have been proposed to obtain ‘the
ultimate infrared fiber’. Recently, a new competitive alternative has emerged: the semiconductor-core glass-
cladded optical fibers. The excellent bulk materials properties and integrated circuit applications reveals the
potential of semiconductors as fiber materials. One of the important photonic materials that has been proposed

as a fiber-core material is germanium. In this paper, the development of Ge-based fibers and their optical
properties in the mid-infrared spectrum are discussed. The performance of Ge-based fibers has been compared
with other semiconductor-core fibers. Recent developments in the area of semiconductor fibers and the future
prospects of semiconductors as infrared fiber materials are also discussed.

1. Introduction

The emergence of the mid-infrared (IR) fibers coincides with the
early period of silica-based optical fibers, when chalcogenide-glass
optical fibers were proposed by Kapany and co-workers [1]. These
chalcogenide fiber materials, comprised of various combinations of As,
Se, and S with Ge, Te and several other elements, showed promising
transmission properties in the mid-IR spectrum. The demonstration of
new processing techniques for silica glass preform fabrication ac-
celerated the development of the low-loss silica optical fibers, and silica
optical fibers with transmission losses below 20 dB/km were fabricated
in the early 1970s [2]. Since then, silica optical fibers have become the
backbone of the global telecommunication industry by transmitting
data in the visible and near-IR spectra. However, the sharply increasing
transmission losses in silica glasses for wavelengths beyond ~3 pm
require different materials for effective mid-IR transmission.

Transmission in the mid-IR spectrum has many potential applica-
tions, including detection of environmentally hazardous greenhouse
gases, remote laser delivery for surgery, and defense countermeasures,
among others [3]. Although different communities define the internal
boundaries of the IR region differently, it is generally accepted that the
near-IR, mid-IR and far-IR regions for the photonics community are
defined as wavelengths being in the 0.7-2 pm, 2-15 pm and
15-1000 pm ranges, respectively. Materials such as chalcogenides,
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fluorides, heavy metal oxides and photonic crystal fibers (PCFs) have
been proposed for mid-IR transmission to create the ultimate low-loss
optical fibers [4-7]. Although fibers made of these materials have
shown unique transmission abilities in the mid-IR spectrum, the un-
solved mechanical and chemical issues still preventing their widespread
usage. On the other hand, semiconductors, known for their IR trans-
mission properties in integrated photonic devices, have excellent bulk
mechanical and chemical stability, and promising low-loss transmission
in the mid-IR spectrum [8]. The promise of integrating mid-IR photonic
circuits with fibers made of the same material is another motivation for
the increased interest in semiconductors as fiber materials. Among the
semiconductors, Ge has particular advantages in the mid-IR region due
to its wide transmission window and strong nonlinear properties. Al-
though the Ge transmission window does not include the tele-
communication window (0.8-1.7 um), it does include the entire mid-IR
spectrum. The nonlinearity of Ge is known to be several orders of
magnitude greater than silica glasses, a property widely exploited in Ge
waveguides [9]. For instance, Ge’s third order susceptibility (X(S)) and
Kerr coefficient (n,) are 1.5 x 107*®¥ m?/V? and 2.6 x 10~ m?/W,
respectively, around 4 pm wavelength [10]. Ge has been used in pho-
tonic circuits for a variety of applications such as waveguides, lasers,
multiplexers, and phase shifters [11-14]. Although low-loss transmis-
sion has been previously demonstrated in on-chip Ge waveguides, wa-
veguides have complex fabrication processes, limited lengths and
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Fig. 1. Historical overview of semiconductor-core glass-cladded optical fibers.
The major advances of Ge-based fibers (The left hand-side) and other semi-
conductor fibers (the right hand-side) are shown with their respective pub-
lication dates listed [16,20-38] (HP-CVD: High Pressure-Chemical Vapor De-
position; MC: Molten Core).

dependency on the design of circuits [13,15].

Ge-based optical fibers do not suffer from these limitations. The first
demonstration of Ge-core fibers was achieved in 2006 by modifying the
well-known chemical vapor deposition technique [16]. In this study,
silica PCFs were filled with Si and Ge, forming rods, tubes and het-
erostructures of these materials. This seminal development led to a
variety of unary-core and alloy-core semiconductor fibers. Alloy-core
semiconductors fibers have additional advantages over their unary
counterparts, such as tuning the transmission window and forming a
graded-index (GRIN) structure. Fig. 1 provides a historical overview of
the major achievements in semiconductor-core fibers, with Ge-based
fibers highlighted on the left-hand side and other semiconductor-core
fibers highlighted on the right-hand side. The blue-dashed line indicates
the first demonstration of successful optical transmission through a Ge-
core glass-cladded fiber.

It has been nearly fifteen years since the semiconductor-core fibers
were proposed, and to date, several review papers on these fibers have
been published [17,18]. Most of these reviews have been focused on
silicon-core fibers which have been researched more extensively [8,19].
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However, to the best of our knowledge, a review focused on Ge-based
fibers is absent in the literature. This work aims to draw attention to the
fibers with Ge and Ge alloy cores and the current trends in the semi-
conductor-core fiber research.

This paper discusses the fabrication methods for different types of
Ge-based fibers. The optical properties of Ge-based fibers are then
discussed and compared with other semiconductor fibers. Finally, a
discussion on the applications of Ge-core fibers and future trends in the
semiconductor fibers are presented.

2. Fabrication methods

To date, there are two primary fabrication methods for semi-
conductor-core fibers; high-pressure chemical vapor deposition (HP-
CVD), and molten core (MC). Initially, the MC method involved two
forms of the starting fiber core material, rods (rod-in-tube), and pow-
ders (powder-in-tube) [21,39]. Although both methods have been uti-
lized for more than 10 years for the fabrication of semiconductor-core
fibers, the rod-in-tube has become the dominant starting configuration
of MC fabrication. The pros and cons of each method are discussed
below.

2.1. High-pressure chemical vapor deposition

The HP-CVD was the first proposed method to fabricate semi-
conductor-core fibers, and involves filling the inside of glass capillaries
or PCFs with highly pressurized mixtures of precursors and carrier gases
at the elevated temperatures [16,40]. A generalized schematic of the
HP-CVD method is shown in Fig. 2a. The growth of semiconductor thin
films and coatings on non-planar substrates by the chemical vapor de-
position (CVD) is a well-developed process. The novelty of HP-CVD lies
in the use of higher pressures, extending up to 100 MPa. This high
pressure can assist with the filling of very high aspect ratio cavities. The
mechanical strength of capillary glasses and PCFs allows for such high-
pressure deposition to occur, without mechanical failures. The process
temperature and pressure varies with the core material. To date, fibers
with Si, Ge, ZnSe and SiGe cores have been fabricated by the HP-CVD
[16,31,41]. For the deposition of compound or alloy semiconductor
cores, the individual precursors are mixed in the appropriate ratio.

There are several advantages of the HP-CVD method. First, a wide
selection of cores can be deposited, allowing for the deposition of ma-
terials such as ZnSe and ZnS, whose high vapor pressures make their
fabrication by the MC method challenging [31]. Second, the process
allows for the deposition of multi-layered core structures for optoelec-
tronic junctions [42]. Finally, the ability to manipulate the processing
conditions to form amorphous or polycrystalline cores allows for flex-
ibility in fabricating fibers with different core microstructures [43]. On
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Fig. 2. Schematics of semiconductor-core fiber fabrication methods, depicting: (a) HP-CVD and (b) MC fabrication.
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the other hand, the important disadvantages of this technique are the
limited fiber length (on the order of a few meters) over which deposi-
tion can be achieved, as well as difficulty in achieving complete filling
of the hollow core [31]. Slowing down the deposition rates can assist
with better core filling, but that can lead to unrealistically long fabri-
cation times. Finally, precursor gases like silane (SiH,) for Si cores and
germane (GeH,) for Ge cores are highly flammable and toxic, requiring
special care during deposition.

2.2. Molten core fabrication

The molten-core (MC) method was originally proposed in the 1990s
to draw fibers whose core materials that were unstable (e.g., amenable
to oxidation) to the drawing atmosphere, with the initial starting core
materials being in the form of powders [44]. Although the preforms for
the MC method are different from the preforms of conventional solid-
core silica optical fibers or PCFs, the drawing technique itself is similar.
In the MC method, the core material, that is in the form of a rod,
powders, pieces or the combination of these, is placed into a glass tube.
The lower end of the tube is sealed to hold the core in place by either
collapsing the preform tube with a flame torch or by insertion of tightly
fitting glass rods. The upper end of the core material is also sealed off
with a glass rod to prevent oxidation at the elevated drawing tem-
peratures. Fibers with core diameters from tens to hundreds of micro-
meters are drawn in conventional fiber draw towers at the temperatures
that are above both the melting point of the core and softening point of
the glass cladding. Additional glass tubes with increasing diameters can
be added concentrically to control core/cladding diameter ratio of the
fibers. The MC method is shown schematically in Fig. 2b.

There are several advantages of the MC method. First, this method is
amenable to kilometer-long fiber drawing with a high degree of uni-
formity of core and cladding diameters. Second, it does not require any
specific modification of fiber draw towers designed for drawing fibers
of the cladding glass. Finally, the preform fabrication for this method is
relatively simple. A disadvantage of the MC method is the diffusion of
impurities from cladding to the core, especially where borosilicate
cladding is used [21]. A variety of techniques have been used to combat
the diffusion problem. Using alkaline oxide modifiers at the interface of
the core and cladding was found to limit impurity diffusion into the
core [45]. Placement of the core material just above the necking point,
can minimize the time the core remains molten before being drawn,
thereby reducing impurity diffusion [46].

In spite of the diffusion issue, the MC method is the preferable
technique for fabricating semiconductor core fibers, and is widely ac-
cepted as the fabrication method for semiconductor core fibers.
However, MC fabrication is not amenable for drawing fibers whose core
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Fig. 3. SEM images of radial cross-sections of a) Ge-
core borosilicate glass-cladded fiber, b) Ge-core si-
lica glass-cladded fiber, [Adapted] with permission
from [48], © 2016, Wiley. c) SiGe alloy-core silica
glass-cladded fiber and d) GeSe alloy-core K9 glass-
cladded fiber. [Adapted] with permission from
[25], © 2015, Elsevier. e) SEM image of long-
itudinal cross-sections of Ge-capped SiGe fiber
array. [Adapted] with permission from [49], ©
2019, The Optical Society. Fibers a), ¢), d) and e)
were drawn by the MC method, and fiber b) were
fabricated by the HP-CVD method.

materials have a high vapor pressure, or when composition changes in
the radial direction of the core are required. For these cases, the HP-
CVD method is preferred for the fabrication of such fibers [18].

3. Fiber types

As shown in Fig. 1, various semiconductors have been used as the
core material IR optical fibers. The HP-CVD filled PCFs were first pro-
cessed with pure Ge and SiGe heterostructure cores, and this work was
a significant milestone for Ge-core fibers [16]. In this section, the Ge-
based fibers with various cladding glasses are reviewed. This section
discusses both unary core (Ge only) and Ge alloy/compound core fibers.

3.1. Ge-core fibers

Pure Ge-core fibers have been successfully processed by both HP-
CVD and MC methods [16,20,21]. For HP-CVD, silica capillaries were
filled with Ge, and both amorphous and polycrystalline core fibers were
deposited [20]. For the MC method, two different glass types were se-
lected as the cladding material: silica and borosilicate glasses [21,47].
Borosilicate glasses have a better coefficient of thermal expansion (CTE)
match with Ge, which reduces the propensity of crack formation during
fiber cool down. Also, the drawing temperature range of borosilicate
glasses (850 °C to 1150 °C), overlaps with the melting point of Ge
(938 °C), allowing the fibers to be drawn at relatively lower tempera-
tures, not significantly above the melting temperature of Ge. This re-
duces the kinetics of diffusion of impurities from the cladding to the
core [46]. Silica glasses have much higher drawing temperatures
(1850-2200 °C), but do not have the network modifiers present in
borosilicate glasses. The lower drawing temperatures for borosilicate
claddings limit the impurity diffusion of oxygen into the core. A cross-
sectional image of a polycrystalline Ge-core borosilicate glass-cladded
fiber drawn by the MC method is shown in Fig. 3a. A monocrystalline
Ge core was achieved recently by post-deposition laser recrystallization
processing of a HP-CVD fiber. The cross-section of the fiber is shown in
Fig. 3b [48]. A continuous-wave 488 nm argon ion laser was used to
heat the semiconductor core by exploiting the absorption of Ge at the
emission wavelength. Ge-core fibers have been processed with amor-
phous, monocrystalline and polycrystalline cores.

Another technique that has been reported to form Ge cores, is using
pressure assisted filling of the hollow cores of silica-air photonic crystal
fibers by molten Ge [50]. This method was successful in filling channels
as small as 600 nm in diameter. This structure has potential usage for
in-fiber thermometer and sensing applications.
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Fig. 4. Effect of the thermal annealing on SiGe-core fibers. (a), shows the cross-sectional SEM image of the core and (b), (c) and (d) shows EDX-based EDX elemental
dot mapping of O, Ge and Si before thermal annealing respectively. (e), (f), (g) and (h) shows the fiber cross-section after the thermal annealing [52].

3.2. Ge alloy/compound fibers

Alloying Ge with other semiconductors can lead to additional ad-
vantages such as tuning the transmission window or forming GRIN fiber
cores. GRIN structures are commonly used on multimode solid-core
silica optical fibers to suppress the modal dispersion [51]. This struc-
ture can also decrease the transmission losses in the mid-IR spectrum by
tightly confining the light in the fiber center, thus keeping it away from
the lossy glass cladding. To-date, most of the efforts have focused on
SiGe alloy-cores [23,41,52]. Three different research groups have suc-
cessfully fabricated SiGe alloy-core glass-cladded fibers by using both
the HP-CVD and the MC methods. SiGe alloy-core fibers drawn by the
MC method showed large compositional fluctuations in the core. This
was attributed to random nucleation of Si-rich regions during the rapid
cooling associated with fiber drawing, leaving the last regions to soli-
dify to be Ge-rich. In order to homogenize the core composition, fibers
were annealed in a furnace in air. Fig. 4 shows the SEM-based EDX
elemental dot mapping of the cross-sectional images of the fiber before
and after the thermal annealing. The process was successful in in-
creasing uniformity of the fiber. However, this was also accompanied
by partial devitrification of the silica, leading to crack formation in the
cladding (Fig. 3c) [52]. Re-melting and re-solidification of the SiGe
alloy-core using a continuous-wave 10.6 pm CO, laser at has also been
successfully used to achieve improved compositional homogeneity
[23]. The compositional uniformity of cores also improved the optical
transmission properties of the fibers. SiGe alloy-cores have also been
deposited inside silica capillaries at 460 °C by HP-CVD [41]. After de-
position, the fibers had amorphous cores, which were converted to
polycrystalline cores by annealing. Another study focused on forming
Ge capped SiGe alloy-core fibers by heating the tip of the fibers with a
commercial 10.6 um CO, laser [49]. The laser-treated tips turned into
convex structures (Fig. 3e) that acts as a lens to focus the multimode
output of the fiber to a single point in space.

GeSe-core fibers with the commercial K9 glass cladding were re-
cently fabricated by the MC method using a powder mixture of Ge and
Se [25]. The GeSe-cores of the as-drawn fibers were crystalline with
oxygen content less than 1%. Although the optical transmission mea-
surement was not reported, the photoconductivity and thermoelectric
properties of the fibers were investigated. Furthermore, Ge-core fibers
with a Sn outer layer have been reported [26]. The Sn layer was aimed
to confine the light in the core region by acting as a mirror. The pre-
sence of the Sn layer improved the optical transmission by 20%.
However, in general, the losses in Ge-alloy/compound fibers are still
much higher than in unary Ge-core fibers.

4. Optical properties

Investigations of optical properties such as optical transmission of
semiconductor-core fibers have mainly focused on Si-core fibers, with
an eye on applications such as nonlinear optics and optoelectronics
[27,53,54]. In contrast, the study of optical properties of Ge-core fibers
has not been as prevalent. Here, we discuss the optical performance of
the Ge-based fibers and their comparison with other semiconductor-
core fibers.

4.1. Optical transmission

The optical transmission measurements of Ge-based fibers were
performed in a wide optical band in the mid-IR region spanning from
2.0 um to 10.6 um. The first reported transmission loss measurement
was on a Ge-core, silica glass-cladded fiber processed by the HP-CVD
method [20]. The core structure of this fiber was amorphous, and the
minimum losses were found to be 4.8 dB/cm at 10.6 pm. Subsequently,
another silica glass-cladded crystalline Ge-core fiber, drawn by the MC
method, was reported to have an optical transmission loss of 0.9 dB/cm
at 3.39 um [47]. A more recent study focused on borosilicate glass
cladding that has a better coefficient of thermal expansion match with
Ge-core. These fibers exhibited an average transmission loss of 5.1 dB/
cm in the range of 5.82-6.28 um [46]. The region around 6 um is im-
portant since the fundamental absorption region of many organic
compounds such as proteins, nucleic acids, phospholipids and polymers
are centered around this value [55,56]. To-date, the minimum reported
transmission loss is 0.9 dB/cm at 3.39 um for a Ge-core fiber with a
polycrystalline core [47].

The mid-IR optical transmission losses of SiGe alloy-core fibers after
post-fabrication processing to homogenize core composition vary from
9.7 to 28 dB/cm in the 2.0-6.1 pm range [23,52]. The transmission loss
of the laser recrystallized SiGe core fibers with 6 at% Ge was reported to
be 9.7 dB/cm at 2 pm. Another SiGe alloy-core fiber with silica cladding
was found to have a transmission loss of 28 dB/cm at 6.1 pum after
thermal annealing in a furnace [52]. A HP-CVD deposited SiGe alloy-
core fiber with 2% Ge, exhibited a 7 dB/cm transmission loss at 1.55 um
(near-IR region) after thermal treatment [41]. However, this study did
not report transmission losses in the mid-IR regime. The transmission
losses in a Ge-core borosilicate glass-cladded fiber with tin interlayer
was calculated to be 23.5 dB/cm at 3.39 pm. To date, the lowest re-
ported mid-IR transmission loss in a Ge alloy-core fiber is 9.7 dB/cm at
2 pm [23].
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Fig. 5. Optical transmission losses of various reported semiconductor-core
glass-cladded fibers in the near-IR (1.55 pm) and mid-IR regions. Each data is
labeled with the core/cladding materials of fiber and the publication date of the
work. The triangle, square, pentagon, circle and diamond symbols represents Si-
core, Ge-core, ZnSe-core, SeTe-core and SiGe-core fibers respectively. Also data
with fully-filled symbols are from fibers by rod-in-tube method and data with
partially-filled symbols are from fibers by HP-CVD Research groups/colla-
borations that led to the fabrication and characterization of fibers are re-
presented as different colors. Orange symbols are for Clemson University
[27,471; green symbols are for the collaboration between Pennsylvania State
University (PSU) and Optoelectronics Research Center at University of South-
ampton (ORC) [20,31,58]; the purple symbol is for South China University of
Technology (SCUT) [35]; blue symbols are for PSU [41,48,59]; cyan symbols
are for Norwegian University of Science and Technology (NTNU) and colla-
borations between various universities and institutions led by NTNU [23,45],
red symbols are for Boston University (BU) [46,52] and the magenta symbol is
for Université de Lille [60]. The transmission windows of the bulk Si, Ge, ZnSe
and SeTe are shown as dashed rectangles in the lower part of the figure. The
corresponding positions of the rectangles within the figure do not represent the
bulk optical losses of the materials. PhG is an abbreviation for phosphate
glasses. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

4.2. Comparison of optical losses in various semiconductor-core fibers

Fig. 5 summarizes the reported optical transmission losses of various
semiconductor fibers as a function of wavelength in the mid-IR region.
In the figure, several near-IR results (at 1.55 um) were also plotted to
give a wider overview of semiconductor-core fibers. As can be seen
from the figure, most of the demonstrated transmission losses lie in the
1-10 dB/cm range for the mid-IR region. The Si-core silica glass-
cladded fiber outperforms all others with 4.3 dB/m transmission losses
at 2.94 um [27]. Even though unary Si-core fibers generally perform
better than Ge-based fibers, the transmission losses of the semi-
conductor fibers fall in the same range. More research on Ge-based fi-
bers can lead to the development of fibers with lower mid-IR trans-
mission losses in the future. Furthermore, other promising
semiconductor-core fibers such as tellurium, indium selenide, antimony
selenide and gallium antimonide are excluded from the figure due to
the lack of optical transmission measurements in the mid-IR wave-
lengths [33,36,37,57]. We expect to see more optical characterization
studies of these fibers in the future.

5. Current and future applications
5.1. Applications

To-date, the applications of Ge-based fiber in the mid-IR spectrum
have been focused mostly on the realization of optical transmission and
nonlinear optics. The range of the demonstrated mid-IR transmission
spans from 2.0 to 10.6 um [20,46]. Although, the demonstrated
transmission losses are high comparing to other mid-IR fibers (10 s of
dB/km to 100 s of dB/km for fluoride or chalcogenide-based fibers,
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respectively, in the mid-IR), the wide coverage of the mid-IR region and
chemical/mechanical stabilities of Ge-based fibers are important for
robust future applications of these fibers. One important application is
transmission at 10.6 um, which is the emission wavelength of com-
mercially available CO lasers [20].

Another important attribute of semiconductors is their high non-
linear properties. The nonlinear properties of Si-core fibers have been
previously examined more thoroughly than any other semiconductor-
core fibers [19]. There has been only a couple of studies of the non-
linear properties of Ge-core fibers [22,24]. The first study was focused
on Raman scattering in a Ge-core borosilicate glass-cladded fiber. The
Raman gain at ~6.8 pm was observed by pumping a 4 mm-long Ge-core
borosilicate glass-cladded fiber with a 5.62 um quantum cascade laser
(QCL) [22]. In a recent study, the detuning oscillations, a third-order
(x3) nonlinear off-resonance electronic response of transparent mate-
rials, were observed in the Ge-core fiber samples [24]. A femtosecond
dispersed pump-probe spectroscopy setup that can also be utilized for
the frequency dispersed optical heterodyne detections was used for
demonstrating the nonlinearity of Ge [61]. In this work, three Ge-core
borosilicate glass-cladded fiber samples with different core and clad-
ding diameters were tested and the results were compared with the
unprocessed Ge rod to evaluate the effect of the fiber drawing and the
diameter on the nonlinearity of Ge. Fig. 6 shows the 2D plots of ob-
served detuning oscillations as a function of frequency and the time
delay between the pump and probe signals. In this work, the detuning
oscillation can be observed on an unprocessed rod as well as Ge canes/
fibers with different diameters, stating that the nonlinearity of the Ge
was maintained before and after fiber drawing. More studies are needed
to investigate and exploit the nonlinear properties of the Ge-core optical
fibers.

5.2. A perspective for future studies

The wide transmission window and highly nonlinear properties of
Ge presents a significant potential for the future applications of Ge-
based fibers. Here, we discuss a few potential fiber designs that can
significantly expand mid-IR applications for Ge-based fibers.

An important threshold of increasing the applicability of semi-
conductor-core fibers is to keep the transmission losses under 1 dB/m at
any targeted wavelength region. One possible path to achieve this is to
form GRIN structures. The numerical simulations of SiGe alloy-core
fibers suggest the possibility of low optical losses through a wide
spectral window with GRIN fiber cores [52]. Although, the demon-
stration of a low-loss GRIN fiber is yet to be achieved, a recent study
showed preferential transmission of light through the Ge-rich region
within the SiGe alloy-core after a laser-based post-drawing annealing
process [62]. In principle, during the fiber drawing, if the solidification
of the core occurs from the cladding to the fiber center with the non-
homogeneous distribution of materials, a GRIN structure can be made
with different compositional rings (outer rings will be Si-rich, and inner
rings and the center will be Ge-rich). However, forming the GRIN
structure is still a challenging process due to the rapid cooling of the
fiber after exiting the furnace of the draw tower and random nucleation
in the core region. Another approach of decreasing transmission losses
is developing cladding glasses with tailored working temperatures that
are just above the melting temperature of the semiconductor core ma-
terial [63]. This would allow fiber drawing to occur at temperatures as
low as possible, thereby reducing impurity diffusion and thus de-
creasing transmission losses. However, finding suitable cladding glass
compositions for semiconductors with high melting points is still a
challenge.

The nonlinear properties of Ge-based fibers have not been fully
explored unlike that for the case of Si-core fibers [19]. Higher non-
linearity of Ge could potentially lead to better results in nonlinear op-
tical applications. One important nonlinear application of the semi-
conductor-core fibers is the supercontinuum generation in the mid-IR
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range [53]. The experimental supercontinuum generation in the mid-IR
spectrum by pumping a tapered Si-core silica glass-cladded fiber with a
femtosecond optical parametric oscillator was demonstrated recently
[64]. A similar mid-IR supercontinuum generation with Ge waveguide
was numerically proposed and supercontinuum generation can be
achieved with low-loss Ge-core fibers in the future [65].

Silica hollow-core photonic crystal fibers (HC-PCFs) have demon-
strated low-loss transmission in the mid-IR region where the silica has
high bulk material losses [66,67]. Several different guidance mechan-
isms play a role in low-loss transmission in HC-PCFs, and one important
mechanism is the photonic band gap (PBG) structures around the
hollow-core [68,69]. Replacing the hollow-core with a semiconductor
medium could be an alternative way to decrease the transmission losses
of the semiconductor-core fibers [70]. Selective filling of semi-
conductors into the core and having hollow-cladding structures can
lead to low transmission losses by limiting the interaction of the guided
light with the glass cladding. Also, the nonlinearities of HC-PCFs due to
the high figure of merit of these fibers can be enhanced in the mid-IR
spectrum with the help of semiconductor cores.

In the recent years, the research trend of the Ge-based fibers has
shifted towards the alloying/compounding of Ge with other elements
due to the tuning of refractive index and transmission window. Also,
aforementioned GRIN mid-IR fiber can be realized with Ge alloys.
Lastly, various demonstrations of the nonlinear properties of the Ge-
based fibers are expected in the near future.

6. Conclusion

The quest for developing the ‘ultimate low-loss mid-IR fiber’ is still
ongoing. Semiconductor-core fibers have introduced new aspects to IR
optics with their unique materials properties. Ge-core fibers made by
various fabrication and post-fabrication processes have demonstrated
mid-IR transmission, nonlinear optical properties and photodetection.
Even though the importance of Ge-core fibers has been currently
overshadowed by Si-core fibers, there are strong reasons to pursue Ge-
based fibers for potential future applications. The unique properties of
Ge have been exploited in Ge waveguides; Ge-core fibers need to follow
suit. Furthermore, the unexplored realm of the integration of semi-
conductor-core fibers and on-chip waveguides can lead to many
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Fig. 6. Observation of detuning oscillation in
four different Ge samples. Contour plots of (a)
unprocessed Ge rod with 3 mm diameter, (b) Ge
cane with 770 pm-core diameter, (c) Ge cane
with 358 pm-core diameter and (d) Ge fiber with
132 um-core diameter with respect to delay time
(ps: picosecond) and wavenumber (em ™).
Figures are unique for each sample but a
common color code is applied. Maximum and
minimum normalized intensities are represented
with red and blue respectively [24]. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version
of this article.)

attractive future applications. However, to achieve this, reaching the
1 dB/m transmission loss milestone is a key for these fibers, and ad-
vances in fiber design and processing will be required. Overall, Ge-core
fibers have a bright future as they will play an important role in future
mid-IR optical and optoelectronic applications.
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