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Semiconductors-core optical fibers have gathered attention for light guidance in
the infrared spectrum. Cladded with glasses, fibers can be the ideal medium to
transfer the favorable bulk properties of semiconductors into the micro/nano
scaled one-dimensional form. The integration of these fibers with optical circuits,
lasers and photonic crystals offers a wide variety of applications. In this
perspective, the role of semiconductors in the future of optical fibers and their
integration with photonic crystal structures are analyzed. The past and present
efforts of semiconductor-core fibers are briefly reviewed, and the potential future
application areas benefited by semiconductors as fiber materials are discussed.
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1 Introduction

Semiconductors dramatically altered the progress of technology in the 1940s through the
successful demonstration of the first transistor. The roles in electronic circuits, solar cells,
light emitting diodes (LED) and lasers are some of the key applications that have provided
the undisputable importance of semiconductors in today’s world. On the other hand, the
bulk properties of the semiconductors also show promising applications in optics and
photonics for the infrared (IR) spectrum. The usage of semiconductors as the core material of
optical fibers was introduced within the first decade of the new millennia [1].
Semiconductors such as Si, Ge, SiGe, ZnSe, and SeTe have demonstrated light guidance
in the near-IR and mid-IR regions, and many others have been proposed as fiber materials
[2]. The high nonlinearity of semiconductors, that is, several orders of magnitude higher
than the sonly ilica-based glasses, can demonstrate various optical phenomena as a core
medium in optical fibers [2,3].

Photonic crystal fibers (PCFs) are 2-dimensionally microstructured optical fibers that
can manipulate light via the periodic arrays of air holes and glass struts [4]. Controlling the
light by tailoring a microstructured cladding around a core was a breakthrough for optical
fibers, and research activities have accelerated in this newly born fiber group. Seminal works
such as photonic bandgap guidance [5], endlessly single-mode operation [6] and later large
mode area single-mode fiber [7] were enabled with PCFs. Following the discovery of PCFs,
Hollow-core photonic crystal fibers (HC-PCF, or HCFs shortly in this work), a subgroup of
PCFs, were introduced to guide the light through a low-index medium, i.e., hollow-core [8].
The discovery of air guidance with HCFs has led to the demonstrations of strong light-matter
interaction, high damage threshold and reduced latency [9]. A high figure of merit, ratio of
effective interaction length to the modal area, is a critical advantage of HCFs for the
demonstration of nonlinear phenomena. Moreover, light guidance through the HCFs
differentiates from the solid-core fiber that operates by the total internal reflection
showing the uniqueness of HCFs for the fiber community. The capability of ultralow-
loss guidance through the air core, that has lower theoretical limits than glasses, have been
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shown by surpassing the fundamental Rayleigh limit in the visible
light region [10]. This achievement can potentially lead the way to
help outperform the solid-core silica optical fibers “telecom fiber”
with HCFs in the near-IR region where the majority of data around
the world is transmitted [11].

In this perspective, the role of semiconductors in the future of
optical fibers and the opportunities in the intersection of PCF/HCF
and semiconductors are discussed. First, the historical progress of
semiconductors as fiber materials and their present status are briefly
reviewed including types of fibers, materials and fabrication
techniques. Later, a discussion on the possible future directions
of semiconductor-core fibers is presented by emphasizing the
integration of semiconductors with PCFs/HCFs.

2 Past and present of the
semiconductor-core fibers

The initial works on the light guidance properties of
semiconductors were performed via on-chip waveguides and
circuit components for integrated circuit applications [12]. Over
time, waveguides made out of a variety of semiconductors such as
silicon, germanium and III-nitrides have been proposed for near-IR
and mid-IR regions [13]. The transition from waveguide to fiber was
realized by the introduction of two novel fabrication methods,
namely, high-pressure chemical vapor deposition (HP-CVD)
technique and the molten core (MC) method [1,14]. A
semiconductor-core glass cladded fiber can be formed either by
chemical deposition of semiconductors in micron-sized capillaries
(in the case of HP-CVD) or directing molten semiconductors
through viscous glasses as in the standard fiber drawing (in the
case of MC method). Among the two fabrication methods, the MC
method is more favorable due to the wide range of material selection
and capability of long-length and low-loss fiber fabrication in a
shorter time period. Also, different forms of materials such as rod,
powder and pellet can be used to draw fibers by the MCmethod. In a
semiconductor-core fiber, light is guided via the total internal
reflection by forming refractive index differences between the
core and cladding regions. So far, semiconductors such as Si [14],
Ge [15], SiGe [16], ZnSe [17], SeTe [18] and Se [19] were fabricated
and demonstrated IR light guidance. Although several other
promising semiconductors such as InSb, GaSb, Te, Se, InSe,
GeSe, BiTe, and GaAs were proposed as the core material of
fibers, to date, the successful demonstration of optical
transmission has not been achieved yet [2,20].

Since most of the studied semiconductors as core materials for
fibers are transparent in near-IR and mid-IR regions, optical
characterizations have been focused on the IR spectrum to
analyze the optical performance of the fabricated fibers. Light
guidance in a broad spectrum spanning from 1 to 10.6 µm was
investigated through semiconductor-core fibers [21,22]. Although
theoretically and numerically semiconductor-core fibers have low
optical losses, the lowest measured losses are in the order of
0.1–1 dB/cm. This could be attributed to the fabrication-related
defects such as cracks, ellipticity and nonuniform core-cladding
interfaces and impurities mostly diffused from the cladding [23,24].
The mismatch between the coefficient of thermal expansion (CTE)
of core and cladding materials is the leading cause of the formation

of defects. Furthermore, the polycrystalline structure of the
semiconductor-core fibers that mostly occur after the fabrication
contributes to additional losses due to the compositional
fluctuations through the grain boundaries, especially in the multi-
material fibers. To minimize the effect of fabrication or structure-
related defects, several processes have been proposed. Laser
recrystallization of the fiber core facilitates the annihilation of the
grain boundaries by the single crystal formation [16,25,26]. Thermal
annealing of the fibers to further improve the morphology by
redistributing the elements within alloy cores has improved the
optical performance of fibers [27]. Another strategy involves the
introduction of an alkali oxide interface layer formed between the
core and cladding to lower the thermal strain during the fiber
drawing [28].

Over the last two decades, the rapid advancement in PCFs, and
more specifically in the HCF subgroup, have also created the
possibility for the integration of semiconductors in PCFs. The
spectacular optical performances of PCFs could enable further
improvement or demonstration of new optical phenomena with
the semiconductor-core fibers. The air holes of HCFs made out of
silica-based glasses can be a suitable host for semiconductors. So far,
the integration of semiconductors and PCFs has been demonstrated
as Si, Ge and SiGe filling of cladding tubes [29], full-infiltration of
the core and cladding with Si [30] and coating of the inner layer of a
hollow-core with Si [31]. Further exploration of PCFs to
demonstrate low-loss light guidance and novel applications with
semiconductors will open new avenues of applications of optical
fibers.

3 Future of the semiconductor-core
fibers

It has been less than 20 years since light guidance through
semiconductor-core fibers has been demonstrated. In the
intervening period, these fibers have been the subject of extensive
investigation not only for their optical properties but also their
thermoelectric, optoelectronic and photovoltaic properties. In the
near future, we may expect to see further applications of
semiconductor-core fibers [32]. Figure 1 shows the currently
developed fibers including the solid-core and semiconductor-
infilled fibers. Moreover, several potential design proposals for
future demonstration are also provided. Although the optical
losses of semiconductor-core fibers are comparable with the
planar semiconductor waveguides, their losses are still relatively
high to further expand the applications. Recrystallization of the core,
graded-index profiling and tapering are some of the techniques to
further improve the optical performance of the fibers. On the other
hand, they may be good candidates for several applications that are
possible even with the present optical performances. The following
topics are some of the opportunities for the future of semiconductor-
core fibers.

3.1 Mid-IR guidance

Silica-based glasses have high material absorption beyond the
near-IR region, and alternative materials such as chalcogenides,
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fluorides and telluride glasses have been proposed for IR light
guidance [33]. On the other hand, the favorable bulk mechanical
and optical properties of semiconductors have attracted attention
for IR guidance. The wide transmission band of semiconductors
allows guidance in the spectral region that covers most of the near-
IR and mid-IR. Further improvement for the semiconductor-core
fibers that can lower the losses to the range of 0.1–1 dB/m can
position these fibers for practical consideration. A recent study has
shown that losses under 0.2 dB/cm are possible with a 3.3 µm
diameter Si-core in the near-IR region [34]. Furthermore,
forming a graded-index (GI) structure to confine the light in the
inner part of the core to decrease the interaction of the guided light
with the highly absorbing cladding could be another solution to
reduce the losses and expand the transmission bandwidth [27]. The
radial compositional difference was observed with an alloy
semiconductor-core, but further studies are needed for a robust
GI optical fiber [35].

Another strategy to lower the losses is to develop a cladding glass
that fits better optically and mechanically with the semiconductor
cores. So far, the demonstrated semiconductor-core fibers have glass
claddings that absorb IR light, resulting in elevated losses due to the
interaction of the evanescent field of the guided light with the
absorbing cladding medium. IR transparent glasses such as
chalcogenides or fluorides may lower the losses as the cladding

of the semiconductor-cores. However, the working temperature of
these glasses is generally lower than the melting point of
semiconductors preventing the combination. Several studies were
focused to develop specialized cladding glasses to match the
coefficient of thermal expansion and melting/working
temperature of core/clad materials [36–38]. However, these
studies generally lack optical characterization to demonstrate the
performance of the fibers. A mechanically robust and at the same
time IR transparent cladding glass would substantially improve the
optical performance of semiconductor-core fibers.

3.2 Semiconductor integrated photonic
crystal fibers

As mentioned in the previous section, several works have
demonstrated the integration of semiconductors in PCFs.
Figure 1 illustrates two additional ways to integrate
semiconductors with PCFs. The first design proposed a
microstructured cladding around a semiconductor to further
decrease the losses by 1) tailoring the average refractive index in
the cladding and 2) forming a photonic bandgap structure. The
combination of air holes that are transparent to the IR radiation and
glass struts forms a lower average refractive index and improves the

FIGURE 1
The present and future of semiconductor-core fibers. Solid-core semiconductors (single components, alloys and compounds) and semiconductor
infilled fibers are demonstrated with various materials and designs. The next-generation fibers may include the graded-index (GI) structure and
semiconductor-PCF integration.

Frontiers in Physics frontiersin.org03

Ordu 10.3389/fphy.2023.1141795

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1141795


IR transparency of the cladding. However, a thorough study is
necessary to find the optimal features of air hole and glass strut to
primarily form the bandgap. Secondly, the fabrication of all-
semiconductor PCFs may expand the usage of semiconductor
fibers since the losses will alter radically in an IR transparent
medium. The fabrication of this ideal structure with the
aforementioned fabrication techniques is challenging for any PCF
design. Stating that, one way to fabricate all-semiconductor PCF can
be using a highly precise additive manufacturing technique
specialized for semiconductors [39]. A recent study has
demonstrated the successful fabrication of PCFs with micron-
sized features by utilizing a polymer-based additive
manufacturing technique [40]. A similar additive manufacturing
method capable of large-scale fabrication of semiconductor fibers
will help the realization of the proposed design, and thus will have
substantial effects on the semiconductor fibers.

3.3 Nonlinear optics

The nonlinearity of semiconductors, known to be several orders
of magnitude higher than silica glasses, is expected to play a major
role in the future of optical fibers. Recent efforts have shown the
potential of these fibers for nonlinear optical applications. For
instance, supercontinuum generation with silica solid-core PCFs
generally requires several meters of fibers to generate a wide
spectrum. On the other hand, only a couple of centimeters long
semiconductor-core fiber is enough to show a similar spectral band.
To date, detuning oscillations [41], supercontinuum generation [42],
stimulated Raman amplification [43] and frequency comb
generation [44] are some of the nonlinear phenomena
demonstrated with semiconductor-core fibers. Further
improvement in the design of these fibers will help the
exploration of other nonlinear effects.

3.4 Integration of fibers in photonic circuit

Simultaneous usage of semiconductor-core fibers with silica
optical fibers or on-circuit semiconductor waveguides may
benefit telecommunication applications. Tip-to-tip direct coupling
from the semiconductor-core fibers to silica optical fibers by
tapering both of the fibers has already been demonstrated [45].
Although numerically calculated coupling loss is under 1 dB, the
experimentally demonstrated value is around 4 dB that hinders the
usage of the semiconductor-core fibers. Further optimization of the
fabrication may help to improve the coupling efficiency. On the
other hand, a flexible and long-length (therefore low-loss) fiber with
matching optical parameters with waveguides in the integrated
circuits could be advantageous to connect multiple circuits
without any intermediate structure. On-circuit free-space or
contact coupling between waveguides with either the same or
different materials has been demonstrated [46,47]. This could be
achieved with the semiconductor-core fibers that have better
matching optical properties with on-chip structures. However,

engineering the fiber/waveguide to lower the reflection loss,
reduce large mode mismatch and improve the coupling efficiency
is vital for successful integration.

3.5 Other applications

Semiconductors are generally opaque in the ultraviolet (UV) and
visible regions, but they can be used to guide light in the THz
frequency region [48]. On the other hand, the superior bulk
properties of the semiconductors are not limited only with the
optical demonstrations [32]. It is worth mentioning that, an
emerging field for the semiconductor-core fibers to be considered
is energy harvesting [49–52]. This field can be utilized for wearable
electronic applications.

In conclusion, semiconductors have had an enormous impact on
the recent history of human society through numerous critical
applications. The utilization of semiconductors as a light-guiding
medium for optical fibers has carried the demonstration of them for
alternative purposes. The exploitation of favorable bulk properties of
semiconductors in PCFs is expected to play a significant role in the
future of optical fibers.
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