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other areas of application including light 
generation using fi ber lasers, [ 1,2 ]  nonlinear 
optics, [ 3,4 ]  medicine, [ 5–7 ]  or remote and dis-
tributed strain- and temperature-sensing 
in environmental and infrastructure 
monitoring. [ 8,9 ]  All the mentioned areas 
substantially benefi t from the unique 
waveguiding properties of optical fi bers, 
allowing the effi cient and fl exible trans-
port of electromagnetic radiation via con-
fi ned modes to desired locations. 

 Conventional optical fi bers today con-
sist for the most part of doped silica cores 
surrounded by pure silica claddings, and 
rely on total internal refl ection at the core/
cladding interface. A substantial exten-
sion of the functionality of optical fi bers 
has been achieved in the 1990s by the 

discovery of photonic crystal fi bers (PCFs). [ 10,11 ]  These micro-
structured fi bers include single or arrays of longitudinally 
invariant air holes of defi ned and various diameters, allowing 
the manipulation of the propagation of light inside the fi bers in 
unique ways. Examples of such fi bers, which are also referred 
to as microstructured optical fi bers (MOFs), include hollow core 
photonic bandgap fi bers [ 12–14 ]  and endlessly single mode fi bers, 
where the latter guides the light in a single optical mode for 
any combination of wavelength and core diameter. [ 15 ]  All the 
mentioned fi ber structures have now reached a technologically 
high level with the consequence that a large fraction of current 
MOF-related research focuses on the applications of MOFs 
rather than on new fi ber geometries, which holds in particular 
for the fi eld of solid-core fi bers. One exception to this are recent 
developments in the area of silica hollow-core fi bers, where 
anti-resonant fi bers [ 16–19 ]  or simplifi ed hollow-core fi bers [ 20–22 ]  
provide effi cient light guidance in a hollow core with substan-
tially reduced fabrication effort. 

 From the design perspective, however, fi ber optics research 
has regained substantial interest during recent years by the 
integration of materials that are traditionally not used in fi ber 
optics. This has opened up the entirely new research direction 
of hybrid optical fi bers (HOFs) ( Figure    1  ). This rapidly growing 
fi eld is of interdisciplinary origin at the boundary between 
photonics, electrical engineering, materials science, optoelec-
tronics, fi ber optics, and chemistry. Particularly interesting are 
materials that are widely used in planar photonic devices that, 
if successfully integrated inside long, thin, and fl exible fi bers, 
could provide a novel class of one-dimensional photonic devices 
that are fl exible and even potentially wearable. This actu-
ally defi nes the main idea of the fi eld of hybrid optical fi bers: 

 The fi eld of hybrid optical fi bers is one of the most active research areas in 
current fi ber optics and has the vision of integrating sophisticated materials 
inside fi bers, which are not traditionally used in fi ber optics. Novel in-fi ber 
devices with unique properties have been developed, opening up new direc-
tions for fi ber optics in fi elds of critical interest in modern research, such 
as biophotonics, environmental science, optoelectronics, metamaterials, 
remote sensing, medicine, or quantum optics. Here the recent progress in 
the fi eld of hybrid optical fi bers is reviewed from an application perspective, 
focusing on fi ber-integrated devices enabled by including novel materials 
inside polymer and glass fi bers. The topics discussed range from nanowire-
based plasmonics and hyperlenses, to integrated semiconductor devices such 
as optoelectronic detectors, and intense light generation unlocked by highly 
nonlinear hybrid waveguides. 

  1.     Introduction 

 Optical fi bers have been an extremely successful platform for 
optical research and devices over the last 50 years. The strongest 
impact has been in optical networks and optical data communi-
cations, where fi bers represent indispensable elements due to 
the ultralow loss window of silica fi bers at near infrared wave-
lengths. Since the 1980s, optical fi bers have become relevant in 
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implementing more and more functionalities into fi bers to 
reach novel device functionalities, using an original substrate 
that has highly attractive mechanical and processing attributes 
compared to its planar counterparts. From the application per-
spective, the goal of HOF research comprises introducing new 
device-oriented functionalities into fi bers to address highly rele-
vant applications in fi elds such as photonics, energy harvesting, 
optoelectronics, biophotonics, or healthcare. One particularly 
important goal is to provide an alternative approach that can 
help, for instance, to remove the current bottleneck of mode-
mismatch-induced losses at the planar device/fi ber junctions. 
The inclusion of new materials into fi bers has also extended 
fundamental research in fi ber optics and opened up new fron-
tiers in optics and photonics, as previously inaccessible areas 
such as plasmonics or metamaterials have been unlocked.  

 In this paper, we will review the efforts to include novel mate-
rials into various types of optical fi bers mainly from an applica-
tion-oriented perspective. We focus on photonics-related appli-
cations that go beyond optical transport to highlight the novel 
types of functionalities, or combination of multiple functionali-
ties, that can be integrated over distributed length inside glass 
or polymer fi bers. Other fi ber-based devices more remote from 
the fi eld of photonics, or looking at highly localized modifi ca-
tion on the fi ber tip for example, are discussed in other publica-
tions. [ 23–26 ]  Rather than giving detailed insights into the various 
physical principles, [ 27,28 ]  we present the different devices and 
their functionality with respect to the incorporated material, 
revealing the potential of the research fi eld of hybrid optical 
fi bers in general. As the entire fi eld was triggered by disruptive 
improvements in fabrication technology, the review begins with 
a brief description of the three main fabrication techniques 
that involve the thermal drawing of a complete fi ber device or 
a fi ber template post-processing using deposition or fi lling, all 
allowing to incorporate “nontraditional” materials into fi bers. 
Since the included materials defi ne the functionalities of the 
resulting fi bers, the main section of the review is split into 
three material parts. The fi rst chapter of this section is dedi-
cated to metallic wires in fi bers, revealing promising applica-
tions within plasmonic sensing or in metamaterial-based super 
focusing. The next chapter targets semiconductors in fi bers, 
showing the potential in, for instance, optoelectronic detec-
tion or energy saving and harvesting. The fi nal chapter of the 
main section discusses new dielectric materials in fi bers par-
ticularly focusing on novel nonlinear light-generation devices. 
The review closes with a discussion on future prospects of this 
promising and highly active fi eld of fi ber optics, highlighting 
areas where high-impact applications can be expected.  

  2.     Fabrication Approaches 

 Substantial developments in fi ber-drawing technology and the 
invention of new post-processing techniques have triggered 
strong advancements in the fi eld of hybrid optical fi bers during 
the past decade. As a result, the various fabrication approaches 
represent essential features in this research fi eld and thus will 
be introduced here to give the reader a detailed overview of 
what is state-of-the-art in fabrication and, as a consequence, 
what materials could be included in optical fi bers to date. 
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  2.1.     Direct Thermal Drawing of Multimaterial Fibers 

 The fi rst natural approach to integrate innovative func-
tionalities inside optical fi bers is to add novel materials at 
prescribed positions at the preform level, and to directly ther-
mally draw the whole assembly into a long fi ber. The prin-
ciple of this approach mimics the way conventional silica 
telecommunication fi bers are fabricated (a schematic of the 
process is shown in  Figure    2  a). This approach exhibits the 
main advantage of retaining the simplicity and scalability of 
the drawing process, which has several intrinsic attributes: 
1) the fabrication of the preform is done at the macroscopic 
level and only requires simple and cost effective equipment 
that can precisely handle sub-millimeter feature sizes. The 
nanoscale structures inside the fi ber, often required for 

effi cient operation, are a result of the plastic deformation 
step that uniformly reduces the cross-section features along 
the entire fi ber length. 2) Simultaneously, by the law of mass 
conservation, the act of scaling down results in the distribu-
tion of the volume into thin fi bers, enabling the covering 
of macroscopic surfaces. It is not uncommon in the optical 
fi ber industry to pull more than 1000 km of fi ber that have 
an outer diameter of 125 µm. This corresponds to more 
than 125 m 2  of functional surface area, fabricated in a few 
hours of operation. 3) Fibers and ribbons are highly fl exible 
and lightweight systems that are amenable to be integrated 
within surfaces, meshes, and fabrics. 4) Finally, this fabrica-
tion approach is also capable of simultaneously processing a 
variety of photonic and optoelectronic structures in a single 
processing step, as will be shown in this review.  
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 Figure 1.    The concept of multimaterial hybrid fi bers. a) Illustrative schematic showing the various functional elements and materials that can be inte-
grated into fi ber on the basis of the current fabrication technologies. b) Organigram of the concept, including the relevant fi ber platforms, the various 
fabrication techniques, the involved materials and the areas in which hybrid optical fi bers have become important.
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 The fi rst step in thermal drawing multimaterial HOFs 
(Figure  2 a) is the fabrication of the macroscopic preform, which 
contains the complex structure as well as the relevant mate-
rials (or their precursors). Different materials are assembled 
in the preform via the thin-fi lm rolling technique for cylin-
drical fi bers, [ 25,29,30 ]  via the stack-and-draw method commonly 
used for MOFs, [ 15,31 ]  via extrusion, [ 24,32,33 ]  or by machining and 
assembling materials together using consolidation in a vacuum 
oven or in a hot press. [ 25,34,35 ]  The resulting preform assembly 
forms a solid object that represents the macroscopic version of 
the targeted fi ber. It is thermally drawn into a fi ber that main-
tains the cross sectional structure at the microscopic level along 
the entire fi ber length, depending on the choice of the materials 
and the drawing parameters. 

 While the simplicity and scalability of the thermal drawing 
process is maintained with this approach, it sometimes 
requires thermal co-drawing of materials with different thermo-
mechanical properties. In particular, photonic devices require at 
least two materials to exhibit an optical functionality, if only to 
create a refractive index contrast for optical guidance. [ 36 ]  Given 
the creation of surface area during the drawing process, sur-
face tension between materials will play a key role in the type of 
structures and geometries that can be achieved. To counteract 
this effect, viscosity engineering is typically conducted. In addi-
tion, crystallization, degradation, thermal expansion, chem-
ical reaction and mixing have to be taken into account when 
designing a multimaterial fi ber system. This imposes a set of 
requirements and hence a limited choice of material combina-
tions which can be processed together inside the fi bers. The 
main criteria for multimaterial drawing are as follows: 

   1)    The cladding that makes most of the preform and holds the 
assembly together, must be processed at a relatively high vis-
cosity, typically between 10 4  and 10 7  Pa s. This corresponds to 
a regime where the viscosity is low enough so that the mate-
rial can be plastically deformed into fi ber without breaking, 
while remaining high enough so that the mechanical integ-
rity of the desired structure is maintained. With respect to 
this, glasses (e.g., silicates, phosphates, chalcogenides) and 
amorphous polymers represent ideal cladding candidates 
since they can be processed slightly above their glass tran-
sition temperature (T g ) and remain in a supercooled region 
with the right viscosity over extended range of temperature. 
This contrasts with crystalline materials where a fi rst order 
phase transition from the solid to the liquid states induces 
an abrupt change of viscosity over a very narrow range of 
temperature that would be impossible to control in any prac-
tical systems. 

  2)    An important requirement to consider for cladding materials 
in addition to the dependence of viscosity with temperature 
is the tendency to crystallize or degrade at high temperature. 
For glassy materials, a large supercooled region above their 
T g  is mandatory to avoid crystallization during the consolida-
tion step as well as during drawing. As a consequence, the 
difference between the crystallization temperature and the 
glass transition temperature must be suffi ciently large, typi-
cally more than 100 °C. 

  3)    Crystalline materials can also be thermally drawn, but 
require processing at a drawing temperature that is higher 
than their melting point so that the material is in the liquid 
state during drawing. To maintain the desired cross-section 
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 Figure 2.    The direct thermal fi ber-drawing technique. The left image schematically illustrates the operation principle of direct fi ber drawing (acknowl-
edgment to Dr. G. Lestoquoy and Prof. Y. Fink). The right fi gure shows examples of hybrid fi bers which have been realized using fi ber drawing: a) Copper 
wires inside PCF. Adapted with permission. [ 37 ]  Copyright 2008, OSA. b) Array of indium microwires for THz application. Adapted with permission. [ 38 ]  
Copyright 2013, Macmillan Publishers Ltd. c) Gold nanowire inside modifi ed step index fi ber. Adapted. [ 39 ]  Copyright 2010, OSA. d) Metal–insulator–
semiconductor optoelectronic fi ber. Adapted with permission. [ 40 ]  Copyright 2004, Macmillan Publishers Ltd. e) Multijunction optoelectronic fi ber. 
Adapted with permission. [ 41 ]  Copyright 2009 American Chemical Society. f) Optical probe with a waveguiding structure, polymer composite electrodes 
and a microchannel. Adapted with permission. [ 42 ]  g) Silicon-core optical fi ber. Adapted with permission. [ 43 ]  Copyright 2008, OSA. h) Phosphate glass-
clad tellurium semiconductor core fi bers. Reproduced with permission. [ 44 ]  Copyright 2015, Elsevier. i) Polymer–metal magnetic resonator fi ber. Adapted 
with permission. [ 45 ]  Copyright 2001, OSA. 
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and avoid leakage, the crystalline material, that will fl ow as a 
liquid from the preform into the fi ber, must be well encap-
sulated within a material that will fl ow at a high viscosity, 
within rigid (or higher viscosity) boundaries. 

  4)    Another issue is heat diffusion between materials having 
different specifi c heats and thermal conductivities. As both 
viscosity and surface tension are material specifi c as well as 
temperature dependent, the temperature profi le inside the 
preform is essential for drawing. Also, materials with high 
thermal conductivity such as metals will thermally shield 
other materials. This must be taken into account through 
careful positioning inside the preform or through modifying 
the materials that are shielded. 

  5)    A large difference in thermal expansion coeffi cients must 
be avoided to eliminate excessive residual stresses in the 
resulting fi bers. 

  6)    The materials are brought together in a strongly confi ned 
space and at high temperature, which may result in diffu-
sion of species and chemical reactions between the different 
compounds. These reactions are in many cases unwanted 
but sometimes desired and controlled. Enthalpy of forma-
tion and diffusion coeffi cients of species must be investi-
gated before co-drawing materials. 

  7)    Finally, the interplay between surface tension and viscosity 
imposes ultimate feature sizes of the different materials 
geometries (thin-fi lms, hollow channels, etc.) targeted in the 
fi ber, as will be discussed in the course of this review.    

  2.2.     Pressure-Assisted Melt Filling 

 Another approach to implement hybrid fi bers is to fabricate 
empty MOFs fi rst and post-fi ll materials into the voids of 
the structures. One recently developed post-processing plat-
form is pressure-assisted melt fi lling (PAMF). [ 46 ]  Here, the 
material to-be-fi lled is liquefi ed via melting and pressed into 
the holes of the fi ber matrix, which can be a MOF or just a 
capillary. In contrast to thermal drawing, this technique is 
comparably insensitive to a mismatch of thermal expansion 
coeffi cients or other highlighted requirements, and thus ena-
bles the introduction of a large variety of materials into fi bers. 
It allows selectively infi ltrating holes with various materials on 
lengths of the order of several tens of centimeters or more. 
Overall, this technology does not have the same strict compat-
ibility criteria as co-drawing and instead includes only three 
prerequisites: 1) a low enough viscosity of the material to-be-
introduced (<10 Pa s), 2) a fi lling temperature substantially 
below the softening point of the host glass, 3) no chemical 
reaction between host and fi lling material. [ 47,48 ]  The last two 
constrains are most relaxed if silica fi bers are used as hosts, 
allowing the use of materials with melting temperatures up to 
1400 °C (viscosity of silica is 10 9  Pa s at that temperature). [ 49 ]  
Various experimental confi guration of this technique have 
been implemented, [ 46,50 ]  whereas the splice-fi lling setup rep-
resents the optimal compromise with respect to all experi-
mental constrains ( Figure    3  a). This particular arrangement is 
straightforward to use, since it relies only on state-of-the-art 
splicing equipment and a simple furnace, which are avail-
able in almost any optics laboratory. Another key advantage of 

this particular confi guration is the fact that only small initial 
material quantities of an almost arbitrary shape are required, 
making this approach especially valuable in cases where mate-
rial availability is limited.  

 The fi lling dynamics within PAMF are governed by the 
Lukas–Washburn equation, which describes the rheological 
properties of an incompressible liquid inside a cylindrical 
bore. [ 48,51 ]  Neglecting gravitational forces (which is an excellent 

Adv. Optical Mater. 2016, 4, 13–36

www.MaterialsViews.com
www.advopticalmat.de

hot zone

filled section

0 100 200 300 400

0.1

1

water

gold

ho
le

 d
ia

m
et

er
 [μ

m
]

pressure [bar]

glass 1.2 μm

115 nm

35 nm

pressure
(a)

(b)

(c)

(d)

splice

1.45 μm

(e)

(f)
120 nm

(g)

 Figure 3.    The pressure assisted melt fi lling technology. a) Scheme illus-
trating the fi lling procedure using a combination of splicing, heating 
and applying high gas pressure. b) Channel diameter that can be fi lled 
within 1 h to a 10 cm fi lling length as a function of pressure for three 
different materials. The grey dashed line exemplarily indicates 300 bars. 
Scanning electron micrograph (SEM) images of c) an array of metallic 
nanowires with central defect inside a silica fi ber, and d) of the smallest 
gold nanowire fabricated so far using PAMF (diameter 120 nm, the end 
face is polished using focused ion-beam milling). Adapted with permis-
sion. [ 46 ]  Copyright 2011, OSA. e) Germanium nanowire selectively fi lled 
into a hole in the fi rst ring of a photonic crystal fi ber. Adapted with per-
mission. [ 58 ]  Copyright 2008, OSA . f) Cross section of chalcogenide-silica 
step index fi ber (core: Ga 4 Ge 21 Sb 10 S 65 , cladding: SiO 2 ). g) Microscopic 
side view of an As 2 S 3  strand (diameter 4 µm) inside a silica capillary. 
Adapted with permission. [ 59 ]  Copyright 2011, OSA.
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approximation if external pressure is 
applied), the fi lling length  L  of a cylindrical 
capillary is given by 

     
1
2

2 cos /2L R R p tγ θ η( )( )= +   (1) 

 where  p  is the externally applied pressure,  γ  
the surface tension of the liquid,  θ  the con-
tact angle,  R  the hollow channel radius,  η  the 
dynamic viscosity and  t  the fi lling time. Real 
values of the fi lling length require the term in 
brackets to be larger than zero, leading to the 
defi nition of the minimum pressure  p min   = 
–(2 γ/R )cos θ  required to initiate the fi lling pro-
cess. This equation reveals that with respect 
to PAMF, material can be categorized into 
two classes: In case  θ  > 90° (representing the 
case of metals and semiconductors),  p min   > 0 
and an external pressure is needed for fi lling. 
Since  p min   is inversely proportional to the 
bore radius, smaller holes are generally more 
diffi cult to fi ll. Conversely, if  θ  < 90° (which 
typically holds for wetting liquids such as 
water or soft glasses),  p min   < 0 and the liquid 
fi lls without the need of external pressure. 
It should be noted that even in the latter case, materials can 
have high viscosity at the fi lling temperature (such as glasses) 
and an external pressure is actually needed to keep the fi lling 
times reasonably short. The fi lling speed is mostly determined 
by the viscosity ( v  ≈  R /4( p /( ηt )) −0.5 ), which can vary over three 
orders of magnitude depending on the experimental situation 
and the material used. This fact is exemplifi ed in Figure  3 b, 
showing that the low viscosity of water and liquid gold allows 
fi lling nanometer size bores under typical experimental condi-
tions, whereas the high viscosity of a typical glass restricts the 
minimum achievable diameters to the micrometer level. 

 It was experimentally shown that PAMF allows the fi lling of 
various types of materials into silica fi ber: Filling noble metals 
allows the creation of longitudinal metallic nanowires (NWs) 
within fi ber (Figure  3 d), having led to the observation of kinds 
of plasmonic excitation such as spiraling surface plasmon 
polaritons (SPPs), [ 50,52 ]  propagating plasmonic molecules [ 53 ]  
or hybridized plasmons (Figure  3 c). [ 54 ]  Nonlinear optical fi ber 
waveguides with substantially improved optical properties have 
been established by incorporating chalcogenide glasses into 
silica fi bers (Figure  3 f,g), unlocking applications in coherent 
mid-IR supercontinuum generation, [ 55 ]  frequency metrology [ 56 ]  
or in high-extinction optical fi ltering. [ 57 ]  Furthermore, semi-
conductor wires have been selectively introduced into PCFs, 
showing distinct excitation of Mie-resonances and effi cient in 
fi ber polarization control (Figure  3 e). [ 58 ]   

  2.3.     Modifi ed Chemical Vapor Deposition 

 High-pressure chemical vapor deposition (HPCVD,  Figure    4  a) 
has turned out to be a versatile tool, especially for the integra-
tion of semiconductor materials into fi bers. In this process, the 

holes of microstructured silica fi bers act as chemical micro-
reactors, in which the materials are deposited from the gas 
phase on the inner side walls. [ 60 ]  The various gaseous ingredi-
ents needed for the process are inserted via high external pres-
sure (of the order of several hundreds of bars), and the actual 
chemical reactions are either thermally stimulated or exter-
nally triggered via photoexcitation (e.g., by side focusing laser 
light onto the capillary). [ 61 ]  The deposition process starts at the 
side walls of the bore, with the fi nal fi lm thickness being deter-
mined by the deposition time up to the point when the bore 
is completely fi lled. This technique was shown to be capable 
of producing semiconductor wires with diameters of the order 
of several micrometers down to hundreds of nanometers 
of various materials of extremely good optical and electrical 
quality. [ 60 ]  By controlling the fabrication process and applying 
particular post-processing techniques, [ 62 ]  the morphologies of 
the incorporated materials can be engineered, allowing the 
production of entirely amorphous, [ 63 ]  polycrystalline [ 64 ]  or even 
single-crystal semiconductor [ 61 ]  wires inside MOFs. In addi-
tion to their optical functionalities, these structures allow the 
integration of semiconductor junctions directly into fi bers, 
which makes them very attractive from the optoelectronic per-
spective. [ 65 ]  The fi rst experiments in the fi eld of HPCVD were 
focused on doped and undoped single component semicon-
ductor wires such as germanium [ 66 ]  and silicon [ 64 ]  (Figure  4 c). 
One particularly interesting example is a concentric semicon-
ductor multilayer of differently doped semiconductors in a 
PCF, which represented an entirely fi ber-integrated semicon-
ductor homojunction (Figure  4 b). [ 65 ]  More recent works extend 
towards integrating other semiconductor materials into micro-
structured fi bers and capillaries such as II–VI semiconductors 
(e.g., ZnS or ZnSe) [ 67 ]  (Figure  4 d), which have promising appli-
cation in light-generation schemes or optoelectronics.    
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 Figure 4.    a) Sketch of the working principle of the high pressure chemical vapor deposition 
approach. b) Example of a concentric hybrid metal semiconductor junction integrated into a 
silica microstructured optical fi ber. The structure represents a Pt/n-Si Schottky junction formed 
by sequential deposition of phosphorous doped n + -Si, n − -Si and platinum layers. c) Hexagonal 
silicon tubes in a honeycomb MOF template (scale bar is 1 µm). d) Example of a recent work of 
in-fi ber II–VI semiconductor wires (scale bar: 20 µm). Panels (a) and (d) adapted with permis-
sion. [ 67 ]  Panel (b) reproduced with permission. [ 65 ]  Copyright 2012, Macmillan Publishers Ltd. 
Panel (c) adapted with permission. [ 60 ]  Copyright 2006, AAAS. 



19wileyonlinelibrary.com

R
EV

IEW

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

  3.     Metallic Wires in Hybrid Fibers 

 From the traditional fi ber optics perspective, integrating metals 
into optical fi ber appears to be counter-productive, as the optical 
attenuation of metals is orders of magnitude larger than that 
of dielectrics, in particular than that of silica glass. However, 
the properties of providing negative dielectric functions and 
electrical conductivity enable the excitation of surface plasmon 
modes and the use of micro- and macroscopic electrical cur-
rents inside fi bers, which represents a new degree of function-
alities for fi ber optics. A series of new fi ber devices such as 
fi ber-based plasmonic nanotips or hyperlenses have been estab-
lished, which will be discussed below. 

  3.1.     Metallic Wires for Simultaneous Optical Guidance and 
Electrical Transport 

 The fi rst intuitive application one may think of when com-
bining optical waveguides and electrical conductors is the 
simultaneous transport of light and electricity along a thin 
and fl exible one dimensional system. A fi rst fi ber demon-
strating such ability integrated a hollow core photonic bandgap 
structure surrounded by an array of metallic electrodes. [ 40 ]  
The fi ber was characterized in terms of its modal attenuation 
and electrical wire resistivity along the fi ber axis ( Figure    5  a). 
A particular area where such structures can have a profound 
impact is in various probes and endoscopic systems used in 
bioengineering, where optical excitation may trigger biological 
responses that can be recorded (or initiated) via an electrical 
signal. The thermal drawing process of multimaterial fi bers 
turns out to be a unique way to realize fl exible systems that 
could deliver and/or collect both optical and electrical signals. 
An important example of such class of devices is found in 
optogenetics, where neurons are modifi ed to trigger reaction 
when exposed to light. [ 68 ]  A HOF that integrates a waveguide, 
an array of metallic electrodes to collect electrical signal, and 
microchannels to deliver substances was recently proposed 
that could realize such functionality (Figure  5 b). [ 69 ]  The authors 
could demonstrate the recording of electrical signal from neu-
rons in living rats thanks to these novel multimaterial fi ber 
probes, paving the way towards the analysis of neural circuits 
in vivo. Other application areas in which in-fi ber electrodes 
become highly relevant lie within superconductivity or in fast 
polarization switching or modulation, where particularly the 
former can open up new fi elds for fi ber optics such as inte-
grated single photon detection. [ 70–74 ]   

 It is important to highlight here that electrical conductivity 
has also been achieved by relying on other materials than crys-
talline solids. Polymer nanocomposites made out of a thermo-
plastic matrix loaded with carbon black particles have been 
shown to be compatible with the thermal drawing process in a 
variety of confi gurations. [ 35,75–77 ]  While the conductivity remains 
orders of magnitude lower than for metals (around 1 S m −1  
compared to 10 5 –10 8  for metals), they can be processed at much 
higher viscosities, enabling complex shapes and architectures. 
It also enables a viscous boundary between elements that would 
otherwise react or mix with an interfacing liquid metal during 
the drawing process. Such composites were recently integrated 
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 Figure 5.    a) SEM micrograph of the cross-section of a hybrid fi ber with 
800 µm hollow core, omnidirectional mirror layers, metallic fi lament 
array and polymer cladding. Adapted with permission. [ 40 ]  Copyright 2004, 
Macmillan Publishers Ltd. The inset shows eight pairs of quarter-wave 
As 2 Se 3 /PEI multi layers and one of the metallic fi laments in the ring that 
is surrounding the mirror layers. A photograph of a 1-mm-thick, 1-m-long 
hybrid fi ber is also shown. The graph below on the left shows the nor-
malized transmission spectra of three different fi bers, having diameters 
of 980, 1030 and 1090 µm. The graph to the right shows the measured 
electrical current along the 980 µm thick, 15 cm-long fi ber as a function 
of applied bias voltage. b) Top: Optical micrographs of the all-polymer 
fi ber probe with the PC core and COC cladding for index guiding, and 
the carbon black loaded polyethylene electrodes. Below is a picture of 
the fi ber showing its fl exibility and fi ne size. Adapted with permission. [ 42 ] 
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inside an all-polymer probe for the optical control and electrical 
response monitoring of the spinal cord and muscle function 
in vivo. [ 42 ]  Figure  5 b shows an optical micrograph of this struc-
ture highlighting the step-index guiding structure consisting 
of a polycarbonate (PC) core, a cylclo-olefi n copolymer (COC) 
cladding, and two electrodes made from carbon-black loaded 
polyethylene (CPE). An alternative approach recently proposed 
for electrical conductivity inside optical fi bers relies on ionic 
conductivity through the doping of a phosphate glass with 
silver. [ 78 ]  The authors show a transparent glass that exhibits AC 
conductivity over a large range of frequencies, representing a 
way towards novel types of electronic and optical fi ber devices.  

  3.2.     Near-Field Probes Using Plasmonic Fibers 

 PAMF has been used by the Russell group in Erlangen and 
the Schmidt group in Jena to integrate metallic NWs into fi ber, 
having enabled the observation of a new kind of plasmonic 
mode, the so-called spiraling surface plasmon polariton. [ 52,79 ]  
These special plasmonic modes formed the basis of a series 
of results within the area of plasmonics such as ultrastrong 
plasmonic hybridization [ 54 ]  or the excitation of propagating 
plasmonic molecules. [ 53 ]  Besides these rather fundamental 
studies, hybrid fi bers including metallic NWs are also of rel-
evance from the application point of view. One important 
example includes a novel kind of entirely fi ber-integrated 

near-fi eld plasmonic nanoprobe 
( Figure    6  a). [ 80 ]  The device con-
sists of a tapered silica capillary 
incorporating a gold NW, attached 
to a standard multimode fi ber. 
Using a sophisticated combina-
tion of wet-etching and cleaving, 
a nanoscale tip with dimensions 
signifi cantly below 100 nm is 
formed, leading to a “tip-on-tip” 
structure (Figure  6 c,d). The emer-
gence of this tip can be explained 
by the ductility of the gold, which 
undergoes a plastic deformation 
when the NW-supporting capil-
lary is cleaved. This subwavelength 
nanotip itself represents a small 
plasmonic resonator, supporting 
multiple localized surface plasmon 
resonances (LSPRs) in the visible 
spectral domain (two examples of 
scattering simulations approxi-
mating the tip by a metallic half-
ellipsoid are shown in Figure  6 b). 
The emergence of multi ple LSPRs 
is rather exceptional and can be 
explained by a cavity model: here, 
the LSPR is formed by a funda-
mental SPP propagating to and 
from between the apex and the 
base of the ellipsoid. Two counter-
propagating plasmons interfere, 

forming standing wave patterns, i.e. plasmon modes with 
defi ned mode orders. [ 80 ]   

 As a result of the nanoscale confi nement, the LSPRs can be 
used to probe near fi elds with a resolution substantially below 
the operating wavelength (one example where the probe traces 
an evanescent fi eld is shown in  Figure    7  a). Light scattered via 
the plasmon resonances partly scatters into the tapered cap-
illary and is subsequently coup led into the multimode fi ber, 
which ultimately guides the light to a desired location. The 
LSPRs strongly depend on the actual nanoscale shape of the 
tip, which makes it diffi cult to predict the exact spectral posi-
tion of the resonance (the scattering spectra of three different 
tips and an example of the polarization dependence is shown 
in Figure  7 b,c). This fact, which is a common issue to be con-
sidered in nanoscale photonics, remains uncritical for the tip 
presented, as the straightforward fabrication approach and the 
monolithic design have the potential for mass-production and 
fast characterization of individual nanotips.   

  3.3.     Azimuthal Mode Polarization in Nanowire-Enhanced Fibers 

 Besides applications in plasmonics, fi ber-integrated metallic 
NWs also allow for the creation of sophisticated polariza-
tion states with ultrahigh polarization discrimination. From 
the application point of view, beams with a cylindrical polari-
zation state are interesting and are used in a large variety of 
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 Figure 6.    a) Schematic of the fi ber-based near fi eld nanoprobe (yellow: gold nanowire; red: core of multi-
mode fi ber). b) Simulations of the intensity distributions of the two lowest order plasmonic modes on 
the nanoprobe tip. The numbers indicate the plasmonic resonance order. c) Gold nanowire protruding 
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line. Reproduced with permission. [ 80 ]  Copyright 2013, AIP Publishing LLC.



21wileyonlinelibrary.com

R
EV

IEW

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fi elds such as stimulated emission depletion microscopy [ 81 ]  or 
superfocusing. [ 82 ]  

 A particularly important example of a HOF with unique 
polarization properties is a solid core PCF containing a 
gold NW in the center of the structure ( Figure    8  a and inset 
of b). [ 83 ]  Regardless of input polarization state, it was shown 
that the output beam from a centimeter-long sample is 

always azimuthally polarized for a spec-
tral interval spanning over an octave 
(600 nm <  λ  < 1.4 µm) with a polarization 
discrimination of more than 1:10 4 . It is 
important to note that an entirely azimuthal 
polarization state can be converted straight-
forwardly to its radial counterpart simply via 
two wave plates. These unique polarization 
properties of this HOF device arise from the 
different fraction of magnetic fi eld of the 
three supported modes inside the NW. [ 84 ]  
Since the fundamental and radially polarized 
modes have about one order of magnitude 
more fi eld in the gold, only the azimuthal 
mode remains after a suffi cient propaga-
tion distance (Figure  8 b), leading to effi cient 
azimuthal polarization. All three supported 
modes have annular shapes and rather equal 
excitation probabilities when being excited 
with an external Gaussian beam, giving rise 
to an overall azimuthal polarization effi -
ciency of 10 dB, which is suffi cient for many 
kinds of applications.   

  3.4.     Hybrid Optical Fiber Metamaterials 

 In addition to single wires, arrays of metallic wires also allow 
the integration of novel functionalities into fi ber. If the metallic 
features are substantially smaller than the operation wave-
length, such an array becomes an effective medium, i.e., a 
metamaterial (MM), and its electromagnetic properties can be 
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described by averaged or homogenized parameters which are 
controlled through the geometry of the structure. [ 85–87 ]  Such 
wire-based MMs are classifi ed as indefi nite MM (iMM) with 
unique dispersion properties. [ 88 ]  From a practical perspective, 
using direct drawing techniques for fabricating metamate-
rials [ 89 ]  allows the production of large sample volumes required 
for real-world applications. 

 The experimental work demonstrating iMMs is based on 
using polymers as the dielectric (PMMA, polycarbonate, cyclo-
olefi n polymer (COP) Zeonex) and indium as the metal, [ 90 ]  
which satisfi es the compatibility criteria for co-drawing 
described in Section 2.1 (melting point of indium is 157 °C, 
drawing temperature 200 °C). Fiber-based iMM were fabricated 
by a multiple version of the stack-and-draw process of single-
wire fi bers, leading to arrays of cm 2  areas containing more 
than 10 4  wires. [ 91,92 ]  Such arrays behave as artifi cial metals for 
light polarized along the wires, with the incident electric fi eld 
along the wires resulting in a current and a magnetic fi eld that 
affects electrons in nearby wires. The result is a permittivity 
described by a Drude model with a geometry-dependent plasma 
frequency ( Figure    9  a). [ 88,93 ]  The arrays thus behave as high-pass 
fi lters with a cut-on frequency that depends on the geometrical 
size of the structure.  

 Noncircular wires—a slotted cylinder resonator or split ring 
resonator—were also integrated into fi ber by the direct drawing 
method to demonstrate a basic magnetic MM (Figure  9 b). [ 45,94 ]  
A magnetic fi eld perpendicular to the plane of the cylinder (par-
allel to the fi ber) excites a current around the resonator resulting 

in both a magnetic fi eld and an electric fi eld across the gap of 
the resonator. [ 87 ]  As such, it behaves as an LC circuit with a high 
frequency resonance that depends on the resonator’s geometry, 
having a resonant permeability at high frequency. 

 The simplest application of these basic MM structures can 
be fi lters, particularly for the THz spectrum where compo-
nents are still in relatively early development. One other pos-
sible application are hollow-core waveguides with extremely 
sub-wavelength cores, which rely on specifi c combinations 
of anisotropic positive and negative permeability in the 
cladding. [ 95,96 ]   

  3.5.     Hybrid Fiber Hyperlens 

 A particular interesting application using iMMs are hyper-
lenses, capable of overcoming the diffraction limit to achieve 
super-resolved imaging and super-focusing. [ 38,97 ]  The key prop-
erty is the hyperbolic dispersion profi le for extraordinary waves 
propagating along the array that occurs for these materials. 
This allows the propagation of high spatial frequency modes 
that would otherwise be evanescent, i.e., only present in the 
near fi eld. [ 98,99 ]  Their ability to propagate removes the diffrac-
tion limit, allowing the resolution of subwavelength features of 
an image at a large distance from the object. [ 38 ]  From an optical 
fi ber point of view, the wire array is analogous to a fi ber bundle 
endoscope but with sub-wavelength pixels, or to a highly 
multi mode fi ber in which all modes are degenerate, thus any 
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excitation fi eld is preserved along the propagation direction, 
including features of the near fi eld. 

 Using direct drawing, a hyperlens consisting of 453 indium 
wires embedded in polymer was implemented, allowing super-
resolved images in the THz domain. [ 38 ]  The example presented 
here ( Figure    10  a,b) was able to resolve two 200 µm apertures 
separated by 100 µm at a wavelength of 2.7 mm, thus the 
smallest feature resolved corresponds to a dimension of λ/27.  

 In addition, a magnifying hyperlens consisting of a tapered 
wire array was demonstrated. Whilst extremely diffi cult to fab-
ricate by other means, such a structure forms naturally in the 
fi ber drawing process in the neck-down transition between the 
preform and fi ber. The example in  Figure    11  a,b has an 8 mm 
diameter that tapers to a 1 mm diameter. Since there is no dif-
fraction the taper allows super-focusing to subwavelength spot 
sizes, or the magnifi cation of sub-wavelength features from 
below to above the diffraction limit with the result that such 
sub-wavelength features may be imaged by conventional optical 
components. The magnifying hyperlens presented here was 
able to super-focus a 1 mm spot to a minimum FWHM of λ/28 
(Figure  11 c,d). [ 38 ]   

 Finally, metallic domains may not only be used as high 
conductivity materials, but their optical properties can also be 
exploited to confi ne electromagnetic waves and hence provide 
a guiding mechanism for optical transport. Gold and copper 
wires surrounding a silica solid core have been used to make 
metallic optical fi bers that rely on metallic confi nement to guide 

light. Theoretical studies on these types of fi bers also reveal the 
strong potential of metallic microwires and metamaterials to 
propose novel guiding mechanism and mode engineering for 
optical fi bers. [ 50,54,96,100–102 ]    

  4.     Semiconducting Materials in Hybrid Fibers 

 Semiconductors are key elements of any practically relevant 
optoelectronic system and are used in particular for the fast and 
effi cient detection and modulation of electromagnetic radiation. 
One of the main motivations of the fi eld of HOF is to integrate 
semiconductor functionalities directly into optical fi bers, with 
the perspective of making a new generation of large area, fl ex-
ible and even wearable photonic devices with effi ciencies on par 
with or beyond their rigid planar counterparts. Various devices 
such as detectors or modulators have been implemented up to 
now and a selection of those will be discussed in this section. 

  4.1.     Concentric Multimaterial Junction inside Silica Fibers 

 One important application of semiconductors in optoelectronics 
is the fast and effi cient detection of light, in particular NIR 
wavelengths that form the basis of telecommunications. Many 
of the currently used integrated detector schemes are based on 
planar devices, which have the intrinsic drawback of imposing 
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inevitable loss at the fi ber/planar device junction. The optimal 
solution to this problem is to include the detector functionality 
directly into the fi bers. One particular interesting approach was 
presented by the Badding group, [ 65 ]  where they used HPCVD 
to deposit multilayers of differently doped crystalline semicon-
ductor materials inside silica capillaries and in selected holes 
of PCFs ( Figure    12  a). It was shown that a concentric multilayer 
consisting of a n + /n − /Pt junction in a 15 µm diameter hole 
supported a fundamental HE 11  waveguide mode with about 
30 dB/mm at telecommunication wavelengths (Figure  12 b). 
Using a sophisticated contacting scheme this device showed rise 
and fall times of the order of several tens of picoseconds when 
excited by picosecond optical pulses (Figure  12 c), which is a suf-
fi cient fi gure for many optoelectronic detection applications.  

 In a next step a junction with reduced complexity was cre-
ated inside a selected hole of a PCF, where strong coupling 
between the fundamental PCF mode and the modes in the 
junction was observed. This example of an integrated optoelec-
tronic semiconductor junction clearly emphasizes the potential 
of the vision of all-in-fi ber detection, which can change or even 
revolutionize the fi eld of optoelectronics.  

  4.2.     Thermally Drawn Optoelectronic Fibers 

 While semiconductor devices with excellent performance can 
be achieved using HPCVD techniques, the main limitation of 
such an approach is its scalability, as only short fi ber lengths 
can be functionalized. Integrating semiconducting function-
alities, traditionally reserved for smaller scale and rigid wafer 
substrates, inside fl exible 1D systems with the length and 
surface associated with optical fi bers, can herald a novel path 

towards large area, fl exible, and even wearable optoelectronic 
devices. Several applications can be envisioned and have been 
proposed for these one dimensional fi ber systems (as opposed 
to point devices) in imaging, [ 41,103,104 ]  industrial monitoring, [ 105 ]  
remote and distributed sensing, [ 34,35 ]  energy harvesting [ 75,106 ]  
and functional fabrics. [ 25,41,107 ]  A promising strategy to realize 
this vision is to employ the multimaterial thermal drawing 
approach to directly integrate semiconducting materials in 
contact with metals and insulators in prescribed architectures. 
While we have seen so far that polymers and glasses can be co-
drawn with metallic wires, a photoconductive element must 
be found that is compatible with the thermal drawing process. 
Chalcogenide glasses, a class of materials based on the Chal-
cogen elements (S, Se, Te), have the double advantage of being 
compatible with this process, and exhibiting relevant optoelec-
tronic properties that are tunable depending on their composi-
tion (with As, Ge or Sn being typical additive materials). They 
have been extensively used in photonic crystal fi bers owing to 
their large refractive index [ 29,30 ]  and strongly nonlinear prop-
erties. [ 24,32,108,109 ]  They are also used for IR fi bers and in par-
ticular Multimaterial IR fi bers, as pure chalcogenide glasses 
can exhibit extremely low absorption in different parts of the IR 
spectrum depending on their composition. [ 109,110 ]  In the visible, 
however, chalcogenides can be highly absorbing and materials 
such as Selenium can exhibit high charge (hole) mobilities in 
its crystalline hexagonal phase. Se also exhibtis a high photo-
conductivity [ 111,112 ]  and is extensively used in xerography plates, 
rectifying junctions as well as thin-fi lm photovoltaics. [ 111,113–118 ]  
Chalcogenide glasses hence constitute ideal candidates to fabri-
cate optoelectronic one-dimensional fl exible systems fabricated 
via the thermal drawing technique. In  Figure    13  a, we show a 
picture of a preform-to-fi ber assembly where metallic electrodes 
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are in contact with an appearing black layer made out of a Sele-
nium-based chalcaogenide glass.  

  4.2.1.     Amorphous Semiconductor-based Optoelectronic Fibers 

 The fi rst metal-insulator-semiconductor optoelectronic fi bers 
were demonstrated in 2004, where a chalcogenide glass core 
contacted by four metallic electrodes and surrounded by a 
transparent polymer cladding showed photodetecting capabili-
ties (Figure  13 b). [ 40 ]  Further optical functionality was integrated 
when a Fabry–Perot cavity was added around the photo detecting 
structure to select the operating wavelength. Solid-core opto-
electronic fi bers were also shown to be sensitive to thermal 
radiation, [ 107 ]  and to exhibit a great potential for large area inter-
acting screens, meshes and fabrics. In particular, a lensless 
imaging system was demonstrated using two grids made out of 
such solid-core optoelectronic fi bers. [ 103 ]  

 A deeper investigation of the basic structure–property relations 
in these novel form factor devices has revealed a path towards the 
transition to sub-wavelength semiconducting thin-fi lm architec-
tures in subsequent studies. [ 34 ]  By removing the core material, 
a drastic reduction of the dark current and hence the associated 
electrical noise could be achieved without reducing the device’s 
responsivity. In addition to an improved sensitivity, the integra-
tion of thin-fi lm confi gurations has paved the way towards com-
plex in-fi ber architectures, which exhibit advanced and unfore-
seen functionalities. For example, a thermal sensing layer could 
be added around Bragg mirror of a photonic bandgap fi bers. The 
resulting fi ber had the ability to monitor itself against the pres-
ence of defects that could locally heat and destroy the polymer 
cladding. [ 107 ]  One could also in principle integrate an arbitrary 
number of thin semiconducting layers within a single fi ber, 
enabling increasingly advanced functioanlities. For example, by 

cascading several of such layers in a single fi ber, each indepen-
dently electrically contacted by metallic electrodes (Figure  13 f), 
fi bers that could sense not only impinging optical wave fronts 
but also extract their angle of incidence, wavelength and power 
were fabricated. Assembling such photodetecting fi bers into a 
fl exible grid, the Fink group at MIT could demonstrate a fi ber-
based fabric capable of generating optical images. [ 41,104 ]  

 This fi rst generation of optoelectronic fi bers has given rise 
to new 1D devices that can be integrated in myriad of appli-
cations and confi gurations. The examples presented so far still 
suffer, however, from three main limitations: 1) the axial sym-
metry that prevents the extraction of information on the stimuli 
distribution along the fi ber axis; 2) the amorphous nature of 
the semiconducting material that result in rather poor optoelec-
tronic properties, and; 3) the limited available semiconducting 
materials. To address the fi rst point, a confi guration was pro-
posed to localize axial position of one or more incident beams 
impinging onto a photodetecting fi ber (Figure  13 d). [ 76 ]  A fi ber 
that integrates a semiconducting thin fi lm, a solid core and a 
carbon black loaded polycarbonate (CPC) resistor could localize 
a beam with a 1 cm resolution over a 1 meter long fi ber. The 
low conductivity of the CPC material compared to its metallic 
electrode counterpart enabled the tailoring of the electric fi eld 
distribution along the fi ber axis. By measuring the current gen-
erated while varying the potential drop applied at both fi ber 
ends, one can measure independent currents and hence recon-
struct the location of the beam.  

  4.2.2.     Crystalline Semiconductor-based Optoelectronic Fibers 

 While these geometrical improvements have enabled the 
increase of the performance and fl exibility of complex fi ber 
devices, the materials and their phases need to be revisited to 
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 Figure 13.    a) Preform pulled into extended fi ber including metallic electrodes seen as the grey rectangles in the picture. The electrodes interface with 
a Selenium-based chalcogenide glass layer (black part). Adapted with permission. [ 34 ]  b) SEM cross section of a solid core fi ber contacted by four 
metallic electrodes. Adapted with permission. [ 40 ]  Copyright 2004, Macmillan Publishers Ltd. c) SEM cross-section of an optoelectronic fi ber with a thin 
chalcogenide glass layer contacted by four metallic electrodes. Adapted with permission. [ 34 ]  d) Schematic of light detection in one-dimensional photo-
detecting fi bers. e) SEM cross-section of a fi ber capable of localizing optical beams. CPC electrodes contacting both a thin fi lm and a solid core glass 
domains inducing a non-axially symmetric drop of potential between the CPC and metallic electrodes. Adapted with permission. [ 76 ]  Copyright 2010, 
OSA. f) SEM cross-section of a dual-ring optoelectronic fi ber: two thin chalcogenide glass layers are vertically integrated and each connected by four 
metallic electrodes. Adapted with permission. [ 41 ]  Copyright 2009, American Chemical Society.
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improve light-sensing fi bers further. Indeed, thermally drawn 
fi bers with amorphous materials reveal the relatively poor elec-
tronic and optoelectronic properties due to the glassy state of 
the semiconductors. To alleviate this limitation, two approaches 
have been proposed: 

   1)    Crystalline semiconductor phases inside the fi ber can be 
established when subjected to a specifi c post-drawing heat 
treatment. [ 119,120 ]  One example includes crystallites that have 
grown from the tin electrodes interfacing with a chalcogenide 
glass (As 52 Se 40 Te 8 ) after a post-drawing annealing treatment 
( Figure    14  a). [ 119 ]  This was shown to drastically reduce the 
resistivity of the glass and enabled a novel electronic system 
to be realized. The in-fi ber post-drawing crystallization of a 
selenium layer was also demonstrated (Figure  14 b), which 
highlighted the level of sensitivity that can be achieved by 
optoelectronic fi bers. The photodetecting sensor exhibited a 
noise equivalent power of below 1 nW/√Hz. [ 35 ]  This sensor 
was used in a novel confi guration to detect chemicals thanks 
to a chemoluminescent (CL) coating that changes its optical 
emission upon exposure to the targeted substance. Instead of 
using purely optical fi ber to collect the CL signal and guide 
it to distal detectors, [ 121 ]  a multimaterial hybrid fi ber with a 
semiconducting thin-fi lm-based photodetector embedded in 
the fi ber itself and distributed along the entire fi ber length 
was implemented (Figure  14 b). This confi guration allevi-
ates the optical losses experienced by the CL signal in purely 

optical systems. Indeed, most of the emitted photo ns are 
directly absorbed and converted into an electrical signal by 
the surrounding semiconducting layer at the spot where the 
hazardous chemical triggered the emission. The sensitivity of 
this fi ber sensor is hence no longer dictated by a signal collec-
tion defi ciency, but is governed by the performance of the dis-
tributed photodetector. This approach was demonstrated to 
exhibit performance on par with state-of-the-art systems, with 
a sensitivity of a few tens of parts per billion (Figure  14 c). 
This highlights the strong potential for distal and distributed 
sensing of a variety of stimuli enabled by the multimaterial 
fi ber approach (schematically depicted in Figure  14 d). [ 35 ]  

  2)    Rather than using re-crystallization, the second approach 
relies on directly drawing crystalline semiconducting mate-
rial as a melt. This approach has the advantage of accessing 
a wider class of materials, as long as a compatible glassy 
cladding can be found to encapsulate the liquid as it fl ows 
from preform to fi ber. In particular, materials more com-
monly used in electronic and optoelectronic components 
such as silicon and germanium can be integrated with this 
technique, which can bring a higher level of performance, 
novel optoelectronic applications and superior optical prop-
erties. So far, it is the particular optical properties of crys-
talline semiconductors, rather than their optoelectronic 
attributes, that has been exploited in crystalline core optical 
fi bers. Si and Ge for example are highly nonlinear materials 
with Raman gain coeffi cients much higher than silica and 
are transparent in the IR (examples of Si core fi ber shown 
in Figure  2 g). [ 122,123 ]  The fi rst attempt to integrate a Si core 
in a silica cladding was done in 2008 by introducing a Si rod 
inside a silica tube. [ 43 ]  The melting point of Si is at around 
1416 °C, well below the typical drawing temperature of silica 
around 2000 °C. Note that the approach of introducing Sil-
icon powder into a tube under vacuum has also been pro-
posed. [ 124 ]  Other materials have been drawn with a similar 
approach such as Ge, InSb, or even sapphire derived all-glass 
optical fi bers. [ 125–127 ]  At such high temperature, effects such 
as diffusion, chemical reactions and the formation of grain 
boundaries upon cooling and solidifi cation can be expected. 
This was recently highlighted in work where an aluminium 
rod inside a silica cladding at the preform level resulted in 
a Silicon core and alumina domains in the fi ber. [ 128 ]  Exten-
sive work has also been performed to elucidate and con-
trol nucleation and grain growth, in order to extend the 
length of single crystal domains along the fi ber axis. [ 129–131 ]  
Note also that Se and Te cores have recently been co-drawn 
inside phosphate glasses, which paves the way towards inte-
grating semiconducting materials at a novel temperature 
range. [ 44,132 ]  To realize optoelectronic fi bers with these mate-
rials, however, the diffi culty remains of fi nding compatible 
materials to act as electrodes that do not mix or react with 
the molten semiconductor during drawing.     

  4.2.3.     Synthesis of Novel Compounds during Thermal Drawing 

 Another intriguing phenomenon recently shown in multi-
material HOFs is the compound formation induced by the 
drawing process. [ 106,128,133 ]  During thermal drawing, materials 
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 Figure 14.    a) SEM micrograph of a solid chalcogenide glass core 
(As 52 Se 40 Te 8 ) fi ber after a post-drawing thermal annealing treatment that 
exhibits crystal growth nucleating for the most part from the interfacing 
crystalline electrodes. Adapted with permission. [ 119 ]  b) SEM cross-section 
of a square shape semiconducting Multimaterial fi ber having a hollow 
core surrounded by two thin Se 97 S 3  layers (1), connected by CPC (3) and 
metallic electrodes (2), all embedded in a polymer cladding (4). c) Photo-
response of the fi ber shown in (b). The inner walls were coated with a 
chemoluminescent layer that responds to triacetone triperoxide (TATP) 
molecules. When TATP molecules fl ow inside the hollow core, they attach 
to the CL layer and a fl uorescent signal is admitted and intercepted by 
the Se-based photodetecting devices. The increase of photocurrent as 
the molecules fl ow over time is shown in the graph. [ 35 ]  d) Schematic of 
the fi ber distributed sensor concept with novel multimaterial fi bers inter-
acting with the world in novel ways. Adapted with permission. [ 35 ] 
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are brought together at high temperature and confi ned in a 
small cross-sectional architecture. Depending on the mate-
rials in contact, the interdiffusion coeffi cients and the enthalpy 
of formation of various compounds, it can be anticipated that 
synthesis may occur and different materials end up in the fi ber 
compared to those found in the preform. The fi rst work that 
presented what could be named a multimaterial fi ber draw 
synthesis approach was realized after the volatization of some 
elements initially in the core of the preform, resulting in a dif-
ferent composition in the fi ber. [ 134 ]  

 The only functional optoelectronic device using fi ber draw 
synthesis was recently presented where a Se 97 S 3  layer was 
brought in contact with a Sn 85 Zn 15  eutectic electrode. [ 106 ]  It is 
argued in this study, and was investigated further later in a sub-
sequent study by the same group, [ 133 ]  that ZnSe compound was 
formed after diffusion of the Zn from the electrode and reac-
tion with Se. This layer with a large bandgap in between the Se 
layer and the metal ( Figure    15  a), would explain the formation of 
a heterojunction that induced a barrier to the transport of holes. 
The junction realized in the fi ber exhibited a built-in voltage 
of around 0.5 V (Figure  15 b). While the short circuit current 
was very small given the unoptimized parallel confi guration in 
the fi ber, the high open circuit voltage opens the way towards 
creating truly distributed and scalable photovoltaic fi bers that 
could combine the fl exibility of polymers with the effi ciency of 
inorganic compounds.  

 It should be noted that this approach contrasts with other 
commonly used ways to integrate photovoltaic functionali-
ties into fi ber using HPCVD or solution process layers onto 
existing fi bers. [ 135,136 ]  Another recently proposed approach is 
to use the multimaterial fi ber platform for energy harvesting, 
which relies on the integration of a dye inside a polymer fi ber 

that was shaped to focus the incoming light from the sun onto 
the dye material. The re-emitted light is then guided to the fi ber 
extremities where solar cells are positioned, effectively using 
the fi ber as large area concentrators. [ 137 ]     

  5.     Novel Dielectric Materials in Fibers 

 By choosing the dielectric properties of the material to be inte-
grated into the fi bers, the characteristics of the propagating 
waveguide modes can be engineered almost as desired. This 
degree of freedom is of interest for many applications and in 
particular for light generation schemes relying on ultrafast non-
linear optical effect, as pulse dispersions can be adjusted in a way 
beyond those of standard all-silica fi bers. Dispersion engineering 
is extremely relevant, for example, broadband supercontinuum 
generation, as shown by the examples discussed below. More-
over, the integration of sophisticated dielectrics into fi ber leads to 
novel and improved functionalities, examples of which include 
strong Faraday rotation or broadband in-fi ber polarization. 

  5.1.     Nonlinear Light Generation 

 The effi cient and broadband generation of light is clearly an 
important prerequisite for any practically relevant photonic 
system. Nonlinear optics and in particular super-continuum 
generation (SCG) using optical fi bers represents a promising 
path to achieving this goal, as the optical Kerr effect together 
with a strong modal confi nement can enable effi cient octave-
spanning spectral broadening via a combination of various 
nonlinear effects (a detailed review of the fi eld of fi ber-based 
SCG can be found in the literature. [ 138,139 ]  Accessing new spec-
tral domains such as the mid-IR requires using novel materials 
such as chalcogenide [ 140–142 ]  or semiconductors, [ 143,144 ]  which 
ought to combine strong modal confi nement, engineered 
modal dispersion, effi cient launching and light extraction and 
high optical nonlinearity. HOFs hold a great potential in this 
fi eld, as they naturally address all these mentioned issues on an 
entirely integrated waveguide platform. 

 One example of such a light-generating hybrid waveguide is 
a chalcogenide-silica fi ber, [ 59 ]  being composed of a cylindrical 
chalcogenide core and a silica matrix ( Figure    16  a). [ 55,56,145 ]  As we 
highlighted above, amorphous chalcogenide glasses are particu-
larly interesting due to their intrinsic high refractive index (>2 
for visible and infrared wavelengths), their extended transpar-
ency windows (≈0.6 µm <  λ  < 10 µm) and their strong nonlinear 
response (the nonlinear coeffi cient of chalcogenides is about 
two orders of magnitude larger than that of silica glass). [ 146 ]  
Using PAMF centimeter-long continuous chalcogenide strands 
with predefi ned diameters of the order of several micrometers 
have been integrated into silica capillaries. [ 56,145,147 ]  Since the 
silica remains chemically inert during fi lling, the fi lled-in As 2 S 3  
reveals bulk optical properties, which is favorable from the 
simulation as well as from the experimental perspective. This 
is especially important with respect to SCG, which requires pre-
cise adjustment of the group velocity dispersion to minimize 
frequency walk-off. Incoupling effi ciency has been boosted via 
the integration of a down-taper (so-called photonic nanospike) 
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 Figure 15.    a) SEM micrograph of a photodiode fi ber, with a zoom-in 
on the co-planar structure showing the two electrodes (eutectics SnPb 
and SnZn) and the heterojunction between a Se-based layer and a ZnSe 
domain that formed during the drawing process. b)  I – V  curve in the 
dark and under illumination, revealing an open-circuit voltage of 0.52 V. 
c) Example of a sparse fi ber mesh covering a window that could seam-
lessly act as an air or temperature monitoring unit, or harness energy 
from the environment. Adapted with permission. [ 106 ]  Copyright 2011, 
National Academy of Sciences.
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into the front part of the hybrid fi ber (Figure  16 b), which allows 
to locally match the external beam to the mode inside the 
spike. [ 55 ]  The coupled energy is then adiabatically transferred 
into the chalcogenide core, leading to an increase in coupling 
effi ciency by a factor of 60 into the deep subwavelength, 1 µm 
wide chalcogenide core (excitation wavelength: 1.9 µm). The 
increasing modal attenuation of that device is entirely domi-
nated by the silica cladding and not by the chalcogenide core 
for  λ  > 2 µm, reaching 1 dB mm −1  at 4 µm which defi nes a 
natural boundary for SCG in this structure.  

 Exciting the fundamental mode in a 2 mm long sample 
using an intense femtosecond laser pulse (center wavelength: 
1.9 µm, pulse width: 65 fs) leads to octave-spanning SCG 
up to a wavelength of 3.9 µm at a pulse energy of only 18 pJ 
(Figure  16 c). The chalcogenide–silica hybrid fi ber thus rep-
resents a new kind of fi ber-based light source for the mid-IR, 
a highly relevant spectral domain that demands intense and 
coherent sources for spectroscopic or analytic applications. 
Recent simulations and experiments reveal that the generated 
spectra are coherent over the entire generated bandwidth, [ 56 ]  
which makes this hybrid device interesting for frequency comb-
based metrology in a spectral domain beyond all-silica fi bers. 
Furthermore, double nanospike chalcogenide-silica fi bers have 
been recently implemented showing substantially improved 
outcoupling effi ciencies. [ 145 ]  

 Besides PAMF, highly nonlinear materials can also be incor-
porated into microstructured fi bers via direct fi ber drawing, 
examples of which include SCG inside chalcogenide wires 
embedded in polymer matrices. The Abouraddy group at Creol 
showed that dual layer chalcogenide nanotapers can be inte-
grated into a thermoplastic polymer jacket ( Figure    17  a). [ 148 ]  
The dispersion engineering has been achieved via tapering the 
structure down to a remaining chalcogenide core diameter of 
only 500 nm over a length of 50 mm, allowing the generation 
of broadband light over an octave-spanning spectral bandwidth 
when pumped with femtosecond pulses (center pulse wave-
length: 1.55 µm, pulse energies ≈ 40 pJ).  

 In another recent work strong modulation instability in 
the mid-IR spectral domain was observed when a hybrid 
polymer–chalcogenide optical microwire was pumped with 
a femtosecond optical parametric oscillator operating at 
2.6 µm (Figure  17 b). [ 149 ]  Dispersion engineering via changing 
the diameter of the As 2 Se 3  core provided the base for modula-
tion instability occurring in the normal dispersion regime. Far-
detuned parametric frequency conversion at 2 µm and 3.5 µm 
was observed in this fi ber structure. 

 Another example of a hybrid nonlinear fi ber is a chalcoge-
nide glass included into a microstructured tellurite fi ber by 
direct fi ber drawing an As 2 S 3  rod embedded in a structured 
tellurite perform ( Figure    18  a). [ 150 ]  The two glasses have almost 
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 Figure 16.    Coherent mid-IR supercontinuum generation using a chalcogenide nanospike. a) Schematic of the chalcogenide nanospike embedded in 
silica (red: chalcogenide; blue: silica). b) Side-view of the nanospike section. c) Supercontinuum spectra taken at different pulse energies when ultra-
short pulses are coupled into the waveguide via the nanospike (12% coupling effi ciency, blue: 5.0 pJ, green: 7.5 pJ, orange: 10.5 pJ, red: 18 pJ, pulse 
length 60 fs). The purple curve represents the laser spectrum. The lower right image shows the measured near-fi eld profi le of the mode at the output 
end of the waveguide. Adapted with permission. [ 55 ]  Copyright 2013, OSA.
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 Figure 17.    Hybrid chalcogenide–polymer nonlinear fi ber waveguides for light generation. a) Octave-spanning supercontinuum generation in a dual 
layer chalcogenide nanotaper embedded in a polymer matrix. Adapted. [ 148 ]  Copyright 2014, OSA. b) Mid-IR modulation instability observed in a As 2 Se 3 /
polymer microwire. Adapted with permission. [ 149 ]  Copyright 2014, OSA.
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equal thermal expansion coeffi cients, which is one important 
prerequisite in thermal drawing as pointed out previously. 
The dispersion properties of the fi nal hybrid fi ber were mainly 
adjusted via the microstructured cladding and the core dia-
meter (core diameter: 1.5 µm), leading to a fl at anomalous 
group velocity dispersion close to the pump wavelength of 
1.85 µm. Very large spanning supercontinuum from about 
800 nm to 2.4 µm was generated when ultrashort optical 
pulses (400 fs) were launched into the central chalcogenide 
core (Figure  18 b).  

 Due to their good transparency for wavelengths longer than 
1 µm and their overall large nonlinearity, silicon core hybrid 
fi bers reveal a substantial potential for being employed for 
nonlinear light generation in the near and mid-IR. However, 
compared to the chalcogenide glass systems, one major draw-
back of silicon is its comparably large two photon cross section 
when being pump below 2.2 µm. [ 143 ]  This effect can impose 
undesired absorption, limiting the maximum achievable spec-
tral bandwidth and density, as observed in planar devices. In 
recent work, this issue, which had led to silicon-silica fi bers 
being disregarded in nonlinear light generation schemes thus 
far, was circumvented through the use of hydrogenated amor-
phous silicon (a-Si:H), integrated into microstructured silica 
fi bers via HPCVD. [ 151 ]  This material reveals a smaller two-
photon absorption parameter due to a larger bandgap energy, 
and as a result an overall better performance compared to single 
crystalline silicon. In addition to power-dependent transmission 
measurements, [ 152 ]  it was recently shown that new light fre-
quencies can be generated in a 4 mm long a-Si:H silicon–silica 
hybrid fi ber. [ 153 ]  The relatively small core diameter of 1.7 µm 
imposes a strong waveguide dispersion on the material disper-
sion of the silicon, leading to a shift of the zero-dispersion wave-
length to about 2 µm. Pumping the system within the anoma-
lous dispersion regime (long-wavelength side of the zero disper-
sion wavelength), octave-spanning supercontinuum extending 
from 1.5 µm to 3.1 µm has been generated ( Figure    19  ).  

 Other promising development in fi ber-based light genera-
tion are optofl uidic fi bers, in which the strong confi nement in 
a liquid core is used to generate broadband light spectra. To 

provide total internal refl ection at the liquid–solid interface and 
a suffi ciently high optical nonlinearity, low-molecular weight 
liquids with high refractive index such as carbon-disulfi de [ 154 ]  
or carbon tetrachloride [ 155 ]  are used in selectively fi lled PCFs 
or capillaries. One particular interesting feature of liquid core 
fi bers is the emergence of a retarded optical nonlinearity, which 
is a result of a torque applied to the individual molecules of the 
liquid when being exposed to strong femtosecond pulses. It was 
theoretically predicted that this kind of nonlinearity can lead to 
noninstantaneous solitonic excitations, which does not suffer 
from a distinct Raman shift towards longer wavelength while 
propagating through the waveguide. [ 156 ]  This might pave the way 
for effi cient mid-IR supercontinuum sources on the basis of liq-
uids in fi bers.  
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 Figure 18.    Microstructured hybrid tellurite-chalcogenide fi ber fabricated using direct fi ber drawing of a chalcogenide-tellurite cane. a) SEM image of 
a cross section of the fi ber. Central circular region is As 2 S 3 , dark areas are air and the light grey domains correspond to tellurite glass. b) Spectral 
distribution of the generated supercontinuum in a 1 cm sample when ultrashort pulses were launched into the chalcogenide core. Adapted with per-
mission. [ 150 ]  Copyright 2009, OSA.
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 Figure 19.    Supercontinuum spectra generated in a dispersion-engi-
neered hydrogenated amorphous silicon-silica hybrid fi ber which was 
fabricated using HPCVD (core diameter: 1.7 µm, sample length 4 mm, 
zero-dispersion wavelength: 2 µm). The different curves refer to different 
central pulse wavelength (initial pulse width 300 fs). Adapted with per-
mission. [ 153 ]  Copyright 2014, OSA.
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  5.2.     Fibers with Sophisticated Functionality 

  5.2.1.     Multifunctional Electro-optic Fibers 

 Another important class of emerging photonic fi ber devices are 
systems that integrate optical functionalities like waveguiding, 
refl ection or lasing, and allow the modulation of the radiation by 
a built-in electric fi eld. A fi rst example of this approach relies on 
the integration of a piezoelectric copoly mer (P(VDF)TrFE) inside 
a fl at fi ber onto which a Bragg mirror is placed ( Figure    20  a). [ 75,157 ]  
The refl ection could be tuned by applying a voltage across the 
piezoelectric layer. Another advanced fi ber device recently devel-
oped relied on the modulation of a surface emitting fi ber laser 
by liquid crystal (LC) channels, electrically addressed, where the 
channels and sandwiching electrodes run along the entire fi ber 
length (Figure  20 b). [ 158,159 ]  When the dye is introduced into the 
fi ber core and pumped with an external laser, lasing can occur 
through the cavity walls that constitute a Bragg mirror. The 
polarization of this emitted laser light can be changed as it goes 
through the LC channel. This modulation is a function of the 
alignment of LC molecules that is directly related to the poten-
tial applied across the electrodes. Note that this fi ber device con-
stitutes a good example of a combination of the multimaterial 
preform-to-fi ber fabrication approach and the PAMF method 
discussed above. Indeed, both he dye and the LC where inserted 
post-drawing via a pressure assisted melt fi lling approach inside 
cavities at prescribed positions. This transverse functionality of 
direction modulation of an emitted coherent light over large 
surfaces can pave the way towards a variety of novel devices. 
The example presented here (Figure  20 c) represents an applica-
tion where such a fi ber could be introduced with minimal inva-
sion inside a vessel on which a tumor has grown on one side. 
Emission could be controlled to illuminate and treat only the 
tumor and not the surrounding tissue.   

  5.2.2.     Optical Isolation 

 One of the most important functionalities of photonic devices 
is to provide direction-dependent propagation loss. This effect, 
commonly referred to as optical isolation, breaks the time-
reversal symmetry of the system and requires the device to be 
non-reciprocal, which can be achieved either via a traveling wave 
modulation (e.g., by acousto-optics, [ 160 ]  by nonlinear optical fre-
quency conversion, [ 161 ]  or by including a magnetized Faraday 
medium into the device. [ 162 ]  The latter is conceptually most rel-
evant from the application point of view since it does not require 
any sort of external modulation, operates entirely passively, and 
is input power independent. A Faraday medium requires a dia-
magnetic or paramagnetic material and a magnetic fi eld applied 
co-linear to the direction of light propagation. The magnetic 
fi eld induces a special kind of anisotropy with two off-diagonal 
elements in the permittivity tensor. [ 163 ]  The most important 
material parameter characterizing the magneto-optical (MO) 
response is the Verdet constant, which is directly proportional to 
the rotation angle of linearly polarized light. 

 Many of currently used Faraday materials are single-crystal-
line and thus are hard to incorporate into optical fi bers (e.g., the 
state-of-the-art material is bismuth-doped yttrium–iron–garnet 

(Bi:YIG). [ 164,165 ]  This issue represents the motivation for inves-
tigating diamagnetic or paramagnetic glass systems with large 
Verdet constants which can be integrated into optical fi bers. [ 166 ]  
One of the key questions is how much of the bulk magneto-
optic response can be maintained within the fi ber and what is 
the achievable Faraday rotation per absorption length, with the 
latter being the most important fi gure-of-merit parameter from 
the device perspective. [ 163 ]  
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 Figure 20.    a) A schematic of the drawing process showing the scalability 
and fl exibility of the resulting fi ber. The SEM micrograph on the right 
shows the piezoelectric co-polymer P(VDF)TrFE surrounded by CPE elec-
trode that can modulate the refl ection of an incoming beam. Adapted 
with permission. [ 157 ]  b) Picture of the preform to fi ber neck down region 
of a hollow core optical fi ber integrating hollow channels around the 
photo nic structure. The SEM micrograph shows the fi ber cross-section 
with the Bragg mirror and the electrically addressed channels. c) Sche-
matic of a potential scheme for side emitting fi ber laser with direction 
control that could be used to burn away a tumor growing on one side of 
the inner part of a vessel. Adapted with permission. [ 159 ]  Copyright 2012, 
Macmilllan Publishers Ltd.
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 One example of a MO-active HOF has been established by 
drawing a 65 wt%-terbium-doped silicate perform into fi ber, 
giving rise to a paramagnetic all-fi ber Faraday isolator. [ 167 ]  
The effective Verdet constant of that terbium-doped fi ber was 
measured to be 32 rad (T m) −1 , which is 27× larger than that 
of silica fi ber and 83% of the Verdet constant of commercially 
available crystals used in bulk optics-based isolators. Another 
example is a MO fi ber which has been realized via PAMF and 
consists of diamagnetic tellurite glass core and a silica clad-
ding ( Figure    21  a,b). [ 163 ]  The effective Verdet constant defi ned 
by the fundamental core mode is about 50% of the bulk value 
(Figure  21 c), indicating morphological variations of the fi lled 
glass from the purely isotropic case, which is additionally sug-
gested by the observed magnetic dichroism, which only appears 
when the glass is fi lled into fi ber. In contrast to the abovemen-
tioned silicate fi ber, this hybrid fi ber has the potential to be 
fully integrated into current fi ber loops as the cladding material 
is silica.   

  5.2.3.     High Extinction Optical Filtering 

 The precise selection and fi ltering of predefi ned wavelengths 
from a broad spectrum is essential for many photonic appli-
cations, especially in the light of spectral multiplexing. 
Regarding telecommunication, an ideal fi ltering element 
ought to provide a large extinction ratio with an as-steep-as-
possible transmission edge over a narrow spectral interval, 
low intrinsic optical loss and the capability to be spliced 
directly into fi ber circuitry. Here, HOFs and in particular 
bandgap fi bers with high refractive index contrasts represent 
a promising approach to implement effi cient fi ltering ele-
ments. [ 168–170 ]  One example of a hybrid bandgap fi ber with 
ultrastrong index contrast consists of an array of micrometer-
sized chalcogenide strands in a silica matrix with the central 
strand being omitted ( Figure    22  a,b). [ 57 ]  The refractive index of 
the chalcogenide is substantially larger than that of silica, and 
thus each strand represents a single multimode waveguide. 
The overlap of evanescent fi elds hence leads to photonic band-
gaps and photonic band windows formation (Figure  22 c). [ 171 ]  
Since the dispersion of the band edges are steep with respect 
to the material dispersion of silica, very strong extinction 

ratios of more than 60 dB cm −1  can be achieved, which is 
exceptionally high for such an integrated device.  

 One other example of HOF are PCFs infi ltrated with liquids to 
modify their guidance. Fluid-fi lled PCFs with a solid core show 
distinct transmission bands and photonic windows depending 
on the refractive index contrast between the liquid and solid 
material and the diameter of the fi lled bores, assuming the 
liquid has higher index than the solid. [ 172 ]  Similarly, hollow-core 
PCF can be completely fi lled with liquid that has a lower index 
than the solid and have the light propagating in a liquid core, 
with the transmission window shifted relative to the air-fi lled 
case by an amount depending on the index of the liquid. [ 173 ]  

 Liquids provide the interesting properties including being 
sensitive to external infl uences such as temperature, which 
makes interesting candidates for the implementation of tunable 
devices or precise sensing elements. [ 174 ]  One example includes 
a MOF with large outer holes and an inner doped silica core, 
in which the light from the core is coupled to the liquid strand 
via a long-period grating. [ 175,176 ]  This device shows a distinct 
temperature dependence of the resonance peak, which makes it 
an interesting candidate for environmental sensing. In another 
example very high refractive-index sensitivity of 30 µm RIU −1  
(RIU: refractive index unit) have been achieved by selectively 
fi lling one hole in the second ring of a PCF with a predefi ned 
liquid. [ 177 ]  An alternative design using a composite fi bre made 
of three different polymers can perform low-index sensing 
through a single hole in the cladding, which removes the need 
for selective fi lling. [ 178 ]  The index sensitivity is achieved by 
coupling the core mode to a mode in the adjacent fl uid-fi lled 
waveguide that is beyond modal cutoff. Examples of sensing in 
liquid cores include measurements of optical activity in fi bres 
infi ltrated with chiral liquids, [ 173 ]  stimulated Raman spectros-
copy of solutions inside a hollow core, [ 179 ]  and spectral charac-
terization of individual particles suspended in the cores of fi lled 
fi bres using optical tweezers. [ 180 ]  Other examples of liquid fi lled 
fi bers include optofl uidic directional mode couplers for vis-
cosity determination [ 181 ]  and water-core Fresnel fi bers. [ 182 ]  

 Semiconductor nanowires introduced in MOFs via PAMF 
have been used for effi cient in-line polarization with a dis-
crimination of more than 10 dB across the entire visible spec-
trum ( Figure    23  ). [ 58 ]  Using a selective hole closure technique, 
individual hollow channels in silica PCFs are fi lled with pure 

Adv. Optical Mater. 2016, 4, 13–36

www.MaterialsViews.com
www.advopticalmat.de

silica
magneto optically
active glass

magnetic field
20 μm

(a) (b)

d

600 700 800 900
2
4
6
8

10
12
14
16

wavelength [nm]

Ve
rd

et
 c

on
st

an
t [

ra
d/

(m
·T

)]

( )c

 Figure 21.    a) Schematic of the magneto-optically active hybrid fi ber (red: magneto-optically active core; grey: silica cladding). The yellow arrow indicates 
the direction of the static magnetic fi eld. b) SEM image of the cross section of the tellurite-silica MO-active fi ber (core diameter 20 µm, sample length 
8 cm, core glass: 77TeO 2– 20.5ZnO-2.5La 2 O 3 ). c) Spectral distribution of the effective Verdet constant. The inset shows the guided mode of the fi ber 
when white light is launched into the input. Adapted with permission. [ 163 ] 
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Germanium. The transmission in the two orthogonal polari-
zation Eigenstates remains spectrally fl at with no strong oscil-
lations up to 1 µm and with a polarization discrimination as 
high as 30 dB in the visible (inset in Figure  23 ). The strong 

polarization contrast results from the highly anisotropic modal 
absorption of the fundamental modes in the fi bers, which is an 
indication of the different modal overlaps with the germanium 
waveguide. In the IR, strong attenuation peaks are observed, 
which show a strong temperature dependence of 0.15 nm K −1  
below 100 °C. These results suggest that the structure forms 
the basis of a compact optical thermometer. Sensitive tem-
perature determination has also been achieved using polymer 
infi ltrated MOF. [ 183 ]  This device operates by coupling light from 
a central glass core to a longitudinal polymer strand via a long-
period grating, showing a strong dependence of the spectral 
position of the resonance dips at ambient temperature.     

  6.     Conclusions and Outlook 

 The overall idea of hybrid optical fi bers is to integrate mate-
rials, which are traditionally not used in fi ber optics, directly 
into fi ber, to impart optical fi bers with novel functionalities and 
expand their fi eld of applications to novel critical areas such 
as biophotonics, environmental science or quantum optics. 
Importantly, fi bers are no longer viewed as purely axial devices 
but can also exhibit complex photonic functionalities in their 
transverse direction. This approach has revitalized fi ber optics 
research with respect to the fi ber design itself as well as in 
rethinking the materials and architectures that can be inte-
grated during drawing or post-processing inside long, thin and 
fl exible one-dimensional fi bers. The HOFs discussed in this 
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 Figure 23.    Spectral distribution of the polarization discrimination ratio 
between the two polarization Eigenstates of the semiconductor inline 
polarizer. The insets depict the investigated structure, consisting of a 
Germanium nanowire embedded in a photonic crystal fi ber, and the trans-
mission versus analyzer angle at a fi xed wavelength (λ 0  = 950 nm). The 
entire sample length is 1.7 mm. Adapted with permission. [ 58 ]  Copyright 
2008, OSA.
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 Figure 22.    a) Schematic of a photonic bandgap guiding fi ber for fi ltering applications (red: chalcogenide; blue: silica host fi ber). b) SEM image of a 
chalcogenide fi lled PCF (bright parts: Ga 4 Ge 21 Sb 10 S 65  strands, dark grey: silica. Core diameter 7.6 µm, pitch 3.8 µm, strand diameter 1.45 µm). c) Trans-
mission spectrum the bandgap fi ber (red) in comparison to an unfi lled fi ber (black). The point A and B correspond to the output mode patterns shown 
on the upper right side of the fi gure (C: 630 nm, D: 700 nm). Adapted with permission. [ 57 ]  Copyright 2011, OSA.
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review represents a selection of state-of-the-art devices with 
unique properties, which generally illustrates the potential of 
this research fi eld from a device and applications perspective. 
The fi eld has been triggered by improvements in fi ber drawing 
technology and by the emergence of post-processing tech-
niques, accompanied by the investigation of new fi ber geome-
tries. From our point of view, we anticipate applications of HOF 
in the following areas in particular. 

  6.1.     Plasmonics/Metamaterials 

 As shown in this review, the inclusion of metallic nano- and 
microwires into fi ber has unlocked the areas of plasmonics 
and metamaterials for fi ber optics. Wire array hyperlenses have 
obvious applications in imaging, as many biologically relevant 
absorptions (such as vibrations or intermolecular transitions) 
happen in the mid-IR and THz parts of the spectrum. The use 
of hyperlenses can deliver very high spatial resolution and new 
spectral tools to examine important biological samples and 
processes. New promising applications of fi ber-based meta-
materials can be envisioned if they are used as novel cladding 
materials for hollow core fi bers, operating non-resonantly in 
spectral domains which cannot be accessed with current PCF 
designs. Here, low-loss guidance at mid-IR wavelengths over 
very board spectral domains or at THz frequencies in subwave-
length cores has recently been proposed. [ 95,96,184 ]  From the plas-
monics point of view, the reported nanotips have the potential 
for establishing a new class of near-fi eld probes if combined 
with one or more optical waveguides, which can simultane-
ously deliver and collect light on the nanoscale, leading to new 
applications in, e.g., molecular disease diagnostics or DNA 
sequencing. New plasmonic materials can be integrated into 
fi bers, accessing device functionality which cannot be addressed 
with any of the currently used planar devices. One example are 
alkali metals, which potentially have excellent plasmonic prop-
erties but are exceedingly diffi cult to handle due to their high 
chemical reactivity. Moreover, application in sophisticated areas 
such as superconductivity can be envisioned via including high 
transition temperature metals into fi ber. [ 72,185 ]   

  6.2.     Optoelectronics 

 The direct thermal drawing of multimaterial preforms enables 
the unique combination of metals, semiconductors and insula-
tors in the cross-section of a uniform, potentially hundreds of 
kilometer long fl exible fi ber. This opens novel opportunities for 
implementing fi bers with more complex integrated function-
alities such as self-monitoring for non-invasive surgeries, [ 105 ]  
or fl exible optical and electronic probing for health care and 
bio-research. [ 69 ]  Such multimaterial HOF can also be seen as 
transverse devices where fl exible fi bers can interface with their 
environment in novel ways. Optoelectronic fi bers integrating 
several semiconductor devices can indeed detect light, but also 
sense local heating, ultrasound waves, or chemicals. Moreover, 
the combination of photonic crystals with optoelectronic devices 
is an important thrust of research for photodetectors and 
photovoltaics. [ 186–188 ]  Future research directions in the fi eld of 

optoelectronic fi bers will follow this trend by integrating complex 
architectures to trap and absorb light effi ciently. Another direc-
tion complements this approach by looking at new materials 
that can interface with the presented semiconductors, to be used 
as electrodes or to form rectifying junctions. The integration of 
junctions represents a unique path to address one bottleneck 
in current telecommunications networks, namely the interface 
between optical fi bers and planar photonic devices. The designs 
presented here indicate the enormous potential of HOFs in opto-
electronics, and future work will address the issues of electrically 
connecting the semiconductor junction located within a fi ber 
network. [ 189,190 ]  A line of work not discussed in this review is the 
integration of semiconducting nanowires [ 191 ]  and even micro-
spheres inside thermally drawn fi bers. [ 192,193 ]  With these uncon-
ventional fabrications approaches and novel building blocks, 
innovative ways of trapping light and extracting charges inside 
optoelectronic fi bers can be realized, paving the way towards 
large area, fl exible and even wearable optoelectronic systems 
with effi ciencies on par with current planar and rigid devices.  

  6.3.     Light Generation 

 The integration of sophisticated dielectric materials provides 
new degrees of freedom to design fi ber devices for light genera-
tion with unique properties, being highly relevant in biophoto-
nics and medicine. As shown by the discussed examples, the 
concept of introducing highly nonlinear materials into fi bers 
allows unique pulse dispersion engineering beyond the capa-
bility of all-silica glass fi bers, unlocking new applications, for 
instance, in vibrational spectroscopy or frequency metrology. 
Further developments will rely on integrating more sophisti-
cated glass and semiconductor systems with predefi ned prop-
erties into fi ber, allowing work in spectral domains which are 
not accessible with all-silica systems, particular in the UV and 
mid-IR. [ 194 ]  This includes investigating not only the core glass 
but also new cladding materials within the scope of PAMF and 
HPCVD, as for instance tellurite or fl uoride glasses can provide 
promising cladding alternatives when targeting wavelengths 
longer than 3 µm. [ 195,196 ]  Moreover materials with improved 
doping properties can help to implement more effi cient fi ber 
lasers, especially for wavelength longer than 3 µm. [ 197,198 ]  Par-
ticularly interesting is the option to use semiconductor junctions 
for direct in-fi ber light generation via direct carrier injection, 
making external light sources obsolete and thus improving the 
performance of current telecommunication networks.   
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