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Abstract—Silicon core fibers (SCFs) offer an exciting 
opportunity to harness the nonlinear functionality of the 
semiconductor material within the excellent waveguiding 
properties of optical fiber systems. Over the past two decades, 
these fibers have evolved from a research curiosity to 
established components for use across a wide range of photonic 
applications. This article provides a comprehensive overview of 
the evolution of the SCFs, with a focus on the development of 
the fabrication and post-processing procedures that have 
helped to unlock the nonlinear optical potential of this new 
technology. As well as reviewing the timeline of advancements 
in the nonlinear performance, prospective will be provided on 
the current challenges and future opportunities for in-fiber 
nonlinear silicon systems.  

 
I、 Introduction 

 
Silicon is one of the most important materials of our time. 

As well as being a long-standing workhorse in the 
microelectronics industry, over the past two decades it has 
proven itself as an excellent platform for a myriad of optical 
technologies spanning traditional communications to sensing 
and spectroscopy [1, 2]. An important branch of active 
silicon research covers nonlinear photonics, where the aim is 
to make use of silicon’s large intrinsic, ultrafast, 
nonlinearities to intricately control and manipulate light with 
light [3]. To this end, nonlinear processes in silicon have 
been widely studied, resulting in several significant device 
demonstrations including high-speed, high-density all-
optical processing [4], octave-spanning frequency comb 
generation [5], and Raman lasing [6]. Owing to the advanced 
fabrication technologies that have been developed for CMOS 
processing, the majority of the work in this field has made 
use of planar waveguides fabricated from the silicon-on-
insulator (SOI) platform. Although these planar waveguides 
present an exciting opportunity for integrated photonic 
systems, they do suffer from some drawbacks. For example, 
their small dimensions, typically nanometer-sized, can limit 
their power handling capabilities, restrict their wavelength 
coverage to the near-infrared regime, and can make robust 
integration with optical fiber connectors challenging and 
alignment sensitive. 

An alternative waveguide platform that offers an elegant 
solution to these issues is the emerging class of silicon core 
fibers (SCFs). Notably, SCFs are principally fabricated using 

conventional fiber drawing methods, which allows for the 
rapid production of long lengths of fiber at low cost [7]. 
Moreover, as the SCFs are still clad in silica, they retain 
many of the benefits of conventional fiber technologies such 
as robustness, stability and compatibility with standard fiber 
post-processing methods such as tapering and splicing. 
Significantly, it is the ability to post-process the SCFs 
following the initial drawing phase that has allowed for the 
greatest advances in terms of their use for nonlinear 
applications. For example, fiber tapering provides a means to 
adjust the core size from a few micrometers down to 
hundreds of nanometers in diameter, so that the fibers can be 
tailored to operate over a broad range of wavelengths and 
powers [8]. Moreover, the heat treatments also provide a 
route to reducing the transmission and coupling losses 
through reshaping and recrystallization of the core [9]. 

Accordingly, this article presents an overview of the SCF 
technology, with a focus on the exploitation of post-
processing procedures for optimization of the nonlinear 
performance. In addition to reviewing the current state of the 
art, we will also provide some perspective as to where the 
SCFs offer significant benefits in terms of their flexibility, 
power handling, wavelength coverage and general ease of 
use over competing platforms. 
 
II、 The history of silicon core fibers 
 
A. Silicon core fibers fabrication and post-processing 

The first report of SCFs for use in optical applications 
appeared in 2006 [10]. The motivation for this work was to 
combine the unique optoelectronic properties of the 
semiconductor material with the excellent light guiding 
properties of fiber waveguides. The fibers presented in this 
work were produced by depositing the silicon materials 
inside the pores of silica capillaries and microstructured 
fibers via a high-pressure chemical vapor deposition 
(HPCVD) technique, as shown in the schematic of Fig. 1(a). 
Significantly, by tuning the temperature of the deposition, 
this technique allows for the fabrication of SCFs with both 
amorphous and polycrystalline core materials. Subsequent to 
these efforts, an alternative production method for the SCFs 
based on a modified form of traditional fiber drawing was 
presented in 2008 [7]. In this approach the silicon core was 
simply sleeved inside a silica glass cladding tube to create a 

mailto:acp@orc.soton.ac.uk


 

Fig. 1 Schematic of the SCF fabrication and post-processing methods. (a) High-pressure chemical vapor deposition (HPCVD) 
technique. (b) Molten core method (MCM) of fiber drawing. (c) Post-processing via tapering. (d) Two-step drawing via rod-in-
stack fabrication method. 
 
preform, before drawing down to fiber dimensions as 
illustrated in Fig. 1(b). However, as the silicon core is molten 
at the draw temperature for silica (~ 1950 °C), this method 
was called the molten core method (MCM), and the high 
processing temperatures ensure that the core materials are 
always produced in a polycrystalline phase. Importantly, 
thanks to the excellent stability and strong viscosity of silica, 
the cladding tube acts as a crucible to contain the molten 
semiconductor, allowing for long lengths of continuous fiber 
to be produced in a single draw process. 

In the decade following the SCF inception, much work 
was conducted by the fabrication teams, both HPCVD and 
MCM, to advance the production methods, including 
investigating the role of the core shape [11] and size [12]. 
One of the most notable advancements was the inclusion of 
interface modifiers for the MCM produced fibers, as 
illustrated by the CaO coating in Fig. 1(b), which helped 
alleviate issues with oxygen diffusion and the thermal 
mismatch of the core/cladding materials during the high 
temperature processing [13]. Despite such efforts, the SCFs 
were still typically produced with relatively high 
transmission losses, within the range of 3-10 dB/cm in the 
telecoms band [14], restricting the fiber lengths that could be 
used in optical, and more specifically nonlinear optical 
applications. This is particularly pronounced for SCFs 
fabricated with the smallest core dimensions due to 
challenges involved in their production, such as the mass 
transport of materials for the HPCVD method and Rayleigh 
instabilities for the MCM fibers. As a result, various forms 
of post-processing procedures have been explored, including 
thermal annealing [15], fiber tapering [8, 16], and laser 
crystallization [17]. In all cases, the aim of the post-process 
is to melt and crystallize the core to reduce the impurities and 
increase the grain sizes of the polycrystalline material. We 
note that such post-processing is only suitable for obtaining 
crystalline cores due to the instability of the amorphous 
materials, and thus consequently it is the crystalline core 
fibers that have become the most developed SCFs in recent 
times. 

Of the post-processing methods, fiber tapering has become 
the most useful and widely employed approach. This is 
because tapering involves both the heating and stretching of 

the fiber, as illustrated in Fig. 1(c), so that it is possible to 
simultaneously control both the diameter and the 
crystallinity of the fiber core. This is particularly important 
for nonlinear applications as control of the core size allows 
for tailoring of the dispersion and nonlinearity parameters 
[18], whilst controlling the cooling rate of the processed core 
can result in increased grain sizes [9] and thus significantly 
reduced losses (~1 dB/cm) in ~1 μm core diameter fibers 
[19]). Moreover, by adjusting the tapering profile, it is also 
possible to control the longitudinal dimensions of the fiber, 
which can be exploited to enhance the coupling regions 
and/or alter the dispersion to tune the efficiency of the 
various nonlinear processes along the propagation length. To 
access SCFs with submicron-sized cores, which are favored 
for nonlinear processing at telecoms wavelengths, a two-step 
tapering process has been developed. Importantly, by using 
the first step to reduce the SCF outer diameter, a lower 
filament power can be used in the second taper step, which 
allows for the production of continuous cores of sub-
micrometer dimensions with large crystalline grains and 
reduced residual stress. Although, the submicron SCF 
lengths are currently limited to a few centimeters, due to 
constraints of our tapering rig, these are sufficient for most 
nonlinear applications, thanks to the high nonlinearity of 
silicon. 

Somewhat related to the draw then taper approach to SCF 
fabrication, more recently an alternative two-step drawing 
method has been developed that can produce even longer 
lengths of low loss SCFs, as indicated by the schematic in 
Fig. 1(d) [20]. The starting point of this process is to create a 
preform that consists of a silicon rod inserted in to a 
microstructured stack of silica capillaries, and thus this 
method has been called the rod-in-stack method. The 
preform is then drawn into a cane, which is then sleeved into 
a single capillary tube before a second draw takes place to 
produce the fiber. This second draw stage thus mimics the 
post-draw tapering, to some degree, as it provides a means to 
reprocess the silicon core to obtain micrometer dimensions 
with a well-ordered crystalline structure. Significantly, this 
method has produced the longest lengths of low loss fiber to 
date (0.2 dB/cm over 1 m length of 3 μm core fiber), though 
so far nonlinear propagation has yet to be demonstrated in 



 

these SCFs. 
Although less developed, it is worth highlighting some of 

the advancements that have been made in laser processing of 
the SCFs. Laser heat treatments has been successfully 
applied to increase the crystal grain size in the silicon core, 
and thus reduce the transmission losses [17], as well as to 
introduce localised strain into the core to tune the bandgap 
energy [21], albeit over shorter processing lengths than the 
tapering or drawing methods. However, an area where this 
method potentially shows greater promise is in the 
processing of fibers with compound semiconductor cores 
(e.g., SiGe [22] and GaAs [23]), where the localized heating 
can be used to precisely control the composition of the 
material. As these fibers are not the focus of this article, more 
details on laser processing of compound core materials can 
be found in the relevant literature [24].  
 

 
Fig. 2 (a) Recent progress to reduce the losses and core 
diameter in the SCFs fabricated by both the HPCVD and 
MCM approaches. Dashed lines are a guide to indicate the 
production of SCFs with core diameters < 1 μm and losses < 
3 dB/cm. (b) Dispersion tuning as a result of scaling the fiber 
core diameter, as labelled in the legend. Dashed line 
represents the zero-dispersion wavelength. 
 

To highlight the progress made in the fabrication and post-
processing of the SCFs to date, Fig. 2(a) plots a map of the 
SCF transmission loss, as measured in the telecom C-band, 
as a function of core diameter for fibers produced via the 
different methods [9-10, 14, 16-17, 25-30]. Critical to 
observing nonlinear propagation has been the production of 

SCFs with losses <3 dB/cm, something that has been 
achieved in both the amorphous and polycrystalline core 
fibers. Significantly, the lowest losses are now routinely <3 
dB/cm in few micrometer sized SCF cores, which is 
comparable to the lowest reported losses obtained in planar 
waveguides [31]. However, of similar importance has been 
the production of SCFs with core diameters ~1 μm, as the 
smaller cores not only result in higher confinement of the 
light, but also allow for waveguide dispersion tailoring as 
illustrated in Fig. 2(b). Specifically, Fig. 2(b) shows that 
owing to the strong normal dispersion of silicon, SCF core 
diameters of <1 μm are required to access the anomalous 
dispersion regime in the telecoms band. Thus, it is the recent 
developments in the tapering procedures to produce SCFs 
with a combination of low losses (~1 dB/cm) and submicron 
cores that has enabled many exciting demonstrations of 
nonlinear processing in this wavelength region. In fact, the 
smallest core SCF shown in Fig. 2a has a diameter of ~700 
nm, which also exhibits a low loss ~1 dB/cm [30]. We note 
that due to the high core/cladding index contrast of the SCFs, 
the fundamental mode is still well confined to the silicon core 
in the telecom band even for diameters as small as ~500 nm, 
allowing for further tailoring of the dispersion and nonlinear 
confinement as described in Ref. [8], and continued efforts 
to reduce the losses in these small core fibers will greatly 
enhance their practical use. However, it is important to 
mention that having access to low loss SCFs with larger, few 
micrometer cores is also very useful, particularly for 
applications that extend into the mid-infrared region where 
there is a need to minimize the interaction of the long 
wavelength light with the lossy silica cladding, or 
alternatively for applications that require the use of high 
optical powers. 
 
B. In-fiber nonlinear applications so far 

There are a plethora of nonlinear processes available in 
silicon that arise from the interactions of the optical field 
with electrons and phonons. Owing to the centrosymmetry 
of the silicon materials, the second-order nonlinearity is not 
present, so that nonlinear propagation in the SCFs is 
dominated by third-order process such as self-phase 
modulation (SPM), two-photon absorption (TPA), four-
wave mixing (FWM), and Raman scattering (SRS). These 
processes can be used in a variety of applications, including 
all-optical modulation, wavelength conversion, 
amplification, signal regeneration, and more. Fig. 3 presents 
a timeline of the nonlinear processes that have been observed 
in the SCFs, highlighting how the advancements made in 
terms of the fabrication and post-processing has greatly 
expanded their application potential. 

The first demonstrations of nonlinear propagation in the 
SCFs focused on characterizing the spectral broadening via 
SPM and nonlinear saturation due to TPA, as this provided a 
means to determine the nonlinear performance of the 
different core materials. This analysis revealed that the 
nonlinear refractive indices and the TPA parameters of the 
SCF cores, both hydrogenated amorphous (a-Si:H) [25] and 



 

 
Fig. 3 Timeline of the evolution of SCFs. Lower half details the evolution of the fabrication and post-processing techniques 
representing a reduction in losses from left to right: HPCVD [10], MCM [7], post-tapering processes [8], laser annealing [62], 
alkaline earth interfacial modifiers [13], tapered poly-Si fibers [16], nano-spike coupler [43], and rod-in-stack technique [20]. 
Upper half highlights some of the nonlinear processes that have been enabled via the advancements. Firstly, in the amorphous core 
material: nonlinear transmission (SPM) [25], all-optical modulation: TPA [26] and XPM [27], mid-infrared nonlinear transmission 
[63] FWM and supercontinuum generation [32]. Secondly in the tapered SCFs: microspherical resonator [64], supercontinuum 
generation [37], wavelength conversion [44], optical parametric amplification [29], broadband FWM [28], Raman amplification 
[19], Raman-enhanced FWM [30], frequency comb generation [45], and undetected-photon imaging [34]. 
 

 
polycrystalline (poly-Si) [16], closely matched values 
reported for their planar waveguide counterparts, which was 
a good indication of the suitability of the core materials for 
nonlinear processing. However, as previously discussed, low 
linear losses are critical to observing high nonlinear 
efficiency and thus it is only more recently that some key 
nonlinear processes have been reported. To illustrate this 
point, Fig. 4 presents two examples of SPM obtained in 
tapered SCFs when pumped with the same telecom band 
fiber laser (1540 nm center wavelength) that has a duration 
of 720 fs (FWHM) and a repetition rate of 40MHz. The first 
spectrum in Fig, 4(a) was obtained using one of the first 
tapered SCFs, which had a core diameter of ~1 μm, length of 
~1 cm and a loss value of 3.5 dB/cm, where only modest 
spectral broadening is obtained [16]. The second spectrum in 
Fig. 4(b) was measured more recently in a submicron (0.9 
μm) SCF with a waist length of 8 mm and loss of 2.5 dB/cm. 
To ensure efficient coupling into the small core, the taper 
transitions were retained on the SCF so that the input and 
output core diameters were ~4 μm. One can clearly see the 
benefits of reducing the losses and improving the coupling 
efficiency in terms of the power handling and the achievable 
nonlinear phase shift. 

It is worth noting that owing to the large TPA parameter 
of silicon at telecoms wavelengths, nonlinear saturation can 
limit the performance when using high peak powers. 
Although such saturation is normally undesirable, it can be 
exploited for use in all-optical modulation formats, e.g.,  

 

 
Fig. 4 SPM induced spectral broadening in two tapered poly-
Si core fibers. (a) Early taper with a core diameter of 1µm 
and loss of 3.5 dB/cm [16]. (b) Taper optimized for improved 
coupling, as indicated in the inset, with core of 0.9 µm and 
loss of 2.5 dB/cm. The powers labeled are peak powers for a 
pulsed pump source.  
 



 

where the presence of a high-power control beam is used to 
modulate the amplitude of a signal wave through increased 
absorption [26]. As the TPA process is governed by the 
electronic nonlinear response, the response time of the 
material is ultra-fast, so that high-speed modulation is 
possible. However, in most nonlinear applications TPA is 
best avoided, and this is greatly facilitated by reducing the 
linear losses so that the pump powers required to observe the 
desired nonlinear process are below the saturation level, as 
has been the focus of much of our work [29]. 
 

 
Fig. 5 (a) Transmission spectra taken at the output of the SCF 
as the signal wavelength is tuned from 1570 to 1680 nm [29]. 
(b) Measured spectra for wavelength conversion of 20 Gb/s 
QPSK data at two signal wavelengths; 1563 nm and 1580 
nm. The FWM spectra are offset by 10 dB. Insets show the 
constellation diagrams for the original and converted signals 
[28]. 
 

Following the initial nonlinear characterizations, several 
other processes were observed including cross-phase 
modulation (XPM) [27] and FWM [32]. Although XPM 
could be observed in large core SCFs, key to observing 
FWM was to produce smaller core fibers that exhibited zero-
dispersion wavelengths (ZDW) in the vicinity of available 
pump sources. Spontaneous FWM was first demonstrated in 
a a-Si:H core fiber with a 1.7 μm core diameter, such that a 
2.3 μm pump was required to ensure proximity to the ZDW 
[32]. Thus, it wasn’t until a low loss, submicron core tapered 
SCF was produced until the first full characterization of 
parametric gain in the telecom band could be undertaken 
[29]. Specifically, the SCF had a poly-Si core with a diameter 

of 915 nm, over a length of 5 mm (design as in Fig. 4(b)), 
and a loss of 2.8 dB/cm, which represented the lowest 
transmission loss of a submicron core SCF at that time.  

The results of the FWM characterization using a 
femtosecond pump and a tunable CW seed are shown in Fig 
5 (a), where a broad conversion bandwidth of almost 300 nm 
was recorded. As a result of the combination of low coupling 
and transmission losses for this tapered SCF, a maximum on-
off parametric gain of 9 dB was obtained, which was higher 
than comparable reports in planar silicon waveguides [33]. 
Using a similar SCF design, FWM-based wavelength 
conversion of 20 Gbit/s data signals via a 1550 nm CW pump 
was subsequently demonstrated over the extended 
telecommunications region, including the S-, C-, and L-
bands, as confirmed by constellation diagrams and spectra in 
Fig. 5(b). More recently, FWM has also been used as a 
source of photon pairs for an undetected photon imaging 
scheme, where the signal beam interacts with the object 
while the idler is used for the detection [34], thus 
highlighting the potential for these fibers to find application 
in a range of FWM-based processing applications.  

 

 
Fig. 6 (a) Spontaneous Raman emission spectra for a CW 
pump at 1431 nm as recorded for different coupled in powers 
[19]. (b) Stimulated Raman gain for a 1431 nm pump with a 
coupled power of 48 mW as measured for various signal 
wavelengths [19]. 
 

The most recent nonlinear process to be reported in the 
SCFs is Raman scattering. Although Raman scattering was 
the first nonlinear process to be demonstrated in the planar 
silicon waveguides [35], its observation in the poly-Si core 
fibers had been hindered by the relatively short lengths of the 
early tapered designs. Thus, the ability to observe a 
spontaneous Raman signal coincided with the production of 



 

tapered SCFs with losses ~1 dB/cm over lengths of ~2 cm, 
as illustrated in Fig. 6(a) [19]. This then led to the first 
demonstration of stimulated Raman amplification of a 
telecom signal, which was achieved using a SCF with a core 
diameter of 750 nm and length of 1.9 cm, using a CW pump 
source at 1431 nm. With a coupled-in pump power of only 
~50 mW, an on-off gain of 1.1 dB was achieved at the peak 
Raman frequency shift, as shown in Fig. 6(b). Significantly, 
this result represented the highest gain reported in silicon 
waveguides of comparable size using mW pump powers, 
which was attributed to the low transmission loss of the sub-
micrometer sized SCFs. Moreover, simulations have 
predicted that the gain could reach as high as 6 dB in a similar 
SCF with a length of ~10 cm, which is comparable to the 
largest gains obtained in an SOI platform with a high power 
(~120 mW) CW pump [36], and the gain could be further 
increased by reducing the losses. 

Although the majority of nonlinear demonstrations in the 
SCFs have focused on the telecom band, the ability to 
produce high quality taper designs with core dimensions of 
several micrometers is advantageous for their application in 
the longer, mid-infrared wavelength region. Moreover, as the  
TPA parameter of silicon reduces for increasing pump 
wavelengths, becoming negligible beyond the TPA edge 
(~2.2 μm) [37], nonlinear absorption processes can be 
significantly reduced in this region, which allows for the use 
of higher power pumps. As seen in Fig. 2(b), a SCF with a 
core diameter of ~3 μm has a ZDW around 2.8 μm, and 
simulations have shown that the propagation losses in such a 
large core fiber will remain below 1 dB/cm for wavelengths 
up to ∼4.7 μm, with only a modest increase beyond this. 
Taking advantage of this, supercontinuum generation 
spanning almost two octaves (1.6-5.3 μm) has been 
demonstrated in a tapered SCF, illustrated in the sketch of 
Fig. 7(a), with a waist diameter of 2.8 μm, length of ~1 cm, 
and a loss of ~1 dB/cm at the 3 μm pump wavelength [38]. 
The generation and transmission of the longest wavelengths 
shown in Fig. 7(b) was facilitated by the asymmetric taper 
design, where the slow input taper allowed for efficient 
coupling and optimized nonlinear conversion in the waist, 
whilst the fast output taper helped to reduce the interaction 
with the lossy silica cladding. As a result, the red edge of the 
broadest continuum spectrum (10 mW pump corresponding 
to a peak power of 1.19 kW) extends well beyond the 
previous cut-off of ~3.3 μm obtained in a SOI waveguide (by 
~2 μm) [39]. Moreover, thanks to the low transmission 
losses, and specifically the negligible TPA of the pump, a 
high conversion efficiency of ~60% was obtained, resulting 
in a supercontinuum source with sufficient power (~6 mW 
average power) for use in state-of-the-art mid-infrared gas 
spectroscopy applications [40]. Significantly, further 
simulations of the mid-infrared transmission losses 
associated with the silica cladding have shown that, through 
selection of an appropriate core size and fiber length, SCF 
devices can be designed to operate with high efficiency and 
low insertion losses over the entire transmission window of 
the core (1-8 µm) [38]. Thus, these results highlight the 

potential benefits of the SCFs over their planar counterparts 
in terms of power handling and wavelength coverage 
spanning wavelengths from the near to the mid-infrared.  
 

 
Fig. 7 Schematic of the asymmetric taper design used for 
mid-infrared supercontinuum generation [38]. (b) Measured 
transmission spectra obtained for pumping the fiber design 
in (a) using a femtosecond OPO tuned to 3 μm, for the 
average powers as labelled. for a pulsed pump source [38]. 
 
III、 Harnessing the fiber geometry 
 
A. All-fiber integrated telecom demonstrators 

One of the key advantages of the SCF platform is its 
potential to be seamlessly linked to conventional silica fiber 
components to form robust and compact systems. However, 
integrating SCFs with all-silica fibers does present some 
challenges due to the large refractive index difference of the 
core materials, which results in mismatches in fiber core size, 
mode properties, and large reflection losses at the joint. 
Although preliminary efforts to integrate the SCF with 
standard single mode fibers (SMF) did show that robust 
connections were possible provided the fusion temperature 
was kept low [41], the large mode mismatch and high Fresnel 
reflection resulted in prohibitively large coupling losses. 
Subsequent work demonstrated that it was possible to reduce 
the reflection losses via chemical etching of the core before 
splicing, though the mode mismatch contribution was still 
high [42]. An alternative integration approach that allows for 
the reduction of the coupling losses due to both the reflection 
and mode mismatch is to fabricate nano-spike couplers onto 
the ends of the high index fiber core, as shown in the 
schematic of Fig. 8(a), similar to the inverse tapers employed 
in planar integrated photonics [43]. Such nano-spike 



 

couplers can be fabricated onto the end facets of the poly-Si 
fibers using a modified tapering procedure whereby the SCF 
is heated such that the silicon core collapses, so that short 
spikes of length ~200 μm appear at each end of the 
discontinuous fiber (see inset in Fig. 8(a)). The SCF can then 
be cleaved in the section of the fiber with the collapsed core, 
before splicing to a SMF that has also been tapered to have a 
matching outer cladding diameter, as shown in Fig. 8(b) and 
described in Ref. [44].  

 

 
Fig. 8 (a) Mode evolution from SMF to tapered SCF. Inset: 
microscope image of the fabricated nano-spike. (b) 
Microscope image of the splicing joint for SCF-SMF 
connection. (c) QPSK spectrum recorded at the waveguide 
output. Signal and idler constellation diagrams are shown as 
insets [45].  
 

To confirm the viability of the nano-spike integration 
coupling scheme, a SCF with a SMF pigtail at the input facet 
was fabricated and demonstrated for use as a nonlinear 
wavelength converter of data signals in the telecom C-band 
[45]. This work showed that it was possible to produce a 
nano-spike coupler onto the end of a SCF that had been pre-
tapered to support FWM for a 1554 nm pump (transmission 
loss of ~2 dB/cm over a length of ~1 cm). Significantly, the 
resulting coupling loss for the nano-spike of 4.5 dB was 
almost 50% lower than for coupling via a free-space launch 
into a SCF with a ~1 μm core, where the typical input loss is 
~8 dB. This device was subsequently employed for the 
successful conversion of 20 Gb/s quadrature phase-shift 
keying signals with a low optical signal-to-noise-ratio 

(OSNR) penalty, as illustrated by Fig. 8(c). More recently, 
the fabrication approach was extended to produce nano-spike 
couplers on both ends of the SCF, allowing for SMF pigtails 
at the input and output [46]. Although this represented the 
first demonstration of a fully integrated SCF-SMF device, 
there were several challenges in fabricating the 
heterogeneous structure due to the short SCF length, which 
resulted in high coupling losses of ~8 dB per nano-spike. 
Nevertheless, the high optical quality of the SCF section still 
allowed for efficient nonlinear spectral broadening of a 
telecoms frequency comb to triple the bandwidth of the 
source (from 10 nm to 30 nm), whilst preserving key 
performance features such as comb flatness (12 dB), narrow 
comb linewidths (<3 kHz) and low noise levels (>30 dB 
OSNR).  

 

 
Fig. 9 (a) Schematic of in-line fiber-integrated nonlinear 
optical modulator. (b) Intensity of input pump and modulated 
probe at 1310 nm and 1550 nm, respectively. (c) Modulation 
depth as a function of SCF length under different linear 
losses. 
 

Another potential application for the all-fiber SCF systems 
in the telecom band is in fact to harness the high-speed 
absorption properties associated with the large TPA 
(discussed in Section II) for the development of all-optical 
modulation schemes within the optical networks. However, 
so far the modulation performance of the SCFs has been 
hindered by the short fiber lengths and lack of SCF 



 

integration, so that the required pumping schemes are 
impractical, particularly in terms of the power requirements. 
With the recent advancements in both the fabrication of long 
lengths of low loss tapered fibers and the nano-spike 
integration methods, all-fiber modulators can now be 
envisaged where both the pump and probe waves operate at 
power levels employed in conventional networks. Fig. 9(a) 
presents a sketch of such a scheme, where the pump consists 
of a modulated 20 mW CW source at 1310 nm and the signal 
is a 10 mW CW probe at 1550 nm, as representative 
wavelengths commonly used for wavelength division 
multiplexing (WDM) optical communications. Thanks to the 
ultrafast absorption of the TPA process, the modulated probe 
is produced as a precise dark copy of the pump, as displayed 
in Fig. 9(b), with a modulation depth that is determined by 
the fiber length and loss parameter. From Fig. 9(c), we see 
that for SCFs with losses in the range 0.1-0.5 dB/cm, 
modulation depths between 0.5-1 dB can be achieved within 
a length of ~10 cm, which could be used for optical link 
monitoring in passive optical networks [47]. Compared to 
alternative approaches that make use of planar silicon 
waveguides [48], the all-fiber system described here will not 
only help to ensure robustness and stability of the networks, 
but also keep the power consumption low. 
 
B. Mid-infrared source generation 

In contrast to the near-infrared region where there are 
numerous competing waveguide platforms, components for 
the mid-infrared are in general less well developed. Thus, 
there is considerable scope for the SCFs to have significant 
impact in this regime, and especially for the generation of 
new sources via nonlinear conversion. Although there are 
other fiber materials that offer good transmission within the 
mid-infrared, such as chalcogenides, tellurite and fluoride 
glasses, these typically suffer from poor chemical and 
mechanical stability, so that the resulting fibers are fragile 
and have a limited lifetime, particularly when operated at 
high pump powers [49]. Moreover, the SCFs also offer 
benefits over traditional planar semiconductor waveguides as 
they can be fabricated to have large core sizes, which helps 
to increase their power handling capability, facilitate phase-
matching for long wavelength pump sources, as well as 
reduce the interaction of the mid-infrared generated light 
with the lossy silica cladding, as already demonstrated via 
the supercontinuum spectrum in Fig. 7(b). However, for 
applications such as spectroscopy, metrology, and optical 
coherence tomography (OCT), it is often important to ensure 
that the generated supercontinuum can preserve the 
coherence of the pump laser.  

To investigate this further, simulations of the nonlinear 
propagation in the asymmetric tapered SCF have been 
conducted using the same pump parameters as in the 
experiments, but assuming a comb seed consisting of a stable 
train of pulses with a duration of ∼100 fs (FWHM) and an 
80 MHz repetition rate [38]. Fig. 10(a) shows the calculated 
comb spectrum, which matches well with the previous 
experiments in terms of wavelength coverage and spectral 
features. Importantly, the simulations confirm that as the 

supercontinuum is generated principally by the SPM and 
FWM processes, the coherence is defined by the pump 
source [50]. Close up views of two spectral regions confirm 
that the comb spans more than an octave in frequency, as 
shown in Fig. 10(b) and (c). The extinction ratios of the comb 
lines are found to be greater than 30 dB, which is suitable for 
high-precision spectroscopy applications. It is worth noting 
that the robustness and stability of the comb source would 
greatly benefit from integrating the pump directly with the 
SCF as discussed above, which could be achieved using one 
of the emerging ~3 μm fiber laser systems [51]. 
 

 
 

Fig. 10 (a) Simulated SCF-based frequency comb obtained 
with 10000 input pulses and a repetition rate of 80 MHz. 
Close-up views of spectra simulated in the vicinity of (b) 2.1 
μm and (c) 4.5 μm. The insets show a single comb line. 
 

Although the current demonstrations have shown source 
generation extending over more than half of the transmission 
window of silicon, there is significant value in extending the 
wavelength coverage of the continuum spectrum closer to the 
long wavelength transmission edge of the core, where there 
are potential applications in security and industrial process 
monitoring [52]. By further adjusting the tapered SCF profile 
to focus on the generation of the longer wavelength signals, 
simulations have shown that it is possible to extend the red 
spectral components of the supercontinuum out to ~8 μm. 
The main features of the new design are that the taper waist 
diameter is increased slightly (3.1 μm) and the overall fiber 
length shorten to 6.7 mm, which helps to minimize 
interaction of the mid-infrared light with the cladding to 
reduce the transmission losses. More specifically, the SCF is 
designed to gradually taper down from an input diameter of 
~7.3 μm, over a length of ~4 mm, to reach a waist with a 
diameter of ~3.1 μm and a length of ~1.4 mm, which allows 
for a gradual evolution of red-shifted generated light from 
which to seed the supercontinuum. This is then followed by 
a short, ~1.2 mm inverse taper up to an output diameter of 
~9.3 μm, as illustrated in Fig 11(a). The resulting spectral 
broadening is displayed in Fig. 11(b), with the total 
bandwidth (1.9-8 μm) covering ~90% of the transmission 
window of the core. As most of the red-shifted wavelengths 
are in fact generated in the output taper, this ensures that any 



 

loss due to the interaction with the silica cladding is minimal, 
so that practical output powers can be achieved with an 
appropriate pump source. In particular, for an increased 
average pump power of ~30 mW (corresponding to peak 
power of 3 kW) as used here, we predict that supercontinuum 
powers as high as ~20 mW could be achieved via this scheme. 

 

 
Fig. 11 (a) Schematic of the asymmetric taper design. (b) 
Simulated broadband supercontinuum generation covering 
2-8 μm using the SCF platform. 
 

Finally, it is also worth mentioning that in addition to 
broadband source generation, tunable, narrow-band mid-
infrared sources could be developed using the SCFs by 
exploiting the large Raman gain coefficient of the crystalline 
core material [53]. Significantly, although a cascaded Raman 
laser capable of operating out to 1.8 μm has been 
demonstrated using an integrated silicon resonator, so far 
there have been no observations of Raman amplification in 
silicon waveguides beyond 2 μm. The ability to develop all-
fiber integrated SCF systems that could support high power 
and wavelength tunable operation across the 2-3 μm regime 
would thus be highly advantageous for many applications 
spanning sensing, medical diagnostics and environmental 
monitoring. 
 
IV、 Perspectives and challenges 

 
The advancements made in the production of increasingly 

long lengths of low loss SCFs are opening up exciting 
prospects for their nonlinear application. However, there is 
still more work to be done, as outlined below. 

 
A. Loss reduction and material choice 

Although the current post-processing and two-step 
drawing techniques can produce SCFs with losses around 
~0.2 dB/cm [20, 37], driving the losses down further to ~1 
dB/m would be transformative for improving their 
practicality in terms of increasing the usable fiber lengths 
and reducing the power requirements. We also expect that 
such loss reductions will open up new areas of application 
for the SCFs, such as in the delivery of long wavelength 
sources for medical probes and surgery, or for quantum 

information processing, where every generated photon is 
precious. In our view, the most likely route to achieving such 
low losses will come from combining aspects of the various 
fabrication methods employed by the different groups. For 
example, the rod-in-stack method could be combined with 
post-processing procedures such as tapering to further 
control the polycrystalline grain size, whilst the inclusion of 
an interface modifier in this method could help to reduce 
contamination or residual strain in the core. 

In complement to this, the potential to include other 
semiconductor core materials within the fiber structure will 
also help to expand the functionality and wavelength 
coverage of this platform. To date, fibers have been made 
with various semiconductor core materials, including 
germanium [54], tellurium [55], ZnSe [56], GaAs [23], and 
SiGe alloys [22]. Of these fibers, the SiGe material system 
offers the most immediate promise for nonlinear applications 
as the fabrication methods are well suited to the post-
processing techniques discussed above, and thus there is a 
clear route for the production of low loss fibers. Moreover, 
compared to pure silicon, SiGe can offer higher nonlinear 
coefficients, longer mid-infrared wavelength coverage, and 
it is also possible to tune its optical properties through the 
composition of the constituents to match the target 
application [57]. However, it is worth noting that any 
advancements to the fabrication of the compound 
semiconductor core fibers such as ZnSe and GaAs to 
improve the optical quality would be hugely exciting, not 
only from a nonlinear perspective as it would allow access to 
large, in-fiber second order nonlinear coefficients [58], but 
also for the potential development of in-fiber lasers systems 
[59]. Determining and eliminating sources of transmission 
loss in these materials is thus a critical goal for future studies.  
 
B. Low loss integration from near infrared to the mid-

IR 
As we have discussed, the ability to robustly connect the 

SCFs with more conventional glass fibers is important not 
only to reduce the losses of the connection points, but also to 
improve the robustness and handleability of the SCF systems. 
Unfortunately, initial attempts to splice SMF to both ends of 
a SCF resulted high losses (8 dB per facet) due to the non-
optimal design. However, simulations have shown that these 
losses could be reduced to ~1 dB by adjusting the nano-spike 
length and outer cladding diameter, as displayed in Fig. 12. 
However, in order to achieve such designs, it is likely that 
as-drawn SCFs will need to be fabricated with different 
core/cladding ratios to support the tapering down to such 
small cladding diameters. 

Moreover, integration should also be explored for direct 
connection to fibers that operate in the mid-infrared region 
(2-8 μm), such as hollow core microstructured fibers [60] or 
commercially available fluoride fibers. As silica has high 
losses for operation >2.3 μm, larger core SCFs will be 
needed at the connection joint in order to minimize 
interaction with the silica cladding. Thus, alternative 
mechanisms for low loss coupling will need to be explored 
that reduce both the reflection losses and mode-mismatch of 
the different fiber systems. Thus, it would be worth revisiting 



 

some of the previous splicing procedures used for the large 
core SCFs that made use of chemical etching to reduce the 
reflections [41], as well as explore new schemes that make 
use of angle cleaving [61]. However, whatever the method 
employed, the focus should remain on ensuring the 
integrated systems are robust, stable and easy to handle, thus 
facilitating their use across a wide range of research areas. 

 
 

Fig. 12 (a) Schematic of the SMF-SCF splicing joint with a 
nano-spike coupler. (b) A plot of coupling loss versus 
nanospike length for different cladding diameters. 
 
V、 Concluding remarks 
 

This paper has reviewed progress in the fabrication and 
post-processing of the silicon core fibers with a view to 
unlocking their potential for use in nonlinear optical 
applications. The significant advancements that have been 
made in terms of reducing the transmission losses, 
controlling the core diameter, and increasing the usable fiber 
lengths have enabled a multitude of nonlinear process to be 
explored from the simplest case of nonlinear absorption 
saturation to phase-matched FWM and extreme 
supercontinuum generation. Over the forthcoming years, we 
anticipate the efforts will continue to focus on loss reduction, 
both in terms of improving the optical transmission quality 
of the core materials and their interconnection with other 
glass-based fiber components. Such advancements will be 
critical for increasing the employment of the SCFs in 
practical systems as well as opening up new and exciting 
areas of exploration spanning the near to mid-infrared 
wavelength regimes. 
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