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A B S T R A C T

We review recent research on nonlinear optical interactions in optical-fiber nanowires (OFNs) with sub-micron transverse dimensions. Such OFNs,
which are fabricated from standard optical fibers, offer numerous beneficial optical and mechanical properties, including strong evanescent fields,
high flexibility and configurability, a small mass, and low-loss interconnection to other optical fibers and fiberized components. In particular, the
strong confinement of light enables a large enhancement of nonlinear interactions and group-velocity dispersion engineering. The combination of
these properties makes OFNs ideal for many nonlinear optical applications, including harmonic generation, Brillouin scattering, four-wave mixing,
supercontinuum generation, and optomechanics.
With the incorporation of new materials, OFNs should be ideally suited for a host of nonlinear optical interactions and devices and offer great
potential in miniature fiber devices for optical telecommunications and optical sensor applications.

1. Introduction

Wagner and Ellis reported the growth of silicon whiskers as early as 1964, and Givargizov et al. elucidated the growth mechanism
of Si whiskers in 1975 [1,2]. Extensive investigations were performed into the synthesis, device fabrication, and applications of
photonics whiskers, i.e., nanowires, made of a number of materials, for example, metals (gold, silver, etc.), insulators (zinc oxide,
aluminum oxide, etc.), semiconductors (silicon, germanium, gallium arsenide, etc.), and polymers. A broad range of techniques,
including both top-down and bottom-up approaches, have been developed and applied for the synthesis and fabrication of nanowires,
including electron-beam lithography, laser ablation, chemical vapor deposition, and molecular beam epitaxy. However, before 2003,
there was little interest in the development of optical-fiber nanowires (OFNs). Notably, Bures and Bilodeau reported their attempts to
manufacture sub-wavelength microwires using a top-down process [3,4]. Fiber devices are made of optical fibers with typical
diameters of hundreds of micrometers. In 2003, Tong et al. presented a two-step process to fabricate low-loss subwavelength silica
wires, and in 2004, Birks, Gilberto, Leon–Saval, Sumetsky, and many other researchers reported producing OFNs with a waist
diameter of hundreds of nanometers and a reduced loss using the conventional heat-and-pull tapering technique [5–8]. Subsequently,
there were many reports on the fabrication, properties, and applications of OFNs. With the fast development of OFN fabrication
technology, numerous novel devices based on OFNs for optical communications, sensing, and lasers have been proposed and dem-
onstrated, for example, resonators, gratings, and couplers. In the future, OFNs may be considered as building blocks for all-fiber
circuits.

OFNs with diameters close to the wavelength of propagating light are of interest for a range of emerging fiber-optic linear and
nonlinear applications because they offer numerous beneficial optical and mechanical properties, including strong evanescent
fields, high flexibility and configurability, low-loss interconnection to other optical fibers and fiberized components, and, in
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Fig. 1. (a) Structure of an OFN, where z is the propagation direction; (b) the cross sections and power-flow distributions of the fundamental modes with both x-
polarization and y-polarization for circular, elliptical, and slot OFNs.
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particular, a high nonlinearity. Nonlinear optical processes are useful in all-optical modulators, switches, pulse delays, regener-
ators, amplifiers, pulse compressors, and wavelength converters. Nonlinear optical processes benefit from large interaction
lengths and high optical intensities. The high index contrast of the silica–air waveguide geometry in OFNs allows light
to be confined to a very small area over large lengths with a low loss. Additionally, the highly engineerable group-velocity
dispersion (GVD), which depends on the OFN diameter, makes it possible to satisfy phase-matching conditions. The combina-
tion of these advantages enhances the effective interaction length for nonlinear interactions and allows the ready observation
of nonlinear processes, including harmonic generation, Brillouin scattering, four-wave mixing, supercontinuum (SC) generation,
and optomechanics. However, the effective interaction length is still limited by the real physical length. So as a pure nonlinear
optical conversion device, an OFN could not compete well with regular single-mode fiber (SMF) or photonic crystal fiber (PCF)
where the nonlinear interaction length could easily be 100–1000 m, achieving overall high conversions that the OFN could not
achieve.

In this study, we review recent research on nonlinear optical interactions in OFNs with the goal of summarizing the wealth of
nonlinear effects found in OFNs during the past few years. In the following sections, the linear and nonlinear properties of OFNs are
summarized, and the fabrication methodologies are discussed. Thereafter, the various nonlinear effects are reviewed in further detail.
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2. Properties of OFNs

2.1. Structure of OFN

An OFN is a fiber taper with a structure comprising a narrow stretched filament (the taper waist), each end of which is linked to
upstretched fiber by a conical tapered section (the taper transition), as shown in Fig. 1a. In the past few years, many different methods
have been used for fabricating OFNs, and the most popular method is the modified flame-brushing technique. A oxy-butane flame can be
used, as well as alternative heat sources such as a carbon-dioxide laser or an electrical microheater. A small heater moves under a
stretched optical fiber with two moving translational stages, and the heated area experiences a diameter decrease when stretched. By
controlling the relative movement rate of the flame and stages, the fiber is tapered into an OFNwith a highly precise shape. The diameter
of the fabricated OFN can be as small as tens of nanometers. The technique is not limited to silica fiber: it can also be used to taper a
range of glasses, including lead silicate, polymer, silicon, bismuth silicate, and chalcogenide. Generally, the cross section is circular-
symmetric, and the OFN has nearly zero birefringence. The characteristics of the OFN, including the dispersion and nonlinearity,
mainly depend on one parameter: the diameter. Non-circular-symmetric (NCS) OFNs with more freedom have been proposed and
demonstrated by exploiting different structures, including ellipses, slots, the D-shape, and the panda-like shape. Most of these can be
fabricated by adiabatically tapering conventional polarization-maintaining fibers, rectangular-shaped fibers, or D-shaped fibers [9–11].
A slot OFNwith a low-index slot can be realized by post-processing a circular-symmetric solid OFN [12]. Similar to the slot waveguide in
integrated optics [13], a slot OFN can enhance and confine the light field in the nanometer-wide slot. The birefringence can reach 10�2

[9–11]. Fig. 1b shows the cross sections and power-flow distributions of the fundamental modes with both x-polarization and y-
polarization for circular, elliptical, and slot OFNs. We observe the different mode profiles for the two polarizations in the slot and
elliptical OFNs.
2.2. Basic waveguide theory of OFNs

For theoretical design and practical applications of OFNs and OFN devices, it is very important to calculate the propagation constants
and/or effective indices, mode characteristics, and dispersion, which requires solving the set of vector Maxwell's equations for the local
profile. The waveguide-structure model of the circular OFN without a coating comprises three layers: a core, a cladding, and the
environment. When the diameter of the OFN is very small, the core can be ignored, and a two-layer model applies, with the following
refractive-index distribution:

n ¼
�
nf
nc

in OFN
out OFN

: (1)

In most cases, the OFN is in air; therefore, nc ¼ 1.
We assume that the OFN is non-dissipative and source-free, which is true for most dielectric materials within their transparent

ranges. Thus, we can reduce Maxwell's equations to the following equations in cylindrical coordinates (z, ρ, θ):
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where k ¼ 2π
λ is the wave vector, β ¼ 2neff k is the propagation constant, nðρ; θÞ is the refractive index, and Ez and Hz are the transverse

electrical and magnetic fields, respectively.
The transverse electromagnetic field can be written as follows:8>>>>>>>>>>>>>><>>>>>>>>>>>>>>:
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where ε0 and μ0 are the electric permittivity and magnetic permeability, respectively, of vacuum.
The propagation constants (β) of air–cladding OFNs are obtained numerically using these equations. However, we only can use the

finite-element method or the finite-difference time-domain method to numerically model NCS OFNs such as slot OFNs. To obtain the
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index of fused silica, the Sellmeier-type dispersion formula (at room temperature) is applied [14]:

nsilicaðλÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c1λ2=

�
λ2 � c4Þ þ c2λ2=

�
λ2�c5Þ þ c3λ2=

�
λ2�c6

	q
: (5)

The wavelength λ is in μm, and c1¼ 0.6965325, c2¼ 0.4083099, c3¼ 0.8968766, c4¼ 4.368309� 10�3, c5¼ 1.394999� 10�2, and
c6 ¼ 9.793399 � 101.

Fig. 2 shows the diameter-dependent effective index of silica OFNs at the wavelength of 1550 nm, where the wire diameter (d) is
directly related to the V-number: V ¼ k0d ðn2f � n2c Þ0:5=2. Clearly, when the OFN diameter is reduced to a certain value (corresponding
to V ¼ 2.405), only the HE11 mode exists, corresponding to single-mode operation.

In practical applications related to sensing and nonlinear effects, it is very important to know the power distribution in waveguides.
The time-averaged Poynting-vector component along the z-axis per unit area is expressed as [15].

Sz ¼ 1
2

�
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⇀� H*

⇀
�
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2

�
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θ � EθH*
r

	
; (6)

where uz
⇀ is a unit vector in the z-direction, and E

⇀
and H

⇀
represent the spatial distributions of the electric and magnetic fields,

respectively.
The power fraction carried by the optical core for the two-layer model can be defined as

τ ¼ ∫ 2π
0 ∫ d=2

0 SzdA

∫ 2π
0 ∫ d=2

0 SzdAþ ∫ 2π
0 ∫ ∞

d=2SzdA
; (7)

where dA ¼ ρdρdθ.
Fig. 3 shows the fractional power as a function of the diameter d. Less than 5% of the power is in the core when the diameter is

smaller than 0.4 μm, and more than 90% is in the core when the diameter is larger than 1.5 μm.
2.3. Optical nonlinearity

Optical nonlinearity can significantly degrade the information capacity and limit the channel power in high-speed and long-range
optical communications. Nonlinear fiber optics has been widely investigated in standard fiber systems and introduced in the classic
textbook [16]. However, OFNs exhibit strong nonlinearity because light can be confined to a very small nonlinear region, allowing the
ready observation of nonlinear interactions at relatively low power levels.

When 1 W of optical power propagates in a 10-μm-core SMF, the optical power density is higher than 1 MW/cm2 and increases by a
factor of more than 100 in a 1-μm-diameter OFN. Such a high power density results in the feature of optical nonlinearity in OFNs.

At such a high intensity, the refractive index of silica behaves nonlinearly and increases with the intensity, although it is assumed to
be power-independent at low intensities. This is the optical Kerr effect. The physical origin of this effect is the nonlinear susceptibility
arising from the harmonic response of electrons to optical fields [17].
Fig. 2. Effective-index values for the fundamental and high-order modes propagating in an air–cladding OFN as a function of the diameter, calculated according to the
exact solution of the Maxwell's equations.
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Fig. 3. Fractional power in the core as a function of the diameter.
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The nonlinear refractive index is expressed as n2E2, where n2 is the Kerr coefficient related to the third-order susceptibilityχ(3). It is
typically given by n2 ¼ 2.6� 10�20 m2/W for silica [18] and n2¼ 5.0� 10�23 m2/W for air [17]. The Kerr effect leads to self- and cross-
phase modulations (SPM, XPM) of the propagating signal, and other nonlinear phenomena can be produced by utilizing the Kerr effect,
for example, optical solitons, optical pulse compression, and modulational instabilities.

The nonlinear coefficient is defined as [14].

γ ¼ n2ω
cAeff

(8)

where c is the speed of light in air, ω is the angular frequency, and Aeff is the effective area, which is defined as
Aeff ¼

�
∫ 2π
0 ∫ ∞
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However, the nonlinear coefficient (γ) of the waveguide with a non-circular cross section must be determined as [18].
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2 ; (10)
Fig. 4. Nonlinear-coefficient profiles of circular OFNs with different diameters [19].
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Fig. 5. Nonlinear-coefficient profiles of slot OFNs with different diameters and a width of 100 nm [19].
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where n and n2 are the spatial distribution of the refraction index and the nonlinear-index coefficient, and bz is the unit vector in the
propagation direction.

Fig. 4 depicts the nonlinear coefficient of a circular OFN with different diameters with respect to the wavelength. Clearly, with a
smaller diameter, a larger nonlinear coefficient can be obtained because the field intensity of the fiber increases as the diameter
decreases.

For comparison, we plotted the nonlinear-coefficient profiles for a slot OFN, as shown in Fig. 5. The plot shows that the nonlinear
coefficient increases with the fiber diameter, which is because more light is confined in the low nonlinear-index coefficient air-slot
region, and this part of light contributes little to the nonlinear coefficient. The nonlinear coefficient can decrease to ~40% for a slot
OFN compared with a circular CMF of the same diameter [19].

The optical Kerr effect is enhanced in OFNs and in principle can be used to induce a nonlinear phase shift via SPM or XPM for diverse
nonlinear applications. However, a high-power laser pulse is required because of the limited OFN length. Thus, many researchers have
investigated the optical nonlinearity in OFN resonators, which can equivalently increase the interaction length, allowing the bistable
behavior to be predicted [20]. A nonlinear optical phase shift can also be realized via thermal effects [21], but the associated time
constant is on the order of 1 ms [22], and thermal effects should average out when short optical pulses are used in the resonator. With
pico- or nanosecond pulses, which are typical in telecommunications, nonlinear operation can rely on the quasi-instantaneous optical
Kerr effect [22]. Coillet et al. compared and analyzed the slow thermal and fast Kerr nonlinearity [22].

2.4. Dispersion

The GVD, i.e., chromatic dispersion, is a primary cause of concern in dealing with short-duration pulses for high-bitrate single-mode
wavelength-division multiplexing (WDM) systems because light from a typical optical source contains different wavelength components
that travel at different speeds. Furthermore, pulses broaden because of dispersion. There are twomain results for material dispersion and
waveguide dispersion, and GVD is a very important parameter in all fiber nonlinear applications.
Fig. 6. Dependence of the GVD on the wavelength for four different OFN diameters.
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Fig. 7. Zero-GVD wavelength of OFNs in the range of 0.6–2 μm as a function of the diameter. There are two zero-dispersion wavelengths in the blue area (1280 nm-
1600 nm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The dispersion curve (as a function of the optical frequency) is commonly expanded as a Taylor series with dispersion coefficients βn.
The Taylor coefficient β2 (ps2/km) is related to the engineering unit for the GVD—D (ps/(nm⋅km))—as follows [14]:

D ¼ �2πc
λ2

d2β
dω2

(11)

Fig. 6 shows the dependence of the OFN GVD on the wavelength for five different diameters. The GVD values are large in the normal-
dispersion regime: on the order of thousands of ps/(nm⋅km). There are two zero-dispersion points in the d range of 1280–1600 nm, as
shown in Fig. 7. The large difference between the refractive indices of the fiber material and air limits the position and the extent of
spectral broadening.

However, in some applications, it is difficult to achieve dispersion flattening, even in air–cladding sub-wavelength OFNs. It is
possible to realize an ultra-flattened low dispersion over a wide wavelength range in a slot OFN because of the greater structural
freedom.

Fig. 8 shows dispersion profiles optimized by tuning these parameters, with a low dispersion of ±10 ps/(nm⋅km) over a bandwidth in
excess of 300 nm at wavelengths ranging from 1300 to 1700 nm.

Additionally, there is significant coupling dispersion in OFN devices based on evanescent-field coupling, such as microcoil
resonators, which have a coupling region that consists of adjunct OFNs. Because of the large coupling strength and
long coupling length among two or more adjunct OFNs, the coupling dispersion becomes increasingly significant.
Thus, we must consider both waveguide and coupling contributions to the dispersion characteristics of OFN microcoil resonators.
Simulation results show that the large coupling strength and dispersion have notable contributions to the total microcoil
resonator dispersion [23]. When the OFN diameter is in 1.5–5 μm, the total dispersion can be well suppressed because the
waveguide dispersion and coupling dispersion almost cancel each other, which is desired in high-speed (10 Gb/s and beyond)
optical systems. On the other hand, both positive and negative dispersion can be obtained by adjusting the OFN- microcoil-
resonator parameters [23].
3. Parametric processes

3.1. Third-harmonic generation (THG)

The generation of harmonics is a convenient method for producing new short wavelengths. THG is a common process of nonlinear
optical frequency conversion from an infrared source to an ultraviolet source in optical fibers and has numerous applications ranging
from signal processing to material processing. However, in recent years, THG in OFNs has attracted considerable attention because of
their compact size, enhanced nonlinearity, and flexible dispersion. Thus, all-fiber THG systems have potential as a more robust alter-
native to the existing nonlinear-crystal technologies.

In THG, three fundamental-wave photons interact with nonlinear materials and produce a new photon. Because the wavelength of
this photon is one-third of that of the fundamental wave, its frequency is triple that of the fundamental wave. Throughout the whole THG
process, the photon satisfies the conservation of momentum and energy, as shown in Fig. 9, where ω1 and ω3 are the angular frequencies
of the fundamental wave and THG, respectively.

THG is described by the following coupled-mode equations:
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Fig. 8. Optimized dispersion profiles of a slot OFN with flattened near-zero dispersion. One has low dispersion of ±10 ps/(nm⋅km) over bandwidth in excess of 340 nm
from a wavelength of 1320 nm–1660 nm. Another one has low dispersion value of –5 to 10 ps/(nm⋅km) over a 340 nm wavelength range, from 1300 nm to 1640 nm.
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where A1 and A3 are the amplitudes of the fundamental and third-harmonic mode, respectively. Aj ¼ Ej
!
=

0@Fj
!
2

ffiffiffiffi
μ0
ε0

q 1A and Aj (j¼ 1, 3) are

directly related to their powers, i.e., AjðzÞ2 ¼ PjðzÞ, which means that the units of Aj are W1/2. Fj (j ¼ 1,3) is the transverse electric field.
J1, J2 and J5 are the overlap integrals of pump SPM, XPM and harmonic SPM, respectively. For efficient THG, J3-the pump-harmonic

mode overlap-must be large enough. It can be calculated as J3 ¼ ∯
ANL

ð F*
1

�!
⋅ F3
�!Þð F*

1

�!
⋅ F!1ÞdS. When 1064-nm light is pumped into an

OFN with a diameter of 520 nm, J3 ¼ 0.70 μm�2 [24].

We know that the efficiency ∝ð∫ L
0e

�i⋅Δβ⋅zdzÞ2. Thus, efficient THG requires the satisfaction of the phase-matching conditionΔβ ¼ β3�
3β1 ¼ 0, where β1 and β3 are the propagation constants of the fundamental wave and THG, respectively.

As with other nonlinear harmonic conversion processes, phase matching should attain efficient THG in OFNs. However, because of
the material and waveguide dispersions, only intermodal phase matching can be achieved directly in silica OFNs. In OFNs, the phase-
matching condition can be achieved if the modal dispersion compensates for the material dispersion. Thus, we should make the fun-
damental mode of the fundamental wave equal to higher-order mode of the third harmonic at a certain wavelength. Fig. 10 shows the
calculated effective index for both the 1064-nm fundamental wave and 533-nm THG. Intermodal phase matching can be achieved at the
cross-points. However, because of the poor mode overlapping, only THG at HE12 is easily excited.
Fig. 9. Process of THG.
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Fig. 10. Phase matching of THG. The red line shows the fundamental mode of the fundamental wave at 1064 nm, and the blue lines show the third harmonic at 355 nm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Process of SHG.
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In 1993, an experiment showed that the germanium doping concentration can affect THG [25]. In 2000, THG first was observed in an
OFN when 1-kW pulse light was pumped into the OFN, which was 50 cm long [26], In 2005, Victor Grubsky and Arthur Savchenko
introduced a rigorous theory of THG in OFNs [24], and then the third-harmonic wavelength was extended to visible light and ultraviolet
[27,28]. The nonlinear interaction length is limited by the fabrication technique for OFN drawing. Ismaeel et al. used a loop resonator to
enhance THG, with up to 7.7 dB gain for the same pump parameters [29].

Nonuniform taper transition regions (rather than the waist) can also be used to generate third harmonics. The range of diameters in
taper transition permits phase matching over a large bandwidth. In 2012, Lee et al. fabricated an OFN up to 4.5 cm long with a waist
diameter below 2.5 μm to allow a 1.55-μm pump to phase-match with several higher-order third-harmonic modes. When 4-ns pulses
with a peak power of 1.25 kW were pumped into OFNs, the conversion rates were up to 3 � 10�4 [30]. Analysis of the third-harmonic
frequencies generated from the nonlinearly broadened pump components indicate a 5-dB conversion bandwidth of at least 36 nm, with
harmonic power detected over a 150-nm range [30].
3.2. Surface second-harmonic generation (SHG)

Because of the macroscopic central symmetry of the silica, the χ(2) and the second harmonic (SH) cannot be generated in fibers.
However, when a pump pulse with high power is launched into fiber, the SH is generated accidentally [31,32]. In 1986, €Osterberg et al.
reported SHGwith a peak power conversion efficiency as high as ~3% in optical fibers [33]. A subsequent study revealed that the SHG is
caused by the formation of a second-order susceptibility (χ(2)) grating through multiphoton processes involving both pump and SHG
light [34]. However, it has been proven impossible to improve the SHG conversion efficiency beyond a few percent because of the self-
saturation effect caused by the interference of the SHG light with the χ(2) grating [34].

In an OFN, a submicrometric diameter calls for reexamination of interface and bulk multipole moment contributions to χ(2)

[35]. OFNs can provide a higher surface nonlinearity of the core-cladding interface and the nonlinearity of the bulk multipole,
which becomes the major mechanism for SHG. Furthermore, a large core-cladding index contrast makes it possible to achieve SHG
phase matching in a low-order mode with a sufficient surface intensity [35]. SHG was observed as an unexpected byproduct by
43
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Grubsky et al. in a ~500-nm OFN when they measured THG, and they attributed it to the surface nonlinearity of the OFN [28]. In
2010, Lagsgaard introduced a rigorous theory of surface SHG in OFNs [36]. However, surface SHG is very weak; thus, Gouveia et al.
enhanced it using an OFN loop resonator [37]. In Gouveia's experiment, an efficiency up to 4.2 � 10�8 was achieved via pumping
with 5-ns 1.55-μm pulses with a peak power of 90 W, and the efficiency was resonantly enhanced by a factor of 5.7 after the OFN
was reconfigured as a 1-mm-diameter loop [37]. Recently, another experiment based on an OFN with a periodic nonlinear coating
was performed, revealing that the quasi-phase-matched SHG is 15 times stronger than that for the same OFN with a uniform
nonlinear coating [38].

Similar to THG, SHG involves two fundamental-wave photons interacting with a nonlinear material and producing a new photon, as
shown in Fig. 11.

For an OFN, the coupled-mode equation in the small-signal limit is as follows:

∂A2

∂z
� iρ2A

2
1 expðiΔβzÞ ¼ 0:

Here, A1 and A2 are the field amplitudes of the fundamental and SHG waves, respectively, Δβ ¼ 2β1-β2 is the phase mismatch, and ρ2
is the overlap integral [5], which is defined as follows:

ρ2 ¼
ω2

4N1
ffiffiffiffiffiffi
N2

p ∫
2E*

2

�!
∫
�
E*
2

�!� H2
�!�

⋅zdl
⋅Pð2Þ�!

dl: (14)

Here,ω2 is the angular frequency of the SHGwave, and all the field components are normalized by the normalizing factorsN1 andN2.
The function is integrated over the cross-sectional region of the fiber, and dl is the area element.

Surface contribution is the major mechanism for SHG in nanofibers; thus, the second-order nonlinear polarization Pð2Þ��!
can be divided

into three distinct surface nonlinear-polarization terms, which can be experimentally measured [36,39].
The intermodal phase matching is similar to that of THG. For perfect phase matching, the conversion efficiency can be given as

η ¼ ðρ2zÞ2P1: (15)

In Eq. (15), we observe that the SHG power-conversion efficiency scales linearly with (ρ2)2 when the pump power P1 and the
interaction length z are fixed. Thus, we compare the SHG conversion capability of different OFNs according to the absolute value of
ρ2. For silica OFNs, an alternative way to increase ρ2 is to apply a high intensity to a larger surface. In a slot OFN, an extra nano-slot
light field can be enhanced and confined in the sub-wavelength air slot, providing a higher light intensity than the external surface
of the circular OFN. Thus, it is possible to have stronger SHG in slot OFNs. Fig. 12 compares the calculated ρ2 of circular OFNs and
slot OFNs, indicating that the ρ2 of slot OFNs can be as high as five times that in circular OFNs, which equals an SHG conversion
efficiency of ~25 times that in circular OFNs [35]. In the simulation for a circular ONF, pump light is assumed to propagate in the
HE11 mode, whereas SHG light is assumed to be generated in the HE21 mode of the same polarization. For a slot OFN, the pump and
SHG signals are assumed to propagate in the y-polarization of the fundamental mode and the HE21-like mode (the 5th mode),
respectively [35].
Fig. 12. Relationship between jρ2j and the SHG wavelength (λSHG) for circular OFNs and slot OFNs.
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3.3. Four-wave mixing (FWM)

FWM in fibers originates from the nonlinear responses to the light field of the bound electrons. Two pump lights with a high power
(P1 and P2) in the launched fiber, with the condition of phase matching, result in a higher frequency of Stokes light and a lower fre-
quency of anti-Stokes light. The whole process involves the annihilation of two pump photons (ωp1 and ωp2) and the subsequent
production of two new photons, whose frequencies are ωs (signal) and ωi (ideal). Because of the conservation of momentum and energy,
ωp1

þ ωp2
¼ ωsþ ωi; as shown in Fig. 13.

There are two important concepts of FWM—parametric gain (g) and effective phase mismatch (δ):8>><>>:
δ ¼ Δkþ γðP1 þ P2Þ

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðγP0ξÞ2 �

�
δ

2

�2
s

; (16)

where P0 ¼ P1þ P2; ξ ¼ 2
ffiffiffiffiffiffiffiffi
P1P2

p
P0

; and Δk ¼ βP1þ βP2� βs� βi.
The overlap integral of FWM can be calculated using the following equation [40]:
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The phase matching depends on the pump power because of SPM and XPM. If all the frequencies are similar, Δk is relatively small. It
is relatively easy to satisfy δ ¼ 0 in the specific case of degenerate FWM with ωP1 ¼ ωP2. This partially degenerate case is most relevant
for optical fibers.

Fig. 14 shows the phase mismatching of a 1.7-μm-diameter OFN in air, water, and methanol. The pump wave has a wavelength of
1064 nm. The phase-matched Stokes and anti-Stokes waves are observed at the cross-points along the line of δ ¼ 0. The phase-matched
Stokes and anti-Stokes waves can shift considerably with different phase-matched materials.

These results show that FWM is sensitive to the environment, which suggests the feasibility of using FWM as the sensing principle for
fiber-optic strain, temperature, or refractive-index sensors. The strain-induced wavelength shift of FWM Stokes waves has been
numerically demonstrated. At a pump wavelength of 1550 nm, a strain sensitivity of 2.46 p.m./με was obtained, the peak power was
100 W, and the wavelength-shift range was more than 74 nm within a reasonable strain range [41].

Experimental work on FWM in thin OFNs was uncommon until several years ago. In 2002, nondegenerate FWMwas investigated and
realized in an 18-cm-long tapered microstructure fiber [42]. Later, Turke et al. reported stimulated cascaded FWM in a 2.55-μm OFN
(zero-dispersion wavelength ~785 nm) by synchronizing a pump pulse that was very close to the zero-dispersion point of the fiber with
an additional signal pulse [43]. In 2012, Li et al. utilized two synchronized picosecond lasers (850 nm) to generate octave-spanning
cascaded FWM spanning from a few hundred nanometers to almost one octave [44]. In 2013, correlated photon pairs were gen-
erated in a 15-cm-long OFN by spontaneous FWM [45]. In 2016, by changing the diameter of the OFN, researchers from the University
of Southampton realized parametric amplification of more than 25 dB from the initial signal via FWM in a 6-mm-long OFN [46].

Finally, some external materials can also be induced to modify the OFN characteristics and generate FWM.Wu et al. used a graphene-
coated OFN to perform multi-order cascaded FWM [47].
4. Stimulated Brillouin scattering (SBS)

SBS in optical fibers is a fundamental third-order nonlinear process between optical waves and acoustic waves and has been widely
investigated and applied for signal processing and sensing. Recently, new findings in nanoscale silicon waveguides have revealed that
Fig. 13. Process of FWM.
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Fig. 14. Relationship between the effective phase mismatch δ and the Stokes (anti-Stokes) wavelengths, with λpump ¼ 1064 nm, P0 ¼ 2.2 kW, and d ¼ 1.7 μm. When
δ ¼ 0, the wavelengths represent the Stokes (anti-Stokes) phase-matching condition. The black and blue lines correspond to Stokes and anti-Stokes, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the SBS can be enhanced [48–51]. In OFNs, the ability to strongly confine both optical and acoustic modes on the nanoscale has
introduced new opportunities to control their interaction and attracted increasing attention since 2014.

The acoustic wave is driven by the electrostriction from the interference of the pump and scattered fields. The pump field is scattered
by the acoustic wave. During the scattering event, the energy and the momentum are conserved. The relationships between the fre-
quencies and wave vectors of these waves are as follows:(

ΩB ¼ ωp � ωs

kb
!¼ kp

!� ks
! ; (18)

where ΩB ¼ νb





kb!



 is the frequency of the acoustic wave, ωp and ωs are the frequencies of the pump and Stokes fields, respectively; kb
!

is

the wave vector of the acoustic wave; kp
!

and ks
!

are the wave vectors of the pump and Stokes fields, respectively, and νb is the velocity of
the acoustic wave. Because the velocity of the acoustic wave is several orders of magnitude smaller than the velocity of light, we have

ΩB ¼ νb



kb!


≈2νb


kp!


sinðψ=2Þ; (19)

where ψ is the angle between the pump and Stokes fields.
In particular, when ψ ¼ 0 (in the forward direction),ΩB≈0 and ωs≈ωp, and when ψ ¼ π (in the backward direction),ΩB is maximized,

and the Brillouin shift is

νB ¼ ΩB=2π ¼ 2nνA

λp: (20)

Here, λp is the wavelength of the pump field.
Currently, SBS is usually attributed to not only bulk effects but also boundary effect [50,52]. The radiation pressure is greatly

strengthened in optical OFNs owing to field confinement, which differs from the situation in conventional fibers. Two kinds of optical
forces influence the SBS. Electrostrictive forces modulate the refractive index of the material, generating acoustic waves and thereby
yielding bulk acoustic modes (shear and longitudinal waves). When the diameter of an OFN is on the subwavelength scale, the radiation
pressure greatly impacts the boundary of the waveguide and induces vibration of the surface. The created sound wave is called a surface
acoustic wave. Nevertheless, two effects (bulk effects and boundary effects) in SBS can completely counteract each other in the OFN
[53]. These works provide an alternative mechanism to enhance or suppress SBS in OFNs. The control of the photon–phonon interaction
is a step towards the practical application of the CMOS-compatible silicon chips, the hybrid photonic–phononic design [54], a new type
of monolithic comb resonator [55,56], and other Brillouin devices.

To calculate the SBS shifts, one must obtain the acoustic mode, which creates a perturbation profile, both on the surface and
throughout the wire cross section. The acoustic modes in a cylindrical-rod geometry can be categorized in symmetry-based modal
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families and can be calculated analytically. The fundamental optical mode interacts most efficiently with two acoustic mode families:
axially symmetric radial (R0m) modes and axially asymmetric torsional-radial (TR2m) modes. The fundamental modes in each fam-
ily—R01 and TR21—as shown in Fig. 15, are of particular interest because they have the largest acoustic displacement near the surface. In
contrast to conventional SMF with a main peak at only ~11 GHz, there are many SBS frequencies because of the abundance of acoustic
modes in OFNs.

Fig. 16 shows the typical Brillouin spectrum of an OFN measured using an optical heterodyne-detection method in a sample with a
waist diameter of 0.7 μm. The sample, which has a relatively short waist length of ~20 mm, is pumped with an input power of 1.5 W for
a stronger signal. The spectrum has several peaks with different weights and linewidths in the range of 5–12 GHz. Except for the 10.844-
GHz peak originating from untapered SMF pigtails, all the peaks originate from the waist and transition regions of the sample.

There are few reports of experimental demonstrations of SBS in OFNs because of the weak SBS signal and the challenging fabrication
of long and thin uniform OFNs. In 2014, Beugnot et al. demonstrated and reported the observation of surface acoustic wave Brillouin
scattering in the backward direction for the first time, which means that boundary effects also influence SBS [57]. When the diameter of
an OFN is on the subwavelength scale, radiation pressure greatly impacts the boundary of the waveguide and induces vibration of the
surface. The created sound wave is called a surface acoustic wave. According to Ref. [57], the acoustic velocity significantly differs
among surface, shear, and longitudinal waves. Surface waves travel at a velocity between 0.87 and 0.95 times that of a shear wave (for
fused silica, the velocity is 3400 ms�1). This gives rise to new optical sidebands down-shifted from 6 GHz in the light spectrum.
Numerical simulations have been performed to validate the experimental measurements. A numerical simulation of the full acoustic-
wave spectrum and displacements in silica OFN is presented. This work may thus represent a landmark to foster the investigation of
such surface waves in many different photonic platforms, such as PCFs and integrated optical devices (for example, chalcogenide and
silicon chips). Florez et al. experimentally demonstrated the perfect cancellation of Brillouin scattering by engineering a silica OFN with
exactly opposing photoelastic (bulk) and moving-boundary (boundary) effects [58]. Perturbation theory was used to numerically
calculate the photoelastic and moving-boundary coupling coefficient. The two fundamental acoustic modes were obtained—R01 and
TR21—because they had the largest acoustic displacement near the surface. At a high frequency, these modes are pure surface waves.
Even below the Rayleigh limit, a large surface displacement is expected. In the experiment, R01 was observed for small and large
diameters; however, it was not observed (within the experimental noise limit) in the region around 1.1 μm. This is clear evidence that
photoelastic and moving-boundary effects can be offset in certain situations [58]. The results show the potential of optical OFN for low-
threshold lasers and amplifiers.

Beside the backward Brillouin scattering in OFNs discussed above, there are few reports on forward stimulated Brillouin scattering in
OFNs which has been extensively proposed and demonstrated in nanostructured PCFs or waveguides [59–61]. Kang et al. fabricated a
high-quality (<0.2 dB) insertion loss 40 cm-long fiber taper with few-micrometer-diameter waist to study optical excitation of transverse
acoustic modes at frequencies of a few gigahertz [62]. We believe it is important and interesting to investigate forward Brillouin
scattering effect in nanoscale OFNs although the measurement is relatively complicated because forward Brillouin scattering effect has
both fruitful physical insight and great potential in expanding the OFN applications ranging from fiber laser mode-locking to opto-
acoustic signal processing.
5. Stimulated Raman scattering

Raman scattering is inelastic scattering. When incident photons interact with molecules, photons are scattered from molecules or
atoms, and most of the emitted photons have the same energy and frequency as the incident photons. This is elastic scattering, i.e.,
Rayleigh scattering. If a small part of the incident photons has a different energy and frequency from the incident photons, it is inelastic
Fig. 15. Acoustic modes in an OFN. Two acoustic modes involved in SBS: the axially symmetric radial mode of the OFN shown in (a) and the axially asymmetric
torsional-radial mode of the OFN shown in (b).

47



Fig. 16. Typical Brillouin backscattering spectra for a 700-nm OFN.
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scattering, i.e., Raman scattering. Raman scattering includes Stokes scattering and anti-Stokes scattering and depends on the frequency
shift. In fibers, Raman scattering is one of the important nonlinear processes with unique advantages and can be used to obtain
broadband Raman amplifiers and tunable Raman lasers in undoped fibers.

The Raman gain determines the pump efficiency and is related to the cross section of spontaneous Raman scattering, which is related
to the imaginary part of the third-order nonlinear susceptibility. In general, the gain depends on the composition of the fiber core and
can vary significantly with the use of different dopants. The Raman-gain spectrum, as a function of the frequency difference between the
pump and Stokes waves, extends over a large frequency range (up to 40 THz) with a broad peak located near 13 THz in silica fibers.

For OFNs, the large nonlinearity and high intensity due to the small cross section is beneficial to Raman scattering, giving rise to
miniature Raman lasers and amplifiers. However, the Raman spectrum is still limited by the fiber materials.

A large evanescent field makes it possible to interact with external materials, induce different Raman spectra, and modify the Raman
gain. It is reasonable to use an OFN to identify different gas and liquid molecules according to the characteristic spectrum. Thus far, few
theoretical and experimental investigations have demonstrated the use of OFNs to detect liquids [63,64]. Moreover, Surface-enhanced
Raman scattering(SERS) is a powerful technique to detect substances owing to its high sensitivity and fingerprint effect. Several fiber-
optic SERS sensors have been reported [65–68].

6. Supercontinuum generation

GVD is a very important parameter in all fiber nonlinear applications, especially in SC generation [69], which has a very broad
frequency spectrum and numerous applications in pulse compression, parametric amplifiers, SC-based WDM telecom sources, etc.
[70–74]. SC was first observed in a fiber in 1976when a pulse (10 ns) was pumped into a 20-m-long fiber [75]. Later, SC was observed in
different kinds of fibers with diverse pump sources. SC generation typically occurs around the zero point of the GVD. The mechanisms
responsible for SC generation are soliton fission, stimulated Raman scattering, FWM, SPM, and XPM. The nonlinear effects are induced
by changes in the refractive index when intense pulses propagate through the nonlinear medium. To generate SC sources, very high
optical power densities are needed for obtaining highly nonlinear optical effects. This can be realized by focusing the incident pulse on
small-area tapered fibers. Additionally, tapered fibers are longer than bulk materials. To minimize the device length and maximize the
broadening, it is necessary to optimize the dispersion profile of tapered fibers before pumping them. There are numerous reports on SC
in tapered fibers with continuous-wave, nanosecond, picosecond, and femtosecond pulse pumps [71,74,76]. In 2000, femtosecond
pulses were pumped into an OFN 2 μm in diameter, and SC was generated over two octaves (370–1545 nm at the 20-dB level) [77]. In
2012, when a 15-ps pulse was pumped into the fiber, it generated a 10-dB spectrum, from 780 to 1890 nm [78]. When the pump power is
large enough, continuous-wave pulses can also generate SC. For example, a continuous-wave Raman fiber laser was used to pump an
SMF 350 m in length, yielding SC (1434–1527 nm) [79]. Numerous applications based on SC have been investigated, such as spectral
analysis, multi-wavelength optical sources, optical frequency metrology [80], and pulse compression [81].

7. Optomechanics

Optomechanics is a rapidly developing field undergoing significant and continuous progress. Various theoretical models for and
experiments on optomechanical effects have been proposed and demonstrated in various configurations, in particular, in integrated
photonic circuits based on nanoscale waveguides. However, because of the fiber size and device configuration, it is difficult to observe
and utilize analogous optomechanical responses inside a conventional fiber system. Recent research into optomechanical effects in
optical fibers mainly focused on one type of microstructured silica fiber [82]. Nevertheless, the fabrication and implementation of
related devices and their corresponding applications present a significant challenge.
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Fig. 17. (a) Values for the nonlinear and optomechanical parameters at different diameters. (b) Transmission spectra of the 600-nm-diamter OFN grating [88].
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In consideration of their extreme lightness and free-standing status, OFNs have emerged as an ideal device to examine the influence
of a weak optical force. Roughly, the mass of a 200-nm-diameter 10-μm-length microfiber is ~0.7 pg/~6.8 fN (in weight) which is the
same level with the radiation pressure of light with a power of 1 μW. It means that the optical force is relatively large to handle the OFN.

In OFNs, typical optomechanical effects include the transversal optical gradient force and radiation pressure and the longitudinal
radiation pressure. Sometimes, electrostrictive forces for Brillouin scattering can also be considered as a kind of optomechanical effect.

The transversal optical gradient force can be used to optically tune effective index in a slot OFN or coupling between two suspended
OFNs; however, this has not been experimentally demonstrated. In most cases, the transversal optical gradient force outside an OFNwas
used to trap and deliver microparticles working together with longitudinal radiation pressure [83–85]. The transversal radiation
pressure inside an OFN has only been theoretically investigated, revealing that it is possible to induce a photoelastic effect and influence
the nonlinear index and Brillouin gain.

The longitudinal radiation pressure inside an OFN can only be found when the OFN is longitudinally non-uniform, such as the
endface. Theoretical results show that the guided light exerts no net time-averaged longitudinal force on the uniform fiber but has a
significant overall pulling force of 0.4 pN/mW acting on a 450-nm-diameter fiber tip at a wavelength of 980 nm due to the scattering of
the end face [86]. In 2008, She et al. directly observed the sideways displacement of the fiber tip due to an optical push force on the
endface and presented their opinion on the debate regarding Abraham's and Minkowski's momentum theory [87]. Longitudinal optical
force can also be realized in OFN gratings with a modulated index. In 2015, Luo et al. present a detailed analytical and theoretical model
of the optomechincal effect in a system of silica OFN Bragg gratings with air cladding. They presented a set of steady-state opto-
mechanical coupled-mode equations by inducing a time-average optomechanical nonlinear coefficient analogous to the optical Kerr
nonlinear coefficient.

The strains from radiation pressure introduce additional period and refractive-index changes to the Bragg condition for coupling
between forward and backward waves within the gratings, which results in a tunable bandwidth of the Bragg reflection. The simulation
shows that the magnitude of the strain induced by radiation pressure can be controlled by the input light. This allows us to achieve an
optically reconfigurable chirp in the grating period and is promising for introducing a new platform for more all-optical controllable
applications.

Fig. 17a compares the optical nonlinear and optomechanical coefficients. The nonlinear Kerr coefficient is 2.6 � 10�20 m2/W, the
effective photoelastic coefficient is 0.21, the Young's modulus is 70 GPa, and the Bragg wavelength is set to 1550 nm. The optical
nonlinear coefficient is opposite to the optomechanical coefficient because the Kerr effect and photoelastic effect have opposite impacts
on the index change in the grating. They are both considerably larger than that in standard fiber gratings with a diameter of 125 μm. The
absolute values of both parameters continue to increase as the diameter decreases until reaching their peaks, at which light can no longer
be tightly confined in thinner OFNs [88].

By solving the steady-state optomechanical coupled-mode equations with a semi-implicit Runge–Kutta method and iteration, the
spectra and group delay of the optomechanical OFN grating can be obtained. Fig. 17b shows the transmission spectra of an OFN grating
with a 600-nm diameter at four different output powers. Here, the grating length is 1 cm, and the coupling coefficient is 2 cm�1 [88].

As the light power increases, the shape of the spectra eventually becomes asymmetric, the bandwidth increases, and the minimum
transmittance increases. These are consequences of the Kerr effect and optomechanical effects (including photoelastic effect and chirp
induced by radiation pressure). A chirp in the grating period introduces a shift of the Bragg wavelength, which is the main reason for the
broadening of the bandwidth and the increase in the transmittance. The group delay can be tuned by changing the power, and all-optical
switching can be achieved at a certain incident wavelength [88].
8. Conclusions

OFNs allow for a large degree of dispersion engineering and maximal effective nonlinearities. Combination with other advantages
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such as large evanescent fields OFNs is ideally suited to investigate nonlinear optical interactions and develop new nonlinear devices.
Numerous nonlinear effects in OFNs have been explained: the Kerr effect, SHG, THG, FWM, SBS, Raman, SC, and optomechanics.
Compared with conventional SMFs, nonlinear effects can be enhanced in a small size. With the incorporation of new high-nonlinearity
materials and the demonstration of novel effects, OFNs should continue to provide unique nonlinear optical functionality at even lower
power levels. Although OFNs are still in their early development, their use for optical-fiber devices pave the way for a host of additional
applications for communications, sensing, and lasers.
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