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Abstract. We present the design of composite optical nanofibers (ONF) coated with thin layers of nonlinear
materials, Titanium dioxyde (TiO2) and Polymethyl methacrylate (PMMA), for the realization of new all-solid
Raman wavelength converters for an emission around 1.5 lm. Our simulations show that Stimulated Raman
Scattering can be obtained with moderate input peak powers, typical ONF geometrical parameters, and layer
thicknesses deposited which are technologically achievable: a few tens of nm for TiO2 and a few hundreds of nm
for PMMA. This study enlarges the field of applications of ONF in nonlinear optics and lasers by opening the
way to the coating by other materials such as doped polymers.
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1 Introduction and motivations

Optical nanofiber (ONF), i.e., the homogeneous section of a
stretched and tapered silica optical fiber (sub-micrometer or
micrometer diameter on length of up to more than 10 cm)
between two tapered transitions, has been widely used in
science and engineering applications since more than thirty
years as an elementary optical component easily inte-
grated by its nature in an all-fibered network [1]. Due to
these intrinsic properties, ONF-based technologies have
addressed a large versatility of domains from fundamental
to applications such as quantum information devices (e.g.
trapped atoms for quantum light-matter interfaces, photon-
pair generation) [2, 3], remote sensor devices [4], nonlinear
optics (e.g. supercontinuum generation) [5] for the most
active ones. The expanding use of ONF is due to its physical
properties. The optical modes guided by the ONF have
large intensities due to their strong transverse confinement,
present very low losses (below 0.005 dB/cm, far beyond
other micro/nano waveguides), and exhibit an evanescent
part outside the ONF and therefore in interaction with
the external medium. In nonlinear optics, only a few exper-
imental demonstrations using the evanescent field in ONF
have been reported [6, 7]. In these studies, the ONF serves
as the optical waveguide, and the nonlinear medium is

constituted by the immersing liquid. Among them, we
report highly efficient wavelength converters based on
Stimulated Raman Scattering (SRS) in the evanescent field
of ONF immersed in liquids. The pump photons in the
evanescent field scatter by SRS on the molecules of the
liquid. Then the generated Stokes photons couple to a prop-
agating mode of the ONF and are collected at the output of
the end fiber. Conversion efficiencies from the pump source
emitting at 532 nm to the first Stokes order of ethanol at
630 nm as high as 60% were obtained in the sub-nanosecond
regime [6]. For a given pump wavelength, changing the
immersing liquid enables to change of the Stokes wave-
length, opening the way to a new family of liquid Raman
converters. Due to the absorption of liquids in the near-
infrared range, these converters are optimized for visible
wavelengths. Despite these attractive features, the perfor-
mances were limited by the optical breakdown of the ONF
induced by the pump laser [8]. The absorption of the laser
by surface defects can lead to an increase of the temperature
of the ONF and in its vicinity generating bubbles in the
liquid that can degrade the optical transmission and even
break the ONF.

In this work, we investigate new possibilities offered by
silica ONF coated with thin films of nonlinear materials.
The aim is to build all-solid Raman wavelength converters
in the pulsed regime based on these so-called “composite
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the nonlinear photons produced in the coating layer coupled
to a propagating mode of the composite ONF. This mode is
then collected at the output end fiber. The selected materi-
als for the coatings are Titanium dioxyde (TiO2) and
Polymethyl methacrylate (PMMA). These materials are
both transparent in the visible, near visible range, and in
the telecommunication window. TiO2 is a highly nonlinear
material and has been used for the realization of integrated
waveguides under its crystalline phase [9]. PMMA is also an
interesting material for nonlinear optics [10]. As an example,
PMMA optical fibers have been studied for Raman ampli-
fiers. This material is also known for its relatively high
laser-damage resistance. For both materials, an original
process for the coating of ONF with thin layers of controlled
thicknesses has been developed. The present article is theo-
retical but the data used for the simulations are based on
realistic ones obtained from experiments described in [11].
Due to their small diameter, the evanescent field of the prop-
agatingmode in ONF is very sensitive to dust and pollutants
that can be deposited on its surface. These are known to be
responsible for degradation of the optical transmission of
ONF. The refractive indexes of the chosen nonlinear materi-
als being higher than the one of silica, we will see that the
thicknesses of TiO2 and PMMA layers should be respec-
tively a few tens of nm and a few hundreds of nm to keep
the guidance on the fundamental modes. Such thicknesses
are also achievable technically. However, they are not suffi-
cient to fully protect the evanescent field that typically
spreads on a few lm. That is why we also studied theoreti-
cally in the present work and experimentally in [11] the
encapsulation of a PMMA-coated ONF with a low-index
material, silicone, for additional protection. In this work,
the targeted Stokes wavelengths are in the telecommunica-
tion window but they can be extended to other wavelength
ranges where the materials are transparent.

This article is organized as follows:
After a description of the all-solid wavelength convert-

ers, we introduce the calculation of the Raman modal gain
which is the key parameter to design the geometry of the
ONF (length and radius) and the thickness of the coating.
Then we present the results of the simulations for the two
studied configurations, an ONF coated with TiO2
(ONF 1) and an ONF coated with PMMA (ONF 2). In this
last case, the ONF with the layer of PMMA is encapsulated
in a low-index polymer of silicone for additional mechanical
protection. Based on our previous results obtained in
liquids, we show the conditions under which SRS can be
obtained in these composite ONFs. Above these prelimi-
nary results, this study opens the way to a new family of
all-fibered components with functionalizations that can be
tailored thanks to the coating of an ONF with different
nonlinear materials.

2 General design of all-solid Raman converters
based on a composite ONF

The composite ONF is a three-layer step-index waveguide,
constituted by silica, the nonlinear material, and the
surrounding material that can be air or an encapsulation

material. In the simulations we have performed, the thick-
ness of the material used for encapsulation is considered
infinite. The length of the silica ONF is L and its radius
is rNF. The thickness of the nonlinear material deposited
on the ONF is e. We consider propagation on the funda-
mental mode at both pump and Stokes wavelengths. To
calculate the field profiles, we have used the classical
three-layer model in the scalar approximation described in
[12]. Following this method, we first calculate the effective
indexes of the modes at both wavelengths by solving eigen-
value equations obtained by writing the continuity condi-
tions on the fields at the interfaces and then derive the
electric and magnetic fields in each layer of the waveguide.
As the refractive indexes of the nonlinear materials are in
general higher than the one of silica, the thickness of the
deposited layers should enable the guidance on the funda-
mental modes at both wavelengths. In particular, it means
that for each ONF diameter we have to find a range of
thicknesses in which the effective index lie between the
refractive index of the external medium (air or silicone)
and the refractive index of the nonlinear medium.

The key parameter for the design of our component
is the Raman modal gain gRmod (in m�1 W�1). The modal
Raman gain is expressed following the analysis conducted
in [13] by:

gRmod ¼
e20c

2
Z
active area

gbulkn
2
g ep � esj j2dA

Z
total area

ep � hpð Þ � zdA
� � R

total area es � hsð Þ � zdA� � ;

e0 is the dielectric permittivity of vacuum, c is the celerity of
light in vacuum, dA is a unitary surface element and z is the
direction of propagation. This gain is depending on the
parameters of the nonlinear material which are its Raman
gain coefficient gbulk (in mW�1) and its refractive index
ng; e and h represent, respectively, the electric and the
magnetic fields; p and s stand for, respectively, pump and
Stokes. We consider that the pump and the Stokes modes
are both scalar and propagate on the fundamental mode
which presents a revolution symmetry.

To size our component, we are based on our previous
results obtained in liquids in the sub-nanosecond regime.
We were able to observe SRS with ONF lengths of
4–8 cm, peak pump powers of a few hundreds of W, and
moderate modal Raman gains that can be down to
0.2 m�1 W�1 [6]. Moreover, in [6], we showed that the
experimental data were in good agreement with the theory
at the Raman threshold, confirming that the calculation of
the modal Raman gain as exposed above is accurate.

For the simulations, we decide to target a modal Raman
gain of 0.2 m�1 W�1. A lower modal Raman gain can be
compensated by a longer ONF or an increase of the input
pump power.

3 ONF coated with TiO2 (ONF 1)

For this study, the pump wavelength is 1.5 lm. As the
Raman shift of TiO2 is small (140 cm�1), the first Stokes
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order wavelength is close, at 1.54 lm. The deposition of thin
layers of TiO2 is performed by Atomic Layer Deposition,
leading to deposited layers of a few tens of nm thick. With
this technique, the deposited TiO2 is amorphous which
implies that its refractive index is lower than for its
crystalline phases. We measured a refractive index of
2.239 at 1.5 lm. The Raman gain coefficient of TiO2 is
6.6 10�12 mW�1 [9].

Figure 1 shows an example of calculated spatial modes at
the pump and Stokes wavelengths for a silica ONF radius of
0.5 lm and an 80 nm thick TiO2 layer. These fundamental
mode profiles do not change globally with the ONF radius,
keeping a Gaussian-like shape. One can notice the very
strong overlap between pump and Stokes modes, due to
the small wavelength difference between these two waves.

In Figure 2 we have plotted the modal Raman gain of
ONF 1 versus the silica ONF radius for deposited layers

of TiO2 with thicknesses of between 20 and 80 nm. We
observe an optimum radius around 250–300 nm, slightly
depending on the thickness of the layer. Modal Raman
gains above the targeted value of 0.2 m�1 W�1 can be
largely achieved even for large radii, which will alleviate
the constraints on the geometry of the ONF or the input
pump power. As an example, with an ONF radius of
500 nm and a TiO2 layer of 60 nm thick, a modal
Raman gain of 0.44 m�1 W�1 is obtained. As a thumb rule,
the product c = gRmod � L � Pp, where Pp is the input
pump power, has to be equal to 20 to get the Stokes output
power equal to the pump output power. This value can be
obtained with an ONF of only 1 cm in length and a
moderate peak input power of 350 W.

4 ONF coated with PMMA (ONF 2)

In this study, ONF coated with PMMA has been encapsu-
lated with a low-index polymer of silicone (nsilicone = 1.39).
This material has the advantage of being polymerized in
mass for mm deposition. This encapsulation enables to
enhance the mechanical resistance of the ONF and to keep
the guidance at the same time. The refractive index of
PMMA is 1.49. In [10] its Raman gain coefficient has been
measured at 631 nm. By taking into account its spectral
dependency we found a value of 2.78 � 10�12 mW�1 at
1.5 lm. The pump wavelength is 1.06 lm. The Raman shift
of PMMA being 2957 cm�1, the first Stokes order wave-
length is at 1.53 lm.

Figure 3 shows an example of calculated spatial modes
at the pump and Stokes wavelengths for an ONF radius
of 0.5 lm, a PMMA layer of 400 nm thick, encapsulated
in silicone. In this configuration, due to the large difference
between the pump and Stokes modes wavelengths, the
spatial overlap between the two waves is not as strong as
for ONF 1, which will induce a lower modal Raman gain.

Figure 1. Profile of the pump and Stokes modes propagating in
an ONF having a radius of 500 nm, coated by an 80 nm thick
layer of TiO2.

Figure 2. Modal Raman gain versus the ONF radius in
function of the thickness of the TiO2 layer.

Figure 3. Profile of the pump and Stokes modes propagating in
an ONF having a radius of 500 nm, coated by a 400 nm thick
layer of PMMA and embedded in silicone.
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Figure 4 shows the modal Raman gain of ONF 2 versus
the ONF radius for deposited layers of PMMA with thick-
nesses of between 100 and 400 nm. The optimum radius is
around 0.5 lm, depending on the thickness of the PMMA
layer. Modal Raman gains above 0.2 m�1 W�1 can be
achieved but PMMA thickness should be around 400 nm,
which will need multiple layers of deposition [11]. As an
example, with an ONF radius of 500 nm and a PMMA layer
of 400 nm thick, a modal Raman gain of 0.22 m�1 W�1 is
obtained. c ’ 20 for an ONF length L of 1 cm and a peak
input power of 1 kW. At first sight, ONF 2 seems less
promising than ONF 1, due to a Raman coefficient which
is almost three times lower than the one of TiO2. However,
as the laser damage threshold of PMMA is high, we believe
this solution remains interesting since the lower Raman
gain could be compensated by an increase of the pump
power. Moreover, PMMA can be doped with dyes such as
DR1 which can extend the range of applications [14].

5 Conclusion and perspectives

In this work, we have presented the design of new Raman
wavelength converters based on ONF coated with two non-
linear materials, TiO2 and PMMA. Our simulations show
that SRS can be obtained with moderate input peak powers
and typical ONF geometrical parameters (radius and
length) and TiO2 layer thicknesses. Even though the
Raman gain is lower and the technical realization is more
challenging, the solution with the PMMA coating should
be considered. Moreover, we have shown in previous studies
on laser-induced damage threshold in ONF that a bare
ONF with a radius of 0.45 lm can already sustain peak
powers above 700 W [8]. The same ONF immersed in a liq-
uid, and hence protected, was able to sustain more peak
power than available, i.e. more than 1 kW. As this thresh-
old increases with the radius, we believe we will be able
to push up the input power in the designed coated ONF
without generating optical damages to increase the gener-
ated Stokes power.

These composite ONFs open the way to new experi-
ments in nonlinear optics for the realization of all-fibered
functions [15]. For example, the coating can enable to tai-
loring of the chromatic dispersion for the control of phase-
matching conditions. The use of other nonlinear materials
such as doped polymers opens new applications in the field
of nonlinear optics and lasers.
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