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We characterize the propagation of infrared light inside a silica glass microfiber laid on a magnesium fluoride substrate, using both numerical simulations and near-field experiments. Propagation constants and cut-off diameter are computed by finite-element analysis, while near-field measurements reveal the evanescent tails of the modes. The microfibers display an
excellent surface quality since very low scattering levels are measured, and
the field distribution is in good agreement with simulations. Finally, dust
scattering and coupling structure are investigated.

1 Introduction
In the past few years, micro and nano-fibers (MNF) have drawn much interest as versatile and low-loss optical waveguides [1–13]. The simple fabrication process of MNF, together with their excellent optical properties and their accessible evanescent field have
enabled the design of various devices such as loop [1], knot [2, 3] or reef-knot [4] resonators that can be used as sensors [5,6], micro-lasers [7], and nonlinear devices [3,5,8].
Other applications include high-order mode filters [9] and light couplers [10]. However, in these examples, the microfibers are free-standing in air, which makes the structure unstable and short-lived. An easy and efficient solution consists in laying down
the microstructure on a low-index substrate such as MgF2 (n=1.37 @ 1.55 µm) and manipulating the microfibers on the surface. This technique provides the necessary environment for developing complex and long-lasting structures and it has been used in
several recent works [11–13]. Mach-Zehnder interferometers or Sagnac loop mirrors
are such structures which could not be built with free-standing microfibers but have
been realized on a surface.
While the propagation of light inside an air-clad microfiber has been extensively
studied in theory [14, 15] and experiments [16], the complex situation of a microfiber
laid onto a lower index substrate has only partially been described [17]. Due to the planar substrate, the waveguide no longer possesses cylindrical symmetry, and the propagation problem lacks analytical field solutions. On the contrary, computation using the
Finite-Element Method (FEM) is perfectly adapted for solving propagation modes. In
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the first part of this paper, we provide a numerical study of the problem, calculate the
effective index of the different modes in the microfiber-on-substrate compound waveguide, and describe the field profile including its evanescent tail.
On the experimental ground, Scanning Near-field Optical Microscopy (SNOM) has
been extensively used for detecting evanescent waves with sub-wavelength resolution
in various systems [18–23], and it is perfectly adapted for providing useful information
(evanescent part of mode profiles, surface homogeneity and scattering) on light propagation in the microfiber when it lies down on a substrate. We hereby present our first
results obtained for a silica microfiber with micron-size diameter on MgF2 substrate.

2 Setup and Finite-Element Analysis
Our system is illustrated in Fig. 1. It is composed of one or many silica microfibers with
diameters of a few micrometers resting on a MgF2 plate. We chose MgF2 as a substrate
material because it provides a relatively low refractive index (around 1.37 at 1550 nm)
and optical quality surfaces (whose roughness is typically around 10 nm) while being
readily available and inexpensive (see Fig. 1). Many other materials, including crystals,
fluorinated silicate glasses or polymers, are also suitable to form low index substrates.
The microfibers are drawn according to the flame-brushing technique [16, 24], which
gives the microfibers a typical length of a few centimeters, available diameter sizes
ranging from a few hundreds of nanometers to several micrometers with very good
uniformity, and a typical roughness below 5 nm.
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Figure 1: (a) System consisting in a silica microfiber laid down on a MgF2 substrate.
The near-field convention for the axis labelling has been chosen: the z-axis
corresopnds to the elevation above the surface, while light propagates along
the x-axis. (b) Scanning Electron Micrograph (SEM) image of a sample.
MgF2 , a material commonly used in antireflection coating and in infrared optics,
provides very low losses over the entire wavelength range 0.12-8.0 µm [25]. It shows a
very slight birefringence (∆n =1.7 × 10−3 ) at 1550 nm. In the calculations, the index for
the ordinary axis, n=1.3705, was used, and the birefringence was neglected.
For a standard, air-clad microfiber, modes can be calculated analytically [14, 15],
and the two fundamental polarization modes are degenerate, because of the cylindrical
symmetry (Fig. 2a). The effective index decreases with the diameter, while the fraction
of evanescent field increases. By introducing the substrate, the cylindrical symmetry is
broken, and we have to resort to numerical simulations. As expected, the finite element
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analysis shows two fundamental modes with orthogonal polarizations (Fig. 2b) resulting from the slight index splitting of the two fundamental polarization modes. This
birefringence is maximal for small fibers since the fraction of evanescent field is higher
and the mode is more sensitive to the external environment.
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Figure 2: (a) Effective index for the fundamental mode versus diameter for an air-clad
microfiber. As expected, the FEM calculation gives results in perfect agreement with the analytic calculation. (b) Effective index versus diameter for a
microfiber on MgF2 substrate, calculated via FEM. The insets of (a) and (b)
represent the transverse (y,z) dependence of the x-component (axial) of the
Poynting vector for the different modes, for microfibers with 1.1 µm diameter
in air, and 1.95 µm on substrate.
For a microfiber diameter above 2 µm, the modes propagate mostly inside the microfiber, with an evanescent tail in the air and in the substrate. When the diameter is
reduced, the effective index decreases until it reaches the index of the substrate, where
the mode leaks into the substrate. For diameters smaller than 1.9 µm, no confined mode
propagates in the system (Fig. 3). Therefore, microfiber diameters have to be larger than
1.9 µm for the mode to be confined and guided in the microfiber. However, even at such
diameters, the evanescent wave still spreads far away from the fibers, allowing for light
coupling or environment sensing, as was shown experimentally [11–13]. Also, part of
this evanescent field can be collected by a near-field probe to experimentally characterize the waveguide under study. Fig. 4 shows that for a typical 2 µm diameter microfiber,
the evanescent field extends as far as 300 nm, but becomes negligible afterwards.

3 Near-field measurements
In order to obtain realistic complementary information, we have performed near-field
experiments on the system. One end of a standard SMF fiber is connected to a narrowlinewidth, wavelength-tunable laser diode (TUNICS-PRI) amplified by a telecom erbiumdoped fiber amplifier, while the other end is tapered to a microfiber. The microfiber
part is then laid on the MgF2 plate that is positioned on a 3-axis micro-positioned translational stage, under the near-field probe (Fig. 1).
The near-field probe used here consists in a pulled tapered monomode silica fiber
with a 20 nm-width apex which locally detects the electrical field intensity surrounding
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Figure 3: Map of the x-component of the Poynting vectors of the two modes for diameters around the cut-off. At 1.9 µm, the Mode 1 is still guiding light whereas the
other polarization is not. For lower diameters, light leaks into the substrate.
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Figure 4: Variations of the x-component of the Poynting vector along the z-axis for a
2 µm microfiber. The evanescent field in the air has been rescaled for better
visibility.
the nanostructure [21–23]. Shear-force feedback allows keeping constant the distance
between the near-field probe and the scanned surface (see Fig. 5). This SNOM setup
allows recording simultaneously high-resolution topographical and optical images of
sub-micron-sized optical systems.
Fig. 6 represents a typical SNOM recording of a silica microfiber on a MgF2 substrate.
The topographic map (Fig. 6a) shows that the microfiber has an excellent surface state,
with roughness below the mechanical noise of the experimental setup. The microfiber
diameter is measured through the full width at half maximum of the topographic image, where the collection taper dimension is negligible, around 20 nm. The microfiber
presented in Fig. 6 is 2 µm in diameter.
The first optical image (Fig. 6b) is a near-field image, where the probe scans the sample 4 nm above its surface. In this configuration, the SNOM tip collects the evanescent
field from the propagation mode as well as the possible leaky modes escaping from the
waveguide, and indeed, high intensity levels are recorded on the microfiber, proving
that light is guided in it. On the contrary, for microfibers with diameters lower than
1.9 µm, the probe does not collect any signal, as predicted by the numerical simula-
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Figure 5: Near-field measurement protocol. Continuous laser emission is amplified and
sent to the microfiber via the adiabatic taper part, collected by the probe, and
sent to the detector.

0.5

Intensity
(V)

b) Near Field image

0
0.1

x 10

0.05

Intensity
(V)

0
1

4 nm

c) Far Field image
500 nm

0

Figure 6: (a) Topographical image of the microstructure recorded by using the shearforce feed-back. (b) Light intensity detected by the near-field probe at 4 nm
above the surface. (c) Light intensity detected by the near-field probe at
500 nm above the surface. The intensity scale was multiplied by 10 for visibility purpose.
tions.
To distinguish between guided modes and leaky modes, we make the probe follow
the same trajectory as previously, but with an elevation shift of 500 nm. Here, the
probe no longer collects the evanescent field, but only the leaky modes that can propagate far from the guide, as was shown in Fig. 4. This latter far-field optical map is
shown on Fig. 6c with a ten-fold intensity magnification with respect to the near-field
image. As one can notice, very low intensity levels are recorded at this distance from
the surface, showing that a negligible fraction of the detected power arises from radiative losses. This confirms the excellent surface quality of the microfiber. This scattered
signal seems to come from multiple reflection and scattering inside and at the surface
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Figure 7: High resolution image of a microfiber on MgF2 substrate. a) topography, b)
optical near-field image, c) topographic and optical image versus lateral probe
excursion. The probe moves from right to left, hence the slight assymetry in
the recordings.
On the near-field images of Fig. 6b, as well as on Fig. 7b and c, the collected light
intensity is five-time higher on the edge of the microfibers than on top of them. When
the probe stands by the microfiber, the interaction volume between the collection tip
and the evanescent field is maximum, whereas when the probe is on the top, only its
extremity interacts with the propagating mode. Therefore, the coupling is maximum
on the edges of the microfiber, hence the collected signal.
Another noteworthy content of the near-field images is the presence of intensity
fringes featuring high contrast, and great experimental reproducibility. The observed
fringes are unambiguously related to the mode propagation inside the microfiber and
exhibit a spatial periodicity of 1 µm. One would naturally foresee a standing wave pattern relying on the various interference phenomena with very accurate periods that may
be involved here. These include reflection on the microfiber end-face (expected period
λ/(2nef f ) = 550 nm), interference with a reflection on the probe inside the guide (expected period λ/(2nef f ) = 550 nm) or in the air (expected periods λ/(nef f + 1) = 650 nm
or λ/(nef f − 1) = 3.875 µm), TE/TM mode beating (expected period ' 300 µm). Note
however that the end-face reflectivity is expected to be particularly low when a silica
microfiber is placed on a MgF2 substrate [26]. All these periods being far from the observed one, the related interference phenomena can be rule out. As already discussed
few years ago for other wave guiding microstructures, the modulation of the optical
near-field above the microfiber reported here could be related to the Tien effect [27, 28]
or interferences with a quasi-homogeneous background [29]. A detailed study of these
physical effects is beyond the scope of this paper and currently under investigation.
Finally, imaging other microfiber-on-substrate structures gave us additional information on the propagation characteristics inside the waveguide. Fig. 8a and b are the
topographic and optical near-field maps of another microfiber, respectively. The optical image shows intense light scattering where defects are significant and black spots
where they are small, due to the probe moving away from the fiber, at a distance where
the evanescent field is lower. This demonstrates that field confinement in microfibers
makes them robust against leaks, and that scattering of light from them, requires an
impurity of a non-negligible size.
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Figure 8: (a) & (b) Topographic and near-field images of a dusty microfiber showing
strong correlation between the 2 images. (c) & (d) Two microfibers in contact,
whose coupling is demonstrated by the intensity variations on the upper fiber.
(e) & (f) Tellurite microfiber with 5 µm diameter showing random optical patterns, sign of multimodal propagation.
On Figs. 8c and d, we present 2 microfibers in contact, where light couples from the
upper fiber to the lower one. As the coupling length is not optimal, light is still present
in the input fiber after the coupling area, but with lower intensity, as shown on the
optical image. Figs. 8e and f correspond to a tellurite microfiber whose diameter is
approximately 7 µm. Its large optical index (n=2) and diameter make the fiber multimode at the wavelength of 1.5 µm as suggested by the intricate evanescent field pattern
shown by the near-field image.

4 Conclusions
In this paper, we have conducted a study of the propagation of light in several microfibers laid on a low-index substrate using both numerical and experimental tools.
First, the effective indices and birefringence of the fundamental mode were calculated,
and a cut-off diameter was found, below which the electromagnetic field leaked into the
substrate. Silica microfibers with diameters in the range 2 to 4 µm on MgF2 substrates
represent a good compromise to achieve strong field confinement with an accessible
evanescent field, so that efficient coupling can be routinely obtained. Furthermore,
the presence of the mechanically robust substrate makes it possible to design complex,
long-lasting structures. Near-field microscopy is then used to obtain additional information on the microfiber-on-substrate waveguide. The images show a high level of
evanescent fields and a low amount of radiated intensity, confirming efficient wave-

7

guiding, despite the possible roughness of the substrate that may have led to scattering
points. Whereas scattering due to surface roughness was below detectable levels, it was
observed that large dust particles, occasionally present on the surface of microfibers,
could lead to significant scattering. The present study clearly demonstrated that nearfield imaging is particularly suitable for the study of composite microfiber structures.
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