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Abstract D-shaped optical fiber microwire (OFM) devices
are investigated theoretically. They can be obtained by wrap-
ping OFMs on removable rods or laying the OFMs on dis-
posable substrates. Optical wave guiding properties of these
devices are discussed with numerical simulations. Disper-
sion properties of OFMs with different radii are studied as
well. A grating-based D-shaped OFM is proposed for sens-
ing applications. The corresponding sensitivity could reach
1100 nm/RIU (refractive index unit) due to its large outside
evanescent field.

1 Introduction

Conventional D-shaped fibers are fabricated by drawing a
flat-side preform [1] or polishing standard cylindrical optical
fibers laterally [2, 3]. The evanescent field of the propagat-
ing light wave in a D-shaped fiber is accessible through the
removed section of the cladding, which gives rise to many
interesting applications such as fiber polarizers, spectral fil-
ters, optical sensors and optical interconnects. Because of
the mode compatibility with standard fibers, D-shaped fibers
may have low splice loss. However, their core diameters of
around ten micrometers limit the evanescent field and min-
imum bending radius. Due to the relatively large core di-
ameter, only a small portion of the total optical power flows
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outside the core. In addition, it is not convenient to manufac-
ture compact devices with normal D-shaped fibers because
they are easily broken when bent. The high bending loss is
also a possible issue. Following a fast development of fab-
rication technology, a subwavelength-diameter optical fiber
microwire (OFM) in recent years [4, 5] has emerged as an
ideal element of microfiber devices because of low cost, low
loss and very large evanescent fields [6—12]. A lot of dif-
ferent OFM devices have been proposed and demonstrated,
mainly in the form of resonators. It is also possible to fabri-
cate new devices keeping the conventional D-shape but with
much thinner core (hundreds of nanometers), larger evanes-
cent field and more compact size.

In this paper, we propose fabrication techniques of D-
shaped OFM devices. Their wave guiding properties are
studied including light intensity distribution and chromatic
dispersion. A grating-based D-shaped OFM device is pro-
posed for sensing applications. The corresponding sensitiv-
ity could reach a very high level due to its large evanescent
field.

2 Schematic of D-shaped OFM device

A D-shaped OFM device can be fabricated by coating an
OFM on a removable substrate or wrapping it on a re-
movable rod, as shown in Fig. 1. First, a standard single-
mode fiber is pulled using the mature flame-brushing tech-
nique [8, 13]. An OFM with much smaller diameter is thus
obtained. The dimension of the microwire could be well
controlled by adjusting the flame movement and the fiber
stretching rate. Second, the OFM can be laid on a flat re-
movable substrate (for example, polymethylmethacrylate—
PMMA) and surrounded by a low-loss, low-index polymer
(for example, UV375 or Teflon). The schematic diagram is
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Fig. 1 Schematic diagram of D-shaped OFM devices. (a) OFM laid
on a substrate; the blue, light green and red parts refer to OFM, coating
and substrate, respectively. (b) OFM wrapped around a rod to form
coils; the blue, light green and red parts represent OFM, coating and
rod, respectively
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Fig. 2 Schematic cross-sectional diagram of a D-shaped OFM device;
ni, ny and n3 are the refractive indices of the OFM, the coating and the
environment, respectively; ¢ is the distance between the OFM and the
outside environment; r is the OFM radius

shown in Fig. 1a. After the substrate is removed, the struc-
ture is similar to a conventional D-shaped fiber as it also has
a flat side wall close to the core. We call it a straight D-
shaped OFM device (type I). The OFM also can be wrapped
around a removable rod (red part in Fig. 2b) and coated by
low-index polymer; then another kind of ‘D-shaped” OFM
device (type II) is obtained by getting rid of the rod. It has a
natural inner fluid or gas channel with large evanescent field
inside. Type-II devices could be very compact by wrapping
multi-turn OFMs on the rod with the diameter of hundreds
of micrometers, similar to a 3D microfiber resonator sensor
and a micrograting on a microstructured rod. Both type I
and type II may have large evanescent field outside of the
flat top or inside the channel, owing to the OFM’s small
diameter (hundreds of nanometers to several micrometers).
Being fabricated from standard single-mode fibers, the in-
put/output parts are still original ones so these new D-shaped
OFM devices do not experience any connecting difficulties
in a sensing or communication link. They are very flexible
to realize different functions by pre-processing the substrate
or rod. For example, a micrograting can be realized if the
substrate has a surface corrugation structure or the rod is a
microstructured rod with some air holes arranged in a circle.

@ Springer

If the substrate or the rod is coated with a metal film, even
surface plasmon polaritons can be excited.

3 Simulation model

Both type I and type II have a similar cross section, as shown
in Fig. 2. We assume that n1, np and n3 are the indices of
OFM, coating and outside environment, respectively; r is
the radius of the OFM; ¢ is the distance between the OFM
and the outside medium. Bent dielectric waveguides, espe-
cially bent fibers, experience loss, which decreases exponen-
tially with the curvature radius [14]. So, in our work, we as-
sume that the radius of the rod in type II is large enough
compared to that of the OFM. The following Sellmeier-type
dispersion formula (at room temperature) is employed to de-
duce the refractive index of the fused-silica OFM at different
wavelengths [15]:

0.408309912
22— (0.1181101)2

> 0.696532512
n- — =
12 — (0.0660932)2

0.896876612
22— (9.8961604)2°

ey

where the unit of A is pm.

The effective index nefr is an important and fundamental
parameter in many applications. In this work, it is numeri-
cally calculated using the finite-element method (FEM) with
the commercial software COMSOL 3.4. Figure 3 shows the
dependence of nefr of the rigid mode on the OFM radius r,
assuming the refractive indices of the OFM, of the embed-
ding low refractive index polymer (Teflon) and of the envi-
ronment (air)tobe ny = 1.4443,n, =1.311andnz =1, ata
wavelength of 1550 nm, respectively. While 7 is set at 10 nm
and 1000 nm, three wavelengths are chosen: A = 632.8 nm,
980 nm and 1550 nm. We only consider the fundamental
rigid mode which has the largest propagation constant. It is
the only mode that is well confined in the vicinity of the
OFM [2]. Generally, n.f increases with larger r in both type
I and type II because less fraction of the mode is propagat-
ing in air. Of course, neg also changes with 7; here we did
not give the results for different ¢ because it changes very
slowly as can be deduced from Fig. 3.

4 The power fraction carried by the OFM

In practical applications such as evanescent wave based op-
tical sensing, it is important to know the profile of the light
intensity distribution around the waveguide. In the case of
D-shaped OFM devices, we only consider the time-averaged
power flow along the z-direction, which is the axis of the
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fiber. The z-component of the Poynting vectors is described
as follows [16]:

1
S, = 3 Re[ExH;‘ — EyH{], )

where E,, Hy, Ey and H, represent the electric and mag-
netic components of the electromagnetic field along the x-
and y-axes, respectively. Then, we obtain the fraction of
power inside the OFM, defined as n:

T Sududg
02” Jo° Scudu do

3

n as a function of the radius of the OFM at different wave-
lengths is shown in Fig. 4, in which the solid, dotted and
dashed lines are plotted for A = 632.8 nm, 980 nm and
1550 nm, respectively. Generally, n increases when A de-
creases or r increases. From Fig. 4, we can easily obtain dif-
ferent fractions of power by controlling r at different wave-
lengths. When r < 600 nm and A = 1550 nm, only <50%
power is kept inside an OFM.

5 Dispersion

The group-velocity dispersion (GVD) or chromatic disper-
sion is a primary cause of concern when dealing with short-
duration pulse, high bit rate single-mode wavelength di-
vision multiplexing (WDM) systems because light from a

typical optical source contains different wavelength compo-
nents which travel at different speeds. Pulses broaden be-
cause of dispersion. GVD is described as [17]

2
! <x2ﬂ+2/\%>, (4)

D=——
2nce d2A dxr

where B is the propagation constant and w is the angular
frequency of light expressed as 2wc/A with c the velocity
of light in vacuum. Figure 5a and b show D as a func-
tion of r at different wavelengths. A very large dispersion
(~ —1000 ps km~!' nm™"') is obtained at 1550 nm when ¢
approaches zero (~10 nm in Fig. 5a), which is much larger
than that of conventional D-shaped fibers of around several
pskm™! nm~!. From the figure, a larger dispersion normally
could be obtained with smaller fiber diameter.

As we know, GVD is an important parameter in var-
ious fiber-based nonlinear applications, especially in su-
percontinuum (SC) generation, which could be applied in
pulse compressors, parametric amplifiers and WDM tele-
com sources [18-22]. The mechanisms responsible for SC
generation include soliton fission, stimulated Raman scat-
tering, four-wave mixing, self-phase modulation and cross-
phase modulation. In standard optical fibers there is only one
zero-dispersion wavelength (ZDW) in the optical spectrum,
typically at 1300 nm. It is well known that the gain band-
width for four-wave mixing is widest in the vicinity of the
ZDW due to phase-matching conditions, and that solitons
in the vicinity of the ZDW can amplify dispersive waves in
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Fig. 5 Dispersion as a function of the radius of an OFM (r) at different wavelengths with (a) r = 10 nm, (b) # = 1 um. (¢) The ZDW as a function
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the normal dispersion region (NDR). Supercontinuum gen-
eration typically takes place around the ZDW. The ZDWs at
different radii of the OFM are shown in Fig. 5b. The ZDW
can be designed and realized in the range of 600 nm to 2 ym
by choosing a proper OFM radius in the range from 500 nm
to 2.5 um. This would be an advantage to broaden the appli-
cations of D-shaped OFM devices in efficient supercontin-
uum generation and spectral shaping.

6 Refractive-index sensing

Fiber sensors based on fiber Bragg gratings (FBGs) have
been potentially developed to measure temperature, pres-
sure or stress due to their many inherent advantages such
as wavelength multiplexing and distributed sensing possi-
bilities. But, they are scarcely used to measure the environ-
mental refractive index variation because there is almost no
evanescent field penetrating outside of a standard 125-pm-
diameter FBG. Although a standard FBG can be etched to
remove its cladding and even part of the core, it is easily bro-
ken or contaminated without coating. Recently, focused ion
beam milling or implantation [23], ultraviolet interference
lithography [24] and femtosecond infrared irradiation [25,
26] have been employed to write a FBG on a microfiber for
sensing applications. But, these methods are relatively com-
plicated and time consuming. A FBG based on a D-shaped
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fiber may overcome the drawbacks and has been investi-
gated [27, 28], but the sensitivity is still not high because of
its small evanescent field. However, a D-shaped OFM Bragg
grating might be a good candidate to increase the sensitivity
significantly because of the large outside evanescent field.
It can be fabricated in several ways: etching and pulling an
FBG; writing into a germanium-doped OFM directly; induc-
ing a surface corrugation on the side flat plane or the remov-
able rod; or wrapping an OFM on a microstructured rod. The
sensitivity of all these sensors is determined by the Bragg
wavelength shift as a function of the change of refractive in-
dex of the analyte when the Bragg condition Ag = 2neg A is
satisfied [29]:

_ 0AB _ OAB Oneff _ AB ONeff

== = . 5)
n3  Oneff dn3  nefr On3
We assume that Ag = 1550 nm and the index of the analyte
n3 = 1.33 because most of the refractometric sensors work
with aqueous solutions. Figure 6a shows how the sensitiv-
ity changes with radius of the OFM. A sensitivity as high as
1100 nm/RIU (refractive index unit) can be achieved when
r is reduced to 500 nm, which can be easily obtained using
the mature flame brushing technique [8, 13]; however, the
sensitivity of a Bragg grating based on a regular D-shaped
fiber with a standard 9-um-diameter core can hardly achieve
1 nm/RIU even at t = 0, as shown in Fig. 6b; Fig. 6¢ shows
the dependence of S on the radius R for a directly etched
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standard FBG without coating. Although its sensitivity also
can reach 1100 nm/RIU if R < 400 nm, it is very difficult
to get such a thin FBG grating by direct etching. Generally,
S < 100 nm/RIU is an achievable level for such an etched
FBG grating with several micrometers diameter [30]; other-
wise, it is too fragile for fabrication and handling.

7 Discussion and conclusions

In this paper, we theoretically investigated D-shaped OFM
devices. They can be fabricated by wrapping an OFM on
a removable rod or substrate. This kind of device is stable,
compact and flexible with large evanescent field for sens-
ing applications. Optical wave guiding properties of such
devices are discussed with numerical simulations. A dis-
persion as high as —1000 pskm~! nm~! is obtained by re-
ducing the radius of the OFM. The ZDW can be flexibly
designed in the range of 600 nm to 2 um by choosing the
proper OFM radius from 500 nm to 2.5 um. The sensitiv-
ity of a Bragg grating based OFM is also calculated. It can
reach 1100 nm/RIU because of the large outside evanescent
field. We believe that the OFM devices will have important
applications in optical communication, nonlinear optics and
fiber sensing.
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