| '-) Research Article

Check for
updates

Vol. 37, No. 5/ May 2020 / Journal of the Optical Society of America B

1401

Journal of the

Optical Society

of America

OPTICAL PHYSICS

Characterization of scattering losses in tapered
optical fibers perturbed by a microfiber tip

PENGFEI ZHANG,"%*
TIANCAI ZHANG'2

XiN WANG,' LIJUN SoNG,' CHENXI WANG,' GANG Li1,"2 AND

'State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics, Shanxi University, Taiyuan 030006, China
2Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China

*Corresponding author: zhangpengfei@sxu.edu.cn

Received 15 January 2020; revised 12 March 2020; accepted 17 March 2020; posted 18 March 2020 (Doc. ID 388312);

published 22 April 2020

We demonstrate the characterization of the exponential-decay scattering losses in a tapered optical fiber (TOF)
based on near-field-probe-induced scattering. A hemispherical microfiber tip (MFT) with a diameter of 37.3 pm
is immersed into the evanescent field of a TOF and induces scattering losses of the TOF. The near-field scatter-
ing losses perturbed by the MFT depend on the distance between the MFT and the TOF. The MFT can elongate
the penetration depth of the evanescent field significantly when the TOF diameter is small because the effective
refractive index outside the TOF is changed by the MFT. The relationship between the scattering loss and the
TOF-MFT distance is measured experimentally and is in good agreement with the numerical simulations. The
lengthened evanescent field of the TOF can sense the multifarious matter on a substrate which is farther from

the TOF sensitively. ©2020 Optical Society of America

https://doi.org/10.1364/JOSAB.388312

1. INTRODUCTION

Nanoscale photonic structures have attracted increasing atten-
tion in recent years due to their fascinating capability to guide
intense evanescent fields at subwavelength scales. Therefore,
nanoscale photonic structures have been a particularly ver-
satile platform for applications including optical sensing [1],
quantum optics [2], and quantum information processing [3].
Tapered optical fibers (TOFs), as a class of nanoscale pho-
tonic structures, have been a topic of great interest in recent
years [4—8]. TOFs are fabricated by heating and stretching a
regular single-mode fiber, where the regular single-mode fiber is
narrowed down to a subwavelength diameter [9,10]. Evanescent
fields are localized at the interface between the TOF with a
high refractive index and air with a low refractive index. The
evanescent fields are enhanced dramatically due to the small size
of the TOF [11]. Therefore, the enhanced evanescent fields are
confined strongly in the vicinity of the TOF surface, which can
enhance the interface between evanescent fields and matter such
as neutral atoms [12,13], color centers in diamond [14], quan-
tum dots [15], molecules [16], metals [17,18], and graphene
[19]. When the evanescent field of a TOF is particularly strong,
it can be used to trap particles [20]. A promising and significant
approach employed to trap atom arrays has been proposed
and demonstrated experimentally using an optical dipole trap
formed by a blue- and red-detuned nanofiber-guided evanes-
cent field, called a two-color trap [21-23], which can extend
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the interaction time and enhance the interface. TOFs with
evanescent fields allow efficient coupling with other photonic
structures, including near-lossless coupling between a TOF
and a resonator [24,25] and coupling to photonic crystal res-
onators by combining a TOF and a nanofabricated grating [26].
Because TOF evanescent fields with a proper diameter can reach
a significant proportion of the propagating mode, TOFs are
very sensitive to environmental changes near the surface of the
TOFs. Therefore, TOFs can play a key role in optical sensing
applications [6].

The field intensity distributions of TOF evanescent fields
can be described using Maxwell’s equations and boundary
conditions. The exact solutions can be obtained analytically
[11]. The field strength drops off exponentially away from the
TOF surface. Total internal reflection microscopy (TIRM)
and scanning near-field optical microscopy (SNOM) are two
significant techniques used to characterize the evanescent fields
generated by a traditional scheme for applications in biology and
optics [27-31]. In a traditional scheme, a laser beam is totally
internally reflected at an interface between a prism with a high
refractive index and air with a low refractive index. The evanes-
cent fields extend into the air over a subwavelength distance.
Both of these techniques commonly use expensive microscopes.
The TIRM technique is used to measure evanescent fields
directly by means of inserting microspheres into the evanescent
fields [28] or coating a polymer on the interface [29], which will
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affect the interface destructively and increase the experimental
complexity. A near-field small-aperture probe is inserted into
the evanescent field for the SNOM technique, which can also
be used to measure the enhanced evanescent fields of integrated
waveguides [32]. The probe disturbs the evanescent field distri-
bution by multiple scattering between the probe and the surface
[33]. How far the TOF evanescent fields can extend depends
on the refractive index of the fiber core and cladding sensitively.
The probe near the TOF surface can change the effective refrac-
tive index of the fiber cladding; therefore, the probe can modify
the penetration depth of TOF evanescent fields.

In this paper, we propose and demonstrate the charac-
terization of the scattering losses of a TOF directly based on
near-field-probe-induced scattering. We use a hemispherical
microfiber tip (MFT) measuring tens of micrometers as the
near-field probe. The probe immerses into the evanescent field
of the TOF and strongly changes the effective refractive index
of the fiber cladding, at the same time the MFT induces TOF
scattering losses. The effective refractive index of the cladding
increases when the TOF-MFT distance decreases. The penetra-
tion depth of TOF evanescent fields is modified when the MFT
is close enough to the TOF and the scattering loss depends on
the TOF-MFT distance. The relationship between the scat-
tering loss and the TOF-MFT distance can be characterized
experimentally. The scattering loss in such a TOF-MFT system
can be precisely simulated by the three-dimensional (3D) finite
difference time-domain (FDTD) method [34]. We compare
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experimental dataand FDTD simulated results of the scattering
loss versus the distance between the MFT and the TOF, and we
find that the scattering loss versus TOF-MFT distance is in good
agreement with the simulations. The TOF diameters can be
estimated based on the technique described in Ref. [34]. This
method of characterizing the scattering losses of TOFs has great
potential for detecting small particles or multifarious matter on
asubstrate and also for applications for chemistry or biology.

2. EXPERIMENTS AND SIMULATIONS

We consider a TOF with a subwavelength diameter and a hemi-
spherical MFT perpendicular to the TOE A schematic of this
proposal is shown in Fig. 1(a). The energy proportion of the
evanescent field outside the TOF with a subwavelength diam-
eter is considerable. If the MFT with a refractive index of 1.45 is
immersed in the evanescent field of the TOF and the MFT will
increase the effective refractive index of the cladding. Thus we
set the effective refractive index of the MFT-changed cladding
as 1.3 and we theoretically plot the electric-field intensity dis-
tribution along the x axis of the fundamental HE;; mode [34]
for TOF diameters of 382, 613, and 965 nm, which is shown in
Fig. 1(b). The guided-mode vacuum wavelength is 852 nm. The
blue shadow represents a TOF with a refractive index of 1.45.
The polarization of the guided mode is along the x axis. From
Fig. 1(b), it can be seen that a strong evanescent field extends
into the surrounding air, and the field decreases exponentially
along the x axis. The penetration depth of the evanescent field
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(a) Schematic of the TOF-MFT system. The figure is not drawn to scale. (b) Electric-field intensity distribution of the TOF along the x axis

of the fundamental HE11 mode for TOF diameters of 382, 613, and 965 nm when the effective refractive index of the cladding is 1.3. The vacuum
wavelength of the guided mode is 852 nm. The polarization of the guided mode is along the x axis.
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(a) Camera image of the MFT-TOF system. (b) TOF diameter as a function of position along the TOF axis. The inset shows a typical SEM
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can be increased with decreasing TOF diameter for the same
effective refractive index of the MFT-changed cladding.

The camera image of the experimental setup for character-
izing the scattering losses of TOFs perturbed by a microfiber
tip is shown in Fig. 2(a). A laser beam is collimated and coupled
into an optical single-mode fiber by a fiber coupler. The vacuum
wavelength of the laser is 852 nm. The laser beam passes through
a TOE and the power of the output is measured by a detec-
tor. The TOF is fabricated from a single-mode fiber (SM800,
Fibercore) by the flame-brush method [9]. The hemispherical
MEFT used in our experiments is fabricated by a CO, laser. The
details of the fabrication setup and procedures for the TOFs and
MFTs are discussed in Ref. [34]. The diameter of the MFT is
37.3 um, and the MFT is utilized in the following experiments.
The MFT is positioned on a three-axis piezo stage with nano-
meter resolution (P-611.3 NanoCube XYZ Piezo Stage, Physik
Instrumente). The length of the MFT is less than 1 mm relative
to where it is anchored. The setup is kept inside a two-layer glass
cover to avoid the influence of air currents and dust. The MFT
can be controlled precisely to be immersed into the evanescent
field of the TOF. The distance between the TOF and MFT
can be controlled with a high spatial resolution up to 10 nm.
Figure 2(b) shows the TOF diameter measured by scanning
electron microscopy (SEM) as a function of position along the
TOF axis, and the inset shows a typical SEM image of the TOE

To determine the MFT-induced scattering loss, we first
measured the transmitted power P; of the TOF for different
distances between the TOF and the MFT. Second, we mea-
sured the transmitted power P, without the MFT. Finally, we
obtained the scattering loss L =1—7=1— P;/P,. Owing
to the much larger size of the MFT compared to the nanofiber,
the method is robust with respect to the alignment of the MFT
to the nanofiber along the axis perpendicular to the nanofiber.
We moved the MFT along the axis of the TOF to measure the
scattering loss versus the TOF-MFT distance for various TOF
diameters from 382 nm to 965 nm and a fixed wavelength of
852 nm. The TOF diameters are estimated based on the tech-
nique described in Ref. [34]. MFTs with large diameters can be
fabricated easily. The diameters can be measured precisely using
an optical microscope, and the spherical tip shape indicates that
the scattering loss is insensitive to alignment imperfections.

The experimental results of scattering losses versus TOF-
MEFT distance are shown in Fig. 3(a) (red circles). For various
TOF diameters, each scattering loss curve is normalized with
respect to the maximum scatting loss. We use the 3D-FDTD
method (Lumerical Solutions, Inc.) to numerically simulate
the scattering loss as a function of the TOF-MFT distance. We
used the software to build the model of the MFT and the TOF.
The model sizes are determined by the measured values of the
microfiber tip using a CCD camera and SEM. The simula-
tion results are shown in Fig. 3(a) by black solid lines. For the
numerical simulation, we calculate an average of the two cases
for the x- and y-polarizations of the guided modes. The reason
is that the guided mode polarizations in the TOF have a small
effect on the scattering loss when the MFT is close to the surface
of the TOF [34]. The simulation results for these two cases show
a small difference. For this reason, we use a rotated polarization
for our experiments. We present the averaged curves for the x-
and y-polarizations in Fig. 3(a). The experimental results can be
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statistically compared to the FDTD numerical simulations. The
deviation between the experimental results and FDTD simu-
lation is derived from (i) the TOF-MFT distance fluctuations
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Fig. 3.  (a) Scattering loss of the TOF caused by the MFT and
evanescent field intensity of the TOF as a function of the distance
between the TOF and the MFT for different TOF diameters from
382 nm to 965 nm. The vacuum wavelength of the guided mode is
852 nm, and the MFT diameter is 37.3 pm. The orange dashed lines
and green dashed—dotted lines are the evanescent field intensity of the
TOF for the x- and y-polarizations, respectively. The black solid lines
are the FDTD numerical simulation results, and the red circles are the
experimental data. (b) Differences between the scattering loss and the
evanescent field intensity for the x- and y-polarizations (green squares
and orange circles) as a function of the TOF diameter with a fixed
TOF-MFT distance of 100 nm.
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Fig. 4. Electric field distribution in the x—z plane. The TOF diam-
eter is 382 nm and the TOF- MFT distance is 240 nm.

due to mechanical vibrations, (ii) controlling the spatial res-
olution of the stage for the MFT, (iii) the polarization of the
guided mode, and (iv) the fluctuations of the optical power.
In addition, we plot the electric-field intensity distributions
of the TOF for the x-polarization (orange dashed lines) and
y-polarization (green dashed—dotted lines) for comparison.
The intensity distributions are normalized with respect to the
intensities on the surface of the TOEF. For thinner TOF with the
diameter of 382 nm, the distance which can cause scattering
loss is bigger than the penetration depth of the evanescent field
with cladding of air. The MFT can cause significant scattering
losses when the MFT is just immersed into the evanescent field.
This means the MFT increases the effective cladding index.
As the TOF-MFT distance decreases, the effective cladding
index increases and the penetration depth of the evanescent field
increases, which is consistent with the theoretical prediction in
Fig. 1(b). In this case, the scattering loss depends on the overlap
area between the modified evanescent field and the MFT. When
the MFT is moved to be closer to the TOEF, the penetration
depth of evanescent fields increases more and the MFT can
cause more scattering loss. For thicker TOEF, the effect of the
MFT on the penetration depth of the evanescent field reduces.
There is not any distinct increment of the penetration depth
for a TOF diameter of 965 nm. We conclude the differences
between the simulated scattering loss and the evanescent field
intensity for the x- and y-polarizations as a function of the TOF
diameter and plot the differences in Fig. 3(b). The TOF-MFT
distance is fixed at 100 nm. This behavior can be understood as
the energy proportion of the evanescent field decreasing when
the TOF diameter increases. Thus, the perturbative effect of the
MFT on the evanescent field intensity reduces. The penetration
depth of the evanescent field increases with decreasing TOF
diameter, which is predicted theoretically as shown in Fig. 1(b).
The overlap between the MFT and the evanescent field causes
less scattering losses for thicker TOE

To show how the scattering happens when the TOF is close
to the MFT, we simulate and plot the electric field distribution
in the x—z plane, shown in Fig. 4. The light is guided by the
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nanofiber and propagates from left to right. The red arrow in
Fig. 4 shows the direction of the light. The TOF diameter is
382 nm and the TOE-MFT distance is 240 nm. The light is
scattered by the MFT and a part of the light is coupled into the
MFT, which can be seen clearly. While the other part of the light
is scattered to the free space, which cannot be seen in Fig. 4. The
light is weaker after the scattering due to the MFT.

3. SUMMARY

In conclusion, we have demonstrated a method to characterize
the scattering losses in a TOF based on near-field-probe-
induced scattering. The exponential decay of scattering
losses perturbed by a MFT can be measured by this method.
Experimentally, a MFT with a hemispherical diameter of
37.3 wm is utilized as a near-field probe which can induce the
scattering losses of the TOE The MFT near the TOF can affect
the effective refractive index outside the TOF and extend the
penetration depth of the evanescent fields when the TOF diam-
eter is small enough. The numerical simulations are in good
agreement with the experimental results. The effect of the MFT
for the TOF with a larger size becomes weaker. The TOF-MFT
system can elongate the penetration depth of the mode outside
the TOF, which can be used to detect the photons from the
emitters on a substrate conveniently. Therefore, our convenient
and simple approach could be used for applications based on
TOF evanescent fields, including evanescently coupled with
photonic structures, offering a convenient technique for sensing
the multifarious matter on a substrate which is farther from the
TOF sensitively for the applications in chemistry or biology.
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