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Abstract: Nanofiber Bragg cavities (NFBCs) are solid-state microcavities fabricated in optical
tapered fiber. They can be tuned to a resonance wavelength of more than 20 nm by applying
mechanical tension. This property is important for matching the resonance wavelength of an
NFBC with the emission wavelength of single-photon emitters. However, the mechanism of
the ultra-wide tunability and the limitation of the tuning range have not yet been clarified. It
is important to comprehensively analyze both the deformation of the cavity structure in an
NFBC and the change in the optical properties due to the deformation. Here, we present an
analysis of the ultra-wide tunability of an NFBC and the limitation of the tuning range using three
dimensional (3D) finite element method (FEM) and 3D finite-difference time-domain (FDTD)
optical simulations. When we applied a tensile force of 200 uN to the NFBC, a stress of 5.18 GPa
was concentrated at the groove in the grating. The grating period was extended from 300 to
313.2 nm, while the diameter slightly shrank from 300 to 297.1 nm in the direction of the grooves
and from 300 to 298 nm in the direction orthogonal to the grooves. This deformation shifted the
resonance peak by 21.5 nm. These simulations indicated that both the elongation of the grating
period and the small shrinkage of the diameter contributed to the ultra-wide tunability of the
NFBC. We also calculated the dependence of the stress at the groove, the resonance wavelength,
and the quality Q factor while changing the total elongation of the NFBC. The dependence of the
stress on the elongation was 1.68 x 1072 GPa/um. The dependence of the resonance wavelength
was 0.07 nm/um, which almost agrees with the experimental result. When the NFBC, assumed
to have the total length of 32 mm, was stretched by 380 um with the tensile force of 250 uN,
the Q factor for the polarization mode parallel to the groove changed from 535 to 443, which
corresponded to a change in Purcell factor from 5.3 to 4.9. This slight reduction seems acceptable
for the application as single photon sources. Furthermore, assuming a rupture strain of the
nanofiber of 10 GPa, it was estimated that the resonance peak could be shifted by up to about
42 nm.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Solid-state optical microcavities coupled with single-photon emitters have attracted attention in
various applications such as optical sensors [1], microlasers [2], cavity optomechanics [3], and
quantum information devices [4—8]. To realize these applications, it is important to match the
resonance wavelength of the cavities with the emission wavelength of single-photon emitters.
Conventional solid-state nano- and microcavities have realized resonance tuning using various
methods, such as temperature control [9-11], laser-pumped thermal tuning [12,13], electrical
thermo-optic tuning [14], gas condensation on the surface of the cavities [15,16], and mechanical
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tuning [17]. However, the tuning range for conventional nano- and microcavities is typically less
than 5 nm. Therefore, it is desirable to develop solid-state cavities with wider tuning ranges.

Nanofiber Bragg cavities (NFBCs), which consist of periodic grooves with a defect region
on a nanofiber, have been developed recently as solid-state cavities with ultra-wide tunability
[18-23]. An optical nanofiber is a single-mode optical fiber with a diameter corresponding
to about half the free-space wavelength of the light used [24-32]. Photons emitted from
single-photon emitters close to the surface of the nanofiber can be coupled to the nanofiber via
a strong evanescent field with an efficiency of at most 30% [26,27]. To improve the coupling
efficiency, nanofibers containing cavity structures have recently been developed [18-23,33,34].
The resonance wavelength of these cavities can be tuned by applying mechanical tension [19,33].
Nayak et al. realized a resonance-peak shift for a fiber-based photonic crystal cavity using a piezo
actuator [33]. We have also achieved reversible and linear ultra-wide tuning of the resonance
wavelength by over 20 nm [19]. However, the mechanism of the ultra-wide tunability of NFBCs
has not been clarified in detail. To understand this mechanism, it is necessary to comprehensively
determine both the deformation of the cavity structure and the change in the optical properties
when mechanical tension is applied.

In this paper, we present the analysis of the mechanism of ultra-wide tunability of NFBCs and
the limitation of the tuning range based on three dimensional (3D) finite element method (FEM)
(COMSOL Multiphysics) and 3D finite-difference time-domain (FDTD) optical simulations
(FDTD solutions, Lumerical). As the calculation model, we considered a NFBC geometry that
consists of a nanofiber with periodic nano-grooves with a defect on one of the sides. When a
tensile force of 200 uN was applied to the NFBC, a stress of 5.18 GPa was concentrated at the
bottoms of the grooves in the grating. In addition, the grating period increased from 300 to
313.2 nm, while the diameter slightly shrank from 300 to 297.1 nm in the direction of the sides
of the grooves and from 300 to 298 nm in the direction orthogonal to the sides of the grooves.
At the same time, the resonance peak shifted from 634.4 to 655.9 nm. From this analysis, it is
understood that the ultra-wide tunability of the NFBC is due to the increase of the grating period
and the slight shrinking of the diameter. We also calculated the dependence of the stress at the
groove, the resonance wavelength, and the quality (Q) factor while changing the total length of
the NFBC. The dependence of the stress and the resonance wavelength on the NFBC length were
1.68 x 1072 GPa/um and 0.07 nm/um, respectively. When the NFBC was stretched by 380 um,
the Q factor changed from 535 to 443, which corresponds to a change in the Purcell factor from
5.3 to 4.9. Furthermore, assuming a rupture strain for the nanofiber of 10 GPa, we estimated that
the tuning range could be extended to about 42 nm.

This paper is organized as follows: Section 2 explains the calculation model and calculation
procedure in this analysis. In section 3, we explain the calculation methods for the deformation of
the NFBC and the optical properties. Section 4 shows the calculation results for the deformation
of the NFBC and the resonance spectra as well as the dependence of the stress, peak shift, and
the Q factors on the total lengthening of the NFBC. Finally, section 5 concludes the paper.

2. Calculation model and calculation procedure

Here, we consider the calculation model of an NFBC used in this analysis. Figure 1(a) shows the
sketch of the model. We took an NFBC consisting of two parts: a taper waist, including a cavity
part, and tapers. Note that thick tapers and pigtails of single mode fiber can be ignored since they
have little effect on the elongation, as described later. The taper waist had a constant diameter of
300 nm, while the tapers became exponentially thicker towards their ends. A cavity was created
at the center of the taper waist by increasing the distance between the two gratings. Figure 1(b) is
a magnified view of the taper waist including the cavity. As an approximation for the calculations,
we employed periodic nano-grooves on the sides of the nanofiber for the shape of the grating.
The period of the grooves, the groove depth, and the total number of periods were set to 300 nm,
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45 nm, and 160, respectively. The defect with a length of 450 nm is introduced in the middle of
the grating according to the structure of the NFBC used in the former experiment [19].
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Fig. 1. (a) Sketch of calculation model. I, is the length of the taper waist and I; is the length
of the calculation range. A cavity is created at the center of the taper waist. (b) Detailed
view of the taper waist including cavity. The diameter of the taper waist is 300 nm. The
period of the grooves, the groove depth, and the total number of periods are 300 nm, 45
nm, and 160, respectively. The defect at the center of the grating has a length of 450 nm. A
tensile force F (a red arrow) is applied to one end of the cavity in the FEM simulations.

We consider the radial profile of the calculation model. The radial profile at any position x
along the long axis of the model takes the following form [35],

P T R A, P e )
r(x) =19 ry —ly/2<x<ly /2 (D

ryeX /2D <x<1, /2.

Here, ry, is the radius of the taper waist, [, is the length of the taper waist, /; is the length
of the calculation range, and the exponent y has dimensions of inverse length. By fitting the
radial profile for a fabricated nanofiber, obtained using a scanning electron microscopy (SEM),
and setting /; = 32 mm, ry, ly, and y were determined to be 150 nm, 3.7 mm, and 0.238/mm,
respectively.

Next, we describe the calculation procedure used in this analysis. First, the deformation at the
center of the taper waist including the cavity (cavity part), shown in Fig. 1(b), was simulated
using the solid mechanism module in COMSOL Multiphysics. Then, the calculated structures
were imported into the 3D FDTD software as calculation models, and their optical properties
were calculated. Finally, the dependence of the stress at the groove, the resonance wavelength,
and the Q factor on the total elongation of the NFBC was calculated while changing the tensile
force. Note that we used an FDTD simulation instead of an FEM simulation for calculation of
the optical properties in order to reduce the computational time.
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3. Calculation methods

3.1. Calculation method for cavity part

The solid mechanics module in COMSOL was used to calculate the deformation of the cavity
structure in the NFBC. The length of the calculation model was set to 80 um, corresponding
to the center part of the taper waist including the cavity as shown in Fig. 1(b). In this analysis,
we assumed a linear stress-strain relationship (Hooke’s law), due to the fact that the resonance
wavelength for the NFBC was linearly shifted in our reported experiment [19]. We used the
material properties of SiO, with a density of 2203 kg/m?, a Young’s Modulus E of 73.1 GPa,
and a Poisson ratio v of 0.17. One end of the cavity part was fixed and a tensile force F was
uniformly applied to the other end. We used a free tetrahedral mesh with a maximum element
size of 50 nm and a minimum element size of 1 nm.

3.2.  Calculation method for total elongation of NFBC

Here, we consider the total elongation A/, for the calculation model assuming a linear stress-strain
relationship. Al; can be calculated from the sum of the elongation of the cavity part, calculated
by the FEM, and the elongation of the nanofiber (NFBC excluding the cavity part) Al,. The
stress-strain relationship at any position x along the long axis of the nanofiber can be written as
[35]

o(x) = Ee(x), 2)

where o (x) is the stress and €(x) is the strain. o(x) can be defined as

F

o(x) (3
7r(x)?
From Egs. (2) and (3), €(x) can be written as

F
=—. 4
€(x) = — B 4

Al, can be expressed by integrating e(x),
/2 F W2
Al = / e(x)dx = — dx. (5)
" nE J_y 2 r(x)?

In this analysis, Al, was calculated assuming a length of the taper waist of 3.62 mm, which was
the length of the taper waist minus the length of the cavity part. Note that the contribution of the
thick parts, i.e., the thick tapers and the pigtails for the single-mode fiber, to the total elongation
was negligibly small since the strain is inversely proportional to the square of the radius.

When a silica fiber with constant diameter d and length of [ is stretched by a force F, it shrinks
along its lateral direction. This lateral strain is proportional to the longitudinal strain € in the
elastic range. Hence, the change in diameter Ad is given by

Ad = —ved. (6)

3.3. Calculation method for optical properties

To calculate the optical properties, we performed 3D FDTD simulations [36]. For this calculation,
the structures calculated by the FEM were imported into the FDTD software in the format of
standard triangulated language (StL). The calculation area for the FDTD simulations was set to
60 x 2 x 2 um?>. To calculate resonance spectra, the light source was placed at a location —24
pm from the center of the simulation region and the transmission was monitored 28 um from
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the center of the simulation region. The polarization of the light source was set to y-polarized
mode or z-polarized mode. We used an automatic non-uniform mesh. The Q factor is calculated
from the resonance and the full width half maximum (FWHM) of the resonant peak in the FDTD
simulation. The Purcell factor at the resonance wavelength when an electrical dipole was placed
at the position where the intensity of the electric field was a maximum outside the nanofiber was
calculated from P,y /Pg, where P,y is the power emitted by a dipole in the cavity and Py is the
power radiated in the vacuum.

4. Results and discussion

In this section, we show the calculation results for the deformation of the NFBC and the resonance
spectra. We also show the calculation results for the stress at the groove, the resonance-peak
shift, and Q factors to the total elongation Al.

4.1. Deformation of cavity structure

We present the results of the deformation of the NFBC obtained by the FEM simulation. Figure 2
shows the calculated stress with the deformed cavity parameters. An F of 200 N was applied to
one end of the cavity part. It can be seen that the stress is concentrated at the grooves, and is 5.18
GPa at position A. This is less than the rupture stress o, for a silica nanowire with a diameter of
300 nm (o rup > 10 GPa) [37]. The stress is relieved outside the grooves (1.07 GPa at position B).
Therefore, the NFBC with the etched grooves has an effect on the rupture stress. The pitch of the
grooves (between positions A and C) increases from 300 to 313.2 nm. The change in diameter is
slightly asymmetric for each axis. In the y-axis direction, the diameter shrunk from 300 to 297.1
nm, whereas in the z-axis direction, the diameter shrunk from 300 to 298 nm.

""" y
297.1 nm :L :

oy PTG

z7x 1 | Al B ¢ ETopV1ew 3
298.0 nm |~ - | 0 =\ = 5 B 1

z - ' | . -

y(L? ‘ Side view

Fig. 2. Calculation results of FEM simulation.

To confirm the calculation results of the FEM, we compared them with an analysis of the
deformation based on a simple model where the main deformation of the NFBC can be understood
as a change in the shape of a silica cylinder with a diameter of 300 nm. When the cylinder was
stretched by a force F of 200 uN, the stress was calculated to be 2.83 GPa from Eq. (3). From
Eq. (5), the grating period increased from 300 to 311.6 nm, while the diameter decreased from
300 to 298 nm from Eq. (6). As expected, these results are slightly smaller than the calculation
results of the FEM. This is because the simple model did not take into account the effect of the
grooves. Based on this reasonable agreement, we performed the following calculations using the
cavity structures analyzed by the FEM.
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4.2. Calculation results for resonance spectra

We calculated the resonance spectra when F' = 200 uN was applied to the cavity part of the
NFBC. Figure 3(a) and (b) show the results of the FDTD simulations for y-polarized mode and
z-polarized mode, respectively, when the cavity structures simulated by the FEM were used
for the FDTD calculation model. Before stretching the NFBC, a resonance peak appeared at a
wavelength of 634.4 nm (black solid line) for the y-polarized mode. This peak shifted to 655.9
nm under the tensile force (black dotted line). On the other hand, a resonance peak for the
z-polarized mode shifted from 638.2 nm to 659.5 nm. We also calculated the changes in the
effective refractive indices for y-polarized mode at the center of the cavity region and the bottom
of a groove using the FDTD method. They were slightly reduced from 1.0724 to 1.0604 and
1.0367 to 1.0287, respectively, due to the change in the structure caused by the tensile force.
These reductions slightly reduced the resonance wavelength. Therefore, we found that elongation
of the grating period greatly contributes to the ultra-wide tunability of the NFBC.
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Fig. 3. Calculated resonance spectra from FEM simulation for (a) y-polarized mode and (b)
z-polarized mode. The solid line and dotted line are F' = 0 and F' = 200 uN, respectively.

4.3. Dependence of stress, resonance peak, and Q factor on total elongation of NFBC

We calculated the total elongation Al; while changing F. Figure 4(a) shows the calculation results.
The black dots are the calculation results and the dotted line indicates the results of fitting
using a linear function. The NFBC was stretched with a tensile force rate of 1.55 ym/uN. We
then calculated the dependence of the stress at the groove (position A in Fig. 2) based on this
calculated total elongation Al;. Figure 4(b) shows the calculation results. The black squares
are the calculation results and the short chained line indicates the result of fitting using a liner
function. The stress increased linearly with a slope of 1.68 x 1072 GPa/um with elongation of
the NFBC. When the NFBC was stretched by 380 um (corresponding to F' = 250 uN), the stress
reached 6.4 GPa.
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Fig. 4. (a) Dependence of calculated elongation on tensile force. (b) Dependence of
stress at groove on elongation. (c) Dependence of resonance-peak shift on elongation. (d)
Dependence of Q factor on elongation. The symbols and lines in these figures are the
calculation results and the fitting results using a linear function, respectively. The black and
red colors in (c) and (d) mean y-polarized mode and z-polarized mode, respectively.

We calculated the dependence of the resonance-peak shift on the change in the total elongation
of the NFBC (tuning slope). Figure 4(c) shows the calculation results. The diamonds are the
calculation results and the chained lines indicates the results of fitting using a linear function.
The black and red colors mean y-polarized mode and z-polarized mode, respectively. The peak
shifts for the y-polarized mode agreed with those of the z-polarized mode. The tuning slope for
each polarization modes is 0.07 nm/um. This slope almost agrees with the experimental results
for the NFBC (0.05 nm/um) [19].

We also calculated the dependence of the Q factor on the total elongation. Figure 4(d) shows
the calculation results. The triangles are the calculation results and the dashed lines indicate the
results of fitting using a linear function. The black and red colors are the y-polarized mode and
z-polarized mode, respectively. The Q factor for each mode decreased with increasing elongation.
When the NFBC was stretched by 380 pm, the Q factor for the y-polarized mode changed from
535 to 443, which is about 17%. On the other hand, the Q factor for the z-polarized mode
changed from 546 to 441, which is about 19%. Although it is difficult to identify the cause of the
degradation of Q factor, we conjecture that non-uniform deformation of the grating structure
occurs due to the fact that the structure lacks the translational symmetry. If this is the case, it
may be possible to pre-compensate the non-uniform deformation by creating a grating structure
so that even periodicity is obtained at a given stretch. For the y-polarized mode, the Purcell
factor slightly decreased from 5.3 to 4.9, which is about 7.5%. Therefore, we believe this slight
reduction seems acceptable for the application as single photon sources.

From the above analyses, it is clear that the ultra-wide tunability of the NFBC was due to both
the elongation of the grating period and the shrinkage of the diameter.

Finally, we discuss the estimated maximum resonance-peak shift when the NFBC is stretched.
Here, we assume that oy for a silica nanowire with a diameter of 300 nm is 10 GPa, as has been
reported [37]. The elongation of the NFBC was calculated to be 595 um from the fitting results
in Fig. 4(b). Taking into account the tuning slope of 0.07 nm/um assuming a linear stress-strain
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relationship, the resonance peak could be shifted by 42 nm. Note that since o, depends on
cracks and hydroxyl (OH) groups on the surface of the fiber [37], reduction of these influences
would be important for realizing this huge resonance-peak shift.

To further improve the tunability of the NFBC, a cavity structure that best reduces the stress
concentration should be considered. In general, stress concentration occurs at notches with sharp
angles and at the corners of angular grooves. For the shape of the groove on the surface of the
nanofiber, large semicircular grooves and angular grooves with rounded corners are desirable
from the viewpoint of stress relaxation. By introducing these structures on the nanofibers using
nano-fabrication technology with high resolution [22,38], it would be possible to further improve
the tunability of the nanofiber cavity.

5. Conclusions

The mechanism of the ultra-wide tunability of an NFBC was analyzed using 3D FEM and 3D
FDTD optical simulations. When a tensile force of 200 uN was applied to the NFBC, a stress
of 5.18 GPa was concentrated at the bottoms of the grooves in the grating. At the same time,
the grating period was extended from 300 to 313.2 nm, while the diameter changed from 300 to
297.1 nm in the y-axis direction and from 300 to 298 nm in the z-axis direction. As a result, the
wavelength of the resonance peak increased by 21.5 nm. The results of this analysis indicate that
the ultra-wide tunability of the NFBC is due to both elongation of the grating period and the
slight shrinking of the diameter. From the calculations of the stress at the groove, the resonance
wavelength, and the Q factor for different total elongations, it was found that the dependence of
the stress and the resonance wavelength was 1.68 x 1072 GPa/um and 0.07 nm/um, respectively.
Although the Q factor was slightly reduced under elongation, the decrease seemed acceptable
for the application as single photon sources. Furthermore, we determined that the tuning range
could be extended to 42 nm assuming a rupture strain of 10 GPa. Considering cavity structures
with small stress concentrations, these simulation methods will be useful for realizing NFBCs
with wider tuning ranges.
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