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Abstract

We report a novel approach to the design and implementation of a tunable cavity on an optical nanofiber (ONF). The key
point is to create a composite photonic crystal cavity (CPCC), by combining an ONF and a diverged period defect mode
grating. Using numerical simulations we design the CPCC with low scattering loss while tuning the cavity resonance wave-
length of +£10 nm around the designed wavelength. We experimentally demonstrate the tunability of the CPCC, showing
good agreement with the simulation results. Our results lay the foundation for a versatile platform for ONF cavity-quantum-

electrodynamics with narrow bandwidth quantum emitters.

Keywords Nanophotonics and photonic crystals - Photonic crystal waveguides

1 Introduction

Nano-waveguides offer a versatile and growing platform for
nano-photonics with various applications, typically in quan-
tum optics [1-6], quantum photonics [7], and sensing [8, 9].
Cavity creation on nano-waveguides is a crucial requirement
for enhancing the light-matter interaction strength. To date,
various approaches have been developed by directly fabri-
cating nanostructures on the nano-waveguide itself [10-13].
From the viewpoint of fiber networks, tapered optical fibers
with sub-wavelength in diameter termed as optical nanofib-
ers (ONFs) are particularly promising due to their ability of
automatic coupling to single mode fibers [1-5].

Cavity formation on the ONF has been demonstrated
via two methods: one is the direct fabrication of photonic
crystal cavities on the ONF itself using focused ion beam
milling technique and femtosecond laser ablation [10,
14—18] and the other is a composite photonic crystal cavity
(CPCC) method, which does not directly fabricate on the
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ONF. The CPPC was formed by mounting the ONF onto
a nanofabricated grating with a central defect [19, 20, 22].
To extend such ONF cavities for cavity quantum electrody-
namics (QED), one crucial requirement is the ability to tune
the cavity resonance wavelength (4,.,) precisely to match
with the narrow spectral emission line of a quantum emitter.
Regarding the direct fabrication methods, tuning the /-
value up to =10 nm around the designed wavelength has
been experimentally demonstrated by mechanical stretch-
ing of the ONF [15, 16]. Regarding the composite method,
although the tuning of the 4,..-value has not been experimen-
tally demonstrated, two possible ways have been proposed.
One is to precisely control the ONF diameter so that the
effective refractive index of the ONF guided mode changes.
The other is by changing the relative angle (6) between the
ONF and the defect mode grating (DMG) [20]. The precise
control of the ONF diameter can be achieved via tensile and
smooth tapered properties of the ONF. However, to tune the
Ares-value up to =10 nm, the expected ONF diameter vari-
ation should be +6% [20, 22], leading to exceed the limit
of tensile property of the ONF which may result in ONF
break during the experiments. The smooth tapered ONF is
not preferable, in the context of working with a solid state
quantum emitter as it is deposited at a specific location on
the surface of the ONF. The precise control of the #-value
can be achieved via the rotation of either the ONF or the
DMG. The required #-value should be +10° to tune the A,.,-
value up to +10 nm, leading to an increase of the scattering
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Fig. 1 A conceptual top view of a tunable composite photonic crystal cavity (CPCC). The tunable CPCC is formed by an optical nanofiber
(ONF) and a diverged period defect mode grating (DMG). The bottom end and top end correspond to x = =250 ym (—L/2) and x= 250 ym (L/2),
respectively. The inset shows a conceptual side view of the tunable CPCC with defined parameters

loss and resulting degradation in the performance over the
tuning range.

In this paper, we investigate a systematic design and imple-
mentation of tunable CPCC on the ONF, by combining the
ONF and a diverged period DMG. As conceptually displayed in
Fig. 1, top view, the essential point of the idea is to fabricate the
DMG, the grating period of which is varied linearly from the
bottom end to the top end. By changing the mounting position
of the DMG onto the ONF from a minimum period position
(bottom end) to a maximum period position (top end), the cre-
ated CPCC 4,-value can be tuned from one wavelength corre-
sponding to the minimum grating period to another wavelength
corresponding to the maximum grating period.

2 Tunable CPCC parameters design
procedure

We describe the design of a diverged period DMG and created
CPCC. Here we restrict the discussion to a symmetric cavity
structure. The directions x, y, and z are defined as shown in
Fig. 1. The essential parameters are schematically illustrated in
the inset of Fig. 1, side view. Design parameters for the present
CPCC are ONF diameter (2a), grating period (A,), defect-width
(W)= 1.5A,, duty cycle (), slat width ()= a A, and number of
slats (V). We assume a rectangular slat shape with a slat depth
(d) of 2 ym. In the present design, we set the DMG length (L)
to be 500 ym. The DMG center is x = 0. The bottom end and
the top end correspond to x =—250 ym (—L/2) and x = 250 ym
(L/2), respectively. As conceptually depicted in Fig. 1, the posi-
tion (x) where the DMG touches (attaches) the ONF is defined
as the mounting position (x,,). Thus, the x,,=—250 ym, x,,= 0,
and x,,= 250 ym correspond to the bottom end, center, and the
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top end, respectively. We design the present CPCC tunability of
+10 nm around a specific wavelength at the center wavelength
of 640 nm. The A,-value must varied linearly by +5 nm over
the DMG length from the bottom end to the top end. To achieve
this condition, the angle difference between the center slat and
the furthest was set to a value of 0.17°, leading to a negligible
change in the scattering loss over the tuning range as in the case
of parallel-slat DMGs.

Using the finite difference time domain (FDTD) method,
we find the optimum parameters for the CPCC by simulating
the channeling efficiency (#) into the ONF guided modes
[20]. The key point of the optimization is to choose the opti-
mum ONF diameter (2a), minimum reproducible slat width
() for fabrication, and small slat angle (6,) for wider tun-
ability while keeping the scattering loss as small as possible
over the tuning range. We set a y-polarized dipole source on
the surface of the ONF as it is expected to have maximum
-value. The parameter optimization procedure is as follows:
according to Bragg resonance condition, 4,.= 2n.4A,,
where n is the effective refractive index of the fundamen-
tal mode of the nanofiber and A, is the grating period. The
effective refractive index depends on the nanofiber diameter
(2a), the refractive indices of the core (~ 1.45) and clad
(~ 1), and the wavelength of the light. We assume the slat
width (= aA,) to be around 50 nm due to fabrication reli-
ability as discussed in the Refs. [19, 20]. From the above,
we obtain the relation n/a = A,.,/100. The obtained n 4/«
-value to be around 8 assuming A,..-value to be 800 nm as
discussed in Ref. [20]. The expected a-value range would
be 12.5-18.0% assuming the ng-value range to be 1-1.45.
We simulated n-values for various ng-values i.e. various
2a-values (fiber size parameters, kya) to obtain the maximum
n-value, while keeping the a-value at 15% (average value of
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Fig.2 a Simulation predicted values for the channeling efficiency ()
as a function of fiber size parameter (kya). b #-value dependence on
the duty cycle (@) of the DMG. ¢ 5-value dependence on the number
of slats (N) of the DMG. d #-value (blue) and x,,-value (red) versus

cavity resonance wavelength (4,

the range). It should be mentioned that A ,-value is chosen
to produce A -value at the designed wavelength and also
N-value is swept to optimize the #-value. The summary of
such results for the #-values versus kja-values are plotted in
Fig. 2a. One can readily see that #-value is almost uniform
over the kja-value from 2.2 to 2.6. We set the kja-value to
be 2.5 to minimize the scattering loss due to the fabricated
slat shape deviation from a rectangular shape as discussed
in Ref. [20]. Assuming the design wavelength to be around
640 nm, the corresponding 2a-value is 510 nm. Note that the
optimum parameters are governed by the %—Value, not by the
wavelength (A) itself.

For the current design, the obtained n,/a-value is around
6.4 assuming the A,-value to be 640 nm. The expected «
-value range would be 15.5-22.5%. By monitoring the #
-value at x,,= 0, the a-value is swept by 10-30%, while
keeping 2a-value fixed at 510 nm i.e. ng-value is fixed.
The simulated results are plotted in Fig. 2b, the optimum
a-value is found to be around 20%. The N-value is swept
from 150-450, while keeping the a-value at the optimum.
The simulated results are plotted in Fig. 2c, the optimum
N-value is found to be around 300. The A,-value is swept
to produce the designed A,.-value (640 nm) and it is found
to be 252 nm. Thus, the minimum and maximum Ag-Values
are 247 nm (bottom end) and 257 nm (top end), respectively.
Note that the angle difference between the center slat and
the furthest slat is quite small 0.17°, leading to a negligible
change in the scattering loss from parallel-slat DMGs. We
also examined the #-value at various mounting positions (x,,)
i.e. various A -values. The summary of the simulated results
are plotted in Fig. 2d. The blue and red circles correspond
to n-values and x,,-values, respectively. Regarding #-value

versus A..-value, one can readily see the uniform behavior
over the tuning range, suggesting the stable performance of
the present CPCC thanks to the small slat angle. Regard-
ing x,-value versus A..-value, one can readily see the lin-
ear behavior as expected. Thus, we set the tunable CPCC
parameters as follows: 2a= 510 nm, Ag= 252 (+5) nm, W=
378 (+£7.5) nm, a= 20%, t = 50.4 (+1.0) nm, and N = 300.
We design the present CPCC tunability of +10 nm around a
center wavelength of 640 nm, assuming a colloidal quantum
dot as a quantum emitter, the centre wavelength of which
may vary about +10 nm [21].

3 Experimental procedure

Based on the optimized parameters discussed above,
diverged period DMG patterns were fabricated on a silica
substrate using electron beam lithography along with chemi-
cal etching [19, 20]. The ONF was fabricated using a heat
and pull technique [17, 22]. The diameter of the ONF was
515+5 nm and was uniform for 2.5 mm in the waist region.
The optical transmission through the ONF was 97%. The
ONF was placed at the focus point of an inverted microscope
using a high precision xz-stage. By observing the DMG pat-
tern using a CCD camera, the ONF was positioned perpen-
dicular to the slats using a rotational stage. The waist part of
the ONF was found by measuring the tapering behavior of
the ONF. Details can be found in Refs. [19, 20]. The position
of the x,,= 0 was determined by finding the top and bottom
edge of the DMG pattern.

The experimental setup for the optical characterization of
the present CPCC is shown in Fig. 3. We inject a spectrally
filtered supercontinuum light with an output wavelength
ranging from 600 to 700 nm. The light is directed through a
polarizer (P) to ensure linear polarization. The injected light
polarization angle is controlled via a fiber in-line polarizer
(ILP). The resultant cavity transmission spectrum is meas-
ured using a spectrum analyzer (SA) with a resolution of
0.05 nm.

Fig.3 The experimental setup for measuring the cavity transmission
spectrum. SC, P, ILP, OL, WL, CCD, and SA denote super-contin-
uum source, polarizer, in-line polarizer, objective lens, white light
source, charge-coupled device, and spectrum analyzer, respectively
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4 Simulation and experimental results one can readily see a strong photonic stop-band at 640 nm

along with a peak at the center. Due to the asymmetrical
The simulated and measured tunable CPCC characteristics ~ index modulation, the degeneracy of the x- and y-polarized

are shown in Fig. 4a, b, respectively. We simulated the cav- ~ fundamental modes of the ONF is lifted. The 4,.-value is
ity transmission spectra at various mounting positions (x,,)  found to be 639.36 nm (640.42 nm) for the x (y)-mode. The
with a step size of +50 ym from the x,,= 0. In Fig. 4al,  x- and y-modes resonance peaks are separated by 1.06 nm.

we show a typical simulated cavity transmission spectra  The obtained values of quality factor (Q) and peak transmis-
for both x- and y-polarizations at x,,= 0. Blue (red) trace  sion (7},) are 1443 (1898) and 0.84 (0.66) for the x (y)-mode,
corresponds to the x (y)-polarization. For both the traces,  respectively. The y-mode has a higher Q (lower 7)-value
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than the x-mode due to the fact that y-mode experiences
more stronger modulation, leading to a higher reflectivity
(scattering loss). We compared the present simulated values
to those values obtained for the non-tilted slats at the same
designed wavelength. Note that any apparent performance
degradation was not observed.

We mount the DMG around the center of the pattern i.e.
x,,= 0 to produce the A,.-value around the designed wave-
length (640 nm). The measured cavity transmission spectra
corresponding to the simulated spectra is shown Fig. 4b1.
The measured cavity transmission spectra correspond to
the x,,-value of =20 ym. Blue (red) trace corresponds to
the x (y)-mode. In both the traces, we observed a strong
optical stop-band at a wavelength of 640 nm accompanied
by a single peak at the center as predicted by the simula-
tions. The peak corresponds to the A..-value of 639.57
nm (640.90 nm) for the x (y)-mode. The separation in A,
-values for the x- and y-modes is 1.33 nm. The obtained
values of Q and T, are 1453+20 (1715+15) and 0.79+0.11
(0.66+0.06) for the x (y)-mode, respectively. The meas-
ured stop-band, clear polarization dependence, and cavity
mode around the designed wavelength (640 nm) behav-
ior reproduce the simulation results as shown in Fig. 4al.
Note that the measured 4,-value, Q-value, and 7-value
for the x- and y-modes are in good quantitative agreement
with the simulation predicted values.

The simulated tunability of the present CPCC i.e. the
obtained A, -values as a function of x,,-values are plotted
in Fig. 4a2. Blue (red) circles correspond to the x (y)-
mode. The A,-value increases linearly with the x,,-value.
This is due to a linear variation of the A ,-value from the
bottom end to the top end of the DMG. We fit a linear
function to the simulation predicted values. The fitted
result for the x (y)-mode A, -values is shown by blue (red)
solid line. For the x (y)-mode, the obtained slope (S) and
resonance wavelength (4;) at x,,= 0 are 0.0401 nm/um
(0.0404 nm/um) and 639.34 nm (640.40 nm), respectively.

We measured the cavity transmission spectra at vari-
ous x,-values. It should be mentioned that the composite
system is mechanically stable because the ONF sticks to
the DMG via Van der Waals force. Therefore, for the tun-
ing we unmounted (detached) the DMG from the ONF at
x,,= —20 pm and translated the DMG position along the
x-axis with a step size of +50 ym for next mounting. The
experimentally measured tunability behavior correspond-
ing to the simulation result is shown in Fig. 4b2. Blue (red)
circles correspond to the x (y)-mode. One can readily see
a linear dependence of the A,..-values for the x (y)-mode
as predicted by the simulations. We obtained S-value and
Ap-value, by fitting a linear function to the measured data.
Blue (red) solid line is the fitted result for the x (y)-mode
Aes-values. For the x (y)-mode, the obtained S-value and
Ap-value are 0.0416 nm/pm (0.0422 nm/pum) and 640.42

nm (641.84 nm), respectively. Note that the measured 4,
-values for the x (y)-mode behavior reproduced the simula-
tion predicted behavior as shown in Fig. 4a2. We measured
the tunability behavior for the nine DMG patterns using
the same ONF. We found mean values of S and 4, are
0.04190+0.00032 nm/pum (0.04210+0.00015 nm/pm) and
640.57 £0.16 nm (642.09+0.21 nm) for the x (y)-mode,
respectively.

Next, we show the performance stability of the present
CPCC over the tuning range. The obtained Q-values against
As-values are plotted in Fig. 4a3. Blue (red) circles corre-
spond to the x (y)-mode. The Q-value increases with the 4,
-value from 1368 (1750) to 1528 (2035) for the x (y)-mode.
The obtained Q-values show fluctuation around the mean
value of 1446465 (1887+117) for the x (y)-mode.

The measured Q-value versus 4,.-value corresponding
to the simulation predicted values are shown in Fig. 4b3.
Blue (red) circles correspond to the x (y)-mode. The verti-
cal error bars are due to the fluctuations in the A,..-value
and the cavity mode width. The measured Q-values show
fluctuation around the mean value of 1517+122 (1689+93)
for the x (y)-mode. The measured Q-values for the y-mode
are higher than the x-mode as predicted by the simulations.
The measured behavior reproduced the simulation predicted
results as shown in Fig. 4a3. Note that cavity finesse can
be estimated to be 25(+2) using the measured cavity mode
width and effective cavity length of 22 ym.

The simulated 7),-values versus the 4, -values are plotted
in Fig. 4a4. Blue (red) circles correspond to the x (y)-mode.
The T)-value is almost kept constant over the tuning range
for the x (y)-mode, suggesting stable performance of the
present CPCC owing to the small slat angle. Note that the
uniform variation of the slat width (¢) and the defect-width
(wg) from the bottom end to the top end of the DMG, lead-
ing to uniform scattering loss over the tuning range. The
obtained 7,-values show fluctuation around a mean value of
0.83 +0.01(0.64 + 0.02) for the x (y)-mode.

The measured 7 -values versus 4,.-values corresponding
to the simulation predicted values are shown in Fig. 4b4.
Blue (red) circles correspond to the x (y)-mode. The vertical
error bars are mainly due to the fluctuations in the injected
source used for the measurement. The measured 7),-val-
ues show fluctuation around the mean value of 0.71+ 0.10
(0.53 £ 0.08) for the x (y)-mode. The measured 7),-values
for the y-mode are lower than the x-mode as predicted by
the simulations.

5 Discussion
Regarding the slope of the cavity tuning, S, the deviation

from the simulation predicted value is about 4.5% (4.2%)
for the x (y)-mode. This may be due to the fabrication
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imperfections in the grating period (4,) of the DMG.
Regarding the A,-value, the discrepancy from the simula-
tion predicted value is about 1.23 nm (1.69 nm) for the x
(y)-mode. This may be due to the fabrication fluctuations
in the nanofiber diameter (2a) and the A,-value. We meas-
ured the 2a-value using scanning electron microscope and
confirmed it to be close to the simulation set value of 510
nm. It should be mentioned that the measurement accuracy
in 2a-value is + 5 nm. Using the measured 4,-values and
assuming the fluctuations in the A -value to be around + 0.5
nm, we estimate the 2a-value to be 514 +4 nm [20, 22]. This
implies that the nanofiber diameter (2a) is thicker than the
simulation set value.

Regarding the separation in Aj-values for the x- and
y-modes, the discrepancy from the simulation predicted
value is about 0.4 nm. This may be due to thicker nanofiber
diameter, which was used for current experiments. Simu-
lations suggest that the separation is dependent on the
2a-value. By setting the 2a-value to be 520 nm, the simula-
tion predicted value for the separation is 1.49 nm.

Although the experimental discrepancies exist, it should
be mentioned that the obtained S-value and Aj-value are
in good agreement with the simulation predicted values
within the experimental errors. The measured and simula-
tion results clearly demonstrate that the tunability for the
present CPCC is about +10 nm around the designed wave-
length of 640 nm.

Regarding the measured Q-values, the deviation from the
simulation predicted values are about 1-17% (3—17%) for the
x (y)-mode. This may be due to the fabrication fluctuation in
the slat width (¢) and the defect-width (wg) over the DMG
length, leading to a non-uniform scattering loss. Although
the measured Q-value behavior for the x and y-modes quali-
tatively reproduced the simulation predicted behavior, quan-
titatively the observed difference in the measured Q-value
between the x and y-mode was smaller than the expected
difference. This may be due to the uncertainties involved
in the experiments, originating from the fabrication uncer-
tainties in both the slat width and the defect-width over the
DMG length and the polarization uncertainty in the cavity.
The measured 7),-values are deviated from the simulation
predicted values by about 1-33% (1-36%) for the x (y)-
mode. This may be due to the fabrication imperfections in
the slat width (#) and the defect-width (wg) over the DMG
length, leading to a non-uniform scattering loss. Although
the fluctuations in the measured results exists, the simulation
and experimental results clearly demonstrate that the stable
performance of the present CPCC over the tuning range.

Using the measured S-value, we estimate the precision
of the tuning is 7.6 GHz (10.4 pm), considering the ONF
movement resolution along the x-axis to be 250 nm. The
tuning precision can be improved by increasing the ONF
movement resolution. Note that the current tuning precision
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is about 1/35 factor of the measured cavity y-mode width
(0.374 nm). We believe that such tuning precision value
would be good enough to perform any cavity-QED experi-
ments. On the other hand, for some applications wider
tunability would be required. Simulations suggest that a
slat tilt angle up to 0.51° can still keep the non-degrading
performance in terms of quality factor and cavity mode
transmission over the tuning range. We can tune the cavity
resonance wavelength up to + 30 nm around 640 nm using
the slat angle of 0.51°. One can realize the tuning of +50
nm using a slat tilt angle of 0.85°. In this case, however the
cavity peak transmission value would be reduced.

6 Summary

In this paper, we have demonstrated the design and imple-
mentation of tunable composite photonic crystal cavity on
an optical nanofiber. The numerical and experimental results
have clearly shown that the composite cavity method can be
extended to a tunable cavity scheme without suffering from
any additional scattering loss. Experimental results have
reproduced the simulated results successfully. Although dis-
cussions were restricted to a symmetric cavity structure, this
method can be extended to any asymmetric cavity structure,
such as one-side cavity. The present method can readily be
applied to ONF cavity-QED works with narrow bandwidth
quantum emitters such as laser cooled atoms [23], quantum
dots at cryogenic temperatures [21, 24], and silicon vacancy
centers in nano-diamonds [25], and may open new avenues
and lay a versatile platform in the fields of quantum optics
and nano-photonics.
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