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Abstract: Nanofiber Bragg cavities (NFBCs) are solid-state microcavities fabricated in an
optical tapered fiber. NFBCs are promising candidates as a platform for photonic quantum
information devices due to their small mode volume, ultra-high coupling efficiencies, and
ultra-wide tunability. However, the quality (Q) factor has been limited to be approximately 250,
which may be due to limitations in the fabrication process. Here we report high Q NFBCs
fabricated using a focused helium ion beam. When an NFBC with grooves of 640 periods is
fabricated, the Q factor is over 4170, which is more than 16 times larger than that previously
fabricated using a focused gallium ion beam.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Efficient coupling of photons emitted from single light emitters into a single-mode fiber is
attractive for photonic and quantum applications, such as bio-sensors [1], low-threshold lasers [2],
and photonic quantum information devices [3–6]. In this context, optical nanofibers are an
excellent platform for such applications. Optical nanofibers are tapered optical fibers with a radius
less than the visible wavelengths at the tapered region [7, 8]. They have a high transmittance
of almost unity and low-loss interconnection to single-mode fibers. They also have a large
evanescent field in the thin region known as the taper waist. For these properties, nanofibers
can realize the efficient input/output of photons to the single mode fiber via the taper waist
without a microscope objective. Nanofibers have thus been used as waveguides to couple photons
into solid-state microcavities [9, 10]. Furthermore, they can efficiently couple photons emitted
from single light emitters into the fundamental mode of a single-mode fiber [11,12]. We have
developed an efficient single photon source with a coupling efficiency of more than 7% by locating
CdSe/ZnS quantum dots on the nanofiber [13]. In addition to this demonstration, there have
been many coupling experiments between nanofibers and single light emitters such as quantum
dots [14,15], molecules [16], nitrogen vacancy centers in diamond [17–20], and hexagonal boron
nitride [21].
Nanofiber cavities, which are optical microcavities embedded in nanofibers, have been

developed to further improve the coupling efficiency [22–26]. We have recently developed
nanofiber Bragg cavities (NFBCs) using a gallium-ion type focused ion beam (FIB). These
NFBCs have a single resonant mode with small mode volume (in the order of λ3) [25]. Coupling
of a CdSe/ZnS quantum dot with the NFBC was demonstrated, and the Purcell enhancement and
coupling efficiency when a single light emitter was placed on the surface of the NFBC was also
numerically analyzed [27]. However, the quality (Q) factors of the NFBCs were approximately
250. A cavity structure of air-nanohole arrays was very recently fabricated on a nanofiber [26,28].
However, the Q factors of the previously reported NFBCs have been limited to a value of several
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hundred [25, 26].
We now aim to improve two aspects of the NFBCs to achieve better Q factors; to reduce

contamination and achieve better resolution. The first issue is contamination by Ga ions during
the fabrication process, which may cause optical losses. The second issue is the accuracy of the
resolution of the Ga FIB. In our previous work, we used a Ga FIB (SMI2050) with a resolution
of a few tens of nanometers, which was insufficient to fabricate the small nanostructures. All
previous fabrications of NFBCs employed Ga FIB.

In this letter, we report high Q factor NFBCs fabricated using a focused helium ion beam (He
FIB) [29]. When an NFBC with grooves of 640 periods was fabricated, the best Q factor that
was achieved (limited by the spectrometer) was 4170, which is over 16 times larger than that
previously reported using a Ga FIB.

2. Methods

2.1. Fabrication of NFBC using focused helium ion beam

An optical nanofiber was first fabricated by heating a single-mode optical fiber (Thorlab 630HP)
with a ceramic heater and stretching it into a fine thread [8, 30]. The waist diameter was reduced
to approximately 300 nm, which maintained single-mode propagation. The nanofiber was fixed
on a U-shaped metal holder using UV adhesive [Fig. 1(a)]. Pigtails at both ends of the nanofiber
are rolled and fixed on the holder using Kapton tape.

Figure 1(b) shows the He FIB (ZEISS “Orion NanoFab”) [29]. A tungsten tip with a three-sided
pyramid, referred to as a trimer, is used as a source to produce the ion beam. A high voltage is
applied to the tip, which produces an extremely high electric field at the apex of the tip. When
He atoms are flowed over the tip, they are attracted to the apex of the tip and ionized. He ions
are then emitted from one atom of the trimer and focused onto the sample after passing through
an aperture, lenses, and scanning deflectors. A resolution of less than 1 nm can be achieved
with the He FIB, due to the short de Broglie wavelength of helium, which is much smaller than
the corresponding electron wavelength. Unlike the Ga FIB, the He FIB is contamination-free
because the gaseous ions go out from the matrix of the sample after fabrication.
The He FIB is periodically irradiated from the top side of the nanofiber. The beam current,

the ion dose, and the dwell time are typically ca. 1 pA, 1.6×10−3 C/cm2, and 1 µs, respectively.
By scanning the focused ion beam perpendicularly to the direction of the long axis of the
nanofiber, the silica glass was sputtered and periodic grooves were fabricated on the nanofiber.
For irradiation from the top side, the groove of the grating is an arch-like shape, as shown in Fig.
2(a). A defect to function as a cavity is introduced between the two gratings. Three types of
NFBCs with total grating periods of 160, 320, and 640 were fabricated to adjust the Q factor.
The fields of view for each grating period for fabrication were 60 µm, 120 µm, and 240 µm,
respectively.

Figure 2(b) shows a scanning ion microscope (SIM) image of the NFBC with a grating period
of 160. The diameter of the nanofiber was estimated to be 310 nm. A defect is observed between
the two Bragg gratings with periodical grooves. The depth of the groove, the length of the pitch,
and the length of the defect were 30 nm, 320 nm, and 840 nm, respectively.

2.2. Optical property measurement of the NFBCs

Transmission spectra were measured to evaluate the optical properties of the NFBCs. A halogen
lamp (AQ4305, Yokogawa) connected with a single-mode fiber was used as the light source.
The polarization of the light from the single-mode fiber was fixed as linear using a polarizer.
After the polarizer, the polarization of the light is adjusted using a polarization controller, which
consists of a half-wave plate and a quarter-wave plate, so that the difference between the peak
value of the resonant peak and the bottom of the stop band becomes a maximum. The light
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Fig. 1. (a) Photograph of the NFBC fixed on a U-shaped metal holder. (b) Schematic
illustration of the He FIB.
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Fig. 2. (a) Schematic illustration of the NFBC. (b) SIM image of the NFBC. The scale bar
is 1 µm.

passing through the polarization controller is connected to the input port of the NFBC. The light
from the output port of the NFBC is measured using a spectrometer (MS257, Oriel Instruments)
with a grating of 1800 grooves and a CCD camera (DU420-OE, Andor). The spectral resolution
of the spectrometer was 0.17 nm. The transmission spectra were normalized with respect to the
transmission of a non-tapered single-mode fiber.

2.3. FDTD simulation for the optical property of the NFBCs

The numerical simulations given in the latter part of this letter are based on a three-dimensional
(3D) finite-difference time-domain (FDTD) simulation using a commercial package (FDTD
Solutions, Lumerical) [27]. The calculation area for the FDTD simulation was set to 106 × 2
× 2 µm3. The diameter of the nanofiber, the depth of the groove, and the length of the defect
used in the calculation model were set to 310 nm, 30 nm, and 840 nm, respectively. These
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parameters were estimated from the SIM image [Fig. 2(b)]. The detailed method to simulate the
transmittance spectra of the NFBCs is given elsewhere [27].

3. Results and discussion

3.1. Transmission spectrum for the NFBC fabricated using He FIB

Figure 3(a) shows the measured transmission spectrum for the NFBC with a grating period
of 160 fabricated using the He FIB shown in Fig. 2(b). The transmittance of the nanofiber
was approximately 0.5, which is different from the numerical simulation [Fig. 3(b)] for ideal
condition. This is due to the losses for the imperfection of the nanofiber structure, the dust on the
surface of the nanofiber, and damage to the nanofiber during the fabrication process. A sharp
resonant peak appeared inside the stop band of the Bragg grating with a width of approximately
8 nm. The height of the peak is almost same as the transmittance outside the stop band. The
resonant wavelength and the linewidth of the peak are 673.8 nm and 1.5 nm, respectively, which
correspond to a Q factor of 450. The difference of the resonant peak from the center of the stop
band is due to the cavity length being 840 nm, which is different from the λ/4-shifted defect.

Figure 3(b) shows the calculated transmission spectrum. The shape of the calculated spectrum
is almost in agreement with the experimental result shown in Fig. 3(a). The length of the groove
pitch is set to 320 nm, which was estimated from the SIM image [Fig. 2(b)]. The calculated
Q factor is 490. The difference of the resonant peak from the center of the stop band is also
reproduced in the calculated spectrum. The inset of Fig. 3(b) shows the calculated cross section
of the normalized electric field distribution at the resonant wavelength. The electric field becomes
a maximum at the center of the cavity. Outside the fiber, large evanescent fields appeared because
the diameter of the fiber (310 nm) is less than half of the resonant wavelength.
Next, these results were compared with the previously observed transmittance spectra of a

NFBC fabricated using the Ga FIB [Fig. 3(c)] [25]. The total number of the grating periods is
160. The observed Q factor was improved from approximately 250 for the NFBC fabricated using
the Ga FIB. In addition, the transmission of the spectrum and the shape of the resonant peak were
also improved due to the improved resolution of the He FIB and a reduction in contamination
during the fabrication process.

3.2. Effect of the grating periods on the transmission spectrum

To improve the Q factor, the total number of grating periods was increased to 320. Figure 4(a)
shows the measured transmission spectrum for the NFBC with 320 grooves. The diameter of the
nanofiber was 304 nm. A sharper resonant peak than that for the NFBC with a grating period of
160 appeared inside the stop band. The wavelength of the peak was 701.78 nm. The linewidth of
the peak was 0.4 nm, which is compensated by deconvolution of the linewidth of the spectrometer.
From the wavelength and the linewidth, the Q factor was estimated to be 1750. The height of
the peak became slightly smaller than the transmittance outside the stop band, which is due to
scattering of the light coupled to the NFBC to outside the nanofiber with an increase in the Q
factor by the grating loss [27].
Figure 4(b) shows the calculated transmission spectrum. The length of the groove pitch was

set to 335 nm. The resonant wavelength and the linewidth of the peak were 701.37 nm and 0.25
nm, respectively. These results are in agreement with a Q factor of 2800. The height of the
resonant peak became smaller than the transmittance outside the stop band as observed in the
experimental transmission spectrum. The linewidth of the stop band was also somewhat broader
than the experimental result. This difference is considered to be due to the inhomogeneity of the
structure caused by charging up of the nanofiber during the fabrication process, the reduction of
the resolution by the large field of view, and the increase in defects induced by the irradiation in
the glass matrix [33].
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Fig. 3. (a) Normalized transmission spectrum for the NFBC fabricated using the He FIB.
The numbers of the grooves is 160. (b) Calculated transmission spectrum. The inset shows
the electric field distribution at the resonant wavelength using the 3D FDTD simulation. The
scale bar is 1 µm. (c) Normalized transmission spectrum for the NFBC fabricated using the
Ga FIB.

To further improve the Q factor, the total number of grating periods was increased up to 640.
Figure 5 shows the observed transmission spectrum for this NFBC. However, the numerical
simulation of the structure using the FDTD was beyond the available computational power. The
diameter of the nanofiber was 306 nm. A resonant peak appeared at 699.80 nm inside the stop
band. The linewidth of the resonant peak was 0.17 nm. These results correspond to a Q factor of
4170. The spectral resolution limited by the grating and the spectrometer was 0.17 nm; therefore,
the actual linewidth of the resonant peak was narrower than this value and means that the actual
Q factor is larger than 4170, which is at least 16 times larger than the NFBC fabricated using the
Ga FIB.
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Fig. 4. (a) Measured transmission spectrum and (b) calculated transmission spectrum for
an NFBC with 320 grooves.
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Fig. 5. Normalized transmission spectrum for an NFBC with 640 grooves.

3.3. Numerical estimation of the coupling efficiency achievable using the realized
NFBCs

When the single light emitter is placed at a maximum of the electric field in the cavity, the
enhancement factor P of the photon emission is given by the Purcell formula: [9, 31]

P =
3

4π2

(
λ

n

)3 Q
Veff

, (1)

where n is the refractive index. Veff is the effective mode volume. It is defined as [27, 31, 32]

Veff =

∫
V ε(r)|E(r)|

2d3r
max[ε(r)|E(r)|2]

, (2)

where ε(r) is the dielectric constant and E(r) is the electric field. The NFBC with a total grating
period of 160 had a Q factor of 450 and an effective mode volume of 2.3 µm3. Taking these
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values into account, P was estimated to be 1.5. When the total grating number was increased to
320 and 640, P was estimated to be at least 6.5 and 15.3, respectively.
When there is no propagation loss at the grating of the NFBC, the coupling efficiency η is

expressed as a ratio of the cavity-modified emission rate into the nanofiber to the total emission
rate as follows [34],

η =
Pγ f

γ0 + Pγ f
, (3)

where γ0 is the rate of spontaneous emission into radiation modes and γ f is the rate of the
spontaneous emission into the nanofiber.
Here we assume that the coupling efficiency of the nanofiber without the cavity structure is

0.3, i.e., the rate of γ f and γ0 is 3/7. Under this assumption, the coupling efficiency η of the
NFBC with P = 1.5 becomes 0.39. η for the NFBCs with P = 6.5 and 15.3 also increase to 0.74
and 0.87, respectively. Note that the reduction of the transmission would cause the decrease in
the coupling efficiency of the actual device.

4. Conclusion

In conclusion, we have reported the fabrication of high-quality (Q) factor nanofiber Bragg cavities
fabricated using a helium FIB. When the NFBC was fabricated with 160 grooves, the observed Q
factor increased to 450 from Q = 250 for our previous NFBC fabricated using a Ga FIB. As the
number of the grooves was increased up to 640, the Q factor of the NFBC was over 4170, which
was the resolution limit of the spectrometer. These improvements were due to the improved
resolution and reduced contamination with the He FIB.

The transmission of the resonant peak decreased when the number of the grooves was increased.
To prevent this reduction, it would be useful to fabricate low-loss structures, such as sinusoidal or
tapering grooves [35–37]. We consider that the development of high Q NFBCs will be beneficial
for the realization of fiber-integrated quantum information devices that exploit a large Purcell
enhancement [3–6].
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