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We experimentally realized an optical nanofiber-based cavity by combining a 1-D photonic crystal

and Bragg grating structures. The cavity morphology comprises a periodic, triplex air-cube

introduced at the waist of the nanofiber. The cavity has been theoretically characterized using

finite-difference time-domain simulations to obtain the reflection and transmission spectra. We

have also experimentally measured the transmission spectra, and a Q-factor of �784 6 87 for a

very short periodic structure has been observed. The structure provides strong confinement of

the cavity field, and its potential for optical network integration makes it an ideal candidate for

use in nanophotonic and quantum information systems. VC 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4986789]

Strong, efficient light-matter interactions are essential

for quantum computing and quantum communication sys-

tems. To reduce complexity and to compensate for the gen-

eral unsatisfactory scalability of light-matter systems in free

space, optical nanofibers (ONFs) are proving to be a very

useful tool for hybrid quantum devices wherein quantum

emitters are coupled to the fiber-guided modes via the eva-

nescent field extending from the nanofiber surface. In recent

years, significant research effort has been invested in order

to interface various quantum emitters, including neutral

atoms,1–7 semiconductor quantum dots,8,9 and nitrogen-

vacancy centers in diamond,10 to the light fields of ONFs.

With tight, transverse-mode confinement and the relatively

high intensity of the evanescent field, efficient light-matter

coupling11 and low optical power nonlinearities12–14 have

been experimentally demonstrated.

It is well-known that the strength of light-matter interac-

tions can be further augmented by confining photons in an

optical cavity,15 and the same is true if the cavity is fabri-

cated from micro- or nanofibers. Various nanofiber-based

resonator structures have been designed, such as the fiber

Bragg grating (FBG) cavity16,17 or the photonic crystal

(PhC) cavity.18 Wuttke et al. reported the construction of a

Fabry-P�erot type optical microresonator on a tapered ONF

by linking two normal fiber Bragg grating mirrors.19

Similarly, Kato and Aoki experimentally observed strong

coupling between single atoms and a moderate-finesse cavity

in an all-fiber cavity system.20 A nanofiber Bragg grating

cavity can also be made directly using a focused ion beam

(FIB) technique, which can modify or mill the fiber surface

with nanometer precision. This technique has been used

to fabricate various structures on micro/nanofibers.21–24

Furthermore, introducing photonic crystal structures into

optical nanofibers also allows cavity formation, such as was

done via the femtosecond laser ablation method for produc-

ing a nanocrater array.25 Keloth et al. used this technique to

create a centimeter-long cavity on a nanofiber and they

proposed that the system could be used for strong-coupling

cavity quantum electrodynamics (cQED).26 A composite

photonic crystal cavity based on a nanofiber has also been

formed by means of an external grating27 and has been used

to observe a significant enhancement of the spontaneous

emission rate of single quantum dots into nanofiber guided

modes.8,9,28 In addition, a fiber ring cavity containing a

nanofiber section that strongly couples atoms to the cavity

mode has been studied recently.29,30

In this letter, we investigate a nanofiber-based cavity

that incorporates both FBG and PhC structures in order to

exploit the advantages of both simultaneously. Mirrors in

this cavity exhibit higher reflectivity than other reported

nanofiber cavities that are based solely on Bragg gratings or

on 1-D photonic crystal structures. Accordingly, we can

obtain a higher quality factor for the FBG-PhC cavities under

similar conditions. This paves the way for studying optical

nonlinear effects and cavity QED using nanofiber-based

cavities.

Figure 1 shows a schematic diagram of the nanofiber

cavity, which is sandwiched between two cavity mirrors,

fabricated by etching periodic structures on the nanofiber.

For ONFs, we explore three cavity mirror morphologies:

Type I: 1-D photonic crystal, type II: Bragg grating, and type

III: a combination of both. Figure 1 also illustrates (grey,

“cavity region”) the fabricated section with a cavity length

equal to the distance between the two mirror inner edges.

Figure 1(b) shows a type III structure. The parameters to

consider include the etch width, a, etch depth, b, period, c,

and etch number, N, for a nanofiber of diameter D. The

refractive index for the SiO2 air-clad fiber is 1.45. The wave-

length band of the cavity is determined by the period, c, and

exhibits a red-shift as c increases. The etch width and depth

influence the spatial modulation depth of the fiber’s effective

refractive index. The depth of the wavelength band increases

proportionally to the etch area (a� b). The parameters are,

however, restricted by experimental limitations.

We have characterized the transmission and reflection

of the three ONF cavity types using a finite-difference,a)Electronic mail: wenfang.li@oist.jp
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time-domain method (FDTD, Photon Design Inc.), given by

Fig. 2. A resonance wavelength close to the rubidium D2 line

was chosen (near 780 nm), in accordance with our experi-

mental conditions. The parameters were defined as follows:

a¼ b¼ 100 nm; c¼ 310 nm, and N was varied from 5 to 30

with a step size of 5.

The simulation results indicate that some behaviors are

common to each of the three structures. Transmission dips

and reflection peaks become more prominent with increasing

period number, N, as expected. The transmission and reflec-

tion bands centered around 800 nm almost agree with initial

design values. Periodic fabrication in type I and type III

leads to apparent changes in the optical spectra, whereas it

has relatively little effect in the type II structure. Moreover,

the spectral width for the type III structures is much wider

and deeper than that for type I and type II. From these obser-

vations, the type III cavity mirrors retain better optical char-

acteristics with high reflectivity, caused by increased

modulation of the etched-air units. In the following, we will

focus on this type of cavity.

Figure 3 shows the simulated transmission for a type III

cavity with N¼ 20, a cavity length of 2 lm, and an etched

unit of a� b¼ 100� 100 nm2, c¼ 310 nm, and D¼ 800 nm.

The existence of periodic air-filled etchings breaks the sym-

metry of the ONF at the waist, causing a strong polarization

dependence of the electric field at this location. The reso-

nance peak of the x-polarization (x-pol) mode is narrower

than that of the y-polarization (y-pol) mode as the light field

due to the x-polarization experiences more modulation of the

refractive index.

We fabricated the cavity using the following steps:

ONFs are made by pulling a standard optical fiber (SM-800,

FIBERCORE Inc.) over a hydrogen/oxygen flame until the

central waist region is reduced to a diameter near or below

that of the input laser wavelength. A nanofiber with a diame-

ter of �800 nm and a transmission of �94% could be fabri-

cated using the standard flame-brushing technique.31 The

tapered fiber is then transferred to an FIB machine (Helios

NanoLab DualBeam G3 UC system) in order to etch the type

III triplex periodic air cubes in the waist region. Before

etching with the FIB, the ONF was coated with a conductive,

transparent material, i.e., indium titanium oxide (ITO), in

order to mitigate charging effects. A 30 keV, 7 pA beam of

Gaþ with a beam diameter of �9 nm was focused on the

ITO-coated ONF for milling the structure. Scanning electron

microscopy (SEM) was used to measure the ONF diameters

and to monitor the fiber during the milling process. A sample

FIG. 1. (a) Schematics of three different ONF cavity structures (types I, II,

and III). (b) Design of a type III cavity. Indicated are the cavity parameters,

etch width, a, etch depth, b, period, c, and etch numbers, N, for a nanofiber

of diameter D.

FIG. 2. Transmission and reflection spectra for different ONF structures for

different period numbers (from 5 to 30). (a), (b), and (c) are the normalized

transmission spectra for type I, II, and III structures, respectively. The solid

lines correspond to the transmission spectra, which exhibit increasing trans-

mission depth as the period number, N, increases. The dashed lines corre-

spond to reflection spectra.

FIG. 3. Finite-different time-domain (FDTD) simulated transmission spectra

of an ONF cavity with type III structure. The red solid line represents the

x-polarization (x-pol) mode, whereas the dashed black line shows the

y-polarization (y-pol) mode with a periodic number N¼ 20 and a defect mir-

ror distance of 2 lm.
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SEM image of an ONF cavity is given in Fig. 4, for a fiber

diameter of �830 nm, a milled-air square length of �100 nm, a

fabrication period of �310 nm, and a cavity length of�2.2 lm.

After fabrication, the cavity was optically characterized

by recording transmission spectra in the usual manner. A

super-continuum laser (NKT Photonics Inc.) was coupled to

the fiber pigtails, and the cavity transmission from the fiber

output was recorded on a laser spectrum analyzer (LSA)

(HighFinesse Inc.). This was repeated for different input

polarizations. By rotating a half wavelength plate, the input

polarization was aligned with the two orthogonally polarized

cavity modes. Figure 5(a) shows the normalized cavity trans-

mission spectrum for the two orthogonal polarizations (x-pol

and y-pol mode). The corresponding FDTD simulation

results are given in Fig. 5(b), where the red, solid line corre-

sponds to the x-pol mode (x-direction) input and the black,

solid line represents the y-pol mode (y-direction) input. The

two sets of transmission spectra differ slightly. The reso-

nance wavelengths measured in the experiment agree well

with the rubidium D2 line resonance simulation results. The

full-width-at-half-maximum (FWHM) of the peaks can be

determined using a Lorentz function fit, and for the FDTD

simulations, the values are found to be 1.96 6 0.12 nm for a

center wavelength of 781.1 6 0.02 nm and 4.64 6 0.42 nm for

a wavelength of 785.27 6 0.10 nm, while the results for the

experiment are 0.96 6 0.10 nm at the central wavelength of

752.32 6 0.02 nm and 5.65 6 0.21 nm at 786.11 6 0.05 nm.

Based on these values, we estimate that the Q-factor of our

cavity can reach 784 6 87. The simulation also indicates that

the width of the transmission peak could be decreased to

GHz or even MHz linewidth if the cavity length were

increased. This compact design nanofiber cavity with a mode

volume of �1.05 lm3 using the parameters in Fig. 4 shows

great potential for application in strongly coupled solid-state,

or even atomic, systems as a means of enhancing the interac-

tion strength between single quantum emitters and single

photons.

In summary, we have developed a compact nanofiber

optical cavity using a focused ion beam technique. Mirror

structures on an ONF exhibit a higher reflectivity than those

of Bragg gratings and 1-D photonic crystal structures. The

cavity’s optical characteristics were investigated both experi-

mentally and by FDTD simulation. The measured resonance

wavelength is in good agreement with the theoretical reso-

nance around the D2 line. With a relatively short period, we

estimate that the quality factor of the cavity structure could

reach 784 6 87, which can be further improved by increasing

the cavity length or mirror periods. For example, increasing

the number of periods to 60 could increase the reflectance of

the mirrors to about 99%. These structures provide a very

promising micro- or nanosized solid-state platform for study-

ing coherent dynamics of single emitters, such as quantum

dots or atoms, in nanofiber-based cavities or for constructing

quantum networks.
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