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ABSTRACT

We discuss a compact QED system of Germanium Vacancy(GeV) centres coupled to high quality factor silicon
nitride nanobeam Photonic crystal(PhC) cavities. Devices with a quality factor of 24,000 around the zero-phonon
line of the GeV center in diamond are demonstrated with an efficient fiber-to-waveguide coupling platform. We
also present a method for fiber-waveguide coupling that allows seamless transition of photons from optical fibers
into photonics devices and vice versa. Our method uses conical tapered optical fibers (with a tapering angle of
∼ 4◦) that are coupled over ∼ 11µm to a silicon nitride (Si3N4) waveguide taper (with a tapering angle of ∼
1◦) achieving upto ∼ 96% coupling efficiency.
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1. INTRODUCTION

The novel researches in quantum information processing has increased the demands for a robust scalable platform
to realize an efficient quantum interface between light and matter. The capability of such systems has played
an important role for many applications ranging from optical sensing and metrology1 to quantum information
and quantum computation.2 A Cavity QED system3,4 is one of the most promising type of platforms which
may involves a 2 or 3 energy level atomic system coupled to an optical resonator to allow a coherent energy
exchange in form of photons. Photonic crystal (PhC) cavities have recently emerged as a scalable platform for
efficient light-matter interactions due to their small mode volumes accompanied with high quality factors.5–9

In this framework, Si3N4 offers advantages due to its wide band gap and compatibility with standard CMOS
processes. In this report, we demonstrate nanobeam PhC cavities with a quality factor of about 24,000. The
efficient technique for coupling of fiber and cavity is based on evanescent coupling from a suspended waveguide
to a biconical fiber taper with an efficiency over 90%. Here, we employ the same principle using a single-sided
optical fiber tip and demonstrate a coupling efficiency of 96%.10

Figure 1. Sketch of Si3N4 nanobeam PhC cavity design adopted from Ahn et al.11
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2. FREE STANDING SILICON NITRIDE CAVITY

The device proposed by Ahn et al.11,12 based on quadratic tapering method is used in which the nanobeam width
is varied adiabatically while other parameters are unvaried, as depicted in Fig. 1. We focused on TE modes since
the TM bandgap is absent. The parameters have been adjusted such that the simulated intrinsic quality factor
reaches ∼ 106 and the spacing between holes is set to match the resonant frequency with the target frequency
around 602 nm, the zero-phonon line emission of the GeV color center in a diamond. Fabrication process of such
cavities uses EBL and plasma etching technique.13 See Fig. 2.

Figure 2. SEM images of Si3N4 nanobeam PhC cavities and free standing waveguide tapered at the end

For the quality factor measurement, a tunable laser was used and scanned around the TE fundamental mode,
see Fig. 3(a). The experimentally measured quality factors is ranging from 18,000 to 24,000.

The light couples to the device using a single mode optical fiber tip that is coupled to the waveguide taper.
This coupling technique is based on adiabatic transfer of an optical power between an optical fiber mode and
a waveguide fundamental mode. The key idea is to change the effective refractive index of the target mode
gently such that all the optical power are contained in the same mode profile. Therefore, the criterion of an
adiabatic transfer is fulfilled if the change in the effective refractive index of the fundamental mode is less than
the difference between effective refractive index of the fundamental mode and the nearest mode. This requires
the tapering length to be longer than so-called beat length, the length over which the optical power could leak
into a another mode.

Figure 3. (a) Schematic quality factor measurement of the Si3N4 nanobeam PhC cavity. (b) upper: Spectrum measured
using schematic shown in Fig 4(a) lower: scanned APD signal.

The beat length is given by Zb = λ
ηeff,1−ηeff,2

and it corresponds to about 2µm and the waveguide is stretched

over 10µm to ensure the stability of the optical fiber tip.

Chemical wet etching process to fabricate the conical optical fiber tip. A single mode fiber is dunked in
hydrofluoric acid(HF) covered by an organic solvent (e.g. xylene) to provide a oil-water interface. About 2-3
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cm fiber is stripped and the non-stripped fiber is clamped on a motorized stage to control the pulling up speed
via a motor controller. The stripped fiber diameter continues to shrink gradually as it is pulled out of the HF
solution. The height of the oil-water interface mainly depends on the fiber diameter and the surface tension
difference between the acid and the organic solvent. The speed of pulling up the fiber is optimized so to achieve
the desired angle dictated by the criterion of adiabatic transition of the fiber mode over the tapering region.

The coupling efficiency (µc) between optical fibers and suspended Si3N4 cavities is measured using a super-
continuum laser which is launched into a dichroic mirror and then polarized before coupled into the fiber network
where two photodetectors (PD1 and PD2) are used to record the ratio between the incoming and reflected optical
power (γ) . See Fig 4. The optical fiber is placed on top of a 3-axis stage controlled precisely by a piezo controller.
Next, we connect a retroreflector device to the incoming beam instead of the optical fiber. The resulting ratio of
obtained from two photodetectors (η) is used to calculate the coupling efficiency given by µ2

c = γ
ηµBragg

13 , where

µBragg is the reflection of the cavity Bragg mirror which is assumed to be unity. For optical fibers with high
power transmission, we routinely achieve a coupling efficiency µc > 90%. The maximum coupling efficiency we
have achieved is µc = 96% ± 2%. The error bar reflects the fluctuations in the data collected by photodetectors
which is averaged over a long period.

Figure 4. (a) Schematic optical characterization of the coupling between a Si3N4 nanobeam PhC cavity and an optical
fiber. (b) Optical micrograph of a waveguide coupled to an optical fiber obtained from CCD camera. Reprinted from Fig
5.13

3. SUMMARY

Fabrication and characterization of nanobeam PhC cavities based on silicon nitride at visible wavelengths has
been presented. We were able to demonstrate devices with quality factors higher than 104 by scanning laser
around the cavity resonance. Specifically, we aim to integrate diamond color centers with silicon nitride photonics
platform to realize an efficient light-matter interface.The technique presented here for coupling light from an
optical fiber to on-chip suspended Si3N4 nanobeam PhC cavities achieving coupling efficiency upto 96% can
be applied to similar platforms. A promising start for coupling cavity and single photon emitter is by placing
emitter at point of maximum field inside cavity. In our case, we first position GeV nanodiamonds14,15 of sizes
about 10-15nm on Si3N4 mask substrate precisely and observing optical active ones under confocal and then
carrying out the fabrication of cavity around the optically active nanodiamond.
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