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Chip-based microcavities coupled to nitrogen-vacancy centers in single
crystal diamond
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Optical coupling of nitrogen-vacancy centers in single-crystal diamond to an on-chip microcavity is
demonstrated. The microcavity is fabricated from a hybrid gallium phosphide and diamond material
system and supports whispering gallery mode resonances with spectrometer resolution limited
Q ⬎ 25 000. © 2009 American Institute of Physics. 关doi:10.1063/1.3262948兴
An outstanding challenge in creating solid state cavity
QED systems1 useful for quantum information processing is
efficient optical coupling to high quality spin qubits.2 The
nitrogen-vacancy 共NV兲 center in diamond is a promising
candidate qubit, as it allows optical readout of long-lived
single electron3 and nuclear4–6 spins. Using coherent optical
control,7 it may be possible to generate single photons8,9 entangled with a single NV spin.2,10 Chip-based nanophotonic
devices, such as microcavities, can play an important role
in these experiments, providing efficient optical coupling
through Purcell-enhanced qubit-photon interactions and scalable optical integration of multiple qubits. Studies of optical
coupling between NVs in diamond nanocrystals and high-Q
dielectric microcavities11–13 have been limited by the relatively poor nanocrystal NV optical properties, and NVs
have not been observed in nanocrystalline diamond
microcavities.14,15 The alternative, nanophotonic coupling to
high quality NVs in single crystal diamond, is challenging,
owing to the difficulty in realizing waveguiding structures
from bulk diamond.
Here we report the demonstration of high-Q microcavities fabricated in single crystal diamond by integrating a patterned high-index waveguiding layer on a diamond substrate,
from which photons couple evanescently to NVs close to the
diamond surface. This approach was first studied in Ref. 16,
where waveguides patterned in a gallium phosphide film
共GaP, nGaP = 3.25兲 were optically coupled to NVs in a diamond substrate 共ndia = 2.42兲. Evanescent coupling was also
used in Ref. 17, where an SiO2 microsphere cavity was
coupled to NVs in a diamond pillar.18 In this letter, we measure coupling between microcavities on-chip and NV centers
in a diamond substrate. The monolithic, chip-based nature of
these devices is amenable to fabrication of more complicated
nanophotonic structures such as photonic crystal nanocavities and waveguides.19 The microcavity Q demonstrated here
shows that it will be possible to efficiently collect NV spontaneous emission with proposed hybrid diamond-GaP photonic crystal devices.19
The devices studied here consist of GaP microdisks supported by a single crystal diamond substrate; a scanning electron microscopy 共SEM兲 image of a device is shown in Fig.
1共a兲. To reduce radiation loss into leaky substrate modes, the
sidewalls of the GaP structure are extended into the diamond.
These hybrid microdisks20 support high-Q whispering gala兲
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lery modes, which interact evanescently with the diamond
substrate. Figures 1共b兲 and 1共c兲 show cross sections of the
electric field of the lowest order whispering gallery modes
with dominantly radial 共TE兲 and vertical 共TM兲 electric field
polarization, calculated using finite difference time domain
共FDTD兲 simulations with eim azimuthal field variation.21
m
These modes are labeled TEm
0 and TM0 , indicating a single
maximum in the radial dimension and azimuthal quantum
number m.
Two hybrid diamond-GaP microdisk samples were fabricated, as summarized in Table I. NVs were created within
⬃200 nm of the diamond surface using N+ ion
implantation, followed by a 1 h, 950 ° C hydrogen-argon
anneal.22–24 The diamond samples were then cleaned in a
H2SO4 : KNO3 共20 ml:1 g, ⬃240 ° C兲 solution. For fabrication of the GaP microdisks, we used a GaP layer 共thickness t兲
grown expitaxially on an AlGaP sacrificial layer on a GaP
substrate. Electron beam lithography followed by
Ar/ BCl3 / Cl2 ECR-RIE anisotropic plasma etching and HF
wet etching 共7% 1:1 HF: H2O兲 was used to define GaP microdisks supported by AlGaP pillars on a GaP substrate.25 To
transfer the microdisks to the diamond sample, a drop of HF
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FIG. 1. 共Color兲 共a兲 SEM image of a hybrid GaP-diamond microdisk. 关共b兲
and 共c兲兴 FDTD simulated field profiles 关Er共r , z兲 and Ez共r , z兲, respectively兴, of
the TEm0 and TMm0 modes. 共d兲 Widefield charge-coupled device camera image of PL from a hybrid microdisk.
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TABLE I. Hybrid microdisk sample properties. HPHT: High pressure, high
temperature.

N+ implantation

Sumitomo
Element 6

250
130

50 keV, 2 ⫻ 1013 / cm2
10 keV, 2 ⫻ 1013 / cm2

was placed on the diamond sample surface and held by surface tension. The GaP microdisk sample was placed with its
top surface facing down on the HF covered diamond surface,
and held in place for 5 min. The HF completely removes the
AlGaP pillars, and the GaP microdisks either fall onto the
diamond surface or attach to the GaP substrate. The GaP
substrate was detached from the diamond in a H2O bath.
After an N2 drying step, a large fraction of the GaP microdisks remain attached to the diamond top surface. An anisotropic O2 plasma ICP-RIE etch was then used to selectively
remove up to 600 nm from the diamond surface not masked
by the GaP structures. As discussed below and in Ref. 19,
extending microdisk sidewalls into the diamond substrate allows smaller structures to be realized for a given radiation
loss limited Q. Although the relative device positions are not
fixed in this work, connected patterns such as integrated photonic crystal devices19 may be compatible with this process.
Optical coupling of NV photoluminescence 共PL兲 into
microdisk modes was studied using a confocal microscope to
optically excite NVs near the microdisk edge, as shown in
Fig. 1共d兲. A green source 共532 nm laser兲 was focused to a
⬃0.5 m diameter spot using a numerical aperture= 0.6 microscope objective. A dichroic mirror and long wavelength
pass filter 共cut-on ⬃540 nm兲 spectrally separated reflected
laser light from the PL. The objective collected PL from a
region of the microdisk edge at an azimuthal coordinate rotated ⬃90° from the excitation spot. This spatial filtering was
accomplished by focusing the collected PL through a 50 m
diameter pinhole at 37.5⫻ magnification.
Figures 2共a兲 and 2共b兲 show typical PL spectra for hybrid
microdisks from the CVD and HPHT samples, respectively.
In both spectra, a broad background corresponding to emission from NV centers is visible, as evidenced by the peak at
 ⬃ 637 nm from the NV− zero phonon line 共ZPL兲, and a
global maximum near 680 nm from phonon assisted NV−
emission. Also visible is bulk diamond Raman emission at
572 nm. Superimposed upon this background are sharp peaks
resulting from NV emission coupled into the microdisk
modes, a fraction of which is then scattered or radiated into
the microscope objective. The CVD device measured in Fig.
2共a兲 has t⬃130 nm, and for  ⬎ 650 nm only supports
high-Q TEm
0 whispering gallery modes. The HPHT device
measured in Fig. 2共b兲 has t ⬃ 250 nm, and in addition to TEm
0
m
m
modes, supports high-Q TMm
0 , TE1 , and TM1 modes. Also
visible in the spectra are low-Q oscillations resulting from
Fabry–Pérot-like transverse modes, whose field distribution
along the microdisk diameter 共d兲 is evident in Fig. 1共d兲. The
difference in measured PL intensity between Figs. 2共a兲 and
2共b兲 is a result of the higher implanted NV density of the
relatively nitrogen rich HPHT sample compared to the CVD
sample.
A spectrum illustrating the detailed mode structure of an
HPHT hybrid microdisk is shown in Fig. 3共a兲. Regularly
spaced sets of resonances with incrementing m numbers are
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FIG. 2. 共Color兲 PL spectra of GaP-diamond microdisks excited with a
532 nm source. Microdisk thickness and diameter d ⬃ 关4.6, 4.5兴 m,
t ⬃ 关130, 250兴 nm for the devices measured in 共a兲 and 共b兲, respectively.
Diamond etch depth h ⬃ 600 nm. Excitation power ⬃2.5 mW.

evident. The polarization and radial mode labels for a given
resonance can be determined by measuring its free spectral
range 共FSR兲 as a function of wavelength, and comparing
with FDTD simulated values. The results are shown in Fig.
3共b兲 for four families of resonances in Fig. 2共b兲; also shown
are FDTD simulated FSR dispersion.
The largest peak in Fig. 3共a兲 is associated with a TMm
0
resonance and has a linewidth that is not measurably broader
than the spectrometer resolution. A fit to this resonance, derived from a Lorentzian convolved with a Gaussian approximation for the system response function 共calibrated using
spectral lines from a Hg lamp兲, is shown in Fig. 3共c兲. The
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FIG. 3. 共Color兲 共a兲 PL spectra of a 关t , d兴 = 关0.25, 6.5兴 m microdisk. From
FDTD simulations. we estimate that 关m1 , m2 , m3兴 = 关83, 82, 77兴. 共b兲 Measured 共top兲 and FDTD calculated 共bottom兲 FSR dispersion of the four
highest-Q sets of modes in Fig. 2共b兲. GaP refractive index dispersion 共Ref.
26兲 was included in FDTD simulations. 共c兲 System response limited lineshape of the TMm0 resonance. Fit of a Lorentzian convolved with the pixelized Gaussian system response shown in red.
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FIG. 4. 共Color兲 Effect of diamond etching on microdisk mode spectra
共关t , d兴 = 关0.130, 4.5兴 m兲. PL spectra 共a兲 before and 共b兲 after 250 nm vertical
diamond etching. Excitation power in 关共a兲 and 共b兲兴 ⬃关0.25, 2.5兴 mW. 共c兲
Wavelength dependence of Q for the TE-0 mode before and after 600 nm
diamond etching. Simulated values for Q shown by solid lines, assuming
1 / Q = 1 / Qrad + 1 / Qi where Qrad共兲 is calculated using FDTD, and Qi = 9000.

best-fit linewidth of the Lorentzian was smaller than the error
in the measured system response, placing a lower limit of
Q ⬎ 2.5⫻ 104. Two other sets of resonances in Fig. 3共a兲, asm
sociated with the TEm
0 and TE1 microdisk modes, also have
linewidths close to the system resolution. An upper limit of
Q ⬍ 7.5⫻ 104 for these resonances was measured by placing
an adjustable interferometer at the spectrometer input to determine the coherence length of light emitted from the unresolved microdisk resonance. The GaP microdisks support
resonances with Q ⬃ 6 ⫻ 104 prior to being transferred to the
diamond substrate, as measured using a fiber taper to evanescently probe the microdisk modes with a tunable laser
source.25 These measurements place an upper bound on the
Q of the GaP-diamond microdisk. For this device, the TMm
0
mode interacts most strongly with NVs near the diamond
surface, as it has both the smallest mode volume, V, and the
largest relative field strength in the diamond substrate, .27
From FDTD simulations, 关V , 兴 = 关43, 0.48兴 for a TM89
0
standing wave mode of this device near  = 637 nm.
Etching the diamond to extend the microdisk sidewalls
into the substrate permits smaller V and larger  devices to
be realized for a given radiation loss limited Q.19 Figures
4共a兲 and 4共b兲 show spectra for a 关d , t兴 = 关4.5, 0.13兴 m hybrid microdisk before and after the diamond etch step. Note
the emergence of a second family of previously low-Q resonances 共the TEm
1 modes, for this device兲 after etching. Prior
to etching the diamond, the TEm
0 mode Q decreases exponentially for  ⬎ 620 nm due to radiation loss. After etching, the
radiation loss cutoff is increased above 780 nm. This is consistent with FDTD simulated Q dispersion, as shown in Fig.
4共c兲, assuming that the device has an intrinsic Qi ⬃ 9000. At
 ⬃ 637 nm, 关V , 兴 = 关18, 0.57兴 for the TE56
0 mode of this device. The relatively low Qi, compared with that of the larger
t device in Fig. 3, is a result of a lower GaP surface quality
and increased surface-field interaction. The etched sidewalls
have a 3 nm rms roughness 共80 nm correlation length兲 due to
suboptimal GaP etching and lithography. It is estimated that
this effect limits Q ⬍ 1.7⫻ 104.28 In addition, the GaP underside has roughness from imperfect electron-beam resist removal. These imperfections can be improved in future
devices.
These results provide a proof-of-principle demonstration
of on-chip nanophotonic devices for efficient NV optical
coupling. The relevant cavity-QED parameters1 for the
关d , t兴 = 关4.5, 0.13兴 m microdisks are 关gZPL ,  , ␥ , ␥ZPL兴 / 2
= 关0.30, 26, 0.013, 0.0004兴 GHz. Here, gZPL is the coupling

strength19 between a single microdisk photon and the NV−
ZPL, for an NV− optimally oriented and positioned at the
diamond surface,  =  / 2Q is the microdisk photon decay
rate, and ␥ and ␥ZPL are the total and ZPL spontaneous emission rates of an NV−. At low temperatures, the ZPL spontaneous emission rate of an optimally positioned NV− into a
microcavity mode is predicted to be enhanced by FZPL ⬃ 17.
This corresponds to coupling ␤ ⬃ 34% of the total NV− spontaneous emission 共e.g., including phonon sideband emission兲
into the microcavity. If the Q of this device can be increased
to 2.5⫻ 104, FZPL ⬃ 47 should be possible. Similarly, a photonic crystal nanocavity19 fabricated from this material system, and supporting resonances with Q ⬎ 104 as demonstrated here, will allow ␤ → 1, and provide a platform for
on-chip integration of multiple devices required by applications in quantum information processing.
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