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We demonstrate a diamond photonics platform with integrated suspended waveguide-cavity
structures and two dimensional photonic crystal (PhC) cavities. PhC cavities with quality factors
exceeding 2800 have been fabricated using a top-down approach from thin nanocrystalline
diamond films. The developed technological process allows one to access these cavities in a fully
planar geometry, including light injection and collection from the outside using lensed-fibers. This
diamond platform opens the road to large scale fabrication of photonics devices including optical
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4764548]
sensor chips. V

Diamond is an attractive material for optics and integrated photonics.1 Its wide bandgap offers transparency in a
large spectral range from ultraviolet to far infrared, together
with a high refractive index. Diamond possesses a wide variety of optically active color centers that can be used as efficient internal sources.2 Moreover, diamond surfaces can be
functionalized for fabricating highly stable and selective biological interfaces, a property that is particularly desirable for
the realization of optical biosensors.3 Finally, its high thermal conductivity and the absence of two-photon absorption
phenomena in a large spectral range make diamond a material adapted to applications involving high power densities
such as third harmonic generation4 or stimulated Raman
scattering.5 In order for diamond to reach its full potential in
photonics devices, for example, as an optical biosensor, it is
necessary to confine light in high quality factor and small
mode volume cavities as well as to couple light efficiently
into them. A monolithic diamond photonics architecture is
expected to offer more flexibility and scalability than hybrid
approaches.6,7 Here we demonstrate a diamond photonics
platform with integrated suspended waveguide-cavity structures that can be accessed in a fully planar geometry from
the outside using lensed-fibers or microscope objectives.
These structures are fabricated in nanocrystalline diamond
films grown on a two-inch silicon wafer. These films allow
large scale processing contrary to single crystalline diamond
wafers whose size is smaller than one square centimeter. In
this work, two dimensional photonic crystal (PhC) cavities
with quality factor exceeding 2800 and modal volume near
2:1ðk=nÞ3 in a nanocrystalline diamond membrane have
been fabricated using a top-down approach with standard
semiconductor processing techniques.
Nanocrystalline diamond films were deposited using
chemical vapor deposition assisted by microwave plasma
(MPCVD) technique onto two-inch silicon substrates.8 The
nanoseeding technique is used to initiate the diamond
growth.9 The typical film thickness used in this study is
400 nm. The diamond grain size is around 10 nm near the Si
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substrate and around 100 nm near the surface. The surface
roughness of the 400-nm thick diamond film is around 10 nm
with a peak to valley roughness that can reach 80 nm.10 This
roughness prevents the use of electronic lithography technique and the achievement of high quality (Q) factor cavities
due to the strong scattering at the surface. To smooth the
rough polycrystalline diamond layer, a 200-nm thick hydrogen silsesquioxane (HSQ) layer is first spun coated on the
rough polycrystalline diamond layer and baked on a hot
plate. This results in a smooth surface silica-like layer on top
of the sample. The layers are then etched using an inductively coupled plasma (ICP) reactive ion etching with oxygen and argon gases. Oxygen is used to etch the diamond,
and the argon concentration is adjusted so that the etching
speeds of both silica and diamond are equal (Fig. 1(a)). Once
the diamond has been smoothed, silica residues are removed
in hydrofluoridric acid. This process is similar but simpler
than the one described in Ref. 10 since it avoids the use of a
mechanical polishing step. Figure 1(b) shows the measurement of the resulting surface roughness using an atomic
force microscope. The root mean square (RMS) roughness is
equal to 1.6 nm only, and the peak to valley roughness is
below 10 nm. These values are slightly better than those
reported in Ref. 10 and are not easily reached with direct
mechanical polishing.11
The next processing step consists in the realization of
the PhC cavities and other photonic structures necessary for
the coupling of light. To improve the coupling of light into

FIG. 1. (a) SEM view of a rough polycrystalline diamond layer covered by a
flat silica layer during the smoothing process. (b) Atomic force microscope
(AFM) image of the fully smoothed polycrystalline diamond. The measured
RMS roughness is 1.6 nm.
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the photonic crystals, ridge waveguides ended by inverted
tapers are added at the end of the PhC as can be seen on the
schematic view of the whole experimental structure in Fig.
2(a). The 200-nm wide taper tip allows to delocalize the
mode field profile from the waveguide core and to increase
the mode overlap with the mode of the optical fibers.12
Because the PhC membranes are suspended in air, we
also suspended the ridge access waveguides by nanotethers.
The whole structure is 500-lm long, and this architecture
appears as an efficient, simple, and reproducible way to
probe PhC cavity transmission in an entirely planar geometry
as we already showed on silicon.13–15 This geometry, which
requires only one lithography step and has not been yet used
for coupling diamond photonic crystals from the outside, is
much more compact than the ones that rely on in- and outcoupling towards the vertical direction as in Refs. 16 and 17.
Because we used only standard and scalable semiconductor
processing techniques, several hundreds of cavities are fabricated simultaneously, and three of them are displayed in Fig.
2(b). The equivalent angle of the air holes sidewall with the
vertical direction remains below 3 as can be seen on Fig.
2(c). In silicon PhCs, such an angle theoretically allows for
quality factors up to 3  106.18 Figures 2(d) and 2(e) show
scanning electronic microscope (SEM) views of the PhC and
of a nanotether before the partial etching of the silicon substrate to free the diamond membrane. The whole fabrication
process consists in the following standard steps: a 110-nm
thick layer of silica is first deposited by plasma enhanced
chemical vapor deposition (PECVD) on the top of the
smoothed diamond layer. Electron-beam resist is then spun
on the surface, and the photonic crystal and the access waveguides are patterned in the resist using electronic lithography. The pattern is transferred from the resist to silica using
reactive ion etching (RIE) and then from the silica to the dia-

FIG. 2. Fabricated structures. (a) Schematic view of the fabricated structure.
(b) SEM view of three photonic crystal cavities with their access waveguides
suspended by nanotethers. (c) Cross section of an etched hole in nanocrystalline diamond layer before the removal of the silica mask. (d) Tilted view
(45 ) of a PhC and its access waveguide. (e) Tilted closed view of the access
waveguide and a nanotether, the width of which is 70 nm at the side supporting the waveguide.
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mond using an ICP RIE based on a pure O2 chemistry. The
remaining silica mask is removed in hydrofluoridric acid.
Finally, the silicon substrate is then partially etched to free
the diamond membrane using a vapor phase isotropic XeF2
etching process. The XeF2 reacts with the uncovered silicon
beneath the holes of the diamond structure, and the etching
time is adjusted to remove 4 microns of silicon.
Electromagnetic simulations were performed to determine the geometry of the PhC cavity that can achieve high
quality factors in diamond. Photonic crystal cavities as fabricated from hetero-structures19 or with a local width modulation of a line defect20 are known to provide the highest
quality factor Q in silicon PhC cavities with Q factor higher
than 1  106 and modal volume of the order of ðk=nÞ3 . To
achieve such a high quality factor, the latter cavities require
the precise displacement of holes in a PhC in the nanometer
range. This precision is within reach for our electronic lithography system since we recently succeeded to experimentally measure PhC cavities with quality factors up to 2  106
in silicon.13 Figure 3(a) shows the studied cavity structure in
diamond made using the width modulation technique.20 In
fact, the cavity design is very similar to the one we realized
21
in silicon-on-insulator.
pﬃﬃﬃ The waveguide is defined by a
width equal to 0:98a 3, where a is the PhC period. The four
holes (red) in the center are shifted by a distance s in a direction perpendicular to the waveguide axis, and the adjacent
holes (orange and yellow) are shifted by a distance of 2 s/3
and s/3, respectively. The photonic crystal waveguide acts as
a barrier for the cavity mode, and the length of this barrier

FIG. 3. Structure and simulations. (a) Structure of the cavity: the holes in
warm colors define the cavity. For clarity, the shifts have been exaggerated.
The red, orange, and yellow holes are shifted by a distance s, 2 s/3, and s/3,
respectively. (b) Simulated quality factor and modal volume of the cavities
as a function of the normalized shift. (c) Module of the electric field component perpendicular to the waveguide axis (arbitrary unit).
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determines the coupling of the cavity to the ridge access
waveguides as well as the loaded quality factor of the cavity.
We performed three dimensional finite difference in
time domain (3D FDTD) simulations for PhC cavities fabricated in suspended diamond membrane and studied
pﬃﬃﬃ the Q
factor evolution with the normalized shift s=ða 3Þ of the
four central holes. The normalized hole radius r/a is equal to
0.25, the normalized membrane height h/a is equal to 0.59,
and the refractive index of the diamond is assumed equal to
2.4. As seen on Fig. 3, for a normalized shift of 0.015, corresponding to a shift of 15 nm for a targeted resonance wavelength of 1550 nm, the simulated Q factor can exceed
10  106, a value above the best value ever experimentally
probed on a silicon photonic crystal.22 The modal volume is
equal to 2:4ðk=nÞ3 . The lower refractive index of the diamond as compared to the one of silicon does not significantly
alter the Q factor but the modal volume is 40% larger in diamond than in silicon, because the resonant mode spreads
more in diamond PhC barriers (Fig. 3(c)). We have checked
that an increase of the membrane thickness by 10 nm results
in a resonance frequency shift larger than 0.45 nm confirming that unsmoothed polycrystalline diamond membranes,
with a rms roughness of 10 nm are not suitable for the
achievement of high quality factor. Moreover, the quality
factor remains above 1  106 even for a normalized displacement as high as 0.03, i.e., 30 nm for cavities with resonances
at wavelengths near 1550 nm. We also checked that the Q
factor remains higher than 1  106 if the hole radius is
increased or decreased by 5% on this range of hole shifts.
This contrasts with the previously reported simulation of L7type cavities in diamond where simulated Q factors remained
below 100 00023,24 and with micro-ring resonators that exhibit a similar Q factor but also a modal volume more than
ten times greater.17,25 Indeed, this high Q factor is also similar to the simulated Q factor of cavities made by locally
modifying the refractive index of diamond26 as well as the
one of nanobeam-type cavity.27 However, in this last case,
there is no two-dimensional (2D) photonic bandgap which is
known to inhibit the spontaneous emission, a crucial property to finely control emitters.28 As a consequence, these
simulations show that 2D-photonic crystal cavities with Q
factors of a few millions are within reach with this kind of
design in diamond only if the same fabrication accuracy and
material quality could be achieved on diamond as it is commonly obtained on silicon.
Before measuring the photonic crystals that have been
fabricated according to the previous simulation results, suspended ridge waveguides alone have been first characterized.
Two polarization maintaining lensed optical fibers with spot
diameter of 2:75 lm are aligned in front of the tapers and
are used to collect and inject light into the access waveguides. A tunable laser source with a 1-pm resolution is continuously tuned from 1500 nm to 1630 nm, and the
transmitted power is recorded with a photodiode. Care is
taken to avoid temperature variation of the sample, and the
injected power in the PhC waveguide is 30 lW. The inset in
Fig. 4 shows the optical transmission of a single 500-lm
long suspended ridge waveguide with inverted tapers at its
extremities. As can be seen, the fiber-to-fiber insertion losses
are 24 dB and remain constant within a 61 dB range over a

Appl. Phys. Lett. 101, 171115 (2012)

FIG. 4. Transmission spectra of the photonic crystal cavities for two barrier
lengths. Inset: transmission spectrum of a single suspended ridge waveguide
with its tapers.

wavelength range of 130 nm. From the measurement of similar waveguides with different lengths we deduce an insertion
loss below 6 dB per taper, a value similar to the one achieved
on silicon.13 The propagation loss is between 50 and
70 cm1 , a value much higher than the one we observed in
silicon for a similar geometry. As a consequence, we can
expect that this propagation loss mainly results from the
waveguide roughness, the material absorption, and scattering. The tethers that are 70 nm wide at the side supporting
the waveguide also induce some scattering losses. If we consider that the losses are only due to the material properties,
and not to the fabrication imperfections nor to the tetherinduced losses, we can deduce that we can achieve an equivalent Q factor of Q ¼ ð2pnÞ=ðkaÞ ¼ 1900 with this diamond
film, where n ¼ 2.4 is the refractive index of diamond, k is
the wavelength, and a is the propagation loss. This estimate
is slightly pessimistic since obviously some of the losses
come from fabrication imperfections and not from the material. Higher Q factors are thus expected from PhC cavities
for which the etching process has been optimized.
We measured PhC cavities with a period a ¼ 580 nm.
Figure 4 shows the transmission spectrum of two structures
exhibiting a 15-nm shift of the central holes for a TE polarization (E field parallel to the plane of the PhC). One cavity
(blue curve) has a short barrier of 6 periods while the second
has a 10-period long barrier (red curve). For wavelengths
below 1575 nm, where the photonic crystal acts as a waveguide, a fiber-to-fiber transmission of 27 dB is observed.
The TE photonic band gap in the diamond PhC waveguide is
seen for wavelengths above 1588 nm where the transmission
remains below 45 dB. When the barrier length of the cavity
is varied from 6 to 10 periods, the transmission peak near
1584 nm is reduced from 30 dB to 40 dB while at the
same time the full width at half maximum is reduced from
1.7 nm to 0.56 nm. This peak is clearly associated with the
cavity mode as confirmed from the observation of the emitted light from the surface here observed using an infrared
camera. Moreover, the stability of the resonance frequency
from one cavity to the other indicates a good fabrication
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reproducibility. The quality factor for the sample with a longer barrier is above 2800. Considering cavities with small
mode volume of 2ðk=nÞ3 , this value of the Q factor is
much higher than all previously reported measured Q factors
in polycrystalline23 or monocrystalline diamond.24 Q factors
of similar magnitude have been achieved for other cavities
with larger hole shifts. This low sensitivity to the design parameters as well as the fact that the Q factor values for two
very different geometries, a photonic crystal and a suspended
waveguide, are of the same order seem to indicate that the Q
factor is not limited by the geometrical imperfections of the
fabricated PhC holes but rather by the material absorption
and scattering. This will be confirmed by the use of diamond
films with different grain sizes and surfaces treatments since
it is difficult to estimate the roughness induced by the etching process on the whole vertical profile from SEM measurements as well as the refractive index change that may be
induced by the etching process on the hole surface.29
In conclusion, we have developed a simple technological processing method enabling the fabrication of diamond
PhC cavities and waveguides towards planar photonic circuits. We have reached a record Q factor value of 2800 with
a small mode volume of 2:1ðk=nÞ3 in a cavity obtained from
a local width modulation of a PhC waveguide made from
nanocrystalline diamond. By improving the polycrystalline
diamond quality and grain size, we expect to reach quality
factors above 10 000 with larger grains. The reproducible
fabrication of hundreds of cavities with quality factors of a
few thousands on two-inch wafers opens the route to many
applications not requiring extremely high Q factors including
biological sensing with photonic crystals structures.30
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