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1. Introduction

The negatively charged nitrogen vacancy (NV) center is a
localized atomic size defect in the diamond crystal lattice which
exhibits extraordinary features, most prominently long spin
coherence time at room temperature.[1–5]

Diamond-based photonic integrated circuits (PIC) comprise a
platform harnessing its outstanding material properties for the
generation, manipulation, and detection of quantum states of
light.[6–9] Combining carbon-based photonics and color centers
enables miniaturization and scaling of numerous applications,
spanning from quantum sensing to quantum information and
computing.[10–13]

A limitation of the use of NV centers is the relatively small
fraction (around 3%) of emission to the zero-phonon line
(ZPL) at 637 nm, as compared to the large-phonon sideband

spanning more than a hundred nano-
meters to the infrared. Purcell enhance-
ment of the ZPL emission by use of
cavities is one approach to improve on this
issue for single NVs.[12] Due to the high
refractive index of diamond (2.4), micror-
ing resonators with little bending losses
can be realized.[12,13] These devices are
important building blocks in integrated
photonics commonly used in optical mod-
ulators, optical switches, optical frequency
combs, sensors or lasers.[14]

Several demonstrations of microring
cavities have been based on a diamond-
on-insulator platform (DOI).[12,13] In our

work, cavities are fabricated via Faraday cage-angled etching of
highly nitrogen-doped diamond layers.[14–17] This approach
presents several advantages, the most prominent being simplic-
ity of the process chain and efficient use of the bulk diamond
material. DOI processes typically require membranes of some
10 μm thickness with surface roughness below 1 nm rms which
are expensive and not readily available in high numbers.
Furthermore, dry chemical thinning of the diamond layer to
below 1 μm is limited to small areas by the membrane
wedge. A second approach pioneered by the Prawer group
takes advantage of the creation of a graphitized buried layer
via MeV energy ion implantation.[18] This method is scalable
to larger surfaces and enables for precise control of the
diamond membranes. However, the crystal quality of the
implanted layers is limited and typically requires a chemical
vapor deposition (CVD) overgrowth process. The presented bulk
process requires only low-cost diamond substrates and the pro-
cessable rms surface roughness can be up to two orders of mag-
nitude higher as will be described in detail in the upcoming
sections.

2. Experimental Section

High-pressure high-temperature (HPHT) Ib diamond seed
crystals were used for the process development and fabrication
of the photonic devices. Nitrogen-doped epitaxial overgrowth was
performed with subsequent definition of a metal etch mask via
electron beam lithography. Finally, the waveguide structures
were undercut via inductively coupled plasma (ICP) etching
using a Faraday cage.
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2.1. Diamond Substrates

Microwave plasma-enhanced chemical vapor deposition
(MWPECVD) of diamond was carried out for the deposition
of intrinsic and thin, nitrogen-doped, functional diamond
layers. Details of the growth development have been reported
elsewhere.[19,20] For the films used in this work, we employed
a 915MHz reactor with purified gases (hydrogen, methane) to
enable growth on a circular area with 6 00 diameter for high-
throughput processes. All films used were grown on double-side
polished HPHT-type Ib diamond seed crystals (MB optics) with
low-fluorescent background and roughly 300 μm thickness. For
process developments, such substrates were also used either as
obtained or after intrinsic overgrowth (�20 μm after polishing).
The N-doped functional layers were deposited on a 4–5 μm
intrinsic buffer layer with N/C ratios of 5000 ppm (sample
1) and 20 000 ppm (sample 2). Based on the growth rates and
doping efficiencies determined for thicker films grown at the
same condition, the N-doped layer had an estimated thickness
of 500 nm at 4 ppm p1 density (sample 1) and 700 nm at
15 ppm p1 density (sample 2). Root-mean-square roughness of
the as-grown surfaces was determined to be around 15 nm.

2.2. Electron Beam Lithography

In order to define structures below 100 nm lateral dimension,
electron beam lithography (Jeol 9500FS) processes were carried
out at 100 keV acceleration voltage and 900 μC cm�2 dose.

Due to the simplicity of the approach and high lateral resolu-
tion, single-layer negative tone resists were commonly relied on.
However, there were disadvantages in making use of hydrogen
silsesquioxane (HSQ) as etch hard mask on small substrates such
as diamond. Inhomogeneities in the layer thickness after spin
coating were on the order of hundreds of nanometers and limit
the homogeneity and reproducibility of the plasma etching results.

Therefore, in this work, a double-layer polymethyl methacry-
late (PMMA) resist was chosen for consecutive metal lift-off. It
consisted of a 300 nm-thick MMA/MAA copolymer bottom resist
and a 100 nm 950 k PMMA top resist (MicroChem Corp.).
Development after exposure was performed with a mixture
(3:1) of isopropanol and methyl isobutyl ketone (MIBK) for four
minutes. We estimated the minimal achievable critical dimen-
sion of our process to be around 50 nm as determined via scan-
ning electron microscopy (SEM). A parameter of importance for

etching was the selectivity S defined as the relation between the
etch rates of the target material and the mask material. Due to
their high selectivity, metal hard masks were chosen. While
Titanium was shown to yield S> 100, sidewall roughness and
redeposition were shown to be an issue during dry etching.[17]

Therefore, 80 nm Nickel (S� 20) was electron beam evaporated.
This resulted in visibly reduced sidewall roughness which is crit-
ical for waveguide fabrication.

Finally, the lift-of process consisted of a 30-minute acetone dip
at a temperature of 40 °C and a consecutive high-pressure
dimethyl sulfoxide (DMSO) solvent step at 10 bars of pressure.

2.3. Faraday Cage-Angled Oxygen Dry Etching

The Ni metal hard mask was transferred to the diamond
substrate via ICP etching. In order to fabricate lateral diamond
waveguides from bulk material, free-standing structures were
required. The latter was challenging to realize, and two main
approaches were proposed: Faraday cage-angled etching[14–16]

and quasi-isotropic dry etching.[21] The former method was used
in this work and prior investigations.[17] For this method, a metal
cage with angled surfaces was placed over the sample and thus
the charged particles within the etch plasma were accelerated
toward the target under an angle. Figure 1 left depicts the cage
design in use, consisting of a tent-like aluminum body with
clamped stainless steel wire gratings at 45° (250 μm wire
diameter and 750 μm mesh pitch).

The center image depicts a conical geometry cage milled from
solid aluminum. This type of Faraday cage enables etching from
a multitude of directions for circularly symmetric structures. The
right side shows a cage for quadridirectional etching in the form
of a truncated pyramid. The clamped grating allows for varying
the parameters of pitch and gap widths without having to man-
ufacture several cages. These parameters have a significant
influence on the angular distribution of the etching ions.[16]

The chosen etching parameters (Sentech SI500) are depicted
in Table 1. Platen powers were chosen slightly lower than in prior

Figure 1. Left: Faraday cage with tent-like geometry for bidirectional etching. Middle: conical-shape Faraday cage for circularly symmetric etching at 45°
angle. Right: 60° truncated pyramid geometry cage with clamped wire grating (scalebar 10mm).

Table 1. ICP parameters for diamond etch recipes.

Parameter
[units]

Pressure
[Pascal]

Temperature
[°C]

Platen
power [W]

ICP
power [W]

Oxygen
flow [sccm]

vertical etch 1.3 20 45 700 30

FCAE etch 0.6 20 25 700 30
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works in order to protect the hard mask from erosion and rede-
position effects. A typical metal mask geometry is shown on the
left side of Figure 2, featuring critical dimensions below 100 nm.

Prior to the cage process, a 4-minute vertical etch was per-
formed with an increased platen power of 45W and a pressure
of 1.3 Pa. The etch depth was determined to be about 800 nm via
laser microscopy (Keyence VK-X200K).

In the next step, the 45° bidirectional cage (Figure 1 left) was
placed over the diamond sample. For an approximatively circu-
larly symmetric undercut, the orientation of the cage was
switched every 2min between two alternating positions of 45°
and 135° with respect to the (110) sample edge. A typical result
is depicted via SEM imaging on the right side of Figure 2 after
28min total etch time.

Vertical etch rate of the process was verified to be 150 nm per
minute while the lateral etch rate was found to be 10 nm/minute
with an overall etch depth of 2900 nm. The nickel hard mask
edge eroded at a lateral speed of 1.6 nm per min which could
be corrected via design bias if required. A variation of the tether
geometry was realized for one sample in order to correct for the
shrinking due to erosion. While the lateral anchor width was
chosen to be 100 nm for the first batch (Figure 2 left), the width
was increased to 180 nm (Figure 2 right) and a tapered section
was added to the anchor.

In order to visualize the advantages of the monolithic bulk
manufacturing, Figure 3 depicts large-area SEM images of a
typical processed diamond sample.

The lift-off process enables structuring of the sample surface
up to the edges of the substrate since it suffers less from resist
edge beading. 100 fields of 250� 250 μm size were lithographi-
cally defined yielding a total of about 6000 photonic devices per
3� 3mm diamond substrate.

2.4. Optical Simulation

The cross section of the diamond rings and ridges etched by the
Faraday cage method is a roughly equilateral triangle, as deduced
via SEM. To choose an appropriate lateral width for these trian-
gles, we chose the optical confinement factor of the fundamental
mode as the figure of merit. The optical confinement factor Γ can
be calculated as

Γ ¼
R
core jEðx, yÞj2dxdyR
all jEðx, yÞj2dxdy

(1)

where Eðx, yÞ is the electric field distribution, and the x–y plane
refers to the cross-section plane. It has been demonstrated
in ref. [13] that for a diamond ridge with a square cross section,
a width of 300 nm provides sufficient optical confinement to
enable meaningful waveguiding. We therefore chose the lateral
width of our triangular cross-section ridge to enable the same
optical confinement factor as that of a 300 nm square cross-
section ridge. The optical confinement factor of the latter is 84%.

Figure 2. Left: SEM image of 80 nm nickel mask of waveguide structure on sample 1. A microring resonator is placed close to a tapered bus guide
terminated by a grating coupler element (1000 nm scalebar). Right: FCAE-etched free-standing device SEM image taken under 30° tilt (1000 nm scalebar).

Figure 3. Left: 30° tilted SEM image of typical free-standing lateral waveguide devices. (10 μm scalebar). Right: SEM overview image of diamond sample
after processing. (200 μm scalebar).
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Shown in Figure 4 (left panel) are the calculated optical-field
confinement factors of the fundamental transverse electric
mode, as a function of the lateral width of the diamond rings
and ridges with triangular cross sections. At the width of
470 nm, the optical-field confinement factor reaches a value of
84%, which is equivalent to the value for a waveguide with square
cross section of 300 nm in width and therefore our optimized
choice. Figure 4 (right panel) shows the calculated 2D electric
field (absolute value |E|) distribution of the fundamental mode
for the case w= 470 nm. The wavelength used in this calculation
was 637 nm corresponding to the NV center ZPL.

A diameter of 4.5 μm was chosen for the microrings in order
to directly compare the device to prior work on DOI devices.[8,9]

3. Discussion

The emission properties of the NVs embedded in the processed
devices were characterized via wide-field photoluminescence
(PL), micro-PL (μ-PL), as well as cathodoluminescence (CL).

3.1. Photoluminescence Characterization

In order to verify the lateral distribution of NV centers, wide-field
images were taken in a home-built setup projecting the NV fluo-
rescence onto a camera. An image of sample 1 is depicted on the
left side of Figure 5. The waist of the excitation beam was roughly
400 μm and excitation power was 300 μW. While the large depth
of field of the objective leads to detection of the NV background
in the HPHT substrate, the etched devices are visible with high
contrast, indicating the complete removal of the NV-doped epi-
taxial layer around and underneath the structures. This finding is
verified via scanning confocal PL scans taken on a home-built
setup and displayed for sample 1 on the right side in
Figure 5.[22] Excitation wavelength was 532 nm for both
measurements.

PL spectra were taken for sample 2 on a number of microrings
revealing a set of resonant lines with a maximum of 70%
increased detected fluorescence as compared to the incoherent
background emission of the NV sidebands. The extracted free
spectral range at 680 nm is �13 nm (7.9 THz) and agrees well

Figure 4. Left: Calculated optical-field confinement factor as a function of the lateral width of the diamond rings and ridges with triangular cross sections.
At the width of 470 nm, the optical-field confinement factor reaches a value of 84%, which is equivalent to the value for a ridge with square cross section of
300 nm in width. Right: Calculated cross-sectional electric-field (absolute value, fundamental mode) distribution for a ridge with w= 470 nm. The
diamond is surrounded by air (500 nm scalebar).

Figure 5. Left: Wide-field PL image of etched diamond sample 1. Right: μ-PL scan of PIC devices of the same substrate. High contrast shows removal of
NV-doped layer.
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with the expected value of 13.6 nm. The latter can be calculated in
first-order approximation in dispersion and expressed as a
wavelength difference with the equation

FSRλ ¼
λ2

n L
(2)

With the wavelength λ of 680 nm, the ring circumference
L was 14 μm and the diamond’s refractive index n was 2.4.
Full-width-half-maximum (FWHM) line widths of 1–3 nm were
extracted from the data. Finesse (4–9) appears to be low for the
investigated type of resonator.

Several factors can hinder the correct measurement of high-
quality (Q) factor modes (i.e., the resonant modes of the ring).
First, the detected photons in the confocal volume have perpen-
dicular direction of propagation with respect to the ones travel-
ling in the guided modes. Therefore, the measured resonant
lines in Figure 6 originate from leakage or scattering of the
guidedmodes circulating in the lateral plane to the perpendicular
detection direction. This means that low-finesse optical modes
with high scattering rates could dominate the measurement

while high-finesse guided modes are harder to detect since
the photons are not emitted vertically from the waveguides.
As the waveguides support higher-order lateral modes with
enhanced electric field strength close to the sidewalls, this is a
possible explanation. Furthermore, narrow lines with low count
rates are challenging to identify on the high count-rate back-
ground of the isotropic NV sideband fluorescence. Lateral trans-
mission and reflection measurements are necessary to further
investigate the matter. Therefore, our setup is currently being
modified to allow for displaced excitation. This would enable
the independent detection of the guided photons and the iso-
tropically emitted PL signals.

3.2. Cathodoluminescence Characterization

The μ-PL characterizations are limited by optical diffraction to
�300 nm and therefore CL scans were recorded (Jeol JSM-
7610F) to inspect the submicrometer features of the produced
cavities. An exemplary scan at 30° tilt angle is depicted in
Figure 7. On the left-hand side, the SEM image of a device with

Figure 6. Left: PL spectra of sample 2 as a function of wavelength. Inset: μ-PL scan of the investigated microring. Right: Close-up view of the spectral
maximum and the strongest resonant lines.

Figure 7. Left: Scanning electron microscope image of a ring resonator with vertical tether on sample 1. Large contrast variation due to charging. Right:
CL scan of the structure. The neutral vacancy center is detected with high contrast and in the ring exclusively.
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vertical tether is shown. While charging effects limit the quality
of the scan, the essential features are visible. It can be seen that
the lateral undercut of the structure is not perfectly circularly
symmetric, with one diagonal exhibiting less lateral etching.
The sidewall roughness is significantly higher at these points.
This is a general issue with cages featuring a low number of etch-
ing directions (tent, n-sided pyramid etc.). The side wall rough-
ness is locally increased which we suspect to be the main loss
factor decreasing cavity finesse. On the right hand side of
Figure 7, the corresponding CL scan is depicted. The method
is sensitive only to the neutral charge state of the NV center.
NV0 signal is clearly detected in the ring with very high signal
to noise while no color centers are detected in the bulk.

4. Conclusion

In the presented work, we realized scalable, lateral photonic
devices via Faraday cage-angled etching from single-crystal bulk
diamond with epitaxially grown NV-doped thin layers. Microring
resonators with triangular cross section were optimized via
simulation and etch development. The properties of the cavities
were investigated by means of PL and CL scans. Emission spectra
of the doped NV centers reveal prominent resonant lines on the
NV sideband emission. While the quality of the devices remains
to be improved and investigated in detail, the presented process
enables for scalable fabrication of a large variety of photonic inte-
grated circuits based on single-crystal diamond. In combination
with highly NV-doped CVD layers, this will soon enable the
implementation of heterointegrated photonic networks for
highly sensitive diamond-based quantum sensing.

Spin-based quantum computing requires the local generation
of single NVs in lateral waveguides.[23,24] A promising way to
achieve the latter is via local implantation of nitrogen and will
be the subject of future work.
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P. R. Hemmer, M. Lončar, Nat. Nanotechnol. 2010, 5, 195.

[9] C. Santori, P. E. Barclay, K.-M. C. Fu, R. G. Beausoleil, S. Spillane,
M. Fisch, Nanotechnology 2010, 21, 274008.

[10] S. Tomljenovic-Hanic, T. J. Karle, A. D. Greentree, B. C. Gibson,
B. A. Fairchild, A. Stacey, S. Prawer, in Optical Engineering of
Diamond (Eds: R.P. Mildren, J.R. Rabeau), Wiley-VCH, Weinheim,
Germany 2013.

[11] T. Schröder, S. L. Mouradian, J. Zheng, M. E. Trusheim, M. Walsh,
E. H. Chen, L. Li, I. Bayn, D. Englund, J. Opt. Soc. Am. B 2016, 33, 65.

[12] A. Faraon, P. E. Barclay, C. Santori, K-.C. Fu, R. G. Beausoleil, Nat.
Photonics 2011, 5, 301.

[13] A. Faraon, C. Santori, Z. Huang, K. C. Fu, V. M. Acosta, D. Fattal,
R. G. Beausoleil, New J. Phys. 2013, 15, 025010.

[14] P. Latawiec, V. Venkataraman, M. J. Burek, B. J. M. Hausmann,
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