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ABSTRACT: Color centers in diamond have widespread utility in quantum
technologies, but their creation process remains stochastic in nature. Deterministic
creation of color centers in device-ready diamond platforms can improve the yield,
scalability, and integration. Recent work using pulsed laser excitation has shown
impressive progress in deterministically creating defects in bulk diamond. Here, we
extend this laser-writing process into nanophotonic devices etched into diamond
membranes, including nanopillars and photonic resonators with writing and subsequent
readout occurring in situ at cryogenic temperatures. We demonstrate the optically
driven creation of carbon vacancy (GR1) and nitrogen vacancy (NV) centers in
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diamond nanopillars and observe enhanced photoluminescence collection from them.
We also fabricate bullseye resonators and leverage their cavity modes to locally amplify the laser-writing field, yielding defect creation
with picojoule write-pulse energies 100 times lower than those typically used in bulk diamond demonstrations.

KEYWORDS: laser writing, diamond nanophotonics, color centers, cavity coupling, bullseye antennas, nanopillars

C olor centers in diamond, such as negatively charged
nitrogen vacancy (NV) centers, have excellent spin and
optical properties’ and are widely utilized in quantum
sensingz_5 and networking.6’7 However, while these technol-
ogies would greatly benefit from precise defect localization and
controlled optical interfacing, most methods for generating
color centers are highly stochastic. Thermal annealing is
commonly used to mobilize vacancies, generated by ion or
electron bombardment, to combine stochastically with
dopants.”” More localized methods, such as masked
implantation, enable accurate spatial positioning but lack
precise control over the number of color centers at each site.

Recently, laser writing has emerged as an alternative method
to generate localized color centers in diamond and other wide-
bandgap semiconductors.'”"" Laser writing utilizes ultrashort
high-energy optical pulses to generate hot excitons, which then
relax, delivering energy to the lattice locally,n’13 creating
localized vacancies. Most of the existing laser writing work has
shown generation of color centers in diamond'* and SiC'*'°
using wavefront correction'” and a Solid Immersion Lens
(SIL),"* but with furnace annealing which still results in
stochastic distributions. Alternatively, subsequent laser pulses
can mobilize the vacancies and encourage binding with
substitutional nitrogen in the lattice, resulting in near-unity
yield of deterministic NV creation.'®

Spatially controlled color center generation in photonic
devices, commonly used in sensing and networking applica-
tions, can improve the yield and scalability of diamond-based
quantum technologies. The common approach of fabricating
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devices around randomly distributed quantum defects is a
time-intensive process and exacerbates defect-device coupling
errors. Recent attempts to integrate photonics with laser-
written defects (e.§., with femtosecond laser-enabled photonic
circuit fabrication”™*') incur significant signal loss due to
detrimental surface modifications.

In this work, we have developed device-integrated laser
writing in diamond membranes to simultaneously address the
challenges of color center creation, readout, and photonic
integration. To ensure that our system can be integrated with a
wide array of classical and quantum technologies, we perform
laser writing in 300 nm thick diamond membranes, a versatile
platform that can be integrated into complex heterogeneous
material architectures while maintaining compatibility with
coherent color centers,””* advanced strain engineering, and
photonic crystal cavities with record performance.””** The use
of a thin-film membrane on thermal oxide wafers also allows us
to bypass angled-etch and undercutting processes, which
usually result in more complicated procedures, unwanted
surface roughness, and polishing-induced thickness varia-
tions.”> Extending laser writing to easily heterogeneously
integrable diamond membranes broadens the method’s
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Figure 1. Laser writing in diamond nanopillars. (a) Schematic of a diamond nanopillar sitting on HSQ-covered thermal oxide with a single spin at
the center of the pillar emitting into the monitor on top, with pulsed Ti:Saph-excitation for color center creation. (b,c) Angled SEM of 300 nm tall
diamond pillars with 400—120 nm diameters. (d) SEM image of a 15 X 3 array of nanopillars. Diameters increase toward the right in steps of 20
nm, starting at 120 nm, with each column containing a set of equal diameters. (e) PL spectra before and after laser irradiation showing creation of
color centers (the break in spectra around 710 nm is an artifact of the spectrometer’s stitching function). (f) Sharp peaks at 576, 638, and 741 nm
indicating creation of NV°, NV~, and GR1. (g) Increase in the GR1 PL signal from an array of 45 nanopillars individually irradiated with 408 pJ of
pulse energy. The PL signal is normalized to the volume under excitation, determined by the volume of the structure (nanopillars) or the laser spot

size (bare membrane).

compatibility with hybrid quantum systems and advanced
device architectures.

We leverage the field intensity enhancement in nano-
photonic structures, commonly used in quantum technologies,
to locally create vacancies and color centers within devices.
The field intensity enhancement locally lowers the laser power
threshold for vacancy and color center creation. As a result,
unlike previous laser writing protocols,'”'” this method
circumvents the need for high-NA objectives, spatial light
modulators (SLMs), and SILs and relaxes demands on the
laser source, reducing cost and footprint. The use of intensity
enhancement to create colocalized color centers opens a
pathway toward cavity-confined creation of spin-photon
interfaces in which the color center is preferentially created
at the cavity field maximum within the cavity-enhanced
volume. The nanophotonic devices, including nanopillars and
bullseye cavities, can also improve collection efficiency (CE) in
comparison with bulk diamond and bare membranes.

We begin by investigating color center creation in nitrogen-
implanted diamond nanopillars via pulsed laser irradiation
(Figure la). Diamond nanopillars are broadly utilized to
enhance photon collection from color centers and coupling to
biomolecules for quantum sensing applications.”>**™*" We
fabricate nanopillars using e-beam lithography (Methods),
enabling the creation of multiple sets of diamond nanopillars
with varying diameters. The fabricated nanopillars display
surfaces with no discernible signatures of etching trenches
(Figure 1b—d), reducing detrimental effects from the
fabrication process. Additionally, they showcase improved
photon collection efficiency (SI Figure S1) observed from both
simulations and PL measurements.

To systematically investigate laser-writing in nanopillars, we
use three identical rows of nanopillars with diameters ranging
from 120 to 400 nm (Figure 1d). We perform both laser-
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writing and PL measurements at 4 K to improve the spectral
resolution of the zero phonon lines of different color centers
and vacancies. We irradiate individual nanopillars for 1 s with
177 fs pulses from a Ti:Saph laser operating at a central
wavelength of 750 nm and repetition rate of 76 MHz. Before
and after each irradiation, we measured photoluminescence
spectra from the pillars under 500 yW excitation with a 519
nm green diode laser (Figure le,f). We observe significantly
enhanced emission at the zero-phonon wavelengths corre-
sponding to NV and NV~ along with a phonon sideband and
fluorescence from the underlying substrate (Figure le). With
408 pJ pulse energy, we observe NV formation in 20% (9 out
of 45) of the irradiated pillars (SI Figure S7). These created
color centers are localized within the cross-sectional volume of
the pillar at the jon implantation depth (150 + 8 nm).
Introduction of higher densities of nitrogen dopants in future
studies could improve the yield of color centers in each
nanopillar.

Postirradiation, we also observe consistent enhancement of
GR1 (neutral carbon monovacancies in diamond) photo-
luminescence with pulse energies of 80 p] and above. The
GRIs initially present from growth and ion implantation
processes were used to benchmark the efficiency of the
nanopillar antennas as a function of their radius, which displays
a trend analogous to simulated CE (SI Figure S1). Figure 1g
maps the PL signal amplitude at 741 nm before laser writing
from nanopillars of increasing radius, along with the signal
enhancement after laser writing. We did not observe any
significant correlation between nanopillar radius and PL signal
difference.

Next, we improve our control over the laser-writing process
by utilizing resonant cavity structures that allow for in situ
colocalization with the device. Specifically, we explore bullseye
cavities which are capable of intensity enhancement in a small
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Figure 2. Simulation and experimental characterization of bullseye antennas. (a) Simulated intensity enhancement (IE/E;,|*) of an on-resonance
bullseye antenna with a Gaussian source at 717 nm obtained by placing a 2D vertical monitor across the center of the bullseye cavity. The
implanted layer of dopants is expected to be at 150 nm (marked by a white dashed line). The inset displays a schematic of the cavity labeling the
tunable geometric parameters (radius, pitch, and height). (b) Microscope image of a 9 X 3 array of fabricated bullseyes. (c) SEM image of a
fabricated bullseye. (d) Background-subtracted PL resonance peaks corresponding to bullseyes with varying pitch with radius fixed at 210 nm
(upper panel), varying radius with pitch fixed at 185 nm (lower panel) with their respective quality factors. (e) Linear dependence of resonance
wavelength with respect to radius and pitch variation.
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Figure 3. Cavity-coupled creation of color centers in bullseye antennas. (a) PL map of an array of on-resonance bullseye antennas irradiated with 1s
Ti:Saph illumination with pulse energies ranging from 3 to 256 pJ. (b) Spectra of GR1s and color centers written in an on-resonance bullseye with
10S pJ of pulse energy with unchanged cavity quality even after irradiation. The Ti:Saph center wavelength is denoted as a dashed line with the
fwhm indicated by the shaded region. (c,d) Sharp peaks at 576 and 638 nm indicating creation of NV® and NV, respectively.

cavity mode, allow straightforward coupling to far-field
excitation, and enable efficient photoluminescence collection.*
Variations of these antennas etched into diamond have already
been shown to be a promising avenue for extracting photons
from color centers®" without requiring fine-tuning of spectral
overlap with these centers. Additionally, the bullseye cavities’
smaller footprints (<5 wm) compared to other resonators
result in a compact nanophotonic platform while providing
quality factors on the order of 10%>*

The bullseye device comprises a central disk surrounded by
concentric rings with a pitch determined by the second-order

with a Gaussian source. For a fixed structure height of 300 nm,
these devices show enhancement of 10® times within a mode

3
volume on the order of (%) , shown in Figure 2a.

We utilized the fabrication process established for diamond
nanopillars to fabricate bullseye resonators. After thinning the
diamond membrane to the target height, we fabricate an array
of bullseyes with variable radius and pitch directly into the
diamond (Figure 2b), while keeping the number of rings
constant. A scanning electron microscope (SEM) micrograph
of an individual bullseye reveals clean structures with smooth

Bragg condition. Hence their resonances are tunable by varying
their radius, pitch, and height (inset of Figure 2a), as seen in
finite-difference time-domain (FDTD) simulations (SI Figure
S2). To simulate the intensity enhancement for a given
wavelength, we tune the geometric parameters and excite them

sidewalls (Figure 2c). The set of bullseyes reported here covers
pitches ranging from 165 to 195 nm and radii ranging from
190 to 210 nm.

To characterize the bullseye cavities, we utilize a 519 nm
laser to excite photoluminescence in the underlying HSQ that
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Figure 4. Analysis of laser-induced changes in bare membrane vs in photonic devices. (a) Increase in GR1 counts for increasing pulse energies
below the graphitization thresholds, showing an overall dependence on pulse energies and enhancement effects. A higher PL signal is observed for
the bare membrane after the initial GR1 creation threshold has been crossed compared to the devices. Higher PL signal detected from GRls in a
bare membrane is attributed to the larger illuminated surface area of the bare membrane. (b) Pulse energy thresholds for laser irradiation on bare
membrane vs that in diamond devices. Observed graphitization in on-resonance bullseye antennas occurs at much lower pulse energies than in the

bare membrane.

couples to the photonic structure. We observe quality factors
between 100 and 300 (a set of which is shown in Figure 2d).
Analysis of the entire array of 20 diamond bullseye devices
reveals that the resonance wavelengths depend linearly on
radius (pitch) when pitch (radius) is kept constant (Figure
2e). This result agrees well with FDTD simulations (SI Figure
S2), with a slight red shift (~17 nm) arising from fabrication
imperfections. Precise characterization of these linear relation-
ships provides controlled resonance tuning in the fabrication.
This allows for optimized resonant enhancement of the
Ti:Saph laser across a broad range of wavelengths and
additionally provides an avenue for coresonant outcoupling
with a variety of written color centers including silicon-,
germanium-, nitrogen-, and tin-vacancy centers.

We utilize arrays of bullseye antennas to investigate cavity-
enhanced laser writing. We identify bullseye cavities resonant
at 707 = 2 nm (off-resonance from the Ti:Saph at 717 nm)
and irradiate them with incrementally increasing energies
ranging from 4 pJ to 2.64 nJ. We observe onset of GR1
creation with 80 pJ pulse energy. To investigate the onset of
similar phenomena with on-resonance bullseyes, we utilized an
array of antennas resonant at 717 nm. The bullseye antennas
designed to be resonant at 717 nm show 160X enhancement
according to simulations, with a mode volume of (240 nm)?
(see Methods). The spectral overlap of the Ti:Saph with an
on-resonance antenna is pictorially represented in Figure 3b
(further details are shown in SI Figure S10).

We run a fine sweep to identify the thresholds for the on-
resonance bullseye antennas with pulse energies ranging from 3
to 256 pJ, since we expect damage to start at significantly lower
powers. With increasing irradiation power, the centers of the
bullseyes appear brighter in the PL map, indicating formation
of optically active defects (Figure 3a). PL spectroscopy before
and after laser irradiation shows the controlled formation of
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color centers in the bullseye (Figure 3b—d). A 57.1% creation
efficiency (SI Figure S8) of created color centers (NV~ and/or
NV?) was recorded on irradiating seven identical on-resonance
bullseye antennas with 105 pJ of energy. For on-resonance
with the Ti:Saph at 717 nm, these antennas leverage high
intensity enhancement to lower the required pulse energy. The
cavity resonances remain unaffected after laser writing at 105
pJ, reflecting the photonic structures’ robustness under laser
exposure and their utility for coupling created color centers to
external optics.

To quantify the improvement of the creation process in
resonators, we perform further analysis of different pulse
energy thresholds. We identify critical pulse energies for defect
creation in four relevant platforms: a bare (unstructured)
membrane, nanopillars, off-resonance bullseyes (detuned to
707 + 2 nm), and on-resonance bullseyes (Figure 4a). The
GRI1 creation threshold was observed to be at 4 pJ in on-
resonance bullseyes, which is ~20 times lower than the
diamond membrane. This is clear evidence of an intensity-
enhanced vacancy creation.

Additionally, for pulse energies greater than 80 pJ, we see a
higher GR1 PL signal for the bare membrane in comparison to
the nanostructured devices. While the threshold of GRI1
creation is a function of resonant enhancement, the number of
GR1s formed is a combined function of the resonance and
device volume. The illuminated surface area of the bare
membrane, equal to the spot size of the laser (7(250 nm)?) is
larger than those for the nanopillars (7(120 nm)*) and
bullseyes (7(212 nm)?*) and is potentially responsible for the
higher PL signal detected from GRIs.

To gain further insight, we model the GR1 creation process
in the bare membrane (which begins at 80 pJ) by multiphoton
ionization (MPI).*? Fitting the increase in GRI signal intensity
with respect to pulse energy, we observe a trend compatible
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with the MPI model, with the required photon number being 2
(SI Figure S6). This is lower in comparison to previous studies
that observed a 9-photon requirement.'” The lower photon
requirement could be due to existing vacancies,”* proximity to
surfaces, and difference in substrate thickness as compared to
bulk diamond.

The color center creation itself is a combination of the
nonlinear vacancy creation process and subsequent local laser
annealing, which causes the vacancy to diffuse within the mode
volume of the cavity and combine with a dopant. NV center
creation starts at 80 p] of pulse energy in on-resonance
bullseyes compared to 300 pJ in the other types of devices
(Figure 4b). Interestingly, there was no color center creation
observed in the bare membrane between the GR1 creation and
the graphitization threshold within the pulse energies we did
measurements at. We anticipate this to be due to the high heat
dissipation coefficient of the unstructured diamond mem-
branes, as noted for diamond and SiC in Morelli’'s>> and
Anufriev’s works,36 resulting in the GR1 vacancies remaining
below their thermal mobilization threshold. Decoupling the
creation and annealing pulses and varying the parameters of
each would allow for a further in-depth understanding of the
effect of pulse energy on the yield.

We also characterize the graphitization threshold for each
platform, in which visible damage is observed with optical
microscopy and confirmed through PL mapping and scanning
electron microscopy (SEM) imaging (S1 Figure S1 1). Onset of
damage begins in bare membranes at 1.6 nJ, an order of
magnitude lower than the graphitization threshold for bulk
diamond.”” The lower damage threshold may be attributed to
the MHz repetition rate of the Ti:Saph as compared to
previous works that used kHz lasers® and the reduced heat
dissipation in case of the membranes affixed to glass substrates
compared to bulk.”® Further, we observe a device-dependent
reduction of graphitization pulse energy (Figure 4b). This
effect is strongest for on-resonance bullseyes, with damage
starting at energies as low as 300 pJ due to intensity
enhancement within the cavity mode. For lower pulse energy
sweeps, we find that GR1 and color center creation thresholds
follow a similar platform-dependent trend.

In summary, we established an efficient laser-writing
pathway to create colocalized color centers within nano-
photonic devices in a diamond membrane using picojoules of
pulse energies. Compared to bulk diamond, we have shown a 2
orders of magnitude reduction in pulse energies required to
create these solid-state qubits. Utilizing a simple fabrication
method to create devices ranging from nanometer to ym scale,
our process points toward a scalable photonics platform with
integrated color centers and vacancies. We demonstrated a
repeatable process for device-aligned color centers with
potential use in colocalizing sensing targets for improved
sensing™ and significantly expediting the process of device
integration with color centers. Future work will integrate real-
time monitoring of the photoluminesnce'® to enable fully
deterministic, spatially localized creation of color centers in
nanophotonic devices for hybrid quantum architectures*’
especially utilized for sensing'"** and communication.*’
With further improvement in surface processing and laser-
writing techniques,** we can reliably use this as a viable avenue
to establish solid-state quantum protocols. While this work
focuses on the NV~ center in diamond, the method presented
can be applied to other material systems.”*** Future studies
could examine laser-driven creation of Group IV color centers,

such as tin, silicon, and germanium vacancy centers, in
coresonant structures.”” We also expect plasmonic cavities to
have better mode confinement (i.e, subdiffraction limited
mode volumes) which can potentially lead to improved
localization. A combination of laser writing and masked
implantation can further tighten the spatial precision. By
improving both the formation and efficiency of color centers,
this technique could serve as a reliable avenue to create device-
aligned spin qubits and establish a viable pathway toward
scalable solid-state quantum platforms.

B METHODS

Sample Preparation. The 200 ym X 200 ym diamond
membranes were transferred on thermal oxide chips via the
smart-cut approach.”” The samples were then sent out to be
ion implanted with 'N* ions at a 7° angle with a dose
concentration of 10! ions/cm? at 136 keV energies to ensure
implantation at 150 nm depth. No annealing was performed.

Simulation. We performed all of our simulations with
Lumerical’s FDTD module. For Figure 2a, the source type was
set to a Gaussian in the backward z-direction propagating
toward the sample, focused by a lens of NA 0.85
(experimentally matched) with a radius of 4 pm and a
polarization of 0° and the boundary conditions were set to
Perfectly Matched Layer (PML). In order to obtain the
intensity enhancement of the bullseye antenna, a 2D vertical
(XZ) monitor was placed along the central cross-section of the
bullseye antenna.

For the mode-volume calculation, we used a bullseye
antenna with a radius of 212 nm and a pitch of 207 nm
(resonant at 717 nm) placed with a 3D mode volume monitor
(800 nm X 800 nm X 300 nm) at the center of the bullseye
cavity and used a 717 nm source to excite the mode. The
[eE*av
max(eEz)‘

Fabrication. The diamond membranes were transferred
onto thermal oxide chips and bonded with HSQ. We thinned
the membranes down to the desired height, which in this case
was 300 nm. Followed by a generic cleaning process (acetone,
IPA, and water), we deposited a 30 nm alumina hard mask
using the atomic layer deposition method (Savannah Thermal
ALD, Veeco). The process started with a 90 nm electron beam
resist deposition (ARP6200.04, MicroChem), followed by a 20
nm gold deposition by thermal evaporation (Nexdep PVD
platform, Angstrom Engineering) to prevent charging effects.
Cavity patterns were lithographically defined at a dose of 250
uC/cm® at 100 keV (Raith EBPGS000 plus), and the gold
layer was removed by TFA gold etchant (Transene) afterward.
Exposed patterns were developed in amyl acetate for 30 s,
followed by 2 rounds of 30 s of IPA stopper and 60 s of DI
water rinse. A 30 s ICP RIE etching was then carried out to
transfer the pattern into the alumina hard mask. This was
followed by resist removal in heated N-methyl-2-pyrrolidone
(NMP) at 80 °C. Using the patterned alumina mask, we
conducted another round of ICP RIE etching in 30 s intervals
until the diamond was etched all the way through. A 20 s dip
into aluminum etchant (Type A, Transene) was performed
between each etch step to restrict micromasking. A final diacid
boil (sulfuric + nic acid) at 225 °C was performed to remove
the alumina hard mask as well as surface termination. This
yielded diamond nanopillars and bull-eye cavities with spectral
tunability. The schematic for the fabrication process is
provided in SI Figure S12.

calculation was done using the formula
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Measurement. We cooled the sample inside a Montana
cryostat to 4 K and characterized the diamond bullseye cavities
using a home-built reflection spectroscopy setup with a broad-
band supercontinuum laser (430—2400 nm, SC-OEM YSL
Photonics) and a spectrometer (300 g/mm, Princeton
Instruments). Following this, a PL map was recorded using a
green diode laser (Thorlabs) emitting at 519 nm and an
Excelitas APD. The PL map gives us a confirmed signature of
the background emission of the HSQ amplified by the
photonic devices. Once the resonance of the cavity was
confirmed to be at the target wavelength in the case of the
bullseyes, we tuned the Ti:Saph ultrafast pulsed laser source to
overlap with the resonance wavelength of the bullseye devices.
We ensured mode locking with an autocorrelator (APE) and
characterized the pulse energy by measuring the average power
with a power meter. We tuned pulse energy with a half-
waveplate (Thorlabs). The sample was then irradiated with a
series of 177 fs pulses for vacancy and color center creation.
The pulse energies used for defining the threshold of the
devices (in Figure 4b) were 4, 80, 317, 675, 1112, 1592, 2400,
and 2640 pJ. We additionally explored 4, 28, 80, and 10S p]J for
on-resonance bullseyes since they displayed signs of GRI
creation at 4 pJ pulse energy (not prevalent in the other
devices).The irradiation time, and thus the number of pulses,
was controlled by the opening and closing of an optical shutter
(Thorlabs) and a flipper motor mirror (Thorlabs) mediating
the path of the Ti:Saph to the sample (Figure SS). The devices
were then recharacterized via the PL spectroscopy process
described above, featuring signals from laser-written color
centers. A prominent peak at 741 nm indicated the significant
creation of GR1 centers. The peaks at 575 and 637 nm signify
the creation of NV® and NV, respectively.
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