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Major Goals: Quantum information science requires networks of entangled quantum bits (qubits) on which single
and multi-qubit logic operations can be performed. Thanks to rapid progress over recent years, color centers in
diamond have emerged as one of the leading contenders for scalable and reliable qubits. The diamond nitrogen
vacancy (NV) center has spin coherence times in excess of one second, and the spin state can be optically
initialized, manipulated, and measured. Quantum network protocols based on these unique qualities have been
proposed, two-node quantum networks have been implemented over more than 1 km (by far the longest distance
for all matter qubits), and full quantum error correction has been demonstrated including non-destructive
measurements and real-time feedback.

The goal of this program was to develop diamond fabrication processes to achieve high-performance nanophotonic
spin-photon interfaces to these color centers.

Accomplishments: Due to the limitations of bulk optical diamonds, entanglement rates are typically a factor of
100 times less than the electron spin coherence time. We have identified two key improvements that must be made
in order to increase the entanglement rate and enable large scale quantum information processors: (T1) High
quality factor (Q) cavities in diamond for enhanced emission to a single frequency and spatial mode. The Englund
group has expanded their 1D cavity fabrication to more novel cavity designs as well as introduced techniques to
fabricate 2D structures. and (T2) Defect-free nanofabrication in order to reduce spectral diffusion and dephasing
through a stable electronic environment. To this end, we have investigated the effect of the implantation process
and are looking into the further effect of different fabrication techniques on the NV properties.

Training Opportunities: Three PhD students were trained through this DURIP to develop high-performance
diamond nanophotonic devices: Sara Mouradian, Noel Wan, and Kevin Chen.
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Abstract: A central goal in quantum information science is the efficient generation of entanglement across
multiple quantum memories while maintaining individual qubit control and readout. Atom-like emitters in solids
have emerged as promising quantum memories, with demonstrations of spin-spin entanglement via both optical
and magnetic interactions. Magnetic coupling in particular is attractive for efficient and deterministic entanglement
gates, but requires nanoscopic separation between qubits, raising the problem of individual addressing. Here we
demonstrate a technique that enables the control and measurement of individual solid-state quantum memories
within an ensemble, well below the diffraction limit. The technique relies on optical addressing of spin-dependent
transitions, and makes use of a feature unique to solid-state qubits: the built-in inhomogeneous distribution of
emitters resulting from lattice strain. This allows measurement of individual spins in a manner that protects the
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Abstract: The advancement of quantum optical science and technology with solid-state emitters such as
nitrogen-vacancy (NV) centers in diamond critically relies on the coherence of the emitters' optical transitions. A
widely employed strategy to create NV centers at precisely controlled locations is nitrogen ion implantation
followed by a high-temperature annealing process. We report on experimental data directly correlating the NV
center optical coherence to the origin of the nitrogen atom. These studies reveal low-strain, narrow-optical-
linewidth (<500 MHz) NV centers formed from naturally-occurring 14N atoms. In contrast, NV centers formed from
implanted 15N atoms exhibit significantly broadened optical transitions (>1 GHz) and higher strain. The data show
that the poor optical coherence of the NV centers formed from implanted nitrogen is not due to an intrinsic effect
related to the diamond or isotope. These results have immediate implications for the positioning accuracy of
current NV cente
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Program Objective: This program is focused on the development of high-performance
nanofabrication of diamond nanophotonic structures, by a combination optimized diamond
fabrication evaluated by automated cryogenic spectroscopy.

Scientific Approach: The program developed advanced reactive ion etching as well as a
cryogenic microscope to characterize quantum emitters within the diamond. The DURIP
program was highly successful in enabling several experimental advances, including reliable
fabrication of diamond nanophotonic devices[1] and emitter studies[2—5].

Abstract

Quantum computation and communication systems leverage the advantages of quantum
information to surpass their classical counterparts in certain applications. Impurities in diamond,
such as the nitrogen vacancy (NV) color center, have emerged as a leading platform for
solid-state spin qubits. High-fidelity logic gates, error correction, and long-range entanglement
have already been demonstrated, but improved experimental techniques are required to enable
scalable systems. In these solid-state systems, the quality of the substrate patterning is of utmost
importance - contamination leads to decoherence of quantum properties, lowering entanglement
rates and decreasing fidelity. Here, we report on a systematic architecture to study how different
etching techniques impact the properties of carbon-based semiconductor quantum devices.

Project Narrative

Quantum information science requires networks of entangled quantum bits (qubits) on which
single and multi-qubit logic operations can be performed. Thanks to rapid progress over recent
years, color centers in diamond have emerged as one of the leading contenders for scalable and
reliable qubits. The diamond nitrogen vacancy (NV) center has spin coherence times in excess of
one second, and the spin state can be optically initialized, manipulated, and measured. Quantum
network protocols based on these unique qualities have been proposed, two-node quantum
networks have been implemented over more than 1 km (by far the longest distance for all matter
qubits)[6], and full quantum error correction has been demonstrated including non-destructive
measurements and real-time feedback[7].
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Due to the limitations of bulk optical diamonds, entanglement rates are typically a factor of 100
times less than the electron spin coherence time. We have identified two key improvements that
must be made in order to increase the entanglement rate and enable large scale quantum
information processors: (T1) High quality factor (Q) cavities in diamond for enhanced emission
to a single frequency and spatial mode. The Englund group has expanded their 1D cavity
fabrication to more novel cavity designs as well as introduced techniques to fabricate 2D
structures. and (T2) Defect-free nanofabrication in order to reduce spectral diffusion and
dephasing through a stable electronic environment. To this end, we have investigated the effect
of the implantation process and are looking into the further effect of different fabrication
techniques on the NV properties.

T1: High Quality Fabrication of Diamond Nanophotonic Structures

The entanglement rate between two NVs is proportional to the product of the collection
efficiencies into the same spatial and frequency mode for two NV centers. Thus, the emission
enhancement into a single spatial and frequency mode through the Purcell effect is essential to
achieve multiple successful entanglement gates during the spin coherence time. For example, a >
10x increase into a single frequency and spatial mode is needed to improve the current
entanglement success rate (1 per 250s) to below the longest reported electron spin coherence
time (1s) Moreover, network protocols which rely on high cooperativity NV-cavity systems
(C>20) can generate topological cluster states, which is a promising platform for quantum
information processing. Their low mode volume and high quality factor (Q) makes photonic
crystal (PhC) cavities the current leader in Purcell enhancement. Decades of advances in silicon
fabrication have enabled PhC cavities with Q>10"6. However, the fabrication of high Q cavities
in diamond lags behind due to the difficulties of fabricating suspended PhC cavities.

While trying to improve the physical process of the etching technique, we also intend to broaden
the types of tools accessible. While one dimensional photonic crystals are generally easier to
etch with current diamond etching techniques, two dimensional designs provide better simulated
quality factors and mode volumes due to the additional dimension of confinement. Figure 1
shows our recent success at expanding the 1 dimensional photonic crystal etching technique to a
2 dimensions.
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Figure 1. (a) Electron-beam lithography and oxygen plasma reactive-ion etching (RIE) of
diamond (grey) using a SiN hard mask (blue). (b) Atomic layer deposition (ALD) of alumina
(black) for conformal protection. (c) Break-through etch of alumina using tetrafluoromethane.
(d) RIE of diamond. (e) Quasi-isotropic undercut of diamond using oxygen plasma (f) Mask
removal using hydrofluoric acid. (g-i) Scanning electron micrograph (SEM) of a 2D photonic
crystals suspended in air. [1]

Taking into account observations and insights gleaned from T2, we have also begun considering
novel cavity designs. While still under investigation, we believe the quantum emitter’s proximity
to an etched surface introduces more noise due to surface states that arise from dangling bonds
on a non-uniform facet of the diamond. Figure 2 shows some examples of two new designs that
maintain a high Q in simulation but move the closest etched surface further from the center of
the cavity mode where the defect resides.

) |
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Figure 2: Examples of fabricated designs modified to move the closest etched surface further
from the cavity center. (A) shows a defect constructed from creating a tapered bulge near the
cavity center. (B) shows a modification of the DBR region of the cavity using a modulation in the
width of the beam rather than the introduction of holes in the center. (C) shows the framing
structure used to align the cavity-emitter devices to a parent chip.

T2: Preservation of Fourier-limited Emitters in Nanostructures

Maintaining Fourier-limited spectral linewidths is critical for achieving high entanglement rates
between distant NV centers. Lifetime-limited emission allows for maximal wavefunction overlap
between photons from separate NVs and facilitates the entanglement protocol. The narrowest
reported linewidths are observed on naturally occurring emitters buried deep in the diamond
lattice[2,8], far away from any potential defects or inhomogeneities caused during fabrication.
Figure 3 shows a resonant photoluminescence excitation (PLE) scan of an NV 7 um from the
diamond surface, under a solid immersion lens (SIL) [9] milled by Focused lon Beam (FIB)

milling.
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Figure 3. A. Scanning electron micrograph (SEM) of a SIL containing a single NV 7um below
the surface. B. Single line PLE scan showing nearly fourier-limited linewidth due to crystal
purity and distance from the surface.
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We investigated engineered NVs that would be used in our fabrication technique, which requires
them to be 100 nm below the surface. Figure 4 shows that the implantation and annealing
technique used to form these NV centers produces linewidths much broader than naturally
occuring centers. This result will require us to further investigate novel approaches to annealing
and/or using different techniques to incorporate the nitrogen in the lattice (both are being
pursued). An automated infrastructure that uses etched position markers in the diamond along
with machine vision has enabled collection of larger datasets, similar to the one shown in figure
4. This system will also allow the tracking of individual NVs as they go through the various
etching procedures.
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Figure 4: Green shows NV centers that were formed with naturally occurring nitrogen. Orange
shows NV centers that were formed from implanted nitrogen. Both reside 100 nm below the
surface. The left column shows the cumulative distribution (and associated histogram) of
linewidths observed from both implanted and natural NVs. The right column shows the observed
axial (top) and transverse (bottom) strain manifesting itself in shifts and splitting of the optical
transition. [2]

For an NV with a typical excited state lifetime of 12 ns, the Fourier-limited linewidth is ~13
MHz. Due to the distance to the surface, as well as the crystal quality, this NV emits with a
linewidth of

31 MHz, close to the lifetime limit. Moreover, the line remains stable in frequency over many
scans. However, while this type of SIL structure allows NVs to remain far from the surface, it
provides no emission enhancement, severely limiting the theoretical maximum entanglement
rate. As elaborated on in T1, cavity structures that enhance the emission require the NV to be in
much greater proximity to the fabricated diamond surface. Here, the often harsh environment of
fabrication can cause inhomogeneities in the diamond’s surface chemistry, impurities in the
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crystal structure, and crystal strain, all of which can cause spectral diffusion and dephasing. As a
result, PLE taken on NVs in these cavities is often quite broad, as shown by the 11 GHz line in
Figure 5b.
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~+=11.0302 GHz
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Figure 5. A. SEM of a PhC cavity with a OQ>5000 containing a single NV. B. Single-line PLE
scan showing significant linewidth broadening (1000x) due to surface proximity.

The current understanding of spectral diffusion suggests that the main source is the creation of
charge traps and other impurities on the surface after fabrication. As surface electrons hop
around between these traps, the local electric field environment at the site of the NV changes,
Stark tuning the resonance of the NV and shifting the spectral local of the emission. This spectral
diffusion causes inhomogeneous broadening of the emission which decreases the spectral
overlap of photons from separate NVs, lowering the entanglement probability. There is evidence
that this spectral diffusion can be mitigated by employing fabrication techniques that better
preserve the homogeneity of the diamond surface. We have collaborated with the Loncar Group
at Harvard to produce and characterize triangular nanobeams (Figure 6A) using an oxygen
etching technique that is more isotropic and less aggressive than traditional oxygen plasma
etching, allowing it to better preserve surface homogeneity. We are also in collaboration with
Professor Aharonovich at the University of Technology in Sydney who uses an electron beam
induced etching technique [10]. Samples are under preparation to perform a systematic study of
these techniques, similar to how we performed the implantation study mentioned above.
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Figure 6. A. Optical Image of nanobeams. B. Single-line PLE scan showing two NV transitions,
each only 10x broadened.

Early results in the structures etched at Harvard show linewidths as low as 133 MHz, much
closer to the lifetime limit, as seen in Figure 6B. These results indicate that the choice of
fabrication technique and fabrication environment are critical in determining the properties of
NVs in nanostructures.
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