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Abstract: Towards building large-scale integrated photonic systems for quantum information
processing, spatial and spectral alignment of single quantum systems to photonic nanocavities is
required. Here, we demonstrate spatially targeted implantation of nitrogen vacancy (NV) centers
into the mode maximum of 2-d diamond photonic crystal cavities with quality factors up to 8000,
achieving an average of 1.1 + 0.2 NVs per cavity. Nearly all NV-cavity systems have significant
emission intensity enhancement, reaching a cavity-fed spectrally selective intensity enhancement,
Fint, of up to 93. Although spatial NV-cavity overlap is nearly guaranteed within about 40 nm,
spectral tuning of the NV’s zero-phonon-line (ZPL) is still necessary after fabrication. To
demonstrate spectral control, we temperature tune a cavity into an NV ZPL, yielding FZ"% ~ 5
at cryogenic temperatures.
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1.

Introduction

Efficient interfaces between photons and long-lived spin-based quantum memories are a central
requirement for a range of proposed quantum technologies, including quantum repeaters for

C C C

Fig. 1. Illustration of a spin-photon interface. To enable efficient spin—photon interaction,
the optical dipole of the associated electron spin is coupled to an optical cavity, here an L3
cavity. The inset schematics shows the nitrogen vacancy (NV) center in diamond coupled
to an optical cavity. g, «, and y are the Rabi frequency, the cavity dissipation rate, and NV
spontaneous emission rate, respectively. N is nitrogen, V vacancy, and the dark gray circles
represent carbon.
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long-range quantum communications [1-3] and modular quantum computers [4-6]. There
has been much interest in developing such optically connected quantum memories in solid
state systems, chiefly among them the nitrogen vacancy (NV) center in diamond, which is
distinguished by exceptionally long-lived spin ground states. Recently, the first demonstrations
of quantum entanglement between distant diamond NV centers were reported [7], but the rate
of heralded entanglement was still smaller than the spin decoherence rate [8], in large part
because of inefficient collection of coherent zero-phonon-line (ZPL) radiation from the NV center.
Coupling the NV’s ZPL to nanocavity resonances (Fig. 1) can greatly improve the efficiency of
spin-photon coupling, and a range of all-diamond [9-13] and hybrid NV-cavity systems have
been demonstrated [14—16]. However, a remaining challenge for diamond-based cavities is to
control the spatial overlap between NV centers and cavity modes. Recently, this problem has
been addressed by nitrogen implantation through pierced AFM apertures [17] and implantation
through nano-scale apertures of the fabrication mask, where only one mask is used for both
implantation into and nanopatterning of the diamond thin film [18-20]. Here, we expand on our
recent work [18] on targeted NV generation within 2-dimensional (2-d) photonic crystal cavities
(Fig. 2).

Two strategies are being pursued for spatially aligning defect centers with photonic nanocavities:
(i) the fabrication of a cavity around a pre-selected defect and (ii) the targeted creation of a defect
at the mode maximum of a cavity. The targeted creation of diamond defects relative to each other
has been demonstrated using apertures in masks [21,22] and focused ion beam implantation with
subsequent annealing [23,24]. The highest positioning precision was achieved using a silicon
implantation mask down to 25.8 nm [25] but its application to nanostructures is more challenging:
the implantation apertures must exactly target the fabricated nanostructure. This could be realized
in a two-step-lithographic process, where precise overlay control is needed between the photonic
patterns and implantation apertures. Although recently e-beam overlay accuracy of down to 6 nm
was demonstrated [26], such a two-step overlay process is still challenging to implement, requires
advanced localization methods, and alignment precision is generally limited to several tens of
nanometers in alignment precision.

Here, we introduce in detail a self-aligned lithography technique that was recently proposed by
us for diamond thin-films [18, 19] and demonstrated on photonic cavities in bulk diamond [20].
This technique allows for both (i) patterning of nanostructures and (ii) precise implantation with
one mask as illustrated in Fig. 3. This single mask contains both the nanostructure features on
the order of a hundred nanometers, and the circular implantation apertures on the order of a few
tens of nanometers. This enables scalable alignment between the implantation apertures and
the etch mask with nanometer precision. Thus, spatially deterministic creation of defect centers
by ion implantation and subsequent annealing can be achieved. Moreover, this process can be
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Fig. 2. Design and properties of phonic crystal cavities. a) |E|? distribution of L3 cavity
with three missing holes; design similar to [27]. The left and right inset show a vertical and
horizontal cut, respectively. b) |E|? distribution of MO cavity with no missing but shifted
holes, design similar to [28].
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applied at large scale, enabling scalable, parallel fabrication of a large number of nanostructures
with precisely located defect centers — a crucial requirement for large scale quantum photonic
systems in quantum information processing. Furthermore, to demonstrate spectral control of the
NV emission line, we tune a cavity resonance of a second sample into the NV emission line, and
demonstrate Purcell enhancement — another crucial requirement for the integration of the NV
spin memory into photonic systems.

2. Design of photonic crystal cavities

To demonstrate deterministic implantation of >N, we choose cavity designs that have high
cavity quality (Q) factors, small footprint, and sufficient space between the lattice sites to place
implantation apertures at the cavity mode maxima. In principle, a wide range of 1-dimensional
(1-d) and 2-d photonic crystal cavities is suitable. Here, we focus on two 2-d photonic crystal
lattice defect cavities: (i) an L3 cavity design with three missing holes [27,29] and (ii) MO cavities
in which the defect is created by shifting the holes around a central region and adjusting their
size [28,30]. The L3 cavity has the advantage that its fundamental mode has three local mode
maxima (Fig. 2(a)), hence three implantation holes were added to the mask. This allows equal
NV creation probabilities at lower implantation dose compared to the MO cavity. For the MO
cavity we only implemented a single implantation aperture in its center due to space restrictions
(Fig. 2(b)). Keeping the NV density as low as possible is important to reduce spectral diffusion
of the ZPL and decoherence of the NV electron spin [31]. On the other hand, the MO cavity has a
small footprint and can theoretically feature Q factors up to 320,000 in diamond as reported by
Riedrich-Moller et al. [28]. We use the same design parameters for the fabrication of our L3 and
MO cavities as reported in [27] and [28]. To estimate the precision requirement for implantation,
we determine the volume in which the cavity mode intensity exceeds 90% (Fig. 2). For the lateral
dimensions of the L3 cavity, for example, this corresponds to = ~ 35 nm and for the z-direction
to + ~ 40 nm, well within the expected straggle during nitrogen ion implantation.

3. Fabrication

The fabrication scheme is similar to that in Ref. [32] and is illustrated in Fig. 3. We first fabricate
a silicon etch mask from 220 nm (and for some samples as indicated 270 nm) silicon-on-insulator
(SOI) according to the theoretical design with additional implantation holes with 20 — 35 nm

Oxygen dry etch Si mask transfer Oxygen dry etch
——  JEMAEmAE, JSIlSSiD,
Si Diamond ~ 200 nm Si mask Photonic crystal
creiet T
© t e. e .
5N implant SF, dry etch 850°C annealing e, e ® e,
e * o
LI SRR

LI[II[] ~ saogen vacancy

g%%ﬁ%!g o) I DD%DE

Fig. 3. Illustration of the fabrication process. The sample preparation and nanopatterning are
detailed in Ref. [32]. In addition to this method, we use the Si mask both for diamond pattering
(step 3, oxygen dry etch) as well as implantation mask for N (step 4, implantation). By
using the same mask for both steps, we achieve inherent self-alignment of the nanostructure
to the implantation aperture.
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Fig. 4. a) Scanning electron micrograph (SEM) of silicon hard mask for dry etching and
ion implantation. The photonic crystal contains three L3 cavities as well as one MO cavity
(bottom right, dotted circle). Inset: Zoom-in. b) SEM of patterned diamond membrane. At
the position of the implantation apertures no surface damage is visible, indicating the very
slow etch rate due to etching lag reduction [33]. The SEM was not taken on the highest
quality sample; samples that showed the reported Q-factors were not imaged in the scanning
electron microscope as this can lead to NV charge conversion and even permanent bleaching
of the NV.

radii in the center of the cavity defects by standard fabrication processing on SOI. (Fig. 4). This
etch mask is placed onto a ~ 200 nm thick diamond membrane. The mask pattern is transferred
into the diamond via oxygen reactive ion (RIE) etching; hundreds to thousands of 2-d cavities
can be integrated onto a single chip.

The etching rate of holes in an RIE process depends heavily on the aspect ratio of the
hole [33,34]. Thus, we are able to fully transfer our photonic crystal hole features (aspect ratio
~ 2) without etching through the implantation holes (aspect ratio of ~ 4). An SEM of the Si
mask is shown in Fig. 4(a)). In independent etch tests with our standard RIE parameters, we find
that the diamond surface is not impacted by the RIE patterning process for an upper limit for
the aperture radius of ~35 nm for 270 nm thick Si masks corresponding to an aspect ratio of
about four. For the 220 nm membrane etch mask we accordingly choose a maximum aperture
radius of ~29 nm. After pattern transfer into the diamond, we implant >N vertically with an
ion energy of 40 keV corresponding to an implantation depth of about 40 nm as determined
by ion transport calculations (SRIM software package [35]). This does not correspond to the
center of the membrane in z-direction and is therefore not the ideal position for maximum
coupling; however, due to the limited N ion masking efficiency of the Si mask, we compromise
the maximum achievable enhancement for a sample with low number of background NVs. We
choose an implantation dosage of 3x10'?/cm? to target the creation of about one to two N'Vs per
cavity region on average for an NV creation yield of about 1 — 2%. Following the implantation
we remove the mask, confirm that the diamond surface at the cavity centers was not impacted
by the RIE etching (SEM of diamond membrane in Fig. 4b) and anneal the sample at 850°C to
create NVs.

4. NV-cavity system analysis

To determine the yield and position of the NV creation, we perform photoluminescence (PL)
measurements in a home-built confocal microscope. Figure 5 illustrates the results: we determine
the position of fluorescence spots from single or a few NVs by spectral analysis at the location of
the cavity centers as well as throughout the entire photonic crystal area.

These representative PL scans indicate that the probability of finding an NV at an implantation
aperture is higher than for the rest of the photonic crystal: we find a significantly higher number
of fluorescence spots at the cavity centers. We quantify the number of NVs for the photonic
crystal as well as per implantation aperture using second-order auto-correlation measurements.
The auto-correlation data allow for relatively precise estimation of the number of NVs if only a
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Fig. 5. Photoluminescence raster scans of three different photonic crystal areas with each four
cavities (as in Fig. 4(a)) in sample region A. The scan reveals the distribution of fluorescent
NV centers. The red dots indicate the approximate position of the cavity maxima where
spectra where taken. One or several NVs are indicated by a red dot with black circle, cavity
maxima with no NV by red dots with white circle. As expected, at the cavity positions, hence
the position of the implantation aperture, the NV density is much higher compared to the
photonic crystal region. The unit on the x- and y-axes is um.

few emitters contribute to the photoluminescence, according to g?(t = 0) = 1 — (1/N) for the
ideal case of zero background contribution, where 7 is the time difference between detected
photon events in an Hanbury Brown and Twiss interferometer, and N is the number of NVs.
We also take into consideration a constant background fluorescence that reduces the dip at
7 = 0. For the photonic crystal area, we determine a density of randomly distributed NVs of
only 0.1 — 0.2 NV/um?. If we extrapolate this density for the cavity area, we expect about
0.04 — 0.08 N'V/cavity, much lower than qualitatively observed in Fig. 5.

We investigate two sample regions with different fabrication parameters. We vary the im-
plantation aperture size to demonstrate control over the average number of NVs per cavity
and keep the N ion implantation dose (3x10'>/cm?) and energy (40 keV) equal. For sample
region A we anticipated on average 1 NV per cavity, and estimate an average occurrence of
1.1 + 0.2 per cavity (Fig. 5 and 6, left), deduced from 26 individual implantation spots. This
results in f,0is(4 = 1.1) ~ 37% cavities coupled to a single NV, assuming a Poisson probability
distribution.

Having only one NV per cavity has the advantage of reduced fluorescence background. This is
of particular importance as cavity feeding from these additional NVs can substantially contribute
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Fig. 6. Statistical analysis of coupled NV-cavity systems. The number of NVs per cavity is
plotted and the distribution is fitted according to a Poisson distribution. For sample region A
(left plot) and B (right plot) we estimate an average occurrence of 1.1 + 0.2 and ~3 NVs
per cavity, yielding in a ~63% and ~95% probability of finding at least one NV per cavity,
respectively. The method for this analysis is detailed in the main text.
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to resonant fluorescence background [36]. The main disadvantage is the relatively low probability
of only about 63% for a cavity to contain at least one N'V. To increase this probability, we slightly
increase the aperture diameter for sample region B (PL scans not shown). We determine an
average NV occurrence of ~ 3 per cavity (Fig.6, right), yielding a ~95% probability of finding at
least one NV per cavity.

In both sample regions, the NV centers are expected to be distributed within a radius of
~ 42 + 13 nm for 220 nm thick Si masks. This spatial distribution is determined by the aperture
diameter measured with a scanning electron microscope, and an additional lateral straggle (one
standard deviation) of ~11 nm for an implantation energy of 40 keV, calculated using SRIM
software package [35]. Within a 42 nm radius, the cavity E-field and thereby the Purcell induced
rate enhancement only decreases to ~81% of the maximum E-field at the mode maximum as
determined with FDTD simulations (Fig. 2). Even taking into account the non-ideal z-localization,
the expected E-field is ~ 91 + 16% of the cavity maximum for 220 nm Si masks.

5. NV-cavity coupling

To show the coupling of the NV to the cavity, we analyze the spectral properties of our NV-cavity
systems. We consider two NV-cavity coupling schemes, (i) Purcell enhancement of the spectrally
narrow ZPL transition, as well as (ii) phonon-assisted emission enhancement within the phonon
sideband (PSB).

The cavity induced spontaneous emission (SE) rate enhancement (i) is described by the
Purcell factor [37] given by Eqn. 1. In the case of an NV center, only a few percent of the
overall PL is emitted via the ZPL transitions [38]. This reduces coupling of a photon to the ZPL
transition. Furthermore, one has to differentiate between the overall Purcell enhancement F' and
the spectrally-resolved SE rate enhancement Fzpr, = F/DW, with DW the Debye-Waller factor,
i.e. the intensity ratio of the ZPL to the overall fluorescence [39]. When the NV ZPL is coupled
to a cavity with quality factor Q and mode volume Vjode, the enhancement is given by

1
FzpL = EFp (1)
ZPL 1+ 4Q2(/IZPL//lcav - 1)2

3
where Fi* = % (/li,a V) % is the maximum spectrally-resolved SE rate enhancement [40],

2
&= (%) quantifies the angular and spatial overlap between the dipole moment (u) and the
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Fig. 7. Spectrum of a single NV coupled to an L3 cavity with an estimated Fjy; = 26 + 3.
The blue line is a fit to the data with three Lorentian functions for the cavity resonances
and a Gaussian function for a simplified representation of the broad NV phonon sideband
fluorescence. Comparing the peak maximum intensity with the sideband intensity at the same
spectral position yields the given intensity enhancement. Right: Second-order auto-correlation
of the cavity coupled single NV. The fit (red curve) yields g2(0) ~ 0.38.
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cavity mode electric field (E), and the fraction the spectral overlap between cavity resonance and
NV emission wavelength; n is refractive index. In L3 and MO photonic crystal cavities high ng}f
can be realized due to their small mode volumes [41], Vinode ~ (1/ n)3, and their large quality
factors as demonstrated here experimentally.

The phonon-assisted emission enhancement (ii) is treated in detail in Ref. [36] and [42].
Albrecht et al. as well as Kaupp et al. show that within the entire NV emission bandwidth the
fluorescence emission intensity can be increased around a cavity resonance. Both the ZPL and
phonon sidebands contribute to the cavity emission leading to enhancement of the spectral photon
rate density [43]. In our analysis of the intensity enhancement, we assume that the collection
efficiency from the cavity mode and the uncoupled NV in the photonic crystal are roughly the
same. This is justified by the large collection angle of the free space objective with numerical
aperture of 0.9.

In Fig. 7 we plot the fluorescence spectrum of a single NV coupled to an L3 cavity. The
three cavity modes are spectrally located around 670 nm, close to the maximum of the PSB
fluorescence. The mode with Q = 600 + 7 at 678.1 nm increases the PSB fluorescence by a factor
Fine = 26 + 3 as determined by fitting the cavity modes and NV fluorescence with Lorentzian and
a Gaussian function, respectively. Fitting the NV fluorescence with a single Gaussian function
only approximates its more complex spectral emission distribution but gives a good estimate for
the relevant intensity distribution around the cavity modes. A more detailed model for fitting the
NV emission distribution can be found in Ref. [36].

Enhancement of the PSB demonstrates the coupling between the NV and the cavity. However,
enhancing the ZPL is much more relevant for improving coherent light-matter interaction. In
Fig. 8 we plot the fluorescence spectrum of a single NV coupled to an MO cavity. Three cavity
resonances are spectrally located at 634.9 nm, 638.4 nm, and 655.7 nm, with Q = 1020, O = 1550,
and Q = 3950, respectively. Fitting the data with the same set of functions discussed above,
we determine Fiy ~ 12, Fipe ~ 20 Fipe ~ 43. Of particular interest is the cavity resonance at
638.4 nm, which spectrally overlaps with the NV ZPL.

To demonstrate that our method can achieve high localization accuracy, we plot in Fig. 8(b)
the spectrum of another cavity-coupled NV PSB that is enhanced through a resonance with
Q = 3280 at 697.2 nm by a factor Fiy; = 93 + 7, indicating that our NV-cavity systems can
achieve unprecedented intensity enhancement in nanophotonic devices.
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Fig. 8. MO cavities coupled to single targeted NVs. a) Spectrum of enhanced ZPL at 638 nm
and PSB. Several resonances are visible at 634.9 nm, 638.4 nm, and 655.7 nm, with Q = 1020,
0 = 1550, and Q = 3950, respectively. Fitting the data as discussed in the main text, we
determine Fip ~ 12, Finy ~ 20 Fipe ~ 43, respectively, for this single NV. Particularly
relevant is the cavity resonance at 638.4 nm where the NV ZPL is located. b) Another single
NV—MO cavity system with narrow resonance (Q = 3280) at 697.2 nm enhancing the
phonon sideband. Fitting yields an enhancement of the photon rate density by a factor of
Fint = 93 = 7. The blue lines are fits to the data as detailed in the main text.
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6. NV-cavity tuning by temperature control

Besides spatial overlap of the NV with the cavity mode maximum, another important requirement
for N'V-cavity systems is the spectral overlap of the NV ZPL emission at 638 nm with a cavity
resonance of high Q-factor and the alignment of polarization orientation. Although we are
able to fabricate nanocavities with high Q-factors and high spatial overlap, achieving spectral
overlap within a few nanometers or even a few ten picometers is still challenging. Tuning the
NV ZPL emission line is limited to about ten GHz (~ 14 pm), therefore, tuning of the cavity
resonance is required. For diamond systems, the most reliable method has been the controlled
gas deposition on the nanostructure to red-tune cavity resonances by desublimation of the gas on
the nanostructure [11,44]. However, the long-term spectral stability of gas tuning suffers from
sublimation of ice to gas under laser illumination, leading to a reversal of the tuning.

To demonstrate that diamond cavity resonances can be detuned by temperature control of
the sample, we prepared a second sample without targeted >N implantation. The fabrication
process is very similar to that described in Sec. 3, with the only difference that the 3N ions are
implanted randomly into the diamond before patterning L3 cavities (see Ref. [13]). The spectral
properties of one of the fabricated NV-cavity systems at different temperatures are plotted in
Fig. 9. The resonance at 638.8 nm has a quality factor of about 8000, determined by fitting a
Lorentzian function to the cavity resonance (inset in Fig. 9). This is close to the theoretically
expected value [27]. By increasing the temperature by about 6.5 K, we blue-detune this resonance
by about 0.16 nm. The achieved overlap leads to a roughly 5-fold intensity enhancement of the
ZPL, determined by normalizing the spectra to the intensity of ZPL; in Fig. 9 and adjusting the
background. ZPL is not coupled to the cavity but spatially located within the optical collection
spot. While heating the sample, small drifts relative to the collection spot occurred, leading to
slightly different relative intensities of the ZPL, ZPL, and cavity peaks, as well as to unstable
laser excitation powers. A 5-fold enhancement is small compared to a theoretical maximum of
about 470 for an ideal system. We attribute this deviation mainly to spatial and polarization
mismatch between NV and cavity - supporting the need for spatially controlled NV generation as
discussed above.
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Fig. 9. Temperature tuning of L3 cavity and Purcell enhancement of a single ZPL. This
NV, in contrast to the data above was created by random nitrogen implantation before
nanofabrication. The spectra at 14 K and 19 K are normalized to the spectrum at 12.5 K via
the ZPL intensity. The inset in the left plot indicates a cavity resonance with an estimated
quality factor Q ~ 8000, indicating the high quality fabrication but at the same time by far
non-ideal localization of the NV. The red line is a double Lorentian fit to the data.
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7. Conclusion and outlook

In this letter we introduce a self-aligned lithography technique for the scalable fabrication of
hundreds to thousands of NV-cavity systems in diamond. The method can directly be adapted
to other defect centers in diamond, such as the silicon or chromium vacancy centers, as well as
to other materials in which defect centers can be created by ion implantation; if necessary in
combination with subsequent annealing. We demonstrate up to about 90-fold enhancement of
the NV emission spectral density. For a single NV-cavity system fabricated without self-aligned
lithography, we demonstrate spectral tuning of the resonance and Purcell enhancement of the NV
ZPL. The demonstrated emission enhancement, the spectral control at cryogenic temperatures,
and the parallel fabrication of large numbers of NV-cavity systems marks an important step
towards the fabrication of large arrays of cavity based quantum memories.

Still, there are several remaining challenges. The achieved spatial resolution was limited
to about 42 nm. Using thinner masks [45], or by reducing the implantation hole diameter by
post-etching atomic-layer deposition [25], better than 30 nm resolution is feasible. To overcome
the limited implantation energy of 40 keV caused by the finite masking efficiency of the Si mask,
and to implant the N ions with higher energy into the center of the cavity mode maximum, masks
with higher extinction [45] could be applied. The thermal tuning method applied for spectral
alignment of the cavity resonance to the ZPL is not scalable. To overcome this limitation, spectral
tuning capabilities for each individual cavity need to be realized. This requires fabrication of more
sophisticated systems, for example systems that allow for micro-electromechanical tuning [46,47].

One of the possible next steps towards realizing the required infrastructure for on-chip quantum
networks and quantum processing devices could be the combination of the demonstrated large
scale NV-cavity system fabrication with the scalable integration into photonic architectures [48].
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