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Italy diamond obtained upon ion implantation at the nanoscale. Ge=* ion implantations at
Full list of author information is 35 keV and 70 keV energies were carried out using a focused ion beam (FIB) equipped
available at the end of the article with a liquid metal alloy ion source. The arrays of emitters are subsequently aligned to

2300 nm nanopillar waveguiding structures, fabricated using a combination of
electron-beam lithography and plasma etching. The photon collection efficiency and
photoluminescence (PL) signal-to-background ratio increased by a factor 8 with
respect to the unstructured sample. The photophysical properties of the GeV emitters
fabricated by this approach were unaltered with respect to those found in
unprocessed diamond. The efficiency of the overall manufacturing process to
fabricate individual GeV centers was assessed. Up to 33% of the fabricated nanopillars,
depending on ion implantation parameters, were found to contain single emitters.

Keywords: Single-photon sources; Diamond; lon irradiation; lon implantation;
Formation yield; Nanowire; Collection efficiency; Photoluminescence; Nanopatterning

1 Introduction

The use of color centers in diamond emerged as a promising avenue for a variety of ad-
vanced applications in quantum technologies, ranging from high-precision sensing and
quantum computing to secure communications [1, 2]. Among these, nitrogen-vacancy
(NV) centers have attracted significant attention due to their specific opto-physical and
spin properties, which allow for reliable operation under both ambient and cryogenic con-
ditions [3]. However, in applications where spectral stability plays a key role such as quan-
tum network nodes [2], NV centers have encountered challenges stemming from spec-
tral instabilities determined by their strong sensitivity to local crystal environment [4].
In this context, alternative emitters based on group-IV color centers in diamond, such
as silicon-vacancy (SiV) and germanium-vacancy (GeV) centers, demonstrated superior
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spectral stability, and are considered better candidates in the aforementioned application
areas [5-7].

These defects must be fabricated at the single-emitter level at a well-defined position
in order to be easily embedded in light waveguides and coupling systems, enabling their
integration in advanced quantum communication platforms together with a substantial
enhancement in photon collection [8]. Ideally, manufacturing these waveguides should
involve using pre-characterized and precisely localized arrays of color centers, rather than
relying on the traditional top-down approach based on a posteriori selection of randomly
placed color centers embedded in a homogeneous layer. The deterministic placement of
individual single photon sources with high accuracy would result in a drastic advance-
ment in quantum technology since this is a key requirement for the realization with good
approximation of sources of states of light which, under synchronized pulsed excitation,
would produce an exactly defined number of photons (i.e. with zero uncertainty), the so-
called Fock states [9]. These states, eigenstates of the quantum photon number operator,
are highly non-classical states and they are expected to be a fundamental tool in quantum
metrology [10, 11] and sensing [12]. Furthermore, Fock states can be used for implement-
ing boson sampling [13] and for the generation of other more exotic states of light such as
Schrédinger cat states [14]. In addition to specific (and not addressed in this work) tech-
nical solutions enabling to optically excite a high-density array of emitters, a specific and
reliable fabrication process is required: the most mature tool for this scope is ion implan-
tation, which already represents a well-established and scalable process for solid state de-
vice fabrication in semiconductor technology [15]. Ion implantation allows the definition
of the depth of the defects by tuning the ion implantation energy whereas the number of
defects introduced in the material can be controlled by varying the ion fluence. However,
applications based on individual quantum emitters require an extreme control of both de-
fect location (<100 nm in all spatial dimensions) and number of implanted ions (ideally,
<10? ions to create a single defect on the basis of typical formation yield values [16, 17]).
Several approaches were reported in literature, including ion implantation through colli-
mation nanoapertures [18] or patterned resist masks [19]. Among them, focused ion beam
(FIB) technology offers several advantages: i) the relatively low ion energy (<100 keV) min-
imizes straggling and collision cascades, thereby reducing defect position uncertainty [20];
ii) ion beams can be focused to spot sizes down to 10 nm, i.e. comparable or smaller than
the expected ion straggling; iii) sources enabling ~pA ion beam current and pattern gen-
erator with 10-100 ns beam dwell time allow implanting at fluences down to the single ion
level [21]. Finally, being the FIB a direct writing process, defects can be created at desired
positions in a mask-less process with excellent overlay with the support of a highly accu-
rate sample positioning system (e.g. a laser interferometric stage) [22]. To date, NV [23],
SiV~ [24, 25] and GeV~ 25, 26] single photon emitters fabricated in diamonds by FIB have
been reported in literature, as well as Vg; in SiC [22] or G and W centers in Si [27].

Still, manufacturing protocols of these color centers are currently under exploration due
to limitations in formation yield (few percents for split-vacancy-type defects in diamond)
and reproducibility [6, 17], which are crucial requirements for their embedment in nanos-
tructures such as photonic waveguides [7].

Furthermore, the delivery of small ion fluences to nm-sized target volumes in the host
material could result in the introduction of significant local structural damage which could
hinder the emission properties of the fabricated emitters. This drawback might be critical
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when the aforementioned modest formation yield requires the introduction of tens of ions
to nm spot sizes, in order to ensure the formation of individual emitters.

In this paper, we explore the effects of the localized formation of GeV centers [28] upon
germanium implantation via FIB technology, reporting for the first time their large-scale
fabrication and embedment in nanopillars. This approach allows for a comparison of the
emission properties before and after the nanopillar fabrication and significantly reduces,
in perspective, the experimental effort to find suitable color centers. By combining the
fabrication of arrays of color centers with the nanopillar fabrication process, offering a
~8-fold enhancement in the photon collection with respect to unstructured samples, we
facilitate the characterization of points of interest, with an emphasis on the single-emitters
occurrence, their emission properties and the effects of radiation-induced lattice damage.

2 Methods

2.1 Sample fabrication

The schematic overview of the fabrication process is shown in Fig. 1. The whole process
is described in detail in the following.

2.2 Material

The present work was performed on a commercially available single-crystal [100]-
oriented electronic-grade bulk diamond sample [29]. Before the fabrication of color cen-
ters and nanofabrication, the sample was cut and polished into a thin (4x4x0.05) mm?
membrane with a resulting surface roughness below 1 nm. Particular care was taken to
perform the polishing process without inducing significant sub-surface damage to the
diamond lattice [30].
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Figure 1 Schematic overview of the fabrication process and SEM images during and after the manufacturing
of nanopillar arrays. (@) Cut and lapping of bulk diamond to obtain a 50 um thick diamond membrane. (b) 35
and 70 keV Ge™ implantation by FIB (SRIM expected projected ranges: 17.5 and 29.8 nm, respectively). lon
implantation details are reported in Sect. 2.3, while the implantation profiles are described in Sect. 2 and

Fig. 4. (c) Thermal annealing at 1000 °C temperature and <107 mbar pressure. (d) Silicon adhesion layer
deposition and e-beam patterning of HSQ resist. (e) Silicon adhesion layer etching by plasma. (f) Nanopillars
pattern transfer to the diamond membrane by plasma etching. (g) SEM image (top) acquired at a 15° angle
from the array of etched pillars, and SEM image (bottom) of a single pillar showing the truncated cone shape
and resulting etched surface quality
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Table 1 Experimental parameters adopted for the FIB implantation of Ge™™ ions. lons fluences
expressed as cm™ are calculated from the spot dose and spot size, assuming a circular beam of
diameter corresponding to the spot size

Acceleration Energy Beam current Beam spot Spot dose (ions/spot) @ ion fluence (x10"?
(kV) (keV) (pA) size (nm) jons/cm™2)

35 70 3.15 25+5 40; 60; 80; 120; 160; 800 8.2;12;16; 24; 33; 160
17.5 35 1.88 2545 35;52;70; 105; 140; 700 7.0;11;14; 27; 28; 140

2.3 lon implantation

Ge** ion implantation was carried out locally using a focused ion beam - scanning electron
microscope (FIB-SEM) equipped with a liquid metal alloy ion source (Au-Ge-Si compo-
sition) and a laser interferometric stage (Raith Velion). The patterning was carried out in
two phases: in the first, an intense 35 keV Au* beam was used to pattern deep alignment
markers (~1 pum) for both FIB Ge irradiation and nanopillars electron beam lithogra-
phy (EBL). Such markers were designed to allow for a sub-100 nm overlay accuracy be-
tween the implantation arrays and subsequent fabrication of nanopillars. In the second
step, Ge** implantation was carried out with acceleration voltages of either 35 or 17.5 kV
resulting in kinetic energies of either 70 keV or 35 keV, respectively. Small apertures in the
FIB column defined the beam spot size (25 £ 5) nm and current (~1pA). Ge** irradia-
tions were performed upon alignment with the previously defined Au* markers. Square
arrays of 40x10 spots (3 um spacing) were implanted for each implantation energy and
investigated spot dose in the ~30-800 ions/spot range (see Table I).

The ions/spot dose values can be converted into ions/cm? fluence values ¢, defined ac-
cording to the Poisson distribution using the ion current I;,, measured by a Faraday cup
(corrected for background current) and the dwell time settings £, of the pattern genera-
tor (minimum value: 20 ns). We considered a circular implanted surface having a diameter
d equal to the above-mentioned beam spot size.

o= Tion t;iw;ll 1)
7 (%)
Following ion implantation, the sample was thermally treated in high vacuum (p < 107°
mbar) for two hours at a preset temperature of 1000 °C to promote the formation of stable,
optically-active GeV centers [31].

2.4 Nanopillars fabrication

After the manufacturing and initial characterization of the color center arrays, nanopil-
lars were fabricated using a combination of EBL and plasma etching, by following similar
procedures as described in [32].

A 20 nm thick silicon adhesion layer was electron-beam-evaporated on the sample sur-
face, thus enabling the subsequent spin-coating of hydrogen silsesquioxane (HSQ). The
same fiducial markers were used to align the creation of the HSQ mask for the nanopil-
lars with the existing array of color centers (Fig. 1d). This alignment was automatically
performed using the overlay functionality of the EBL setup (Vistec EBPG 5000PlusES),
achieving a spatial accuracy which was estimated within 40 nm. After exposure of the
HSQ mask, the silicon adhesion layer was removed using SF¢ plasma (Fig. Ie). The fabri-
cation process resulted in stacks of HSQ/silicon that would act as the etching mask defin-
ing the bright (i.e. color-center embedding) locations. Plasma etching of the nanopillars
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employed intermixed steps of pure O, and a combination of O, and SFs to create ta-
pered nanopillars while preventing the formation of micro-masking at the etched surface
(Fig. If). The sample was etched to a depth of approximately 2.2 yum, resulting in nanopil-
lars with a truncated cone geometry, featuring a top surface diameter of 300 nm—where
the GeV centers are located—and a bottom aperture of approximately 650 nm (Fig. 1g).
Such waveguides are known to be multi-modal: this feature has been proven to enhance
the collection efficiency of the emitted light [33]. After etching the nanopillars, the re-
maining HSQ mask was removed in 10% hydrofluoric (HF) acid. The sample was then
thoroughly rinsed with DI water and immersed in 20% potassium hydroxide (KOH) so-
lution to remove the remaining silicon layer. Finally, the sample was again rinsed with DI
water and cleaned using a tri-acid boiling treatment [34] to remove any graphitic layers
and to oxidise the surface.

2.5 Photoluminescence characterization

The sample was systematically characterized with photoluminescence (PL) technique.
The PL characterization was carried out using a custom fiber-coupled single-photon sen-
sitive confocal microscope (100x objective, 0.9 NA (Numerical Aperture)), where the ex-
citation was provided by a 505 nm CW (Continuous Wave) laser with 5.52 mW excitation
power, and the collection was performed by coupling the system to a 0.22 NA multimode
optical fiber feeding a pair of commercial silicon-based single-photon avalanche diodes
(Si-SPADs) with ~100 cps dark count rate and ~45 ns deadtime operating in free-running
mode. The typical photon detection efficiency of the above-mentioned detectors is ~50 %
at 520 nm wavelength. The utilization of a dichroic mirror and a longpass filter ensured the
characterization of emission wavelengths greater than 550 nm, thus filtering out the first-
order Raman emission (541.4 nm for the considered excitation wavelength). An additional
(600 + 10) nm bandpass filter was inserted in the collection path for the sole characteri-
zation of GeV single-photon emitters, due to their preponderant emission at 602 nm. The
confocal microscope was equipped with a Hanbury-Brown and Twiss (HBT) interferom-
eter, based on a collection fiber connected to two SPADs employing a fiber-fused 50:50
beamsplitter [35]. The spectral characterization was performed by means of a PIXIS cam-
era coupled with a SpectraPro HRS 300 spectrometer with a resolution of 0.2 nm and a
spectral operation range of 330-800 nm.

3 Results and discussion
Fig. 2a-b show the confocal PL maps, acquired using a 550 longpass optical filter, from the
regions implanted at 70 keV energy (800 ions/spot) before and after the nanopillars man-
ufacturing. The maps show a set of diffraction-limited luminescent spots arranged along
the regular geometry and spacing defined by the above-described fabrication process.
Although the same optical excitation power (5.52 mW) was applied, the PL intensity
scales differ due to the different topography around the GeV centers. Notably, the fluo-
rescence behaviour of color center arrays prior to nanostructuring (~0.3 Mcps includ-
ing background emission) is significantly less intense than that acquired from nanopillar
structures (up to 2 Mcps). In addition to the overall emission intensity increase, Fig. 2
also highlights the dramatic enhancement in signal-to-background ratio achieved after
nanopillar fabrication (up to a factor 8) with respect to the unstructured surface (i.e. a ~2
increase factor for the array implanted with 800 ions/spot). Indeed, the background emis-
sion in Fig. 2a corresponds both to the sample surface reflection of the excitation laser
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Figure 2 Confocal images acquired using a 550 nm longpass optical filter with 5.52 mW excitation power
before (a) and after (b) nanopillars fabrication for the 800 ions/spot region at 70 keV implantation energy. In
(b) the PL intensity and the signal-to-background ratio are improved by the nanopillars with respect to the
unstructured surface (a). Images in (b) are acquired by imaging the nanopillars through their back aperture in
order to leverage the photonic waveguiding properties of such structures
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Figure 3 (g-b) PLimages of a region implanted with 70 keV energy and 120 ions/spot, under 5.52 mW
excitation power. (a) PL scan acquired with 550 nm longpass optical filter. (b) PL scan acquired with a (600 %+
10) nm bandpass filter. (c-d) PL spectra of the emitting nanopillars highlighted in (a) and (b) acquired with
0.25 mW excitation laser power. (c) Spectra of spots visible only in the not-filtered scan image and (d) of spots
visible in both scan images. (e-f) Number (fsey) of GeV-containing pillars (in %) as a function of the ions/spot
doses (F) for 35 keV (e) and 70 keV (f) implantation energies. The error bars summarize the Poisson uncertainty

and the NV PL emission (described in the following paragraph) since the excitation laser
is maximally focused within the confocal volume under investigation. On the other hand,
in Fig. 2b the signal is collected only from the top of the nanopillars which is located 2.2
pm above the contributing background.

To offer further insight into the outcome of the fabrication process, we turn our atten-
tion to the confocal PL scan obtained from the nanopatterned sample using the 550 nm
longpass filtering, as shown in Fig. 3a. The map was acquired from the sample region fab-
ricated with 70 keV Ge implantation and 120 ions/spot dose.

Subsequently, the same region was PL-mapped with a (600 =+ 10) nm bandpass filter to
select the sole emission originating from GeV centers, and the corresponding results are
shown in Fig. 3b. The two maps show a significant difference in the recorded PL intensities:
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the overall photon count rate detected at wavelengths >550 nm (Fig. 3a) amounts to ~2.5
Mcps for each spot, while it decreases down to ~35 kcps when the filtering restricts the
collection to the GeV ZPL (Fig. 3b). In addition, Fig. 3a exhibits a bright PL emission from
the vast majority of the spots of the array, while Fig. 3b shows that the emission of GeV is
collected from a limited number of nanopillars.

To investigate the nature of the emitting spots, a set of nanopillars (circled in white in
Fig. 3a-b) was selected for a more extensive PL characterization. Firstly, a spectral charac-
terization (0.25 mW excitation power) was performed in the 550 — 800 nm spectral range.
Fig. 3¢ shows the spectra acquired from the spots highlighted with letter (A, B, C) labels in
Fig. 3a, which do not correspond to any detectable PL signal under (600 £ 10) nm band-
pass filtering (Fig. 3b). The vast majority of their PL emission is located in the 640-680 nm
spectral range, which is compatible with attribution to the negative charge state of NV
centers. Conversely, the spectra acquired from the spots highlighted with number (1, 2, 3)
labels (which appear as luminescent in both Fig. 3a-b) reveal the occurrence of the ZPL of
the GeV center (Fig. 3d) [36]. This emission is in some instances accompanied by a broader
emission at higher wavelengths, denoted by a ZPL peak at ~640 nm, which is attributed
to non-filtered emissions of NV centers within the same nanopillar [37]. The observed
concurrent formation of NV centers in the fabrication process cannot be interpreted as a
by-product of Ge implantation, i.e. the introduction of lattice vacancies in a diamond sub-
strate, since the ~5 ppb content of native nitrogen (~9x107~7 atoms nm~3) is insufficient
to promote the formation of a sufficient amount of centers. Conversely, the number of
substitutional N atoms included in the nanopillar volume (calculated considering a con-
stant radius of 150 nm and 2.2 um height) is ~115 atoms. Assuming a 15% occurrence
of NV centers with respect to the N content [38], ~17.3 optically active NV centers (each
one with PL intensity of 100-300 kcps [8]) can be expected. This amount is compatible
with the PL count rate reported in Fig. 3a, suggesting that the strong PL signal originates
from the waveguiding of the emission of natively occurring centers within the nanopillar
volume. On the other hand, the introduction of N in the sample during the implantation
process can be ruled out on the basis of the ion source specifications and the adopted ex-
perimental configuration based on a mass selection system. From a practical point of view,
however, the coexistence of both NV and GeV centers does not represent a limiting factor
for the utilization of either class of emitters, since they can be discriminated by spectral
filtering.

An estimate of the efficiency of the manufacturing production to achieve single GeV
center formation was firstly assessed on the basis of the ion fluence by analysing the PL
maps acquired with the (600 £+ 10) nm bandpass filter with 5.52 mW optical excitation
power. In this case, the fraction of fabricated nanopillars which displayed GeV emission
was quantified on the basis of the intensity distribution of the spot arrays. The presence of
at least one GeV center in such nanopillars was assessed by setting a threshold in the PL
intensity above 30 kcps. This threshold value was determined on the basis of the system-
atic characterization of the emission properties at the set optical power (see the following
Section).

In Fig. 3e-f the relative occurrence of GeV centers (f.) in the fabricated nanopillars
(i.e. the fraction of nanopillars exhibiting emission from at least one GeV center) is re-
ported as a function of the implanted spot dose (F). The maximum value is found for the
lowest considered spot doses of 35-40 ions/spot. In this case, for both implantation en-
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ergies a fg.y ~ 0.5 occurrence was found. Such value is in agreement with the formation
yield of individual GeV emitters (0.6-1.9%) upon ion implantation in similar experimental
conditions [25, 26]. It is also worth noting that, for both 35 keV and 70 keV implanta-
tion energies (E), the number of pillars containing GeV emitters decreases at increasing
ion fluences. This result could be related to misalignment of the fabrication processes,
e.g. related to the progressive charge build-up in insulating diamond as a result of ion
implantation. However, since the irradiation patterning was the same for the two tested
implantation energies, one would expect the same effect for the two arrays or even a worse
result for the lower energy (which is more affected by charging), while the results exhibit
the opposite trend.

Further context can be provided by considering the implanted ion fluence, i.e. in the
2.1-1013-1.6 - 10" cm™ range (see Table I) [39]. “Stopping and Range of Ions in Matter”
(SRIM) simulations [40, 41] were performed to investigate the effects of radiation dam-
age and/or lattice amorphization [42—44]. Fig. 4a-b show the concentration of displaced C
atoms as a function of the implantation depth for each implantation fluence. The graphi-
tization threshold (i.e. the vacancy density at which the heavily damaged diamond lattice
converts to graphitic phase upon thermal annealing) is also shown, with a value of ~6 -
102! cm~3 assumed on the basis of previous experimental works [44].

The formation of an amorphous or a graphitized layer becomes increasingly likely for the
highest spot doses under both 35 keV (Fig. 4a) and 70 keV (Fig. 4b) implantation energies,
explaining the decreasing trend in the GeV occurrence shown in Fig. 3e-f, also considering
the etching and the subsequent tri-acid cleaning carried out during and after nanopillar
formation, respectively. In addition to such mechanism, a high density of vacancies within
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Figure 4 SRIM simulation of the displaced C atoms as a function of the depth for 35 keV (a) and 70 keV (b)
implantation energies and SRIM simulations of the Ge ions concentration as a function of the depth for 35 keV
(c) and 70 keV (d) implantation energies
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the diamond lattice will also result in an increased probability of the formation of vacancy
complexes such as di-vacancies [45], which will compete with the formation of color cen-
ters in the implanted diamond lattice.

For all the considered spot doses, the vacancy density exhibits the highest values (>1 -
10%° cm™3, roughly corresponding to 100 ppm) within 20 nm (30 nm) for 35 keV (70 keV)
implantation energy, and it is significantly lower at the tail of the Ge ion depth distribu-
tion (Fig. 4c-d), the latter extending to depths of 35 nm (60 nm). Therefore, the Ge ions
implanted within the most damaged or amorphized layer might not result in the forma-
tion of GeV color centers due to extreme lattice damage, leaving the formation of optically
active defects only at the layers beneath. Thus, it is likely that the formation yield decreases
at increasing spot dose shown in Fig. 3e-f can be attributed to the thickening of the heavily

damaged layer.

3.1 Single-photon emitters characterization

The successful incorporation of individual GeV centers by the aligned fabrication pro-
cess was assessed by performing systematic HBT interferometry. For the sake of statistical
significance, the second-order autocorrelation function g?(z) [46] was acquired from 15
randomly selected nanopillars displaying GeV emission for each implantation fluence and
energy. The criterion to determine the presence of single-photon emitters was a value of
the background-uncorrected function at zero delay time g2(t = 0) smaller than 0.5 [46].
In Fig. 5a a typical g?(z) function measurement corresponding to a single photon emitter

(selected in the 105 ions/spot region at 35 keV energy) is shown [47, 48].
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P (mw) lano. mirrors

Spectrometer or
Hanbury-Brown and
Twiss interferometer

saturation

%

s 3 a 5 [3
tins) P (mw) e
Polarization Angle (*)

Figure 5 Single emitter effective lifetime and saturation characterization example (35 keV energy - 105
jons/spot region). (a) gz(r) data acquired at different excitation power using the (600 & 10) nm bandpass
filter to select only GeV-related emission. The missing points are related to the removal of the backflash peaks
originated by the counter-propagation of photons in the fiber-coupled HBT interferometer. (b) Dependence
of the y; parameter obtained by each g’(t) fit on the excitation power. (c) Saturation curve. The PL intensity
is the sum of the emitter count rates obtained by both detectors. The saturation plateau was not reachable
since the maximum laser power adopted in the experiment was 6 mW. (d) Schematic representation of the
confocal setup, where the excitation laser radiation and the PL emission are represented in green and in red,
respectively. The setup is described in Sect. 2.3. (e) Emission intensity as a function of the excitation laser
polarization. The red line is the sine-based function used to fit the data
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The single-photon-level characterization of GeV centers also allows to estimate relevant
emission parameters, namely the excited state lifetime, the emission intensity and optical
power at saturation.

According to the three-level system model [49], the g?(t) curves acquired at different
excitation powers (Fig. 5a) were fitted according to the function:

@ =1-1-a)-exp(~It|-y) +a-exp (=t y2) 2)

where a is a parameter that estimates the antibunching effect at £ = 0 delay, t is the emis-
sion delay between two subsequent photons, and y; and y, are parameters related to the
antibunching and bunching characteristic times.

Since the parameter y; has a linear dependence on the excitation power P (Fig. 5b) [50],
the results were fitted with the simplified function:

yp=m-P+1/t 3)

where 7 is the effective lifetime, which was equal to v = (6.08 £ 0.09) us for the exemplary
emitter in Fig. 5a. This value is in line with the results reported in literature [36, 51, 52].
Similarly, the saturation curve is shown as an example in Fig. 5¢, which displays the PL
intensity I (P) versus the optical excitation power P. The data were fitted according to the
equation [49]:

I(P)zlsat'P/(P"'Psat) (4')

where the emission intensity and excitation power at saturation are, for the considered
emitter, Iy, = (268 & 15) kcps and Py, = (7.6 £ 0.6) m W, respectively.

The emission polarization was measured by placing at the excitation laser output a fixed
linear polarizer and a half-waveplate mounted on a motorized stage. A schematic repre-
sentation of the experimental setup is shown in Fig. 5d (setup description in Sect. 2.3),
where it is possible to identify the three optically conjugate points of the confocal mi-
croscope, namely: the excitation laser, the focal point on the sample and the pinhole. The
polarization pattern (Fig. Se) of the emitter under consideration was obtained by changing
the polarization of the excitation laser (i.e. the angle of the half-waveplate) and collecting
the emitted PL. The red line is the sine-based function used to fit the data points.

The data suggest a linear polarization, (in line with results obtained from nanodiamond-
embedded emitters [53]) with a 41% visibility, and with the polarization axis aligned to the
expected crystal bond angle of diamond. The non-negligible emission from the equatorial
plan of the dipole is in line with the presence of an additional emission dipole, in reasonable
agreement with what reported for other split-vacancy such as the SiV [54] and SnV [55]
color centers.

The relative distribution of the effective lifetime, saturation power and intensity, and
ZPL values obtained for the single emitters found are shown in Fig. 6. The results ob-
tained from 35 keV and 70 keV implantation energies were aggregated since no significant
statistical differences were observed.

The median value of each distribution is reported with the median absolute deviation
in Table 2. All the values are in good agreement with values reported in the literature
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Figure 6 Effective lifetime (a), ZPL (b), saturation power (c) and saturation intensity (d) distribution of the
whole dataset of single emitters characterized. (e) Relative occurrence of single emitters as a function of the
jons/spot doses for 35 keV and 70 keV implantation energies. The error bars summarize the Poisson
uncertainty

Table 2 Median values with associated median absolute deviations of effective lifetime, ZPL,
saturation power and intensity

Median value
Effective lifetime (ns) 645
ZPL (nm) 603 +4
Psar (MW) 1246
Isar (keps) 470 4 240

[28, 36, 51, 52] indicating that the relevant emission parameters of the GeV centers remain
largely unaffected by the high vacancy density generated by the nanoscale ion implantation
process, as well as by the fabrication process of the nanopillars.

As a final step, the relative occurrence fsps(E, F) of nanopillars incorporating one single
GeV emitter was evaluated as the fraction f..,(E, F) of the 15 experimentally investigated
spots at each implantation condition (i.e. ion energy (E) and implantation spot dose (F)),
multiplied by the fraction fg.y (E, F) of the fabricated nanopillars displaying the spectral
signature of GeV emission. This quantity describes the overall effectiveness of the entire
fabrication process to deliver a single-photon emitter given the implantation of N; ions on
each individual implantation spot:

Jsps (E,F) = fgev (E, F) + fexp (E, F) (5)

The resulting occurrence of single emitters is shown in Fig. 6e for each implantation energy
as a function of the ions/spot implantation dose.

For both implantation energies, the relative occurrence of single emitters is ranging from
6% to 33% denoting a satisfactory outcome of the whole fabrication process. It is worth
stressing that the observed decrease in the fsps(F) at higher doses is associated to the for-
mation of an amorphous or a graphitized layer as discussed in the previous section. How-
ever, this trend was not apparent for doses below 80 ions/spot implanted at 70 keV (value
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for which the maximal effectiveness is found for the considered energy), where the higher
vacancy density associated with each ion impact might favour the formation of multiple
GeV centers at individual nanopillar sites also at the lower spot doses (i.e. the number of
clusters is higher than the one of single photon emitters) as reported in [26, 56]. These
data thus suggest a higher formation yield for 70 keV ion implantation, which is mitigated
by the damage cumulation in the diamond lattice at increasing ion fluence.

4 Conclusions

In this work, a systematic study on the formation and single-photon emission properties
of GeV diamond color centers arrays embedded in nanopillars by FIB irradiation and post-
implantation aligned etching has been conducted. The nanopillars fabrication resulted in
the embedment of single GeV centers with a resolution of 300 nm by construction and led
to an enhancement up to a factor of 8 of the signal-to-background ratio with respect to
the unstructured surface, allowing to selectively study GeV centers.

The overall GeV fluorescence, even at the ensemble emission level, exhibited a decreas-
ing trend at increasing implantation fluences. This result might be indicative of the intro-
duction of significant radiation-induced lattice disorder at increasing fluences, reaching
the graphitization threshold at the highest considered values [44].

A systematic study of GeV centers at the single-photon emitter level at all the consid-
ered implantation fluences evidenced emission properties (excited state effective lifetime,
optical power and emission intensity at saturation, ZPL central wavelength) in line with
what reported in the literature [28, 36, 51, 52]. Finally, the considered fabrication process
resulted in the occurrence of single-photon emitting GeV centers in up to 33% of the fab-
ricated nanopillars for the optimal set of implantation parameters (35 keV implantation
energy, 35 ions/spot dose).

These results indicate that the proposed approach to nanoscale fabrication, based on
FIB ion implantation and subsequent coupling to waveguiding nanopillars, is viable for
practical technological applications. In particular, the nanoscale fabrication of large arrays
of high-density, diffraction limited, um-spaced single-photon emitters could enable the
development of integrated photonic chips for parallel quantum information processing
[57, 58] and for the generation of Fock states with a large number of photons [59].
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