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Scalable Creation of Deep Silicon-Vacancy Color Centers in
Diamond by Ion Implantation through a 1-𝛍m Pinhole

Lukas Hunold, Stefano Lagomarsino, Assegid M. Flatae, Haritha Kambalathmana,
Florian Sledz, Silvio Sciortino, Nicla Gelli, Lorenzo Giuntini, and Mario Agio*

The controlled creation of quantum emitters in diamond represents a major
research effort in the fabrication of single-photon devices. Here, the scalable
production of silicon-vacancy (SiV) color centers in single-crystal diamond by
ion implantation up to ≃ 1𝛍m depths is presented. The lateral position of the
SiV is spatially controlled by a 1-𝛍m pinhole placed in front of the sample,
which can be moved nanometer precise using a piezo stage. The initial
implantation position is controlled by monitoring the ion beam position with a
camera. Hereby, silicon ions are implanted at the desired spots in an area
comparable to the diffraction limit. The role of ions scattered by the pinhole
and the activation yield of the SiV color centers for the creation of single
quantum emitters is also discussed.

1. Introduction

Color centers in diamond are considered a very promising plat-
form for quantum photonics devices due to their optical prop-
erties and the possibility to create diamond nanostructures.[1–5]
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Among them, the negatively-charged
silicon-vacancy (SiV) center has already
achieved a number of important goals,
such as bright emission concentrated
in the zero-phonon line (ZPL),[6] two-
photon interference,[7] spin preparation
and readout,[8] coherent dipole-dipole
interaction,[9] electroluminescence[10]

and single-photon emission in n-type
diamond,[11] temperature sensitivity[12]

and photostability even at high
temperatures.[13]

Color centers can be obtained either dur-
ing diamond growth[14] or by ion implan-
tation followed by thermal annealing.[15]

Only in the second case their position
can be laterally controlled, for instance by

focused ion-beam techniques[16–18] or by aperture-type AFM
tips,[19] which is crucial for device fabrication. Although these
techniques have demonstrated very high lateral resolution (down
to about 10 nm), so far they have only been investigated at
low ion energies (a few keV), which limits the implantation
depth to only a few nanometers. It is therefore desirable to
study the creation of color centers, in particular the SiV, in a
broader range of ion energies to gain flexibility in terms of
implantation depths. This can be used to avoid surface effects
on the color centers and allows post-processing of the sam-
ple (e.g. surface etching, lithography), without destroying the
emitters.
Here, we implement a commercial 1-μm pinhole and a high-

precision translation stage into a beamline of a tandem accelera-
tor to implant Si ions in spots comparable to the diffraction limit.
This is done in a controlled manner, and in a wide range of ener-
gies (0.4–3 MeV) as well as fluences (108–1014 cm−2). In this way,
we present a flexible and easy implementable approach for a lo-
calized implantation process down to single ions up to depths of
about 1 μm. The pinhole size is chosen to 1-μm in order to com-
promise between ease of fabrication and low ion scattering on
the one hand and precision on the other. Smaller pinholes can
be used in the future, when being fabricated with vertical walls
and low roughness. The fundamental precision limit is provided
by ion straggling in diamond (about 100 nm for 3 MeV ion en-
ergy and 45 nm for 400 keV). We further investigate the role of
ions scattered by the pinhole to determine the conditions for the
creation of single SiV centers. Finally, we demonstrate the scal-
able generation of single emitters by measuring their antibunch-
ing characteristics.
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Figure 1. a) Implantation setup with pinhole, diamond sample on sap-
phire plate and objective sending the PL created by the beam to a camera.
Sample and plate can be moved in x, y (perp. to the beam) with a piezo
stage. Inset shows an SEM image of the 1 μm pinhole. b) Beam image on
the camera used to set the initial implantation position. c) Plan of implan-
tation session A (compare Table 1 for session labeling). d) Corresponding
PL map acquired by confocal scan.

2. Methods and Preparation

The implantation facility is described in detail in ref. [20]. In
short terms, it consists of a 3 MV tandem accelerator employ-
ing a cesium sputter ion source able to form ion beams from
solid state samples. The maximum energy depends on the ion
state of charge, and amounts to 15 MeV in the case of silicon.
Implantation takes place in a vacuum chamber downstream to
the accelerator. The facility was previously used for versatile SiV
color center creation[21] and it has been upgraded with a system
for localized implantation as described in the following. Anneal-
ing of the centers is carried out in an alumina oven surrounded
by graphitic heaters, all placed in a stainless steel ultra-high vac-
uum chamber. The temperature is increased to 1150 ◦C within
2 h and kept there for one additional hour.
Figure 1a shows a scheme of the implantation setup. The beam

enters the configuration from the left and passes the pinhole to
reach a sapphire (Al2O3) plate. Here it produces a photolumines-
cence (PL) signal, which is monitored by a CMOS camera (ZWO
ASI178MM) using a microscope objective. The PL spot is en-
larged to about 5 pixels (see Figure 1b) in order to clearly discrim-
inate it from hot pixels on the camera. The initial implantation
position is then set by moving the sample into the beam until the
desired location is reached. The absolute accuracy of this overall
process is evaluated to approx. ±5 μm and it is limited by the res-
olution of the camera. The relative positioning of the following
implantation spots is then very accurate and limited by the pre-

Table 1. Implantation sessions and corresponding parameters.

Implantation Energy Fluence Separation

session [MeV] [cm−2] [μm] Rows × columns

A 2.9 108–1014 5 10 × 5

B 0.4 108–1014 5 10 × 5

C 1 109–1011 10 3 × 8

D 0.4 1010 10 1 × 5

cision of the translation stage (Q-545.240, Physik Instrumente
GmbH, 26 mm travel range, 1 nm resolution).
The commercial pinhole is from Thorlabs (P1H) and it has

a nominal diameter of 1μm, with a tolerance of +0.25/−0.1 μm
and a circularity of ≥ 80%. The scanning electron microscopy
(SEM) picture (Figure 1a inset) indicates a smooth circular ge-
ometry and a diameter slightly larger than 1 μm, but within the
specified tolerance. The foil thickness around it is measured op-
tically to dfoil = (27.5 ± 1.1) μm, which is important to evaluate
a possible effect of a pinhole tilt on the ion throughput. We em-
phasize here, that for our 1 μmhole, this issue is not as critical as
in the case of nano-apertures.[19] Nonetheless, the relatively thick
frame of the pinhole demands a precise perpendicular mounting
relative to the incoming ion beam. For the given system the hor-
izontal and vertical tilt was measured to less than 0.3◦, suitable
for this implantation process.
Figure 1c illustrates a typical plan for an implantation matrix

on an electronic grade diamond sample (ElementSix, 2 ×2× 0.5
mm3, face orientation 100, roughness 5 nm). The beam fluence
is varied in order to generate spots with 106 to about 1 implanted
ion with an energy of 2.9 MeV, corresponding to an implanta-
tion depth of around 1.1 μm.Matrices with other parameters have
been created as well, the four most important ones for this work
are summarized in Table 1.
After annealing, the PL signal of the formed emitters is ac-

quired using a confocal scanning setup described in detail in
ref. [22]. Figure 1d shows an exemplary result, reproducing the
implanted matrix except for the spots with 103 Si ions or less.
These are not visible, because their PL signal is overcome by
a background noise associated with the diffuse implantation of
ions scattered at the pinhole. This issue is discussed in Section 3
and it is studied in detail to eventually enable the identification
of spots down to single emitters.

3. Results and Discussion

The implantation method introduced above, is used to create
spots of color centers with a varying number of emitters for ion
energies of 0.4 and 3 MeV. These are studied to extract informa-
tion about the implantation process, the effect of ion scattering
and the activation yield of SiV color centers at these energies.
The experimental observations are compared to simulations of
the process carried out with the SRIM tool.[23] We then reduce
the fluence successively down to the regime of single emitters
and study a few of them as a proof of concept. The following
sections describe these different steps further and present the
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Figure 2. a) Simulated ion distribution around the desired spot on the
sample, assuming 40◦ pinhole wall angle and a pinhole-sample distance
of 1 mm. Two different ion energies are shown. b) Simulated far field ion
distribution for the case of 3 MeV, 40◦ pinhole wall angle and three differ-
ent pinhole-sample distances corresponding to the used value of (1±0.2)
mm. c) Example measurement for the ion distribution around the spot,
showing the photon count rate of the SiV emission in this region. d) Ex-
ample measurement of the long range SiV background for a strongly im-
planted spot. e) Ratio of total scattered to total direct ions for ion energies
of 0.4 and 3 MeV as a function of the pinhole wall angle. f) Confocal scan
of the matrix associated with C, showing scattered emitters around the
desired spots. Fluences of the spots in the different columns are given in
the figure (units cm−2).

corresponding findings. More details on the used methods are
to be found in Section 2.

3.1. Controlling Ion Scattering

Ions are scattered towards the sample by the pinhole, when its
edges have thin parts allowing ions to be transmitted and dis-
tracted from their initial path by collisions within the material.
We verify that this effect is relevant for our implantations by com-
paring the SiV signal around the created spots with simulations
of the process carried out with the SRIM tool.[23]

For this, we model the used pinhole with a conical shape and
determine the amount of ions passing through its thin parts for a
given energy. We then simulate the resulting trajectories after the
pinhole and the corresponding distribution of ions on the sam-
ple for a given distance. We choose this distance to not more than
1 mm, resulting in an acceptable increase of the spot size due to
beam divergence (measured to about 0.3mrad).We further select
an energy of 3 MeV for the simulations described above, result-
ing in the distance dependence of the implanted ion density as
shown in Figure 2a,b for near and far regime, respectively. The
experimental counterpart is obtained by measuring the SiV sig-
nal while moving away from the implanted spot (Figure 2c,d).

Figure 3. a) Photon emission rates (black curve) and corresponding emit-
ter numbers (red curve) for highly implanted spots. Ten points were inves-
tigated for each fluence from 1012 cm−2 over 1013 cm−2 to 1014 cm−2, as
indicated by the values given in the figure. From those, always five were
implanted with ion energies of 0.4 MeV (white columns) and five with 2.9
MeV (gray columns). b) Concluded activation yield of centers depending
on energy and dose.

The spot size (FWHM) is in the range of 1–2 μm for differ-
ent measured points, which is in agreement with the simulations
that assume a beamdivergence of 0.3mrad and therefore a size of
about 1.6 μm. A similar exponential decrease of the background
resulting from scattered ions and thereby created SiV emitters is
found, supporting the scattering model assumptions. It is also
found that the measured background drops faster than expected,
which might be attributed to uncertainties in the pinhole-sample
distance or the simulations at the given energy and for the used
pinhole material (steel).
The absolute strength of the shown background is determined

by the number of scattered ions per directly implanted ion and it
depends strongly on the ion energy and pinhole wall angle (Fig-
ure 2c). For 0.4 MeV, a value of 1–2 scattered ions per direct ion
is calculated, depending on the pinhole wall angle. This result is
acceptable, since the scattered ions are distributed over an area
many orders of magnitude larger than the desired spot.
For the experiment, Figure 2d visualizes the predicted ion scat-

tering, in the form of several bright spots around the implanted
matrix points of implantation session C (see Table 1). Based on
these results, the lower ion energy of 0.4 MeV is used for the cre-
ation of single emitters (sessionD, see Table 1) and stronger spots
needed for initial localization of the matrix are placed further
away (>400 μm distance). With this, the scattered background is
weak enough to create single emitters well separated from scat-
tered ions.

3.2. Determination of the Activation Yield

The remaining task is to identify the appropriate beam fluence
for the creation of a single emitter per spot (on average). For this
the spots with a high number of emitters are studied first, which
allow to quantify the activation yield of the color center conver-
sion process. By using confocal intensity scans of the differently
strong implanted spots, their SiV emission count rate is deter-
mined (Figure 3a, black curve). With the 2D intensity map it is
possible to take into account that the laser only excites part of the
spot when focused on it (by scaling up the signal with the ratio
between spot and laser focus size).
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Next, the number of emitters corresponding to these signals is
calculated by using the average count rate of a single emitter as
reference. This is estimated by averaging the signal of more than
300 bright spots found around thematrix of implantation session
C (compare Figure 2d). By measuring the emission lifetime and
spectrum of several random sample spots, it is verified that these
are SiV color centers created by scattered ions. The relatively large
separation (few micrometers) allows the assumption that most
of them are single centers. In addition, spots with a size clearly
larger than the diffraction limit are excluded. Therefore, the av-
erage signal of the remaining spots is seen as a good estimate for
the single emitter count rate, which is evaluated to (2700±300)
cps under the given experimental conditions. Here, the used
excitation laser power (3.3 mW at the sample surface), the excita-
tion wavelength (656 nm), the NA of the focusing objective (0.95)
and the overall collection and detection efficiency of the system
(estimated to 0.12 %) are especially important. Higher single
emitter count rates of previous studies can be attributed to the
use of oil immersion objectives and more efficient detectors.[17]

Bymaintaining these parameters for themeasurements on the
strongly implanted spots, the number of emitters per spot (Fig-
ure 3a, red curve) can be calculated. Based on this, the SiV acti-
vation yield is concluded for the given fluences (Figure 3b) (see
Supporting Information for an estimation of the number of im-
planted ions, i.e., the pinhole throughput).Here the uncertainties
are mainly due to instabilities in the beam current (error bars on
the fluences) and to an imprecise determination of the pinhole
throughput (error bars on the activation yield).
The values are in agreement with those reported in the

literature[15] for comparable energies, using a different and more
direct method. They are also comparable to reported values for
lower energies down to 100 keV,[17] which indicates minor de-
pendence of the activation yield on ion energies above the value
of 100 keV. Accumulation of parasitic defects in the crystal lattice
(e.g., vacancy clusters) is seen as one limiting factor for the for-
mation of color centers. Although the number of created defects
increases strongly for high ion energies, most of these are pro-
duced along the ion path and not at its final position. Therefore,
this effect does not strongly depend on ion energy in agreement
with the observed results. Another aspect is related to clustering
of color centers, reducing the number of active emitters. This ex-
plains the reduced activation for increasing ion fluence, that is
also observed in the measurements (compare Figure 3b).

3.3. Creation of Single Emitters

Next, the determined activation yield allows us to predict the
number of created emitters also for spots with very low ion
densities. If the activation remains constant for fluences below
1012 cm−2, a value of 0.6 × 1010 cm−2 would provide roughly
one activated emitter per spot on average. The assumption of
constant activation yield at lower ion doses is supported by
previous studies.[17] To verify this, implantation session C is
used. It consists of eight columns of emitter spots, starting with
a fluence of 1.28 × 1011 cm−2 and reducing it by a factor of two
for any of the following columns. Thereby transition between
clear spots and single emitters is immediately evident (see
Figure 2d). From the confocal scan, the column with 0.8 × 1010

Figure 4. a) Confocal scan of the region around thematrix associated with
session D. The expected positions of the matrix spots are indicated by
the white circles. One of the identified emitters is marked with a white ar-
row. b) Emission spectrum of the marked spot. The Lorentzian fit shows
a clear ZPL with the parameters given in the figure. c) Corresponding sec-
ond order correlation measurement verifying the creation of a single SiV
emitter by the presence of antibunching (deviation from zero due to back-
ground emission and electronic/photonic noise). The used fit function cor-
responds to a three level model of the SiV center as derived in ref. [6].

cm−2 appears to be the first which reaches single emitters in the
spots, supporting the results obtained by extrapolation from the
strongly implanted spots.
Although some uncertainties are involved in the estimations

above, the result allows the creation of spots with single emitters,
because the number of activated centers per spot is assumed to
follow a Poissonian distribution, as found also for example, in
ref. [16]. Based on this, a mean number of 0.5–2 emitters per
spot will statistically result in 25–35% spots with a single emitter.
Therefore, single emitter creation is also possible under the above
discussed conditions.
As proof of principle, five locations are implanted with a flu-

ence of 1.6 × 1010 cm−2 in the context of session D. The confocal
scan reveals almost no background associated with scattered ions
(Figure 4a), in contrast to the previous approaches. Moreover, we
further investigated the bright spots by measuring their spectral
and temporal emission characteristics. Three of them are iden-
tified as SiV, out of which two are located within the expected
regions (white circles). This indicates that the adjustments dis-
cussed above (lower ion energy, stronger spots at a larger dis-
tance) could create SiV centers at the desired locations, as shown
by the Lorentzian fit exhibiting a clear ZPL (five/six times the
sample background) around 738 nm (Figure 4b). Furthermore,
the second order correlation measurements reveal antibunching
behavior, verifying single-photon emission (Figure 4c). The used
fit function in this case is

g2(𝜏) = 1 − [1 + a − g2(0)] ⋅ e
−|𝜏|∕𝜏0 + a ⋅ e−|𝜏|∕𝜏1 (1)

according to the three-level model derived in ref. [6]. The
extracted parameters are a = 0.79 ± 0.01, g2(0) = 0.41 ± 0.12,
𝜏0 = (0.91 ± 0.04) ns and 𝜏1 = (425 ± 8) ns, corresponding to
the presence of a single emitter with pronounced shelving state.
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Based on this, we conclude the general possibility of using the
given concept for the localized creation of single color centers at
higher depths.

4. Conclusion

In conclusion, we discuss the creation of SiV color centers by ion
implantation through a 1-μmpinhole at desired locations in spots
with size comparable to the diffraction limit. High energetic ions
are used, which enables the formation of color centers deeper in
the diamond, to allow post-processing of the sample and reduce
surface effects on the emitters. A potential application is the post-
fabrication of photonic structures around the formed color cen-
ters, in order to manipulate their photon emission characteristic.
We identify conditions for obtaining single emitters, includ-

ing discussions of ion scattering by the pinhole and the activa-
tion yield. In particular, we describe the effect of ion energy on
both of these aspects. We conclude no significant difference in
color center activation for energies of 400 keV and 3 MeV, but
reduced activation yield for increasing ion fluence, in agreement
with literature on low energy implantations.[17] Based on this, we
demonstrate the ability to create SiV centers in a scalablemanner,
in a wide range of depths (energies).
We stress here that the possibility to create single emitters in

a deterministic fashion is limited by the low activation yield of
SiV color centers. This results in a Poisson distribution of active
emitters per implanted spot, as observed in other experiments
before,[16] where only a fraction of spots exhibits single SiV color
centers. This situation might be overcome by improving the acti-
vation yield or better by the development of deterministic activa-
tion techniques, like for the case of nitrogen vacancy centers.[24]

The lateral precision can be improved by reducing the pinhole
diameter down to the limit provided by ion straggling in diamond
(about 100 nm for 3 MeV ion energy and 45 nm for 400 keV). In
addition, a customized pinhole with vertical inner walls can be
used to reduce ion scattering. It is also possible to change the
pinhole to sample distance, if this is required for special appli-
cations. Moreover, the technique is general and can be applied
to other ion species like, for example, nitrogen or germanium[25]

and other host matrices such as, for example, silicon carbide.[26]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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