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Abstract
The fabrication of luminescent defects in single-crystal diamond upon Sn implantation and annealing is reported. The
relevant spectral features of the optical centers (emission peaks at 593.5 nm, 620.3 nm, 630.7 nm and 646.7 nm) are
attributed to Sn-related defects through the correlation of their photoluminescence (PL) intensity with the implantation
fluence. Single Sn-related defects were identified and characterized through the acquisition of their second-order autocorrelation emission functions, by means of Hanbury-Brown & Twiss interferometry. The investigation of their singlephoton emission regime as a function of excitation laser power revealed that Sn-related defects are based on three-level
systems with a 6 ns radiative decay lifetime. In a fraction of the studied centers, the observation of a blinking PL
emission is indicative of the existence of a dark state. Furthermore, absorption dependence from the polarization of the
excitation radiation with ~45% contrast was measured. This work shed light on the existence of a new optical center
associated with a group-IV impurity in diamond, with similar photo-physical properties to the already well-known Si-V
and Ge-V emitters, thus providing results of interest from both the fundamental and applicative points of view.
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Introduction
Single-photon sources (SPS) are essential building blocks for the development of quantum
technologies, ranging from fundamental quantum optics experiments to quantum metrology and
quantum key distribution [1-4]. In recent years, a large number of materials and systems have been
explored with the purpose of identifying reliable SPS, such as quantum dots [5,6], 2-dimensional
[7] and wide bandgap materials [8-11]. Among these systems, diamond is an appealing material, as
its lattice can host different defects with bright and photostable single-photon emission at room
temperature. The quest for single-photon emitters with desirable opto-physical properties has led to
the discovery and characterization of several classes of optical centers in diamond, from the
nitrogen-vacancy complex (NV center) [12] to alternative emitters based on Si [13,14] and Ge [15]
impurities, as well as additional centers in the visible [16,17] and near-infrared [18-20] spectral
range.
Since Si-V and Ge-V centers are among the most appealing optical centers in diamond for
applications as SPS, due to their photo-stability and short emission lifetime, the existence of
additional optically active defects associated with group IV impurities in diamond and the
assessment of their opto-physical properties would be of high interest, from both fundamental and
applicative points of view.
Here we report for the first time, to the best of our knowledge, on the evidence of Sn-related singlephoton emitters in single-crystal diamond fabricated upon ion implantation and subsequent
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annealing. In particular, the PL characterization of the peculiar emission features is performed for
different ion implantation fluences to unambiguously attribute them to Sn-related defects. Their
emission lifetime is evaluated from the acquisition of the second-order auto-correlation function of
individual emitters. The photo-stability and the polarized absorption of the centers are also
discussed on the basis of the experimental results at the single-photon emitter level.
2. Experimental
The measurements were performed on a 2×2×0.3 mm3 single-crystal diamond substrate produced
by ElementSix. The sample was denoted as “electronic grade” due to the low nominal concentration
of substitutional N and B (<5 ppb and <1 ppb, respectively). Several ~200×200 µm2 regions were
implanted at different Sn energies and fluences. One region underwent a 10 MeV Sn implantation at
5×1013 cm-2 fluence at the Laboratory for Ion Beam Interaction of the Ruđer Bošković Institute.
Three additional regions were implanted with 60 keV Sn ions in the 3-10×1011 cm-2 fluence range at
the low-energy accelerator of the University of Leipzig. At the same facility, one additional region
was implanted with 60 keV Sn at lower (i.e. 1×1011 cm-2) fluence to allow the investigation of
individual Sn-related centers. The substrate was subsequently annealed for 2 hours in vacuum at
950 °C to promote the formation of optically active defects. A subsequent oxygen plasma cleaning
(pressure: 0.3 mbar, gas flow: 8 sccm, power: 200 W) was performed to minimize the surface
fluorescence associated with the sample graphitization and contamination occurred during the
thermal treatment.
3. Results
PL characterization at ensemble level. The ensemble PL emission from the regions implanted at
3×1011 – 5×1013 cm-2 fluences was investigated with a Horiba Jobin Yvon HR800 Raman
spectrometer (600 grooves mm-1 diffraction grating, ~0.1 nm spectral resolution [21]). The
excitation radiation was delivered by a cw 532 nm laser focused on the sample surface with a 20×
air objective (21.6 mW power on the sample surface). The size of the probed spot region was
~3 µm, both in diameter and focal depth. The typical measured PL features are reported in the
spectra shown in Fig. 1a and Fig. 1b, which were acquired from the region irradiated at 5×1013 cm2
fluence. In particular, Fig. 1b shows the PL spectrum acquired under the same conditions with 514
nm laser excitation, to allow for an unambiguous attribution of the PL emission with respect to
Raman emission. The PL spectrum consists of a weak emission line at 593.5 nm, with an estimated
FWHM of 3 nm, followed by a bright PL peak at 620.3 nm (FWHM: 7 nm) and two less intense
emission lines at 630.7 nm (FWHM: 5 nm) and 646.7 nm (FWHM: 2 nm). In the present study it
was not possible to identify which of the observed PL peaks could be unequivocally attributed
either to zero-phonon lines (ZPLs) associated with different charge states, or to their respective
phonon sidebands. It is however worth noting that, if the 620.3 nm line (i.e. the most intense
spectral feature) is considered as a ZPL, the following 630.7 nm peak would correspond to a
33 meV energy shift. The resonance frequency for quasi-local vibrations of a bound Sn atom in the
diamond lattice is given by [22, 23]:
∆E = [m/3(M - m)]1/2 ωD

(1)

where m = 12 and M = 119 are the atomic masses of C and Sn atoms and ωD = 150 meV is the
Debye frequency of diamond. The calculated value is therefore ∆E~29 meV, a value in line with the
above-mentioned shift.

S. Ditalia Tchernij et al., “Single-photon-emitting optical centers in diamond fabricated upon Sn implantation” 3$ /$11

Our attribution of the observed PL emission to Sn-related centers is based on the systematic
dependence of the intensity of the reported emission lines from the ion implantation fluence. The
PL spectra acquired at increasing fluences in the 3-10×1011 cm-2 range are reported together with a
reference spectrum from an unirradiated region of the sample in Figs. 1c-f, after normalization to
the intensity of the first-order Raman line (measured at 572.5 nm and not shown here). The
emission lines at 593.5 nm, 620.3 nm, 630.7 nm and 646.7 nm are entirely absent from the
unirradiated region (Fig. 1c). The only recurrent feature among the reported spectra is the secondorder Raman emission of diamond, having characteristic peaks at 612.5 nm and 620.2 nm,
corresponding respectively to 2470 cm-1 and 2673 cm-1 Raman shifts [24]. It is worth noting that the
second-order Raman features of constant intensities were observed only in this set of
measurements, due to the intense power of the laser source (i.e. 21.6 mW), and did not affect the
characterization of single-photon emitters performed in the following at significantly weaker PL
excitation (i.e. <3 mW). Conversely, the afore-mentioned PL emission lines increase in their
intensity at increasing implantation fluences, up to the point where the Raman emission becomes
negligible with respect to the PL emission (Figs. 1a,b). Notably, the 620.3 nm PL peak strongly
overlaps with the 2673 cm-1 Raman peak, therefore its intensity needed to be suitably deconvoluted
from the Raman background. As mentioned above, to provide an unequivocal attribution of the
observed emission to PL and Raman transitions, the PL measurements were repeated at 514 nm
excitation. In this case, the 2470 cm-1 and 2673 cm-1 cm-1 Raman peaks shift to 588.7 nm and
595.9 nm, this time overlapping with the 593.5 nm PL emission line. However (see Fig. 1b), as
expected all of the lines previously attributed to PL emission remain unchanged. The fact that these
PL spectral features exhibit a strong correlation with the concentration of Sn in the diamond
substrate, combined with their absence in the extensive body of PL characterization works carried
on diamond implanted with different ion species [19,21,22,25], strongly supports their attribution to
Sn-related complexes.
Despite a conclusive attribution of the defect nature is well beyond the scope of the present work, it
is worth noting that the emission of Sn-related centers could be tentatively ascribed to a Sn-vacancy
complex, in analogy with the well understood models for the other optical centers associated with
group IV impurities (i.e. Si, Ge) in the diamond lattice [15, 26-28].

(
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Figure 1: PL characterization of Sn-related centers upon ion implantation. PL spectra acquired under a) 532 nm and b)
514 nm CW excitations from the diamond region implanted with 10 MeV Sn ions at 5×1013 cm-2 fluence. c) reference
spectrum from an unirradiated area. PL spectra acquired from different regions implanted with 60 keV Sn ions, at
fluences of d) 3×1011 cm-2, e) 6×1011 cm-2 and f) 1×1012 cm-2.

PL characterization at single-center level. PL measurements were performed with a home-built
single-photon-sensitive confocal microscope equipped with a 60× oil objective (1.35 numerical
aperture), a 532 nm cw excitation from a ND:YAG laser, and two silicon avalanche photodiodes
(SPADs). A suitable set of filters enabled to collect photons in the 580-638 nm spectral range. A
Hanbury-Brown & Twiss interferometric configuration was exploited for the study of the secondorder auto-correlation function from individual centers. The spectral analysis was carried out with
an Oxford Instruments Mono-CL monochromator (1200 grooves mm-1, 5 nm spectral resolution)
which was fiber-coupled to a SPAD; in this case, the measurements were performed with a different
set of filters, enabling the investigation in whole visible range at wavelengths λ > 570 nm.
Fig. 2a shows a 5×5 µm2 PL confocal map acquired at room temperature from edge of the region
implanted at 1×1011 cm-2 fluence. The map displays a density of isolated spots of about 1 spot per
µm2, all exhibiting similar characteristics in terms of both spectral features and non-classical
emission regime. A typical PL spectrum, acquired from an individual spot (highlighted in Fig. 2a
with a circle) and subtracted by the PL spectrum obtained from an unimplanted region of the sample
is shown in Fig. 2b. Within the limited spectral sensitivity of this system, the only apparent spectral
feature is the most intense 620.3 nm line.
An investigation on the non-classical emission properties of isolated Sn-related centers was
performed by acquiring their second-order auto-correlation PL chronograms g(2)(t) [4,29]. The
expected second-order emission chronogram from the same single-photon emitter reported in Fig. 2
is shown in Fig. 3a. g(2)(t) chronograms were acquired at increasing laser excitation power, ranging
from 80 µW to 720 µW.
The g(2)(t) chronograms, upon normalization according to the procedure described in Ref. [30],
display an anti-bunching behavior, i.e. a pronounced dip at null delay time, indicating the emission
of non-classical light from the center. More specifically, the g2(0) = 0.29 ± 0.02 value of the secondorder auto-correlation function, estimated under 80 µW excitation power even before applying any
correction for the negligible background luminescence, clearly indicates that the emission comes
from an individual color center.
The Sn-related defects exhibited a bunching effect at high excitation powers (P > 240 µW), thus
revealing the presence of a shelving state in the involved electronic transitions, similarly to what
was reported for the NV, NE8 and NIR centers [12,18,19], as well as, more pertinently to this work,
the group IV-related Si-V and Ge-V centers in diamond [15,31]. After suitable background
subtraction [30,32], the PL emission lifetimes of the center was estimated by fitting the g(2)(t)
curves with the following function describing a three-levels system [29]:
g(2)(t)=1−(1−a1)·exp(–|t |/ τ1)+a2 exp(−|t |/τ2)

(2)

where τ1 and τ2 represent the characteristic times associated respectively to the anti-bunching and
the bunching components of the chronogram. After having measured the τ1 parameter at different
excitation powers from the same center (Fig. 3a), the emission center lifetime was estimated as the
intercept of the linear fit of the trend of τ1 against the excitation power [19,33,34] as τ1 = (6.0 ± 0.1)
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ns (see Fig. 3b). This value is shorter than that of the NV center in bulk diamond (~12 ns, [35,36]),
and in line with the lifetime of the Si-V and Ge-V centers in diamond (~2 ns and ~5 ns, respectively
[13,15]). From the fitting procedure, the τ2 decay time was estimated as (68 ± 3) ns and (57 ± 2) ns
for the 470 µW and 720 µW excitation powers, respectively.

(

Figure 2: Sn-related single-photon emitters under 532 nm cw laser excitation. a) Confocal PL map of the sample region
implanted with 60 keV Sn ions at the lowest fluence (1×1011 cm-2). b) background-subtracted PL spectrum acquired
from the individual Sn-related emitter highlighted in a) by the white circle.

Figure 3: Non-classical PL emission properties of Sn-related centers. a) Second-order auto-correlation chronograms
taken from the luminescent spot circled in white in Fig. 2a under increasing excitation powers in the 80-720 µW range.
The curves are displaced along the vertical axis of unitary offsets, for sake of readability. b) Linear fit of the lifetime
value τ1 extracted from a) as a function of the laser excitation power. The intercept value defines the emission lifetime.
c) Temporal evolution of the PL emission rate of an individual Sn-related emitter displaying blinking behavior.

Emission blinking. The presence of a shelving state in the second-order auto-correlation function is
accompanied by random photo-blinking over time, which affected a non-negligible fraction of the
individual emitters investigated under intense 532 nm (i.e. >1 mW) laser excitation. A typical
example of this phenomenon is reported in Fig. 3c, where the background-subtracted PL count rate
is reported against the evolution time under continuous ~1 mW laser pump power. The blinking
mostly consisted of an “on-off ” behavior [16] between the full light emission from the center and
the complete absence of Sn-related emission, and as expected was more pronounced at higher
excitation powers. It is worth remarking that some centers permanently switched to a dark state
upon exposure for ~15 s to >5 mW laser excitation. Differently from what reported for other singlephoton emitters in diamond [19,37-39], no intermediate states with smaller decreases in the
emission rates were observed in the investigations.
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This observation can be tentatively attributed to the switch of the Sn defects to a “dark” charge
state, possibly activated by non-radiative processes (e.g. resonant energy transfer) by surrounding
defects [19,40], or by two-photon defect ionization induced by the intense laser excitation [41].
Emission saturation. Fig. 4a shows the typical dependence of the PL emission intensity from the
laser excitation power, as acquired from an individual Sn-related center exhibiting photo-stable
emission. The background-subtracted intensity trend follows a linear behavior at powers lower than
1 mW, followed by a saturation at higher powers. The trend was fitted with the following
expression [13,18,31]:
I (P) = Isat · P/(P+Psat),

(2)

where I is the PL count rate and P is laser excitation power. The saturation intensity and saturation
excitation power were respectively evaluated as Isat = (1.37 ± 0.01)×106 photons s-1 and
Psat = (1.11 ± 0.01) mW.

(
Figure 4: Emission properties of Sn-related centers. a) Emission rate of an individual Sn-related defect as a function of
the laser excitation power. The red line represents the fitting curve. b) Intensity of the PL emission from an individual
Sn-related center as a function of the polarization direction of the linearly polarized excitation laser with respect to the
<100> crystallographic direction.

Polarization measurements. The dependence of the emission intensity from the polarization
direction of the excitation beam was investigated by placing a linear polarizer at the excitation laser
output (0.9 mW on the sample surface), followed by a half-wave plate, which was employed to
rotate the excitation polarization. The normalized intensity of the background-subtracted PL
emission acquired from an individual Sn-related center is reported in Fig. 4b as a function of the
half-wave rotation angle. The <100> cyrstallographic direction of the sample corresponds to a
(0 ± 5)° angle. A linearly polarized absorption is apparent, although with an extinction ratio of only
~45%. The absence of a fully polarized absorption is tentatively ascribed to the presence of several
unfiltered Sn-related spectral features lines, whose polarization axes might not be aligned along the
same direction, similarly to what is observed for the Si-V center [27].
Conclusions
We reported on the controlled fabrication and preliminary photo-physical characterization of new
single-photon emitters based on the incorporation of Sn impurities into the diamond crystal by
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direct ion implantation and subsequent annealing. The spectral features of the Sn centers emission
consisted of peaks at 539.3 nm, 620.3 nm, 630.7 nm and 646.7 nm.
The Sn-related defects exhibit a three-level emission structure, with a radiative lifetime of 6 ns and
a shelving state with characteristic decay times of 57-68 ns for laser pump powers in the 470 720 µW range, respectively. The presence of a shelving state is accompanied by emission blinking
at high laser excitation powers, which is affecting a non-negligible fraction of the investigated
centers. The Sn-related centers also displayed polarized light absorption with 45% extinction ratio,
and a saturation PL emission of over 1 Mcps. These properties are comparable with those of the
other known color centers related to group IV impurities in diamond, namely the Ge-V and Si-V
centers. These results provide a significant contribution to the understanding and modeling of
optically active centers based on the incorporation of group IV impurities in diamond, and open
new perspectives into a novel class of bright single-photon emitters.
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