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Single-photon sources

A single-photon source is a physical system which emits 
 one photon  
 on demand  
 with given physical properties (polarization, wavelength)

Attenuated lasers

Laser

Attenuator

Cheap 
Highly monochromatic 
High fraction of multi-photon (or no-photon) pulses

Parametric down-conversion
Conversion pump laser in entangled photon pairs 
Post-selection: detection of the idler 
Conversion process with small probability (<10-10) 

Probabilistic implementations

2

Enables quantum information using photons
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Solid-state single-photon sources

3

Deterministic sources 
Compact (chip) size, portability, mass production 
Integration with existing micro-electronic technologies 
Tunability of the quantum systems by materials engineering 
 
Fabrication strategies scalable to the industrial level 
    Significant retooling of ion implantation techniques 
Driving solid state quantum systems 
                        Environmental noise, temperature 

Adequate single-photon detection systems 

Lack of established standards (specs, quality control, industry)

Advantages

Challenges

Quantum dots

Point defects in solids

Heterostructures, confinement, discrete energy levels 
Wavelength: tunable with the QD size 
Low temperature operation

Discrete energy levels in large band gap materials 
Room temperature operation 
Wavelength: system-dependent

Conduction band

Valence band
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The SIQUST Research Project
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EURAMET European Association of National Metrology Institutes 
EMPIR: EU Metrology Programme for Innovation and Research 
Integrated within H2020 scheme (2014-2020) 
Joint research projects involving  
   - Metrological Institutes 
   - Industrial Organizations 
   - Academia 
"To bring Europan measurement science to an internationally leading position"

SIQUST: Single-photon sources as new quantum standards 
36 months (2018-2021), 1.8 M€ Consortium Budget 
 
1. Solid state single-photon sources 
106 s-1 rate, <2nm linewidth, 0.05 purity 
Quantum dots, diamond color centers, organic molecules 
 
2. Novel sensing and measurement techniques  
Based on new classes of SPSs and on entangled photons 
 
3. Measurement infrastructure 
Complete metrological characterization 
Traceability of detectors, amplifiers, radiometers 
Portable sources

/35
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Single-photon sources as new quantum standards

Indistiguishable and entangled photons

Metrological characterization of SPSs

Dissemination

Management and coordination

New materials and concepts

Workplan

SIQUST Joint Research Project
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The SIQUST Activities in Torino
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P. Aprà    S. Ditalia Tchernij   F. Picollo   
A- Beraudo   M. Monteno      P. Olivero

M. Genovese    I. Degiovanni     E. Bernardi 
P. Traina           E. Moreva         

COMING 

SOON!

RT and 4K confocal microscopy setups

Photolitography, laser milling 
Thermal processing, probe station

5-100 kV ion implanter, Univ. Torino 
MIUR Dept. of Excellence Project 
Irradiation chamber embedded in 
cleanroom environment

Cleanroom(s) for devices processing
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The SIQUST Activities in Torino

Diamond based single-photon sources 

Exploration of novel classes of emitters 
  - Fabrication methods, ion implantation 
  - Characterization of emission properties 

Integration in opto-electronic devices 
 
    Electroluminescent sources 
    Electrical tuning of emission spectra 

Quantum enhanced sensing 

NV center 
   Electrometry 
   Thermometry 
   Bio-sensing 
 
Alternative quantum emitters

6
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Point defects (vacancies, interstitials, substitutional impurities) 
Formation of discrete energy levels with optical transitions 

Individual defects: single-photon sources  

Large band gap (5.5 eV):  

   Emission in the visible light spectrum 

   Operation at high temperatures

Diamond color centers

Hundreds of optically active defects 

Many with high quantum efficiency and RT photo-stability

2-level 
system 

laser 
excitation

Excited state

Ground state

Eg = 5.49 eV 

range of defects and impurities 

low phonon density 

 
wide transparency from NUV to far IR 

>150 vibrational & >500 electronic optically active centers 

many centers are characterized by high quantum 

efficiency and photo-stability at room temperature 

some centers display a convenient level structure for 

spintronics 

Color Centers in Diamond 

Eg = 5.49 eV 

range of defects and impurities 

low phonon density 

 
wide transparency from NUV to far IR 

>150 vibrational & >500 electronic optically active centers 

many centers are characterized by high quantum 

efficiency and photo-stability at room temperature 

some centers display a convenient level structure for 

spintronics 

Color Centers in Diamond 

Monoatomic crystal: control on defects formation

A systematic study is currently missing on 
 
       fabricability 
       emission properties characterization
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Control:  
     the position (~10 nm accuracy) 
          OR 
     the number (single ion detection,  
                          energies as low as 150 keV) 
 
 
           of the implanted ions 

Ion implantation of diamond color centers

20 nm. In order to remove contamination or graphite which
may have been produced at the diamond surface during
annealing (and then lead to parasitic effects such as
photoluminescence quenching), the sample has been cleaned
in a boiling mixture of acids (perchloric, sulphuric and nitric
1:1:1) for 4 h. This moreover stabilises the charge state of
the shallow NV centres in their negatively charged state
NV! [37, 38]. Aside of each pattern, a marking cross
implanted at high fluence has been drawn with the nitrogen
beam. As seen in Figs. 2d and 3, such a mark presents the
advantage of being visible both with a confocal microscope,
due to the bright luminescence of this NV ensemble, and
with a scanning electron microscope. This reinforces the
flexibility of this ion implantation dual setup.

The implanted structures have been characterised using
a home-made scanning confocal microscope with laser
excitation at 532 nm wavelength. The excitation beam is
focused on the diamond sample using an oil-immersion
microscope objective with an NA ¼ 1.35 numerical aper-
ture. The luminescence from the excited NV centres is
collected with the same microscope objective and spectrally
filtered with a dichroic mirror in order to remove any
excitation residuals. The detection system consists of a
photon counting system (two avalanche photodiodes
mounted in a Hanbury Brown and Twiss configuration)
and of a spectrograph based on a cooled CCD matrix. The
spectral measurement is used to detect the charge state of
the implanted NV centres.

3 Results and discussion As mentioned above, all
the fabricated arrays were designed using the same pattern
(Fig. 2c), which has the appearance of a grid (40 mm #
40 mm) with implanted N ions in each unit. The spots are
separated by 2 mm distance from each other. The ion current
was kept constant and the quantity of implanted ions was

controlled by changing the dwell time. The detected
photoluminescence of one of the implanted patterns (1 ms
of dwell time per each spot) at an optical excitation of
150 mW is presented in Fig. 3. It consists of well-separated
bright spots each containing tens of NV centres that the
confocal setup cannot optically resolve. By comparing
the mean intensity recorded for a single NV centre to
the average luminescence intensity emitted from these
implanted spots, it is roughly found that they are made out
of 30–40 NV centres. This corresponds to a creation yield
of $1%. The measured spectra of the implanted spots in
the different arrays prove that the fabricated NV centres
are mostly present in their negatively charged NV! state
(Fig. 3). It can also be seen that a relatively high and
unwished density of NV centres (1–5 mm!2) is present. This
is due to the fact that the implantation has been performed
without any mass filter mounted on the FIB column.
Although this drawback can be easily avoided using a mass
separation E # B Wien filter, the effect of such a filter
on the focusing properties of the FIB column will require
further studies.

The resolution of the ion implantation which is
determined by the focus of the ion beam, is inferred using
two complementary analysis techniques. Firstly, the widths
of nine implanted spots at the higher fluence (1 ms dwell
time) have been measured with confocal microscopy and
compared to the width obtained for a single shallow NV
centre. The single NV centre image is used to determine the
point spread function (PSF) of the confocal system (Fig. 4a).
For a single NV, we measured a width of $250 nm, in good
agreement with the optical diffraction-limited resolution
given by Dr % 1.22 # l/(2 # NA) (where l is the optical
wavelength and NA the numerical aperture of the objective).
By deconvolving the measured implanted spots from the
PSF, it is found that the ion beam focus is on average
90 & 20 nm (Fig. 4c).

The second analysis is based on high-resolution imaging
of the implanted spots using GSD microscopy in order to
determine the number of NV centres per spot and resolve
their lateral distribution. In GSD, the intensity profile of the
excitation beam is modulated by placing a vortex phase mask
in the optical path which produces a doughnut-shaped
excitation beam [33]. Increasing the excitation power leads
to a reduction of the size of the dip observed in the PSF. This
is shown for a single NV centre in Fig. 4d (excitation power
of 50 mW) where an imaging resolution of 35 nm was
obtained. Ideally, GSD measurements should be done on
the spots implanted with the highest dwell time of 1000 ms.
However, the NV density in these spots was too high to
optically resolve each centre. Thus the GSD analysis has
been performed on one particular spot belonging to the
lower fluence array generated with a 300 ms dwell time. The
confocal image of this spot is shown in Fig. 4b. From its
fluorescence intensity and from the corresponding intensity
autocorrelation function recorded with the Hanbury Brown
and Twiss setup (inset in Fig. 4b), it can be estimated that the
spot consists of ’9 NV centres. Figure 4e shows the GSD

Figure 3 Luminescence scan of a diamond surface implanted with
a focused beam of 14Nþ

2 ions. The inset shows a closer view of the
array of NV centres and the emission spectrum of one of the
implanted spots.
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Reproducibility 
Scalability 
Integration in electronic/photonic structures 
High spatial density

expected error rate of !1% based primarily on the overlap
between the 1 and 2 ion peaks as the overlap between the 0
and 1 ions peaks leads to negligible 0.0005% error. This error
rate can be further reduced through lowering the average num-
ber of ions per pulse to "0.01 giving a probability of 2 or
more ions per pulse to be <0.005% allowing for reliable single
ion detection.

In conclusion, we have fabricated and characterized a
series of co-planar diamond detectors optimized for sub-
200 keV Si detection. We demonstrated quantized single ion
detection with a SNR approaching 10 for implantation condi-
tions that will allow for coupling between a counted number
of ions and diamond nano-photonic structures. Based on the
achieved SNR, we anticipate that this technique would also
be applicable for counting Nitrogen ions with a comparable
fidelity. SRIM simulations indicate that there would be a suf-
ficient number of electron hole pairs generated to detect a
Nitrogen implantation at a depth suitable for coupling to a
photonic cavity. From this, we can estimate the lower bounds
of detectability with an expected SNR of 2 and resolve a
60 keV Si implantation at a depth of 42 6 12 nm or a 50 keV
N implantation at a depth of 63 6 15 nm. For lower energy
detection, SNR improvements can be achieved through the
use of in-vacuum detector electronics, cooling the detector,
and, potentially, by channeling the implantation along the
crystallographic axis.20 The single ion detection capability
demonstrated here will allow for counted ion implantation
which reduces the uncertainty in the color center yield by
removing the Poisson distribution of the number of implanted
ions. This should allow for a systematic understanding of how
to improve the yield of single color centers by co-implantation,
varying annealing parameters and surface termination to be
developed.10,11,15,16

We would like to thank B. Doyle for helpful discussions
on data analysis and B. Pate of the Naval Research
Laboratory for advice on diamond surface preparation.
Additionally, we would like to thank J. Nogan, W. Ross, and
A. James of the Center for Integrated Nanotechnologies for
assistance with fabrication. This work was performed, in part,
at the Center for Integrated Nanotechnologies, a U.S. DOE
Office of Basic Energy Sciences user facility. Sandia National
Laboratories is a multi-program laboratory operated by
Sandia Corporation, a Lockheed-Martin Company, for the
U.S. Department of Energy under Contract No. DE-AC04-
94AL85000.
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FIG. 4. (a) Histogram of the detector response for less than one ion per pulse with a 2 lm gap device. The solid curves are Gaussian fits to the peaks. The
amplitudes of the peaks match the Poisson distribution for an average of 0.65 ions per pulse. (b) Histogram of the detector response after the gain of the detec-
tor electronics is increased to maximize the sensitivity for single ions and the pulse duration of the beam is reduced to minimize the probability of more than
one ion per pulse. The solid lines are Gaussian fits to the peaks where the amplitudes correspond to the Poisson distribution for an average of 0.2 ions per pulse.
(c) An oscilloscope trace of the detector response to a single ion showing visibly of 45 (ratio of the peak height to the background).
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!10% uncertainty in the IBIC signal for on average 100 ions
per pulse since the signal height will be proportional to the
number of ions per pulse. We estimate the CCE loss from
damage to be 0.5% per ion by performing repeated line scans
and measuring the signal reduction over the same area. As a
result, the maximum CCE expected is 50% for these
experiments.

Figures 2(a)–2(c) show representative line scans at a
scaled bias (the bias divided by the gap size) of 10 V/lm for
the three different gaps. The CCE is largest near the edges of
the electrodes and drops off near the center. To explain the
shape of the CCE as a function of impact point, we per-
formed a simple IBIC simulation displayed in Figure 2(d).
The electric field and Gunn potential were calculated using
COMSOL33 and then a line of charge was created according
to the SRIM ionization profile. The carriers were followed
and the induced charge was calculated as a function of time
using the Gunn potential difference34 and carrier lifetime.
Using a surface layer of 100 nm, corresponding to the ioniza-
tion profile, with a reduced carrier lifetime (10–100 ps)
resulted in a similar profile as experimentally measured. For
comparison, typical carrier lifetimes in CVD diamond are on
the order of 10 ns in the bulk.23 From the simulation, the
CCE is enhanced near the edges due to a non-negligible ver-
tical component of the electric field driving carriers below
the surface layer. At this point, we did not attempt to match
the experimental results but show qualitatively that this
mechanism leads to a similar profile.

Figure 3(a) shows a plot of CCE versus scaled bias for
the three different gap sizes (2 lm, 5 lm, and 10 lm).35 The
CCE saturation curve as a function of bias is used to estab-
lish the optimum bias for detector operation.20 The CCE sat-
urates, reaching the expected 50%, at 5 V/lm in Figure 3(a),
and this is in the range of observed fields for velocity satura-
tion in high grade CVD diamond21–23 for all the gaps when
plotted versus scaled bias. The continued CCE increase
above saturation is most likely due to the Frenkel-Poole
effect since we are applying a field well above the threshold
for detrapping observed in previous studies36 while the

applied electric field is an order of magnitude below the
threshold to generate appreciable impact ionization.37

Detrapping rather than carrier generation is the most likely
explanation for the increasing CCE above saturation.

Figure 3(b) shows an IBIC map of a 2 lm gap detector
taken at a 15 V/lm bias and with an average of 10 ions per
pulse irradiation. In the figure, the outline of the detector
electrodes and probe tips used to contact to the detector are
clearly visible due to the detection in the periphery of the
device. Within the gap of the detector, the CCE approaches
100%.

To resolve single ions, we first lower the average beam
current to less than on average one ion per pulse and collect
the detector response for approximately 1000 pulses where
the beam position is stepped by 100 nm after each pulse to
minimize the effects of substrate damage. A histogram of
such an experiment is displayed in Figure 4(a). The peaks of
the histogram are fitted with Gaussian curves. The signal-to-
noise ratio (SNR) for the one ion peak is !3.2, where the
SNR is defined as

SNR ¼
lsignal

lnoise þ rnoise
: (2)

lsignal is the average signal value, lnoise is the average noise
value, and rnoise is the half-width at half maximum of the
noise peak. The Poisson probabilities for 0, 1, 2, 3, and 4
ions for an on average 0.65 ions per pulse match the experi-
mental counts to within 3%. To optimize the detection sys-
tem for single ion counting, the average beam current per
pulse is further reduced to an average of 0.2 ions per pulse.
In this regime, most pulses contain no ions and the pulses
with ions either have one or two ions per pulse. We added a
high gain spectroscopy amplifier (Ortec 671) to the detector
chain to minimize the overlap of the single ion response with
the noise peak increasing the effective gain by a factor of
600. Figure 4(b) displays a histogram of the results with
Gaussian fits to the signal peaks. The normalized signal
peaks match the Poisson probabilities for 0.2 ions per pulse
to within 3%. The optimized detection scheme results in an
SNR of 7.3 for the one ion signal with an energy resolution
of 20 keV.

Figure 4(c) displays an oscilloscope trace of a signal pulse
from a single ion event which can be used to count in ions to
the substrate following the procedure described in Ref. 14.
This technique would result in a counted implantation with an

FIG. 2. IBIC line scans taken across devices with (a) 10 lm, (b) 5 lm, and
(c) 2 lm gaps using 100 ions per pulse with a scaled bias of 10 V/lm (the
bias divided by the gap size). (d) CCE simulation with reduced carrier life-
times (10 and 100 ps) in the shallow implantation region.

FIG. 3. (a) Plot of the peak CCE per pulse versus scaled bias as a function
of gap size. The black oval indicates the data displayed in Figs. 2(a)–2(c).
(b) IBIC image of a 2 lm gap detector, taken with 15 V/lm and on average
10 ions per pulse. The CCE in the gap region approaches 100%. The probe
tips connecting to the detector as well as the electrodes are visible in the
image.
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Sandia, APL 109 (2016) 063502

Key enabler for controlled fabrication of quantum emitters 

Only viable path to large scale arrays of individual emitters

Chip scale fabrication with industrially available methods



/22Jacopo Forneris - Quantum Technologies within INFN: status and perspectives

Quest for optimal quantum emitters
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Luminescent defects in diamond fabricated upon ion implantation - 2014

NV center    - J. Appl. Phys. 109, 083530 (2011) 
SiV center    - J. Phys. B 39 (2006) 37 
Xe-center     - J. Lumin 107 (2004) 26 
NE8 Center - J. Appl. Phys. 107 (2010) 093512

575
NV0 NV–

NV center - emission spectra 

Single photon emission from SiV centres in diamond produced by ion implantation 39
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Figure 2. (a) Saturation of the fluorescence of the SiV centre. Squares represent the count rates
measured on the SiV centre and triangles that beside it. (b) Spectrum of the SiV centre (black line)
and of the background (grey line).
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Figure 3. (a) Normalized coincidence rate histogram. The line shows the least square fit using a
three-level model. (b) Histogram of the time delay between the laser pulse and the fluorescence
detection. The line shows the least square fit of an exponential decay considering the time jitter in
the photon detection.

central peak), the counts are due to the dark count rate of the APDs. Additional counts on the
right side are mostly due to the Raman scattering of the excitation laser in the bulk diamond.
The position of the central peak indicates that this SiV centre lies very close to the surface
in agreement with the results of our computer simulation. In figure 2(a), the photon count
rate on and aside the SiV colour centre is shown as a function of the pump power. While
the background increases linearly with the pump power (grey line), the dependence of the
fluorescence on the pump power can be well described by the form F(P ) = F0 ×P/(Psat +P)

(black line), which can be derived for an ideal two-level system. The saturation power Psat

was estimated to be 6.87 ± 0.99 mW. Due to the limited power of the excitation laser diode,
the saturation behaviour at very strong excitation could not be investigated, which causes the
uncertainty in the determination of Psat. Fluorescence spectra were measured at the maximum
and at a dark region on the fluorescence image and are shown in figure 2(b). The ZPL of the
SiV centre at 738 nm is clearly visible. Due to the low luminescence intensity the vibronic
sideband is not resolved.

To evaluate the photon statistics of the fluorescence from the single SiV centres, the
autocorrelation function g(2)(τ ) was measured. For this purpose a Hanbury–Brown–Twiss
setup consisting of two APDs in each output port of a beam splitter was used. A coincidence
unit was used to register histograms of the time delay τ of the detection events of the two APDs
[7]. To suppress the background and the optical cross talk between the APDs the interference
filter was inserted in front of one APD again.

The normalized photon conincidence rate histogram which is equal to the g(2)(τ ) [20] is
presented in figure 3(a). The minimum of about 0.7 at time delay zero proves the nonclassical

SiV center - RT emission intensity saturation
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Demonstrated

INFN 
UniTo 
INRiM

In progress

NV center    - J. Appl. Phys. 109, 083530 (2011) 
SiV center    - J. Phys. B 39 (2006) 37 
Xe-center     - J. Lumin 107 (2004) 26 
NE8 Center - J. Appl. Phys. 107 (2010) 093512 
 
SnV center - ACS Phot. 4 (2017) 2580 
                    - PRL 119, 253601 (2017) 
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Demonstration of SnV center in diamond
20 keV, 10 MeV Sn implantation and annealing (T>900 °C) 
Main emission line at 620.3 nm
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Correlation of PL intensity and implantation fluence

Highest intensity so far at room temperature 
Saturation emission: (1.37 ± 0.01) x106 photons s-1 

 

Single-Photon-Emitting Optical Centers in Diamond Fabricated upon
Sn Implantation
S. Ditalia Tchernij,†,‡ T. Herzig,§ J. Forneris,*,‡,† J. Küpper,§ S. Pezzagna,§ P. Traina,∥ E. Moreva,∥

I. P. Degiovanni,∥ G. Brida,∥ N. Skukan,⊥ M. Genovese,‡,∥ M. Jaksǐc,́⊥ J. Meijer,§ and P. Olivero†,‡
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§Department of Nuclear Solid State Physics, University of Leipzig, 04103, Leipzig, Germany
∥Istituto Nazionale di Ricerca Metrologica (INRiM); Strada delle Cacce 91, 10135, Torino, Italy
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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, 620.3, 630.7, and 646.7 nm) are
attributed to Sn-related defects through the correlation of their photo-
luminescence (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 and Twiss
interferometry. The investigation of their single-photon 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 on 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 photophysical 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.
KEYWORDS: diamond, color centers, ion implantation, single-photon, tin

Single-photon sources (SPS) are essential building blocks for
the development of quantum technologies, ranging from

fundamental quantum optics experiments to quantum metrol-
ogy 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 Si13,14 and Ge15

impurities, as well as additional centers in the visible16,17 and
near-infrared18−20 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
photostability 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 single-photon
emitters in single-crystal diamond fabricated upon ion
implantation and subsequent 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
autocorrelation 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.

■ EXPERIMENTAL SECTION
The measurements were performed on a high-purity single-
crystal diamond substrate. Several ∼200 × 200 μm2 regions
were implanted through a collimator at different Sn energies
and fluences. One region underwent a 10 MeV Sn implantation
at 5 × 1013 cm−2

fluence. Five additional regions were
implanted with 60 keV Sn ions in the 2 × 1010 −1 × 1011 cm−2
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Pb-related emission in diamond
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PL excitability in the 405 nm - 532 nm range 
Single-photon emitter demonstration 
High count rate (1.04 ± 0.07) x106 photons s-1

Fabrication with either Pb- (unstable beam, low ion currents) 
                                      PbO2- 

Emission lines at  
538 nm (doublet) 
552-556 nm (doublet?) 
Theory: ZPL at either: 517 nm, 544 nm

Attribution and defect structure: still tentative

Single-Photon Emitters in Lead-Implanted Single-Crystal Diamond
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M. Jaksǐc,́# J. Meijer,§ P. M. Genovese,‡,⊥ and J. Forneris*,‡,#

†Physics Department and “NIS” Inter-departmental Centre, University of Torino, Torino 10124, Italy
‡Istituto Nazionale di Fisica Nucleare (INFN), Sez. Torino, Torino 10125, Italy
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ABSTRACT: We report on the creation and characterization of Pb-related color
centers in diamond upon ion implantation and subsequent thermal annealing.
Their optical emission in the photoluminescence (PL) regime consists of an
articulated spectrum with intense emission peaks at 552.1 and 556.8 nm,
accompanied by a set of additional lines in the 535−700 nm range. The attribution
of the PL emission to stable Pb-based defects is corroborated by the correlation of
its intensity with the implantation fluence of Pb ions. PL measurements performed
as a function of sample temperature (in the 143−300 K range) and under different
excitation wavelengths (i.e., 532, 514, 405 nm) suggest that the complex spectral
features observed in Pb-implanted diamond might be related to a variety of
different defects and/or charge states. The emission of the 552.1 and 556.8 nm
lines is reported at the single-photon emitter level, demonstrating that they
originate from the same individual defect. This work follows from previous reports
on optically active centers in diamond based on group-IV impurities, such as Si,
Ge, and Sn. In perspective, a comprehensive study of this set of defect complexes could bring significant insight on the common
features involved in their formation and opto-physical properties, thus offering a basis for the development of a new generation
of quantum-optical devices.
KEYWORDS: diamond, lead, color centers, single-photon source, ion implantation, photoluminescence

Diamond is a promising platform for the development of
solid-state quantum devices with applications in

quantum information processing and sensing.1−5 In recent
years, the search for optically active defects with appealing
properties has led to the discovery of several classes of color
centers6−11 alternative to the widely investigated negatively
charged nitrogen-vacancy complex (NV− center).12 This is
motivated by the fact that the NV− defect, although extremely
promising for its peculiar spin features,13 is limited in several
applications by suboptimal opto-physical properties, such as a
spectrally broad emission with intense phonon sidebands, the
presence of charge state blinking, and a relatively low emission
rate.14−16 In particular, the silicon-vacancy center (SiV)17 has
attracted significant attention due to a near transform-limited
emission,18,19 good photon indistinguishability,19,20 the capa-
bility of coherently controlling its spin properties,21−24 and the
emergence of reliable techniques for its deterministic
fabrication.25−28

The recently explored emitters related to group-IV
impurities, such as the germanium-related (GeV)29−31 and
tin-related (SnV)32−34 color centers, are characterized by

similar defect structure and opto-physical properties to those
of the SiV center, such as photostability, narrow zero-phonon
line (ZPL), relatively small phonon coupling, and high
emission rate. This brings further interest in this class of
optically active defects. In particular, these recent discoveries
open the question of whether the whole set of group-IV-based
complexes (SiV, GeV, SnV, and now PbV) result in stable
optically active emitters, and second whether the properties of
these color centers exhibit any common features.
In this work, we present evidence of photoluminescence

(PL) emission from color centers created upon the
implantation of Pb ions in diamond followed by thermal
annealing. To the best of the authors’ knowledge, in a recent
work35 promisingly similar results were obtained from low-
fluence Pb implantations in diamond, although with several
differences, which could be ascribed to different experimental
conditions (excitation wavelengths, spectral filtering, measure-
ment temperature).
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PERSPECTIVE

Quantum nanophotonics with group IV defects
in diamond
Carlo Bradac1*, Weibo Gao 2, Jacopo Forneris3, Matthew E. Trusheim 4 &
Igor Aharonovich1

Diamond photonics is an ever-growing field of research driven by the prospects of harnessing

diamond and its colour centres as suitable hardware for solid-state quantum applications.

The last two decades have seen the field shaped by the nitrogen-vacancy (NV) centre

with both breakthrough fundamental physics demonstrations and practical realizations.

Recently however, an entire suite of other diamond defects has emerged—group IV colour

centres—namely the Si-, Ge-, Sn- and Pb-vacancies. In this perspective, we highlight the

leading techniques for engineering and characterizing these diamond defects, discuss

the current state-of-the-art group IV-based devices and provide an outlook of the future

directions the field is taking towards the realisation of solid-state quantum photonics with

diamond.

The field of diamond photonics is marching into its third decade—its birth arguably
marked by the 1997 discovery of room temperature optically detected magnetic resonance
from a single diamond nitrogen-vacancy (NV) centre.1 The unique ability of the NV’s

spin to be initialized, manipulated and optically read out at room temperature gave substance
to the aspiration of realizing solid-state quantum bits operating in ambient conditions.2,3
Tremendous efforts followed, driven by the goal to engineer high-quality NV centres with long
spin coherence times, and ameliorate the fabrication of diamond nanostructures for efficient
light extraction.4–7 The remarkable progress made in pursuit of this endeavour resulted in
landmark realizations both in fundamental and applied science including on-demand entan-
glement,3 nanoscale nuclear magnetic resonance8,9 and quantum memories.10

Nonetheless, these realizations revealed how advanced quantum applications require specific
characteristics for the single-photon emitter candidate. For quantum communication, it is
desirable for the emitter to have high quantum efficiency, high Debye–Waller factor, short
lifetime and negligible spectral diffusion. Additionally, for quantum sensing and quantum
computing the source should have an addressable spin state to encode the information, which
can be initialized, manipulated and read out, and with a coherence time that is a few-order-of-
magnitude longer than the time required to perform a fundamental operation on the state itself.
Consequently, for some applications that require better photon throughput, for example,
quantum repeaters, the NV centre is not ideal. Its long fluorescent lifetime (~11 ns) and weak
emission into the zero-phonon line (ZPL) (only ~4% at room temperature) put an upper bound
to the maximum photon rates achievable when employing NV centres in basic quantum
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Optical activity of noble gases in diamond

Optical activity of noble gases in diamond 
Narrow lines at 535.5, 560.5 nm in He-implanted diamond (E>1 MeV, annealing at >750 °C)

Ne, Xe-implanted diamond also exhibit CL 
lines, Phys. Stat. Sol. (b) 129 (1985) 129
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Creation and characterization of He-related color centers in diamond
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a b s t r a c t

Diamond is a promising material for the development of emerging applications in quantum optics,
quantum information and quantum sensing. The fabrication and characterization of novel luminescent
defects with suitable opto-physical properties is therefore of primary importance for further advances in
these research fields.

In this work we report on the investigation in the formation of photoluminescent (PL) defects upon
MeV He implantation in diamond. Such color centers, previously reported only in electroluminescence
and cathodoluminescence regime, exhibited two sharp emission lines at 536.5 nm and 560.5 nm,
without significant phonon sidebands.

A strong correlation between the PL intensities of the above-mentioned emission lines and the He
implantation fluence was found in the 1015–1017 cm!2

fluence range. The PL emission features were not
detected in control samples, i.e. samples that were either unirradiated or irradiated with different ion
species (H, C). Therefore, the PL features are attributed to optically active defects in the diamond matrix
associated with He impurities. The intensity of the 536.5 nm and 560.5 nm emission lines was investi-
gated as a function of the annealing temperature of the diamond substrate. The emission was observed
upon annealing at temperatures higher than 500 °C, at the expenses of the concurrently decreasing
neutral-vacancy-related GR1 emission intensity. Therefore, our findings indicate that the luminescence
originates from the formation of a stable lattice defect. Finally, photoluminescence from He-related
defects was observed under different laser excitations wavelengths (i.e. 532 nm and 405 nm), thus
providing promising evidence of a broad spectral range for optical stimulation.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade diamond has been thoroughly investigated as a
promising material for applications in the field of quantum optics, due
to the discovery and the characterization of several luminescent point
defects with appealing light emission and spin properties [1–3].

Up to date, the most prominent system in this field is the
negatively-charged nitrogen-vacancy center (NV!), whose well
established high quantum efficiency, stability at room temperature
and appealing spin properties structure represent an intriguing
potential for applications in quantum photonics, cryptography, sensing

and computing [4–9]. On the other hand, some of its limitations
(relatively long radiative lifetime, charge state blinking and broad
spectral emission [10]) led to the exploration of alternative lumines-
cent centers for single-photon source applications, such as the Si-V
center [11,12], Ni- [13–15], Eu- [16] and Ge-related [17,18] impurities,
as well as radiation-damage related defects [19] and other bright NIR
emitters [20,21], which demonstrated up to tenfold higher emission
rates, as well as a strongly polarized and spectrally narrower emission.
Thus, the fabrication of novel luminescent defects with desirable
properties upon the implantation of selected ion species still repre-
sents a crucial strategy to achieve further advances in the aforemen-
tioned research fields.

In this work, we report on the investigation of the photo-
luminescence (PL) properties of optically active defects in diamond
obtained upon the implantation of MeV Heþ ions and subsequent
thermal annealing at temperatures 4500 °C. The measured PL

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jlumin

Journal of Luminescence
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beam. This strategy was defined because, despite having a good
control of the milling dose during the FIB machining process, it
was not possible to obtain a complete removal of the metal without
partially milling the diamond surface.

Graphitic channels buried into the diamond substrate were fab-
ricated by ion implantation through the previously-described
masks using a 1.8 MeV He+ broad-beam (!5 mm2 spot size) with
an ion current of !500 nA. The ion fluence was !2 " 1017 cm#2

and the sample was implanted at room temperature. Ion implanta-
tion was performed by using the 60! beam line at the AN2000 facil-
ity of the INFN National Laboratories of Legnaro (I).

According to SRIM2013 Monte Carlo simulation [27], these irra-
diation conditions are suitable for producing a vacancy density
profile with a damage peak well above the graphitization threshold
(i.e., 9 " 1022 cm#3) [11].

SRIM simulations were carried out selecting the ‘‘Detailed cal-
culation with full damage cascades’’ mode, by setting a displace-
ment energy value of 50 eV for diamond [28]. It is worth noting
that the vacancy density profile was obtained by modeling the
effect of cumulative ion implantation on the number of vacancies
with a simple linear approximation, which does not take into
account for more complex processes such as self-annealing, ballis-
tic annealing and defect interaction, and assuming a linear depen-
dence of the conductivity on the vacancy density. Therefore, the
estimated value for the graphitization threshold can only be con-
sidered as an effective parameter quantifying the induced damage
density.

After ion implantation, the Cu masks were removed from the
surface. The sample was then annealed in vacuum at 950 !C for

2 h with slow heating and cooling rates (5 !C min#1) to avoid
thermal stress. The thermal treatment was performed with the
purpose of converting the highly-damaged regions located at the
ion end of range to a graphitic phase while removing the structural
sub-threshold damage introduced in the layer overlying the above-
mentioned damaged region.

The electrical characterization (two-terminal current–voltage
measurement) of the channels was performed with a home-built
setup consisting of a system of microprobes operating at room
temperature. The microprobes were connected by suitably
shielded feed-throughs to a Keithley model 614 which can supply
a voltage between #3 V and +3 V and simultaneously measure the
current flowing in the circuit. The maximum resolution of the
instrument is 10 fA and the accuracy is typically better than 1%,
depending on the used scale used and quality of the contacts. In
order to improve the quality of the electrical contact between
the channels and the microtips, 200 nm thick silver pads were
deposited over the emerging endpoints of the graphitic micro-
structures.

3. Results

The design of a DIBL process requires an accurate evaluation of
the mask thickness and of the ion beam energy involved in the
process. These parameters can be established by means of Monte
Carlo numerical simulations (see Fig. 2). Using this approach we
chose the above reported values (mask thickness = 4 lm; He+

beam energy = 1.8 MeV) in order to fabricate conductive strips
3 lm below the surface.

As shown in Fig. 2a, the Bragg peak of the implanted He+ ions is
entirely located within the copper layer, thus guaranteeing a com-
plete masking of the areas unexposed to the MeV ion irradiation. At
the same time, the FIB milled regions of the metal film allowing the
passage of the ions. The depth profile of the ion-induced structural
damage in these areas is reported in Fig. 2b, being parameterized
as the volumetric density of induced vacancies, as resulting from
SRIM 2013.00 Monte Carlo code [27].

The optical micrograph presented in Fig. 3 shows the graphitic
structures obtained in diamond after the thermal treatment. The
realized geometry was planned in order to produce a multi-
electrode-array biosensor capable of interfacing with a single cell
[25]: indeed the 16 electrodes are converging inside a circular area
of 20 lm diameter. It is also worth stressing that the emerging
peripheral zones are laid out to easily provide contacts for subse-
quent chip bonding.

The spatial resolution in the fabrication of the graphitic features
of the high-density multi-electrode array was achieved thanks to
the micrometric resolution of the FIB mask milling. In particular,
it is worth noting that the lateral straggling of MeV ions

Fig. 3. Optical micrograph of the implanted diamond after thermal treatment. The
graphic channels dimensions show a good correspondence with mask features.

Fig. 4. (a) Schematics of the experimental set-up realized for current–voltage measurements; (b) example of an IV curve obtained by probing two pads at the endpoints of a
single channel: the IV characteristic exhibits an ohmic behavior.

F. Picollo et al. / Nuclear Instruments and Methods in Physics Research B 348 (2015) 199–202 201
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masks using a 1.8 MeV He+ broad-beam (!5 mm2 spot size) with
an ion current of !500 nA. The ion fluence was !2 " 1017 cm#2

and the sample was implanted at room temperature. Ion implanta-
tion was performed by using the 60! beam line at the AN2000 facil-
ity of the INFN National Laboratories of Legnaro (I).

According to SRIM2013 Monte Carlo simulation [27], these irra-
diation conditions are suitable for producing a vacancy density
profile with a damage peak well above the graphitization threshold
(i.e., 9 " 1022 cm#3) [11].

SRIM simulations were carried out selecting the ‘‘Detailed cal-
culation with full damage cascades’’ mode, by setting a displace-
ment energy value of 50 eV for diamond [28]. It is worth noting
that the vacancy density profile was obtained by modeling the
effect of cumulative ion implantation on the number of vacancies
with a simple linear approximation, which does not take into
account for more complex processes such as self-annealing, ballis-
tic annealing and defect interaction, and assuming a linear depen-
dence of the conductivity on the vacancy density. Therefore, the
estimated value for the graphitization threshold can only be con-
sidered as an effective parameter quantifying the induced damage
density.

After ion implantation, the Cu masks were removed from the
surface. The sample was then annealed in vacuum at 950 !C for

2 h with slow heating and cooling rates (5 !C min#1) to avoid
thermal stress. The thermal treatment was performed with the
purpose of converting the highly-damaged regions located at the
ion end of range to a graphitic phase while removing the structural
sub-threshold damage introduced in the layer overlying the above-
mentioned damaged region.

The electrical characterization (two-terminal current–voltage
measurement) of the channels was performed with a home-built
setup consisting of a system of microprobes operating at room
temperature. The microprobes were connected by suitably
shielded feed-throughs to a Keithley model 614 which can supply
a voltage between #3 V and +3 V and simultaneously measure the
current flowing in the circuit. The maximum resolution of the
instrument is 10 fA and the accuracy is typically better than 1%,
depending on the used scale used and quality of the contacts. In
order to improve the quality of the electrical contact between
the channels and the microtips, 200 nm thick silver pads were
deposited over the emerging endpoints of the graphitic micro-
structures.

3. Results

The design of a DIBL process requires an accurate evaluation of
the mask thickness and of the ion beam energy involved in the
process. These parameters can be established by means of Monte
Carlo numerical simulations (see Fig. 2). Using this approach we
chose the above reported values (mask thickness = 4 lm; He+

beam energy = 1.8 MeV) in order to fabricate conductive strips
3 lm below the surface.

As shown in Fig. 2a, the Bragg peak of the implanted He+ ions is
entirely located within the copper layer, thus guaranteeing a com-
plete masking of the areas unexposed to the MeV ion irradiation. At
the same time, the FIB milled regions of the metal film allowing the
passage of the ions. The depth profile of the ion-induced structural
damage in these areas is reported in Fig. 2b, being parameterized
as the volumetric density of induced vacancies, as resulting from
SRIM 2013.00 Monte Carlo code [27].

The optical micrograph presented in Fig. 3 shows the graphitic
structures obtained in diamond after the thermal treatment. The
realized geometry was planned in order to produce a multi-
electrode-array biosensor capable of interfacing with a single cell
[25]: indeed the 16 electrodes are converging inside a circular area
of 20 lm diameter. It is also worth stressing that the emerging
peripheral zones are laid out to easily provide contacts for subse-
quent chip bonding.

The spatial resolution in the fabrication of the graphitic features
of the high-density multi-electrode array was achieved thanks to
the micrometric resolution of the FIB mask milling. In particular,
it is worth noting that the lateral straggling of MeV ions

Fig. 3. Optical micrograph of the implanted diamond after thermal treatment. The
graphic channels dimensions show a good correspondence with mask features.

Fig. 4. (a) Schematics of the experimental set-up realized for current–voltage measurements; (b) example of an IV curve obtained by probing two pads at the endpoints of a
single channel: the IV characteristic exhibits an ohmic behavior.
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Electroluminescence stimulation through graphitic micro-electrodes
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between buried graphitic channels and single-crystal diamond26. !e con"nement of the current injec-
tion at a well localized position in the device is ascribed to a geometrical e#ect, e.g. the presence of a 
nanometric tip at the diamond/graphite interface, which is responsible for a local enhancement of the 
electric "eld.

At high bias voltages (150–215 V) the injected current was non-destructive over long operation times 
(> 200 hours). !e hysteretic behavior observed at decreasing bias was fully reproducible over multiple 
(> 100) voltage cycles and was independent of the acquisition time (50–3000 ms range) of the electrom-
eter, indicating the slow discharge of a space-charge "eld, associated with carriers detrapping in the 
inter-electrode areas, as pointed out in previous works14,27. Such interpretation is compatible with the 
presence of radiation-induced deep traps in the electrodes gap, due to the implantation of stray ions 
during the electrodes fabrication process.

���Ǧ������������������������Ǥ� !e light emission properties were investigated by means of photolu-
minescence (PL) and EL mapping (Fig.  3), using a dedicated single-photon-sensitive confocal micros-
copy system5. In PL measurements, the device was unbiased and the color centers were excited with 
continuous laser light (λ =  532 nm, P =  0.4 mW). In EL measurements, the laser pump was replaced by 
the current injected in the inter-electrode gap. PL and EL maps were acquired at the same focal depth, 
i.e. ~3 µ m below the diamond surface.

A typical PL map from a 20 ×  60 µ m2 region surrounding the buried graphitic electrodes is reported 
in Fig. 3a. !e position of the electrodes is clearly visible as the map exhibits four bright horizontal bands, 
corresponding to their outer edges and indicating the presence of a large amount of radiation-induced 

Figure 2. Charge-injection from sub-super!cial electrodes. (a) I-V characteristic of the device. !e red 
and blue lines indicate the curves acquired at increasing and decreasing voltage, respectively. (b) Plot in 
linear scale of the ohmic I-V behavior in the 0–95 V range. (c) Highlight of the PF behavior above the 
critical voltage Va. !e quantities reported on the axes are chosen to linearize the PF expression I ∝  V 
sinh(aV1/2/kT).

Figure 3. Mapping of luminescent emission. (a) PL map acquired with a λ  =  532 nm laser excitation from 
the region highlighted by the black rectangle in Fig. 1b. (b) EL map (215 V bias) from the region highlighted 
by the white rectangle in Fig. 3a. !e dashed black lines indicate the relative position of the electrodes.
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centre was found in the lithium-implanted area or in the non-implanted i-area. The lack of EL in these 

areas may be accounted for by the vacancy nature of the 575 nm centres, which cannot appear in vacancy 

free non-damaged diamond [4]. Furthermore, it is known that the implantation of Li
+

 ions suppresses the 

luminescence of the 575 nm centres [4]. 

 Though the Li
+

 ion implanted layer has proved highly ohmic and its n-type conductivity was not un-

ambiguously shown by direct Hall measurements [15–18], we believe that this layer may provide a no-

ticeable electron injection into intrinsic diamond. The pronounced rectifying behaviour of the diode and 

its efficient electroluminescence at relatively low forward voltages (it starts at about 50 V) cannot be 

explained by a mechanism other than the double charge carrier injection in a bipolar structure. Any 

breakdown mechanisms, which could provide free electrons, must be excluded as the maximum electric 

field strength developed in the i-gap did not exceed 10
4

 V/cm. 

 After Xe
+

 ion implantation and subsequent annealing at 1400 °C, the diode showed a dominant EL of 

the Xe-related centre (Fig. 4(b)). EL of the A-band was detectable in a few places of the diode area only, 

so the A-band was attributed to some microscopic inclusions generating dislocations. Figure 4(b) inten-

tionally shows the spectrum of an area with a high A-band intensity. The room temperature EL spectrum 

of the Xe-related centre has two ZPLs at 794 nm and at 812.5 nm (main line) with spectral width of 

5.4 nm and 11.8 nm, respectively. It was shown that the ZPL 794 nm appeared at elevated temperatures 

only [11, 12], what was explained by the thermal population of the upper level of the double degenerated 

excited state of the Xe centre. The linear electron–phonon coupling of the centre, as measured by the 

Debye–Waller factor, was estimated to be 0.5 at room temperature. This relatively high value manifests 

low coupling with phonons in the Xe centre even at room temperature. At 8 K the Debye–Waller factor 

is substantially higher, attaining a value of 0.9 [12]. Similar to the 575 nm centre, the most intensive EL 

of the Xe centre was excited at the p–i junction. In contrast, intensity of the Xe centre in photolumines-

cence was uniformly distributed over the whole Xe
+

 ion implanted area, including the boron- and lith-

ium-implanted sreas and the i-gap. Thus the enhancement of EL at the p–i junction can be ascribed ex-

clusively to the non-uniform distribution of the recombining charge carriers. 

 The dependence of the EL intensity on the injection current for the 575 nm and Xe-related centres is 

shown in Fig. 3b. The emission could not be detected at currents below 10 µA. At higher currents up to 

100 µA, the EL intensity increased rapidly and could be approximated by a cubic power function. For 

currents over 100 µA, the EL intensity saturated. Such a non-linear dependence may equally result from 

the non-symmetric charge carrier injection and the low concentration of the luminescence centres. Be-

cause of the much lower electric resistance of the boron-doped area, the p–i junction is opened first by 

  

 

Fig. 4 Room temperature EL of the diode annealed at 1400 °C: a) without Xe
+

 ion implantation, injec-

tion current 0.8 mA and b) with Xe
+

 ion implantation, injection current 0.5 mA. The insert in the picture 

(b) shows EL of the Xe-related centre in more detail. The spectra are not corrected for spectral response of 

the spectrometer. 
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 Impurity-related optical centres can be introduced into the active area of LEDs by ion implantation as 

well. The H3 centre, the 575 nm centre, and the A-band, however, are usually present in the EL spectra 

of pristine diamonds due to contamination with nitrogen and the presence of dislocations. Pure perfect 

single crystals, free from background luminescence, is a great challenge for diamond growth technology. 

 In this paper, we demonstrate an LED fabricated on a high quality single crystal CVD diamond sub-

strate with a very low background luminescence and intentionally activated with the Xe-related optical 

centres. The Xe centres were chosen due to their spectrally pure narrow band luminescence, which con-

sists of an intense zero-phonon line (ZPL) at 811.7 nm (at low temperature) and a negligible vibrational 

sideband [11, 12]. 

2 Experimental 

The LED structure was fabricated on a high quality single crystal CVD diamond film [13] as a planar 

two-terminal diode (Fig. 1). P-type hole injecting terminal was made by 50 keV B
+

 ion implantation at a 

dose of 8 × 10
15

 cm
–2

 and the opposite electron injecting terminal was made by 30 keV Li
+

 ion implanta-

tion at a dose of 2 × 10
15

 cm
–2

. The implanted areas were separated by a non-implanted gap of a width 

100 µm. After the implantation, the sample was annealed in vacuum at temperatures from 400 °C to 

1400 °C with 100 °C increment for 30 min at each step. After 1400 °C annealing, the radiation induced 

graphite layer was removed from the boron implanted area, and the structure was implanted with 

180 keV Xe
+

 ions at a dose 5 × 10
12

 cm
–2

 over the whole device area. The energy of 180 keV was chosen 

to place the Xe impurity in the proximity to the boron doped layer (see Fig. 1), where one might expect 

the maximum recombination rate of the nonequilibrium charge carriers. The low Xe
+

 ion implantation 

dose was used to avoid luminescence quenching by the accompanying radiation defects [11]. Following 

the Xe
+

 ion implantation, the annealing at 1400 °C was applied again for 1 hour. 

 The electrical measurements and EL excitation were carried out using the two probe method with 

direct application of tungsten tips to the implanted areas. Raman and photoluminescence characterisation 

of the sample, as well as the EL measurements of the diode, were performed at room temperature with a 

micro-Raman spectrometer Jobin–Yvon T64000. 

3 Results and discussion 

Raman measurements of the pristine sample with laser excitation at wavelengths 488 nm and 647 nm 

revealed an intense narrow diamond Raman line at 1332 cm
–1 

and no detectable photoluminescence 

background in the spectral range 520 nm to 900 nm. After the ion implantation, the Raman spectra ex-

hibited an additional weak broad band with a maximum at 1600 cm
–1

, which is typical for ion-damaged 

diamond [4]. Intensity of this band was considerably weaker in the Li
+

 ion implanted layer as compared 

with that detected in the B
+

 ion implanted layer because of much lesser radiation damage caused by light 

Li
+

 ions. No trace of any radiation induced Raman features was detected in the Xe
+

 ion implanted areas 

for the reason of the very low implantation dose. 

Fig. 1 Schematic cross-section of the diamond LED 

made by implantation of B
+

 and Li
+

 ions. The gap be-

tween the boron and lithium implanted regions is 100 µm. 

The depth scale of the implanted layers were obtained 

using standard simulation with SRIM-2003 code. 
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Figs. 2(a) and 2(b) show the EL confocal map as well as
corresponding spectra from bright centers identified at the
edges of the mesas under a current of 2.9 mA. The EL map
indicates the recombination zone with lower carrier concentra-
tion is the i-layer of the device. The bright circular lumines-
cence observed around the pillar is in agreement with EL
studies from ion implanted nitrogen vacancy (NV) centers in
similar diamond samples as reported in Ref. 13. The EL spec-
trum in Fig. 2(b) corresponds to bright spot circled on the map
as shown in Fig. 2(a). This spectrum shows a ZPL at 738 nm
which corresponds to the ZPL of the (SiV)! center in diamond.

Figs. 2(c) and 2(d) show the confocal PL map and corre-
sponding spectra of the devices under optical excitation
using a 532 nm laser at 867 lW. Like in the case of the EL
measurement, bright spots are observed at the edges of the
mesa. The measured PL spectrum exhibits a similar peak at

738 nm. This is a direct evidence that the (SiV)! color center
is excited both optically and electrically in a single crystal
diamond. The broad signal in the range of 750–800 nm is
attributed to the phonon sideband of the SiV. All the EL and
PL measurements were recorded from the same device. All
the devices showed similar characteristic behavior in both
EL and PL. The observation of the same center with the
same charge state both optically and electrically in diamond
is important for practical device engineering and is an advan-
tageous feature of the (SiV)! defect. Indeed, while NV cen-
ters were excited electrically, only the NV0 charge state is
visible under electrical excitation while the NV! defect can
be triggered optically.13,18,20

Fig. 3 shows the saturation measurement of (SiV)! plot-
ted as a function of applied current. The fitting equation is
given by r ¼ rsat

I
IsatþI, where r is arbitrary EL count rate for

FIG. 1. (a) Schematic illustration of a
single crystal PIN diode with
implanted Si atoms and an optical
image of the device. The diameters of
the n-type diamond mesa are 120 lm,
and the metallic contacts on top are
100 lm. (b) Monte Carlo depth profile
of ion implanted Si atoms into dia-
mond obtained using SRIM calcula-
tions. The end of range is estimated
around 820 nm. (c) I-V-characteristic
plot showing diode rectification at a
forward threshold voltage of 43 V at
room temperature. Inset shows Log-
Linear curve of the same data set.

FIG. 2. (a) Electroluminescence map
of a 80 lm$ 80 lm area showing lu-
minescence from the edge of pillar. (b)
EL spectrum from the circled bright
spot of the EL map. The EL spectrum
is collected at forward bias of 50 V
used to inject current of 2.9 mA into
the device. (c) Photoluminescence map
of a 60 lm$ 60 lm area, exhibiting
comparable emission from around the
edge of the pillar. (d) PL spectrum
from the circled bright spot of the PL
map. The excitation is performed using
a 532 nm cw laser at 867 lW.

171102-2 Berhane et al. Appl. Phys. Lett. 106, 171102 (2015)

Figs. 2(a) and 2(b) show the EL confocal map as well as
corresponding spectra from bright centers identified at the
edges of the mesas under a current of 2.9 mA. The EL map
indicates the recombination zone with lower carrier concentra-
tion is the i-layer of the device. The bright circular lumines-
cence observed around the pillar is in agreement with EL
studies from ion implanted nitrogen vacancy (NV) centers in
similar diamond samples as reported in Ref. 13. The EL spec-
trum in Fig. 2(b) corresponds to bright spot circled on the map
as shown in Fig. 2(a). This spectrum shows a ZPL at 738 nm
which corresponds to the ZPL of the (SiV)! center in diamond.

Figs. 2(c) and 2(d) show the confocal PL map and corre-
sponding spectra of the devices under optical excitation
using a 532 nm laser at 867 lW. Like in the case of the EL
measurement, bright spots are observed at the edges of the
mesa. The measured PL spectrum exhibits a similar peak at

738 nm. This is a direct evidence that the (SiV)! color center
is excited both optically and electrically in a single crystal
diamond. The broad signal in the range of 750–800 nm is
attributed to the phonon sideband of the SiV. All the EL and
PL measurements were recorded from the same device. All
the devices showed similar characteristic behavior in both
EL and PL. The observation of the same center with the
same charge state both optically and electrically in diamond
is important for practical device engineering and is an advan-
tageous feature of the (SiV)! defect. Indeed, while NV cen-
ters were excited electrically, only the NV0 charge state is
visible under electrical excitation while the NV! defect can
be triggered optically.13,18,20

Fig. 3 shows the saturation measurement of (SiV)! plot-
ted as a function of applied current. The fitting equation is
given by r ¼ rsat

I
IsatþI, where r is arbitrary EL count rate for

FIG. 1. (a) Schematic illustration of a
single crystal PIN diode with
implanted Si atoms and an optical
image of the device. The diameters of
the n-type diamond mesa are 120 lm,
and the metallic contacts on top are
100 lm. (b) Monte Carlo depth profile
of ion implanted Si atoms into dia-
mond obtained using SRIM calcula-
tions. The end of range is estimated
around 820 nm. (c) I-V-characteristic
plot showing diode rectification at a
forward threshold voltage of 43 V at
room temperature. Inset shows Log-
Linear curve of the same data set.

FIG. 2. (a) Electroluminescence map
of a 80 lm$ 80 lm area showing lu-
minescence from the edge of pillar. (b)
EL spectrum from the circled bright
spot of the EL map. The EL spectrum
is collected at forward bias of 50 V
used to inject current of 2.9 mA into
the device. (c) Photoluminescence map
of a 60 lm$ 60 lm area, exhibiting
comparable emission from around the
edge of the pillar. (d) PL spectrum
from the circled bright spot of the PL
map. The excitation is performed using
a 532 nm cw laser at 867 lW.

171102-2 Berhane et al. Appl. Phys. Lett. 106, 171102 (2015)

Figs. 2(a) and 2(b) show the EL confocal map as well as
corresponding spectra from bright centers identified at the
edges of the mesas under a current of 2.9 mA. The EL map
indicates the recombination zone with lower carrier concentra-
tion is the i-layer of the device. The bright circular lumines-
cence observed around the pillar is in agreement with EL
studies from ion implanted nitrogen vacancy (NV) centers in
similar diamond samples as reported in Ref. 13. The EL spec-
trum in Fig. 2(b) corresponds to bright spot circled on the map
as shown in Fig. 2(a). This spectrum shows a ZPL at 738 nm
which corresponds to the ZPL of the (SiV)! center in diamond.

Figs. 2(c) and 2(d) show the confocal PL map and corre-
sponding spectra of the devices under optical excitation
using a 532 nm laser at 867 lW. Like in the case of the EL
measurement, bright spots are observed at the edges of the
mesa. The measured PL spectrum exhibits a similar peak at

738 nm. This is a direct evidence that the (SiV)! color center
is excited both optically and electrically in a single crystal
diamond. The broad signal in the range of 750–800 nm is
attributed to the phonon sideband of the SiV. All the EL and
PL measurements were recorded from the same device. All
the devices showed similar characteristic behavior in both
EL and PL. The observation of the same center with the
same charge state both optically and electrically in diamond
is important for practical device engineering and is an advan-
tageous feature of the (SiV)! defect. Indeed, while NV cen-
ters were excited electrically, only the NV0 charge state is
visible under electrical excitation while the NV! defect can
be triggered optically.13,18,20

Fig. 3 shows the saturation measurement of (SiV)! plot-
ted as a function of applied current. The fitting equation is
given by r ¼ rsat

I
IsatþI, where r is arbitrary EL count rate for

FIG. 1. (a) Schematic illustration of a
single crystal PIN diode with
implanted Si atoms and an optical
image of the device. The diameters of
the n-type diamond mesa are 120 lm,
and the metallic contacts on top are
100 lm. (b) Monte Carlo depth profile
of ion implanted Si atoms into dia-
mond obtained using SRIM calcula-
tions. The end of range is estimated
around 820 nm. (c) I-V-characteristic
plot showing diode rectification at a
forward threshold voltage of 43 V at
room temperature. Inset shows Log-
Linear curve of the same data set.

FIG. 2. (a) Electroluminescence map
of a 80 lm$ 80 lm area showing lu-
minescence from the edge of pillar. (b)
EL spectrum from the circled bright
spot of the EL map. The EL spectrum
is collected at forward bias of 50 V
used to inject current of 2.9 mA into
the device. (c) Photoluminescence map
of a 60 lm$ 60 lm area, exhibiting
comparable emission from around the
edge of the pillar. (d) PL spectrum
from the circled bright spot of the PL
map. The excitation is performed using
a 532 nm cw laser at 867 lW.

171102-2 Berhane et al. Appl. Phys. Lett. 106, 171102 (2015)
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between buried graphitic channels and single-crystal diamond26. !e con"nement of the current injec-
tion at a well localized position in the device is ascribed to a geometrical e#ect, e.g. the presence of a 
nanometric tip at the diamond/graphite interface, which is responsible for a local enhancement of the 
electric "eld.

At high bias voltages (150–215 V) the injected current was non-destructive over long operation times 
(> 200 hours). !e hysteretic behavior observed at decreasing bias was fully reproducible over multiple 
(> 100) voltage cycles and was independent of the acquisition time (50–3000 ms range) of the electrom-
eter, indicating the slow discharge of a space-charge "eld, associated with carriers detrapping in the 
inter-electrode areas, as pointed out in previous works14,27. Such interpretation is compatible with the 
presence of radiation-induced deep traps in the electrodes gap, due to the implantation of stray ions 
during the electrodes fabrication process.

���Ǧ������������������������Ǥ� !e light emission properties were investigated by means of photolu-
minescence (PL) and EL mapping (Fig.  3), using a dedicated single-photon-sensitive confocal micros-
copy system5. In PL measurements, the device was unbiased and the color centers were excited with 
continuous laser light (λ =  532 nm, P =  0.4 mW). In EL measurements, the laser pump was replaced by 
the current injected in the inter-electrode gap. PL and EL maps were acquired at the same focal depth, 
i.e. ~3 µ m below the diamond surface.

A typical PL map from a 20 ×  60 µ m2 region surrounding the buried graphitic electrodes is reported 
in Fig. 3a. !e position of the electrodes is clearly visible as the map exhibits four bright horizontal bands, 
corresponding to their outer edges and indicating the presence of a large amount of radiation-induced 

Figure 2. Charge-injection from sub-super!cial electrodes. (a) I-V characteristic of the device. !e red 
and blue lines indicate the curves acquired at increasing and decreasing voltage, respectively. (b) Plot in 
linear scale of the ohmic I-V behavior in the 0–95 V range. (c) Highlight of the PF behavior above the 
critical voltage Va. !e quantities reported on the axes are chosen to linearize the PF expression I ∝  V 
sinh(aV1/2/kT).

Figure 3. Mapping of luminescent emission. (a) PL map acquired with a λ  =  532 nm laser excitation from 
the region highlighted by the black rectangle in Fig. 1b. (b) EL map (215 V bias) from the region highlighted 
by the white rectangle in Fig. 3a. !e dashed black lines indicate the relative position of the electrodes.

Current density smaller than in p-i-n devices  
Possible effect of graphite resistivity 
 
In progress: testing of high-resolution  
graphitic electrodes

Structure #3

g2 measurement

PL spectra from random isolated spots

spectrum: 637 nm peak, 575 nm cutoff, 613 nm small peak

PL scan at the sample surface

22-02-2015

Sci. Rep. 5 (2015) 15901  
Turin

/66

a

increasing 
bias

increasing 
bias

NV–

NV0

PL spectra

Electrical control of the NV charge state

 59

Current injection through graphitic electrodes
Same structure as for NV center electroluminescence 
Different bias voltage range

ZPL relative intensity

Carbon 113 (2017) 76, Turin  

Ag surface contacts

Graphitic electrodes
FIB milled  

access holes

Bonding  
wire

CVD diamond substate

Inter-electrodes gap

EL

Early devices: fabrication involves 
radiation damage  
 
Results only at the ensemble level

NV– stabilization at increasing bias  
 
(quasi-) Fermi level increased by 

electron injection 
electron trapping at lattice defects

LNL



/22Jacopo Forneris - Quantum Technologies within INFN: status and perspectives 17

Quantum information is encoded in the emitting system 
emission rate, wavelength depend on the interaction with environment

Diamond-based quantum sensing: the NV– center

Excited state

Ground state
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H = D  (Sz 2 – S(S+1)/3 ) + Hf

spin-spin interaction 

D~2.88 GHz fine structure splitting 
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Optically detected magnetic resonance (ODMR) 
Annu. Rev. Phys. Chem. 2014. 65:83 
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The NV– center as a nanoscale magnetometer
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H = H0 + µB ge S·B + Hf2

Zeeman Effect
ge electron g-factor 
µB Bohr magneton

Sz=0
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D

2 µB ge B
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Sz=–1

Sz= 0

B=0 B>0

Magnetometry

an inhomogeneous magnetic field with a known field gradient, the
defect can be used as a magneto-optical spin marker for suboptical-
wavelength tagged imaging. As a demonstration, two-dimensional
spin imaging experiments were performed using a single nitrogen-
vacancy centre and the highly inhomogeneous magnetic field pro-
duced by the magnetic tip of an atomic force microscope (AFM). The
experimental set-up is shown in Fig. 2a. A commercial AFM was
combined with a confocal microscope. The magnetic probe, com-
monly used in magnetic force microscopy, consists of a sharp silicon
tip coated with 30 nm of magnetic material: the exact magnetic field
profile of the cantilever is not known a priori, and must be deter-
mined. For this, we have used our single-spin nitrogen-vacancy mag-
netometer. The magnetic cantilever was first placed at a known
distance from the diamond nanocrystal, and the magnetic field
experienced by the single nitrogen-vacancy centre was recorded in
steps (corresponding to several hundred nanometre displacements of
the cantilever) by acquiring ESR spectra such as those in Fig. 1f at
each location. The experimentally obtained data points were then
fitted using a Lorentzian function, inferred from numerical simu-
lation of the field created by the cantilever (Fig. 2b). This gives the
magnetic field profile of the cantilever in one dimension. Similarly,
the profile along an orthogonal axis is recorded to give the

two-dimensional profile as well as the exact position of the nitro-
gen-vacancy centre.

To visualize the resolving power of our gradient imaging tech-
nique, the magnetic cantilever was scanned in the vicinity of a nano-
crystal containing a single nitrogen-vacancy defect while
simultaneously exciting with a fixed-frequency microwave field.
When a confocal image is acquired, each point of the optical image
corresponds to a well-defined magnetic field value (as measured in
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Figure 1 | Nitrogen-vacancy defect in diamond. a, Structure and energy
level scheme of the nitrogen-vacancy (NV) defect in diamond. Optical
pumping initializes the centre into the ms 5 0 spin state via spin selective
shelving into the metastable singlet state, 1A. This state decays preferentially
into the ms 5 0 sublevel of the ground state, leading to optically induced spin
polarization (more than .90% at room temperature). c, d, Simultaneously
acquired optical (c) and AFM (d) image of diamond nanocrystals containing
single nitrogen-vacancy defects. e, Fluorescence autocorrelation function,
confirming that the nanocrystal contains a single nitrogen-vacancy defect.
The contrast of g2(t) at zero delay time scales as 1/N, where N is the number
of emitters. f, Optically detected magnetic resonance spectra for a single
nitrogen-vacancy defect at increasing magnetic field (from bottom to top).
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Figure 2 | Gradient imaging with single spins. a, Two-dimensional imaging
is achieved using a field gradient created by a magnetic cantilever. b, The
experimental profile of the cantilever’s magnetic field for two orthogonal
axes. The magnetic tip was placed at several points parallel to the blue lines,
and the ESR spectra were measured. The calculated (fitted) magnetic field
profile allows estimation of the location of the single nitrogen-vacancy
centre (shown in the AFM topography). c, Two-dimensional magnetic
resonance image of a single nitrogen-vacancy centre, showing resonance
rings corresponding to a magnetic field of 3 mT (resonance frequency of
2,780 MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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Electric field sensing: device diagnostics
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Direct measurement and mapping of the internal electric field in diamond devices 
Experimental observation of radiation-damage induced memory effects diamond

NV ensembles
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Electrically active defects have a significant impact on the performance of electronic devices based on
wide-band-gap materials. This issue is ubiquitous in diamond science and technology, since the presence
of charge traps in the active regions of different classes of diamond-based devices (detectors, power diodes,
transistors) can significantly affect their performance, due to the formation of space charge, memory
effects, and the degradation of the electronic response associated with radiation-induced damage. Among
the most common defects in diamond, the nitrogen-vacancy (N-V) center possesses unique spin properties
that enable high-sensitivity field sensing at the nanoscale. Here, we demonstrate that N-V ensembles can
be successfully exploited to perform direct local mapping of the internal electric-field distribution of a
graphite-diamond-graphite junction exhibiting electrical properties dominated by trap- and space-charge-
related conduction mechanisms. By means of optically detected magnetic resonance measurements, we
performed both point-by-point readout and spatial mapping of the electric field in the active region at
different bias voltages. In this novel “self-diagnostic” approach, defect complexes represent not only the
source of detrimental space-charge effects but also a unique tool for their direct investigation, by provid-
ing an insight on the conduction mechanisms that could not be inferred in previous studies on the basis of
conventional electrical and optical characterization techniques.

DOI: 10.1103/PhysRevApplied.10.014024

I. INTRODUCTION

Diamond is an appealing material for the development
of innovative devices, such as high-power and fast elec-
tronics [1–4], radiation dosimeters [5,6] and detectors
[7,8], biosensors [9–11], and, more recently, integrated
platforms for quantum technologies [10–15]. For these
applications, a major issue to be addressed in the opti-
mization of device performance is represented by the
effect of lattice defects with deep levels in the diamond
energy gap acting as charge carrier traps. It has been
extensively reported that the introduction of carrier traps
caused by the interaction with energetic radiation induces
electric-field inhomogeneities and polarization or mem-
ory effects in the material [16–18]. In previous works,
these effects have been widely investigated by the analy-
sis of current-voltage characteristics exhibiting complex

*forneris@to.infn.it

non-Ohmic behavior, elucidating several conduction mod-
els ranging from space-charge-limited current (SCLC)
to Poole-Frenkel (PF) mechanisms [19–22]. Comple-
mentarily, ion, electron, x-ray, and visible beam-induced
charge microscopies allow the mapping of the charge-
transport parameters of diamond at the microscale [18,
23–26]. Although insightful, these techniques cannot pro-
vide direct and unambiguous experimental evidence of
the local electric-field distribution in the defective mate-
rial but, rather, need to model it by means of simpli-
fied finite-element methods. Among the large variety of
lattice defects in diamond, the nitrogen-vacancy com-
plex (N-V center) has emerged as a system characterized
by unique spin properties, enabling magnetic-, thermal-,
and electric-field sensing with high sensitivity and spa-
tial resolution [27–32]. The very same N-V centers that
are created (among other types of defect complexes)
by radiation damage [33] can be therefore exploited to
locally investigate the internal electric-field distribution

2331-7019/18/10(1)/014024(15) 014024-1 © 2018 American Physical Society
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PL map of graphite-diamond-graphite junction

Internal electric field at the junction center 
 vs applied external bias
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Lock-in detection

Lock-in Spectrum

ODMR Resonance

Sensitivity = 5 mK/Hz1/2 

        

Thermocouple 10-9 m3 volume 
NV centers ensemble: ~10-20 sensing volume 

E. Moreva et al., arXiv:1912.10887 (2019)

Microwave excitation modulated by  a square wave 
Photodiode signal detected by a lock-in amplifier 
Temperature-induced resonance shift -> lock-in signal variation

Advanced temperature sensing
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Diamond color centers 
 
Promising platform for technologies 

         quest for optimal quantum emitters is still open 
         need for scalable fabrication tools 
         need for experimental techniques to assess defects structure and properties 
 
Unique features for quantum sensing applications 
 
    high sensitivity at the lattice constant spatial scale 
          magnetometry 
          electrometry 
          thermometry
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