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ABSTRACT 

The investigation of optically active point defects in wide-bandgap semiconductors is driven by the development of solid- 
state quantum technologies. Such atom-like defects are used for the realization of quantum registers and quantum sensors. 
Reproducible engineering of even well-established defects with predictable properties remains challenging, as the local 
environment and complex charge dynamics limit their performance and applicability. Furthermore, not all defects are optically 
accessible, which hinders our ability to study them. Here, we use the photoelectric detection technique to study switching and 
control of desired double and single charge states of silicon vacancy (SiV) defect in diamond. We demonstrate the first direct 
imaging of the dark charge state of SiV, which cannot be addressed by optical methods or electron paramagnetic resonance. We 
discuss a model for SiV charge state conversion involving proximal substitutional nitrogen defects. These findings are important 
for the charge state control of the entire family of group-IV defects in diamond. 
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 Introduction 

ntensive investigation of group-IV defects in diamond is strongly
inked to their remarkable optical properties, which make them
ttractive candidates for quantum information processing. Partic-
larly, they emit ≈70% of light associated with the zero-phonon
ine [ 1, 2 ] and, due to D3 𝑑 symmetry, they are robust against
pectral jumps and diffusion [ 3, 4 ]. Among these defects, the
ilicon-vacancy (SiV) centers are the most studied ones because
heir production is well established. Their fabrication can be
chieved not only by ion implantation but also by the incorpora-
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Advanced Science published by Wiley-VCH GmbH 
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tion of Si atoms into the diamond crystal during growth. In-grown
defects usually exhibit the best properties compared to implanted
ones, and thus they can be considered almost ideal case for
studies. At the same time, multiple problems remain associated
with the reliable fabrication of group-IV defects, such as low
activation yield [ 5 ], or blinking [ 6 ] of luminescence. Under-
standing these problems is strongly related to charge dynamics.
Photoelectric detection, which has been recently developed for
nitrogen-vacancy centers in diamond [ 7 ] might be a powerful
tool to investigate and visualize other defects. The method of
photoelectric readout of the electron spin state was also extended
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 Voltage depended luminescence from SiV centers. (a) 
Three confocal scans of the same area near the electrode. The lumi- 
nescence of the SiV 

− centers increases when potential of the closest 
electrodes varies from 10 V (upper panel) to 0 V (middle panel) and - 
10 V (lower panel). (b) Typical SiV 

− spectrum measured for multiple 
luminescence spots obtained for different voltages. 
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o defects in silicon-carbide [ 8 ] and readout of nuclear spins in
iamond [ 9, 10 ]. The main requirement for the application of this
echnique is that the defect should be prone to photoionization
r undergo other charge dynamics that result in the generation of
ree carriers. 

n this work, we report direct observation of non-fluorescent
oint defects in diamond using a photoelectric detection tech-
ique. Using a combination of optical and photoelectric methods,
e find that the “dark” defects are related to the SiV defect.
he appearance of both luminescent SiV and non-luminescent
enters is strongly influenced by the applied bias voltage, which
llows for their activation and deactivation. We attribute these
ptically inactive centers to the doubly negative charge state of
ilicon-vacancy ( SiV 

2 − ) and discuss a model supported by first-
rinciples calculations that can explain the observed behavior.
ur work provides further insight into the nature of the charge
tate dynamics of SiV centers and can be extrapolated to the whole
lass of group-IV defects. 

 Results 

.1 Charge-State Switching 

or the experiment, we used a 13 C isotopically depleted diamond
ayer grown on top of a [111]-oriented IIa substrate by the chemical
apor deposition technique. Incorporation of SiV centers was
chieved during the growth. The concentration of nitrogen is
ot precisely known, but comparing the number of nitrogen-
acancy centers in this sample to the typical electronic grade
iamonds from “Element Six”, it can be estimated to be at
he level of ∼10 ppb. Titanium electrodes with inter-electrode
pacing of 50 𝜇m were produced on the diamond surface by
hotolithography method. The detailed fabrication procedure can
e found in Ref. [ 7 ] 

he SiV center consists of an interstitial Si atom located between
wo neighboring vacant carbon sites, resulting in a split-vacancy
onfiguration. In intrinsic diamonds, the center is usually found
n its negative charge state ( SiV 

− ) [ 11 ], however, other charge
tates are possible [ 12, 13 ]. Boron doping allows one to obtain
 neutral charge state ( SiV 

0 ) [ 14 ], which was detected down to
 single impurity level [ 15 ]. In general, the charge state of the
efect is governed by the position of the Fermi level with respect
o the charge transition levels of a defect [ 16 ]. Applying a potential
o the electrodes, diamond bands and the charge transition
evels of the defect undergo bending [ 17 ]. This can result in
hanging the charge state of the defect near the electrodes.
igure 1a shows three confocal scans of the same area near
ne electrode (see Supporting Information for sample geometry).
ithout any voltage, few spots are visible corresponding to SiV 

− ,
hich was confirmed by spectra (Figure 1b ). When a positive
otential is applied to the electrode, the number of SiV 

− centers
ecreases. Also, luminescence significantly reduces from some
pots that do not turn off completely. In contrast, application
f negative voltage leads to the activation of numerous SiV 

−

efects. The band-bending picture suggests that most of the
iV centers in diamonds occupy a charge state different from
hat of the negative (see Supporting Information). This fact
grees well with a previous first principles study showing the
of 8
existence of doubly negative charge state for SiV defect [ 18 ]
where the accurate charge transition level of SiV 

2 − and SiV 

− 

lies at approximately 2.45 eV above the valence band maximum
(see Ref. [ 19 ] for the method and Figure S12 for the result).
However, charge switching was observed more than 10 𝜇m
away from the electrode, which is too far to be explained by
band bending within the depletion region [ 20 ]. It was also
shown that for low concentration of impurities, the Fermi level
does not unambiguously define the defect’s charge state [ 21 ].
Therefore, defects can co-exist in different charge states in the
same crystal where illumination with light or free charges may
initiate charge dynamics and exchange of charge carriers that
are otherwise blocked in thermal equilibrium. As explained
below, the band bending does not play an important role in
this case. 

2.2 Photoelectric Defect Imaging 

Setting the electric potential to 4 V at one electrode, while
another is set to the ground, we scanned the area between
these electrodes. Simultaneously obtained photoluminescence
(PL) and photoelectric maps revealed two types of defects: those
visible in both optical and photoelectric scans (referred to as first
type ) and those visible only in the photoelectric image (referred to
as second type ). An example of the scans is shown in Figure 2a,b .
The overall number of defects of the first type was less than 1%
with respect to the second type and no correlation between depth
of the centers or proximity to the electrode influence defect’s type
was observed. To verify that the optically “invisible” centers do
not emit at shorter wavelengths, we tuned an optical parametric
oscillator (OPO) to 450 nm and opened the detection window
from 500 nm. In this configuration “dark” centers remained
invisible in the optical scan, while the photoelectric image was
preserved. 

First, we characterized a spot visible in both images ( first type ).
The PL emission from this spot exhibited typical SiV 

− spectrum.
Advanced Science, 2026
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FIGURE 2 Imaging of optically active and inactive centers. (a) 
Confocal scan of an area between electrodes. The OPO excitation power 
is 8 mW at wavelength of 455 nm. The applied electric potential is 4 V. 
(b) Corresponding photoelectric image of the same area recorded under 
the same conditions. (c) and (d) Second-order autocorrelation function 
obtained for the potential of 0 and 5 V, respectively. (e) PLE (blue) and 
photoelectric (purple) spectra of the SiV center ( first type ) depicted in 
(a,b). The excitation power is 8 mW over entire excitation range and the 
voltage is 4 V. 
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FIGURE 3 Switching between charge states. (a) and (b) Confo- 
cal and corresponding photoelectric scans with excitation wavelength 
455 nm, 10 mW power, and 5 V potential. (c) and (d) Confocal and 
photoelectric images of the same area and the same excitation parameters, 
but potential is switched to -5 V. (e) Switching of photoelectric and optical 
signals measured at the same spot upon reversing applied voltage. The 
data points are amplitudes of the signals on top of background fitted with 
Gaussian function. (f) Wavelength dependent photocurrent obtained for 
a “dark” defect. The green curve depicts the theoretically predicted charge 
transfer probability by means of ab-initio density functional calculations 
of the SiV 

2 − + N+ 
𝑆 
⟶SiV 

− + N0 
𝑆 
charge transfer (see Supporting Informa- 

tion for details). (g) An example of blinking photoelectric and optical time 
traces recorded synchronously from the same spot at near-zero voltage. 
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e note that the second-order autocorrelation function at zero
elay time was greater than 0.5 indicating that there are at least
wo centers in the same spot. However, it is possible with further
ncrease of the potential to suppress PL from some of the centers
ithin the spot so that the autocorrelation function falls below
.5 (Figure 2c,d ). Therefore, we deliberately use the word “spot”
ather than “color center” because we cannot unambiguously
nsure that the PL or photoelectric signal originates from a single
efect. In order to find an optimal excitation wavelength for the
bservation of the photoelectric signal, the OPO was tuned in the
ange of 450–650 nm with the increment of 10 nm. The excitation
ower of 8 mW was well below saturation [ 3 ]. The collected
ata points corresponding to the electrical and optical signals
onstitute photoelectric and photoluminescence excitation (PLE)
pectra (Figure 2e ). For the wavelengths above 550 nm, both PLE
nd photoelectric signals increase with increasing photon energy.
owever, for shorter wavelengths optical absorption decreases,
hile photocurrent continues to grow monotonically. Also, this
iV was well excited at 705 nm, but the photoelectric signal
as absent. 
dvanced Science, 2026
2.3 Assignment of Optically Inactive Defects to 
the SiV 

The second type of defects are not visible in the optical image when
positive potential is applied (Figure 3a,b ). However, the situation
changes when the voltage is reversed: the SiV 

− centers start to
luminesce (Figure 3c ) whereas the photoelectric signal measured
at the position of these centers is strongly suppressed (Figure 3d ).
3 of 8
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he amplitude of the photocurrent drops by more than an order of
agnitude, so that for most of the spots the signal becomes buried
n noise. Figure 3e shows the dependence of the photoelectric
nd photoluminescence signals on the applied voltage measured
t one chosen spot. We note that the point at which the signals
witch can vary in both directions around 0 V depending on the
articular spot and also the prehistory of the applied voltage. If
he former is likely related to the defect’s environment, the latter is
ssociated with the imperfection of contacts (charging of nearby
eep-level traps) resulting in the photocurrent hysteresis. Similar
o the first type of centers, the photocurrent increases for the
xcitation at the shorter wavelengths. However, at longer wave-
engths the photocurrent excitation profile exhibits a threshold
t around 540 nm (Figure 3 ). Comparing the electrical image
n Figure 3b at 5 V and the optical image in Figure 3c at -5 V,
igh co-localization of the spots can be observed. This suggests
hat the “dark” defects are related to SiV. Additional evidence
upporting this assumption is the following. Varying voltage
o the point where the PL emission tends to disappear, many
enters start to blink. At the switching point, there is a small
verlap region, when optical and photoelectric signals can be
bserved simultaneously (Figure 3e ). At this voltage, jumps in
he photoelectric and optical signals can be observed. Figure 3g
isplays an example of such synchronously recorded time traces,
xhibiting strong correlation (see Supporting Information). This
lso suggests that the photocurrent and PL emission origi-
ate from the same defect, although, in a different charge
tate. 

 Discussion 

.1 Discussion of Possible Charge-Conversion 

echanisms 

s follows from the above, the defects of the first and second
ypes are related to the SiV centers. However, the photocurrent
rigin should still be discussed. Generation of charge carriers
an occur in two alternative pathways. The first can involve
hotoionization of the SiV 

− so that it switches to SiV 

0 and
hen restores the negative state by acquiring an electron from
lsewhere. The second can occur via transition of an electron
rom the valence band to the excited state of a SiV 

− , converting
t to SiV 

2 − and then the defect captures a hole from elsewhere
r experiences photoionization so that the single negative charge
tate is restored. As discussed earlier, the transition level between
ouble and single negative charge states of the SiV center
ies below the middle of the bandgap and therefore below
he Fermi level. Thus, most of the centers in thermodynamic
quilibrium should be in SiV 

2 − and only a small amount of
hem is found in the SiV 

− . Near the positively biased contact,
he diamond bands bend upward, such that the Fermi level
emains above the ( 2 − |− ) transition level. Additional evidence
gainst activation of the neutral charge state is the absence
f the characteristic zero-phonon line near 946 nm in the PL
pectrum (see Supporting Information). Moreover, the photon-
xcitation energy ranging from 1.76 to 2.76 eV (705–450 nm) used
n these experiments is not enough to promote an electron from
he excited state of SiV 

− to the conduction band in a single-
hoton process [ 22 ]. This would require approximately 3.9 eV
318 nm). 
of 8
The remaining possibility is therefore a charge cycle involving the
doubly negative charge state. However, direct photoionization of
SiV 

2 − also cannot explain the experiment. The ( 2 − |− ) transition
level lies 2.45 eV above the valence-band maximum; therefore,
direct photoionization of SiV 

2 − to SiV 

− requires a minimum
photon energy of 2.95 eV (420 nm). This value is inconsistent
with the experimentally observed threshold of approximately
2.3 eV (540 nm). The proposed model in Ref. [ 23 ] that aims to
explain the luminescence recovery of tin-vacancy (SnV) center
after bleaching, cannot be applied either. This model relies on
the auxiliary defect (divacancy), which acquires an electron from
the valence band upon laser excitation, while the generated hole
is captured by the SnV center. This process implies the hole-
exchange between these defects. Recently, another similar model
was proposed for ensemble of SiV centers, which relies on hole
generation by exciting electrons from the valence band to the
Fermi level of the positive electrode or the same hole ionization
from divacancy [ 24 ]. Such a hole-exchange mechanism, how-
ever, is inconsistent with our photocurrent-imaging results. We
observe that charge carriers are generated locally at the defect
position under optical illumination, leading to an increase in
photocurrent. The hole-exchange process would not lead to a
change in photocurrent because the number of trapped and
released charge carriers remains constant. Therefore, a defect that
appears in photocurrent as a point-like source must generate a
free electron–hole pair during its charge-conversion cycle. It is
also important that in our work the sample was not implanted
and should not contain divacancy defects. These considerations
motivate an alternative mechanism. 

We propose that only those SiV defects that have nearby auxiliary
defects exhibit the observed photocurrent. These auxiliary defects
should be just a few lattice constants away from SiV but, still far
enough that the energy levels of different defects are unaffected,
i.e., no new defect is formed instead of SiV. Furthermore, the
auxiliary defect should have an electronic level close enough
to the conduction band to be photoionized by photons with
energies of at least 2.3 eV. Substitutional nitrogen defects, Ns , are
natural candidates, because their optical ionization threshold is
2.2 eV [ 25–27 ], above the threshold observed in our experiments.
In this picture, an electron from e𝑔 orbital of SiV 

2 − can hop
to a nearby N+ 

s . A related qualitative model was developed for
NV – Ns pair [ 28, 29 ], suggesting that the electron from Ns 
hops to the proximal NV defect giving it a negative charge
state. The same works also argued that the reverse process,
in which an electron hops from NV 

− to the N+ 
s , is possible.

However, the hopping rate between neighboring defects should
be influenced by the energy mismatch of their levels. The SiV
( 2 − |− ) charge transition level is 2.45 eV above the valence
band maximum, while the ( 0 |+ ) adiabatic charge transition level
of Ns is 1.7 eV below the conduction band minimum [ 30 ].
Therefore, an electron hop from SiV 

2 − to Ns would require an
additional ∼1.3 eV (given by 5 . 47 − 1 . 7 − 2 . 45 eV), which cannot
be supplied by the phonon bath. Even if the auxiliary defects
were not substitutional nitrogen but another defect species, the
minimal energy mismatch between SiV ( 2 − |− ) and the auxiliary
defect levels would still be on the order of 1 eV to cover the
diamond bandgap. A model supported by density functional
theory calculations of the direct non-local excitation between NV
and Ns was discussed in Ref. [ 31 ]. Following this model, one can
assume that a photon provides the excess of energy required for
Advanced Science, 2026
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FIGURE 4 Charge carrier generation. (a) Schematic representation of the charge state conversion cycle, which results in the release of free 
electrons and holes. Symbol N𝑠 denotes levels corresponding to the substitutional nitrogen defects which can accept an electron from the higher orbital 
of SiV 

2 − . The photoionization of these defects can occur at any time, which is indicated as a random ionization act at each stage. (b) Dependence of the 
photocurrent on excitation OPO power at 455 nm wavelength under positive voltage. (c) Dependence of the photocurrent on excitation OPO power at 
455 nm wavelength under negative voltage. 
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lectron hopping from SiV 

2 − to the N+ 
s (Figure 4a ). When this

ccurs, the remaining SiV 

− can absorb a photon, promoting an
lectron from the lying deep in the valence band a2 𝑢 level to the
𝑔 state. The resulting hole on a2 𝑢 orbital is not localized due to
trong mixing with diamond bands [ 18 ]. Usually, this hole relaxes
o the e𝑢 state, forming the first excited state of the SiV 

− but
nder an applied electric field the hole can migrate away from
he defect leaving it in the SiV 

2 − . We note that this model does not
onsider the position of the Fermi level with respect to the charge
ransition levels of defects, but only the deficit of holes that can
e retrapped by SiV 

2 − . For instance, this can be satisfied if the
earby positive electrode repels holes. Under positive potential,
e do not observe luminescence from the SiV center (the second
ype , constituting the majority), which means that the hole drifts
way faster than it relaxes to the e𝑢 orbital forming SiV 

2 − and
o holes recaptured. It also prevents the reverse hopping of the
lectron from Ns to SiV, because all SiV levels are again filled with
lectrons. Ns can be ionized, releasing a free electron and closing
he charge conversion cycle. We note that the photocurrent scales
inearly with optical power (Figure 4b ), although the process
nvolves several photons. It might be counterintuitive unless
e assume that multiple auxiliary Ns defects are involved (see
upporting Information). The photoionization process starts with
ome steady state population of Ns defects, which is maintained
y constant supply of the electrons from the SiV center leading
o the linear photoionization behavior. The indication of the
nvolvement of multiple Ns rather than a single one that defines
he charge stability of NV center was previously shown [ 28 ].
nvolvement of multiple Ns defects proximal to SiV center does
ot require a high nitrogen concentration in the sample. We note
hat the cluster of nearby Ns defects together with a SiV defect is
uch more likely to be introduced during diamond growth than
hese individual defects because charge transfer from the proxi-
dvanced Science, 2026
mate Ns donors toward SiV acceptor defect significantly enhances
the probability of incorporation of SiV defect into diamond (see
Supporting Information). For instance, the estimated energy gain
of a cluster formation of two Ns near a SiV defect is about 6.5 eV
which can be deduced from previously published data and our
new calculations on the charge transition levels of SiV [ 18, 19, 30 ].
These considerations can explain the linear power dependence of
the photoionization process which assumes multiple Ns defects
around SiV. 

Using first principles calculations, we computed the SiV 

2 − + N+ 
s 

⟶ SiV 

− + N0 
s process of which excitation energy depends on

the distance between the SiV and Ns defects (see Supporting
Information). We find that the ZPL energy of this absorption
process is ∼ 1 . 8 eV at 1.1 nm distance which decreases with
the inverse of distance between the defects where the ZPL
value approaches ∼ 1 . 15 eV at infinitely large distance. We
note that the absorption cross section at the ZPL wavelength is
minimal because of the giant relaxation energy between N0 

s with
strong Jahn–Teller distorted geometry and N+ 

s with tetrahedral
symmetry [ 32, 33 ]. The absorption process is mediated by acoustic
phonons where the absorption could be observable by about
0.5 eV above the ZPL energy and it reaches the maximum value
at 1.3 eV above the ZPL energy (see Supporting Information
for theoretical analysis). By combining the experimental data
in Figure 3f with threshold energy at ∼ 2 . 3 eV and the first
principles dataset for the absorption process, we estimate the
distance between the defects at around 1.8 nm where pho-
toexcitation of the donor-acceptor pair defect at this distance
is associated with the rise of the phonon-assisted absorption
band at 2.3 eV (see Figure S11 ). This estimate is fully consistent
with the experimental findings and the expectations from the
5 of 8
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nder negative potential, the process should be similar. However,
he negative potential of the electrode attracts holes from the
hole intraelectrode space that facilitates SiV 

2 − in the vicinity
f this electrode to capture holes and change the charge state
o SiV 

− . After optical excitation of SiV 

− , the hole from the a2 𝑢
tate preferentially relaxes to the e𝑢 orbital. Thus, the excited
tate of SiV 

− can radiatively decay. Even if the hole is lost
n some optical cycle, it can be substituted by another one.
uring the time intervals, in which SiV is in its negative charge
tate, reverse electron hopping from Ns to SiV 

− can occurs,
onverting SiV into SiV 

2 − . This process can be interpreted as
ocal recombination of the electrons and holes within the system
f SiV and substitutional nitrogen atoms and it competes with
he electron-hole pairs generation process described above. The
ompeting recombination process leads to the net 0 current
enerated at the SiV position, or might even lead to the local
eduction of the background photocurrent (see Supporting Infor-
ation). With an increase of the optical power, the electron-hole
air generation process prevails over recombination leading
o a weak photocurrent (Figure 4c ). The described process
xplains strong luminescence of SiV 

− and low photocurrent
nder negative potential. The behavior of the small subset of SiV
enters belonging to the first type , for which luminescence and
hotocurrent are observed simultaneously, is less clear. Thus, the
roposed SiV –Ns mechanism consistently explains the dominant
ehavior of the second-type defects, while the simultaneous
uminescence and photocurrent observed for the smaller subset
f first-type defects likely reflects additional local environmental
omplexity. 

 Conclusion 

n summary, we unraveled the complex charge dynamics of SiV
enters in diamond showing that the defect can be photoionized
nd recharged in a closed loop under constant laser illumination,
lthough the photon energy is insufficient to directly promote
n electron from SiV to the conduction band. We used the
dvantage of photoelectric imaging technique to prove that
harge conversion and generation of charge carriers occur locally,
hich means that the previously proposed models suggesting
 charge retrap between SiV and auxiliary defect via valence
and is incomplete. The observed photoionization cutoff of
iV 

2 − 
⟶ SiV 

− conversion is found to be ∼2.3 eV, which is
nconsistent with the theoretically proposed value of 2.95 eV.
his suggests the involvement of proximal auxiliary nitrogen
onor defects that facilitate photoionization, a hypothesis that
s fully supported by our first principles calculations. Moreover,
ssignment of the defects visible only in photocurrent imaging
o the optically inactive SiV 

2 − centers makes it, to the best of our
nowledge, the first direct visualization of the point defects which
re addressable neither optically nor in electron paramagnetic
esonance [ 34, 35 ]. The charge-conversion process described
n our work can be extended to the entire class of group-IV
efects, and this knowledge is important for resolving long-
tanding problem: stabilization of the group-IV defects in the
esired charge state. Also of interest is the demonstrated ability
o convert, on demand, a small ensemble of color centers into a
ource of single photons by applying an electric potential, which
ay relax constrains on creation of defect-based single photon
ources. 
of 8
5 Experimental Section 

5.1 Experimental Setup 

The sample was placed in a home-built confocal microscope
and connected to the bias voltage source (Keithley 487) and a
current detection (Femto, gain 1011 ) circuit [ 36 ]. The objective
from Olympus MPlanApoN 100X, NA 0.95 is used for excitation
and collection of fluorescence. This arrangement allowed for
simultaneous detection of the confocal and photoelectric raster
scans. Raster scans are performed typically using 4 ms integration
time per pixel. The photocurrent signal is measured directly,
without employing a lock-in detection scheme. The excitation of
the defects was provided by a continuous wave optical parametric
oscillator (OPO) from Hübner Photonics CWAVE VIS tunable in a
broad range covering 450–525 nm and 540–650 nm. Alternatively,
lasers operating at 705 nm (PicoQuant LDH-D-C-705) and home-
built 900 nm were available. The emission collected from the
defects could also be analyzed with a spectrometer (Princeton
Instruments HRS-300 with Pixis camera PIX100BX-SF-Q-F-A).
The second-order autocorrelation functions were measured using
the same confocal microscope with the detection system arranged
in the Hanbury Brown and Twiss configuration. For optical
detection, two avalanche photodiodes from Excelitas SPCM-
AQRH were used. In order to achieve low optical background
for antibunching measurements the stack of 725 long pass,
700/100, and 740/10 band pass filters was used. The antibunching
measurements were performed with a pulsed laser to avoid a
decrease of contrast at zero delay, which is typically observed
in continuous-wave measurements, associated with the short
SiV lifetime and jitter of photon-counting electronics. As an
alternative, the detection with the 500 long pass filter was
used to probe the fluorescence over a broader spectral range.
The characterization of the spectral region around 946 nm was
performed on a low-temperature confocal microscope equipped
with a spectrometer (see Supporting Information). 

5.2 Calculations 

We utilized first principles plane-wave supercell density func-
tional theory (DFT) calculations to study the charge transfer
between SiV and Ns as implemented in the vasp 5.4.1 code [ 37 ].
We used the usual projector augmented wave (PAW) projectors
[ 38, 39 ] are applied on the carbon, nitrogen, and silicon atoms
with a plane wave cutoff of 370 and 740 eV for charge augmen-
tation cutoff. Our approach requires scaling of the properties as
a function of supercell size. In the scaling procedure, supercells
of up to 8000 atoms are applied within the semilocal Perdew–
Burke–Ernzerhof (PBE) DFT functional [ 40 ] whereas supercells
of up to 1728 atoms are employed in the hybrid Heyd–Scuseria–
Ernzerhof (HSE) DFT functional [ 41, 42 ]. We optimized the
atomic positions individually for every defect geometry until the
forces acting on all ions fall behind 0.01 eV/ Åwhile we used a 0.1
meV convergence criteria for each electronic self consistent field
(SCF) cycle. 
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