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An intense effort is underway to understand and exploit the 
properties of select paramagnetic centers in solids, with the 
nitrogen vacancy (NV) and silicon-vacancy (SiV) centers in 
diamond arguably standing out as the most prominent 
examples1,2. Recent work on the photo-physics of the NV has 
shown that the defect’s charge state is dynamically modulated 
between neutral and negative configurations during green 
illumination3,4. Red excitation, on the other hand, can ionize the 
negatively charged NV (NV-) but leaves the neutral state (NV0) 
unchanged. These and related processes have been exploited, 
e.g., to demonstrate alternate forms of NV spin sensing, 
including photo-electric detection of magnetic resonance5 and 
spin-to-charge conversion6. Spin selective charging dynamics 
of NV and N centers is also of interest to recent proposals of 
long-range spin buses for diamond quantum computing7. 

Similar to the NV, SiV centers are known to exist in 
neutral (SiV0) and negatively charged (SiV-) states but a 
thorough understanding of charge conversion is still lacking8. 
The negatively charged state is believed to be more stable in 
Type 1b diamond but efforts have been made to tilt the balance, 
for example, by resorting to boron doping9. Here we show that 
SiV0 efficiently captures photo-generated electrons diffusing 
from a remote region of the diamond crystal; once in the 
negative state, however, SiVs are immune to photo-generated 
holes. This behavior mirrors that of NVs, readily transitioning 
from the negative to the neutral state through hole capture, 
though stable in the presence of conduction-band electrons. By 
probing the time dependent response of SiV- to green 
illumination we find a linear growth of the ionization rate with 
laser power, the hallmark of a single-photon process.  

In our experiments we use a [111] crystal with an 
estimated N content ܲ between 1 and 5 ppm, and rely on a 
custom-made, two-color confocal microscope to excite and 
probe NV and SiV fluorescence over a ~1-µm-diameter 
spot10,11. Optical spectroscopy is carried out with the help of a 
high-resolution optical spectrometer. A typical spectrum under 
green (532 nm) excitation is shown in Fig. 1a: Given the 

characteristic zero-phonon lines (ZPL) at 575 nm and 637 nm 
we conclude the fluorescence largely originates from NV 
centers in the neutral and negative states, respectively. The 
small feature at 737 nm reveals the presence of SiV- centers, 
though given the low fractional intensity — ~0.6% of the 
emitted photons — it seems reasonable to anticipate a marginal 
impact on the overall system dynamics. Unexpectedly, 
however, the experiments below show that the relative SiV- 
population — and consequently the contribution of SiV- 
fluorescence to the integrated optical signal — can change 
dramatically depending on the experimental conditions and 
illumination history.  

The detection protocol in Fig. 1b provides an initial 
demonstration: We first use multiple scans of a 632 nm laser 
beam to initialize NVs into the neutral charge state over a (40 
µm)2 area. Since red light also ionizes SiV- (see below), this 
procedure helps us circumvent the more complex dynamics 
during green illumination (which we discuss later). We 
subsequently park the red beam at the center point so as to 
ionize neutral nitrogen. The process demands a multi-second 
long exposure because N0 absorbs weakly at 632 nm18-21. In 
this sample, however, the nitrogen concentration is sufficient to 
produce a substantive number of photo-generated electrons, 
some of which diffuse away from the illuminated area to be 
subsequently captured by other proximal defects10. To reveal 
the ensuing charge distribution we acquire a confocal image of 
the area of interest using a weak red laser scan. The results 
using NV--selective and SiV--selective band-pass filters 
(respectively, BP2 and BP3 in Fig. 1a) are presented in Fig. 1c. 
Interestingly, SiVs close to the point of prolonged beam 
exposure readily transform to the bright, negatively-charged 
state while neutral NVs remain unaffected. Note that these 
observations correct and extend prior work10, where the role of 
SiV centers was overlooked.  

To attain representative spectra before and after prolonged 
illumination, we average the signal resulting from a red laser 
scan across a 10ൈ10 µm2 area centered at the point of the laser 
park (respectively orange and blue traces in Fig. 1d). The 
prominent peak at 737 nm emerging after the scan confirms the 
selective formation of SiV- with virtually no impact on the 
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original NV- concentration.  
The ability to initialize SiV into the negative state gives us 

the opportunity to investigate the mechanisms underlying 
SiV- ionization. Fig. 2a shows the SiV- response when exposed 
to a 532 nm laser pulse of variable duration and power 
expressed in terms of the relative SiV- population ܵି ܵ⁄ , which 
we determine via a calibrated red readout11; here we use ܵି (S0) 
to denote the concentration of negative (neutral) SiV, and ܵ ؠ ܵି ൅ ܵ଴ is the total SiV concentration. On a time scale of 
seconds, we observe an exponential decay at a rate proportional 
to the laser power (green dots in Fig. 2b), indicative of 
ionization via a one-photon process. The ionization rate also 
grows linearly with intensity under 632 nm illumination11, 
though the absolute values are much lower (the dashed line in 
Fig. 2b shows the extrapolated linear fit). We observe virtually 
no ionization at or above 690 nm, suggesting that the energy 

gap separating the SiV- ground state from the conduction band 
minimum amounts to ~1.9 eV. This value agrees reasonably 
well with prior estimates derived indirectly from photo-
ionization experiments 22 , 23  or from density functional 
calculations24, though is in conflict with more recent work25,26. 
In particular ab-initio calculations25 sets the SiV- ground state 
~0.8 eV above the valence band implying that the single-
photon process observed in Fig. 2 corresponds, in reality, to a 
transformation into SiV2- via emission of a hole. The latter, of 
course, contradicts the interpretation above, namely, that red 
illumination ionizes SiV- into SiV0, and that the back 
transformation takes place through the capture of electrons 
injected during the red park.  

Since the ZPL emission from SiV0 at 946 nm is difficult to 
observe directly at room temperature8,9, the problem above 
implies ambiguity in the SiV charge state following the 
initialization scan. To reveal the type of carrier involved in the 
capture process we use metal electrodes to produce an electric 

 

 
Fig. 1: (a) Optical spectrum under 532 nm excitation at an arbitrary 
but fixed location. The laser power is 100 µW and the acquisition 
time is 120 s. Color bands – denoted as BP1, BP2, and BP3 – 
indicate three alternative observation windows. (b) Initialization and 
optical spectroscopy protocol. The zig-zag indicates laser scanning. 
(c) Confocal images in an area around the point of laser park using 
bandpass filters BP2 (left) and BP3 (right). The park time is 30 s, 
the laser power is 1 mW during the park and 100 µW during 
imaging at 2 ms integration time per pixel. (d) Averaged optical 
spectra (632 nm excitation) from an area around the point of laser 
parking before and after the park (orange and blue traces, 
respectively). The red laser power during the spectroscopy scan is 
500 µW; the acquisition time is 5 ms per pixel. 
 

 
 

Fig. 2: (a) Relative population of SiV- (S-/S) as a function of time 
for 532 nm laser light of variable power; readout is carried out via a 
red laser probe; solid lines are single exponential fits. (b) SiV- 
ionization rate (j-) as a function of laser power for 532 nm laser 
excitation (green triangles). The dashed green line is a linear fit. 
Also shown are the extrapolated fits from SiV- ionization at 632 and 
692 nm (red and purpled dashed lines, respectively). (c) Electrode 
and illumination geometry. (d-f) SiV--selective images after a 30-s-
long red laser park at different depths. From (d) through (f) the 
applied voltage is 0V, 200V, and 400V, respectively. The distance 
from the top (bottom) image plane to the top (bottom) diamond 
surface is 10 (90) µm. All images share the same color scale and are 
collected during a red laser scan (1 mW, 2 ms integration time per 
pixel); all other conditions as in Fig. 1c. 
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field parallel to the direction of illumination (Fig. 2c). As the 
voltage grows, we see greater (lower) SiV- formation near the 
positive (negative) electrode (Figs. 2d-2f), indicating that free 
electrons, not holes, form during the red laser park. This 
observation strongly suggests that SiVs must be neutral prior to 
carrier capture. Further work will, therefore, be necessary to 
reconcile experiment and theory.   

We now examine the dynamics of carrier diffusion and 
trapping under green excitation, more complex due to the 
simultaneous diffusion of photo-generated electrons and holes. 
We start with the protocol in Fig. 3a, where we park the green 
beam in an NV--depleted region. Confocal images selective to 
NV- or SiV- fluorescence from an area around the point of laser 
parking are presented in Fig. 3b (upper left and right, 
respectively). Direct light exposure partly transforms NV0 into 
NV- while simultaneously ionizing SiV- (bright spot and dark 
inner disk in the upper left and right images of Fig. 3b, 
respectively). Similar to Fig. 1c (red park), we observe a bright 
SiV- halo around the point of illumination, reflective of 
efficient electron capture. Interestingly, we find that the SiV- 
fluorescence intensities across the patterns in Figs. 1c and 3b 
show comparable amplitudes, indicating that the SiV- 

population remains unchanged in both cases. Given the 
efficient production of holes from green-laser-induced 
NV0՜NV- conversion, we conclude that the SiV- hole capture 
cross section is negligible. Further, since the charge distribution 
is uniform throughout the bright torus, we surmise SiVs 
saturate to collectively adopt the negatively charged state; 
below we use the observed fluorescence as a reference standard 
of SiV- fractional population.  

To more clearly expose the role of holes in the above 
experiments we run a modified version of the protocol in Fig. 
3a using a green scan for background initialization (Fig. 3c); 
the laser power is chosen so as to attain an NV--rich, SiV--
depleted composition (see below). Comparison between Figs. 
3b and 3d shows little change for SiVs, but the response is 
different for NVs where a large NV--depleted halo forms 
around the point of green laser parking, indicative of hole 
capture. These results expose an interesting correspondence, 
namely, the charge state of SiVs is immune to diffusing holes, 
whereas the charge state of NVs is stable in the presence of free 
electrons.  

The interplay between carrier photo-generation, diffusion, 
and trapping can be formally described using a set of master 
equations for the populations of each defect species and 
equilibrium concentrations of electrons and holes10,11. Using 
parameters from the literature whenever possible, we calculate 
the distribution of trapped charge after a given interval of local 
green laser excitation in Figs. 3b and 3d for NV--depleted and 
NV--rich initial backgrounds, respectively (the starting SiV- 
content is low in both cases). Comparison with experiment 
yields reasonable agreement11, though the calculated transition 
between bright and dark areas tends to be sharper (SiV-) or 
smoother (NV-) than observed.  

The non-local impact of local laser excitation can be 
exploited to create large areas with controllable SiV- content. 
The idea is sketched in Fig. 4a for the case of a green beam 
scanning a uniform distribution of SiVs: Color centers exposed 
to the beam transform to (or remain in) the neutral state, while 
those in their vicinity become negative (respectively, areas I 
and II in the insert to Fig. 4a). The average charge distribution 
emerging from a scan, however, differs radically from the static 
pattern because, as the beam moves from one point to the next, 
any SiV0 the beam produces locally is subsequently 
transformed into SiV- remotely via electron capture. The 
cumulative effect, therefore, is a controllable SiV- population, 
the greater the stronger the laser beam. Note that the converse 
argument applies to the co-existing ensemble of NVs, the 
majority of which must adopt a neutral state through the 
capture of holes photo-generated non-locally. This latter 
scenario may seem counterintuitive, as NV- initialization 
through green light exposure is the standard charge preparation 
protocol.  

The results of our experiments — comprising a green 
initialization scan followed by a weak red readout scan — are 
presented in Figs. 4b and 4c: We first work in the limit of 
‘weak’ laser excitation (Fig. 4b), where the effects of carrier 
diffusion away from the area under illumination can be 
neglected. Comparing the NV- fluorescence throughout the 
scanned area with that obtained after a green laser park, we 
conclude that the fractional NV- population amounts to ~70%, 
close to the maximum possible. By contrast, the SiV- fractional 

 
Fig. 3: (a) Pulse sequence. Red zig-zags indicate 632 nm, 1 mW 
laser scan and the green rectangle denotes a 532 nm, 1 mW laser 
park. (b) Confocal images (top) of the NV- (left) and SiV- (right) 
fluorescence after a 10 s green laser park (1 mW) obtained using the 
BP2 and BP3 bandpass filters. The calculated NV- and SiV- relative 
populations (respectively, Q-/Q and S-/S) are shown in the bottom 
half images. (c,d) Same as above but after initialization using a 532 
nm, 50 µW laser scan. In (b) and (d) the fluorescence within BP3 
has been corrected to eliminate contributions from NVs. In all 
images the red laser power is 100 µW and the integration time per 
pixel is 2 ms; the white arrow indicates the point of laser parking. 
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population remains at background levels, a consequence of the 
local ionization by 532 nm illumination. Alternatively, when 
the green beam is strong enough to generate a large number of 
carriers, SiVs adopt the negatively charged state whereas NVs 
are predominantly initialized into the neutral state (Fig. 4c). 

 In summary, SiV- ionizes via a one-photon process when 
excited with green or red light; negligible ionization rates at or 
above 690 nm suggest the energy gap separating the SiV- 
ground state from the conduction band minimum is 
approximately 1.9 eV. Further work will be required to 
reconcile these observations and the present ab-initio model of 
SiV-.25 By observing the distribution of trapped charge after 
local photo-ionization we find that neutral SiVs capture 
electrons efficiently from the conduction band; the negative-
charge state remains stable over time, even in the presence of 
diffusing holes. By contrast, NVs are seen to be effective hole 
traps, immune to conduction electrons. In all cases, the defect 
charge state is stable in the dark (we detect no change on a time 
span of a week) consistent with prior work.10, 27 , 28  Looking 
forward, our results should prove valuable for the various 

ongoing experiments aimed at harnessing the properties of the 
SiV, either as a non-linear optical switch29, or as an optically 
addressable spin qubit9, 30 . These findings could also find 
application, for example, to enhance the storage capacity and 
number of non-destructive charge readouts in diamond-based 
memories.28  
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