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ABSTRACT: The silicon vacancy (SiV) center in diamond is typically found
in three stable charge states, SiV’, SiV~, and SiV*", but studying the processes
leading to their formation is challenging, especially at room temperature, due
to their starkly different photoluminescence rates. Here, we use confocal
fluorescence microscopy to activate and probe charge interconversion between
all three charge states under ambient conditions. In particular, we witness the
formation of SiV° via the two-step capture of diffusing, photogenerated holes, a
process we expose both through direct SiV° fluorescence measurements at low

temperatures and confocal microscopy observations in the presence of [IIE_ T

externally applied electric fields. In addition, we show that continuous red
illumination induces the converse process, first transforming SiV° into SiV~
and then into SiV>". Our results shed light on the charge dynamics of SiV and
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promise opportunities for nanoscale sensing and quantum information processing.

KEYWORDS: diamond, silicon vacancy centers, charge dynamics, color center photochromism

pin-active color centers in wide-bandgap semiconductors

have emerged as a valuable platform for applications in
quantum communication, computing, and sensing thanks to
their long coherence lifetimes and optical access. Among the
best-known examples are the nitrogen vacancy (NV) center in
diamond and the divacancy center in silicon carbide, whose
optical and spin properties have been the subject of extensive
studies.' ™ Part of this effort has also been devoted at
identifying alternative color centers that can potentially
outperform more established systems.’ One illustration is the
silicon vacancy (SiV) center in diamond, singled out in recent
years as a promising spin qubit candidate with superior optical
properties.” In particular, the neutral (SiV°’) and negatively
charged (SiV~) states exhibit photochromism (with emission
at 946 and 737 nm) and possess optically accessible electron
spins (S = 1 and 1/2), a high Debye—Waller factor, and an
inversion symmetry that protects optical transitions from
electric noise.' This allows their use close to the host crystal
surface and reduces spectral diffusion of the zero-phonon line
(ZPL), critical in quantum information processing and sensing
applications. The SiV center can also be found in the doubly
negative state (SiV>"), which is nonfluorescent and spin-
less.'*?

Among these alternative charge states, SiV® is of especial
interest as it exhibits much longer spin coherence times than
SiV™ due to the absence of strong phonon-mediated spin
relaxation processes.'”'* First identified as the KUL1 center in
chemical vapor deposition (CVD) diamond via electron

© 2023 American Chemical Society

7 ACS Publications

1017

: 15,16 ¢ .
paramagnetic resonance, ”'® SiV® was subsequently associated

with a 946 nm (1.31 eV) zero-phonon line in the photo-
luminescence spectrum,’”'® only detectable below ~240 K in
ensembles due to the suppression of otherwise dominant
nonradiative processes. Long spin coherence and spin—Ilattice
relaxation times—comparable to those found in NVs'—have
recently been observed below 20 K using pulsed electron
paramagnezt(i)c resonance' ”'” and optically detected magnetic
resonance.

Despite much progress, stabilizing the SiV charge state into
SiV® remains a challenging problem. First-principles calcu-
lations indicate that the preferred SiV charge states in synthetic
diamond are SiV~ or SiV>~.'"'* It has been shown that boron
doping during crystal growth shifts the Fermi level to favor the
formation of SiV®.'* Alternatively, hydrogen termination of the
diamond surface has been exploited to induce the local
formation of shallow SiV® centers with properties similar to
those found in the bulk of the crystal.”!

Here we pay particular attention to processes of charge state
conversion based on recombination of itinerant free carriers,
which can be created via photoionization of nearby defects.
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Figure 1. Photoinduced formation of SiV® under ambient conditions. (a) SiV~ preparation and detection protocol at room temperature; upon a red
laser scan (632 nm at 6 mW, 80 X 80 um?) and a green park (532 nm at 3.6 mW) for a variable time t,» we image the resulting SiV™ distribution via
a weak red laser scan (632 nm at 50 #W, 10 ms per pixel, 100 X 100 pixels). (b) SiV~ images as derived from the protocol in (a). (c) Schematics of
charge dynamics under a green laser park; the inner blue ring signals the formation of SiV° via double hole capture. (d) (left) Time dependence of
the outer and inner radii in the measured charge patterns; solid lines are guides to the eye. (right) Calculated SiV™ and SiV® relative populations
(top and bottom plots, respectively) for the conditions in (b) assuming a park time of 1 s.
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This form of * %)hotodoping”—successfully demonstrated with
NV centers’”*’—has been shown to produce long-lived,
nonequilibrium charge state distributions when the concen-
tration of nitrogen impurities is moderate (~1 ppm or less).”*
Subsequent experiments on SiVs showed that 532 or 632 nm
illumination generates free carriers that are then captured
outside the illumination region, resulting in the generation of a
characteristic SiV~ “bright halo”.”>*° Identification of the
charge carrier responsible for the observed effect is hindered by
the fact that both SiV® and SiV>™ are dark at room
temperature. Experiments in the presence of external electric
fields suggested that electron capture by SiV° plays a key role
in the formation of the halo.”® It was later argued, however,
that annealed CVD diamond favors the formation of SiV?~, not
SiV?, as the predominant charge state.”” The notion of SiV?~ as
the charge state “by default” gained support in recent
experiments exploiting individual NV centers as charge sensors
to reveal the sign of carriers photoactivated from proximal
SiVs.”®

In this work, we identify the conditions for the formation of
all three SiV charge states—SiV®, SiV~, and SiV>"—under
ambient conditions. We use multicolor confocal microscopy to
image the SiV~ charge state distribution at room temperature
after exposure to photogenerated charge carriers and confirm
the inferred charge states by direct detection of SiV°
photoluminescence at 10 K. In addition, we employ electric
fields to probe the effect of drifting carriers, which allows us to
discriminate between their signs and corresponding capture
processes. Finally, we examine the response under continuous
red illumination and show the sequential, laser-induced
transformation of SiVs from neutral, to single charged, to
double-negatively charged. These room-temperature results are
consistent with and complement observations under cryogenic
conditions discussed in a recent study.”’

In our experiments, we use a CVD-grown [100] diamond
with a nitrogen concentration of ~1 ppm as reported by the
manufacturer (DDK). Silicon incorporates during crystal
growth as a contaminant due to etching of the reactor quartz
windows;*° from prior studies,”® we estimate the SiV and NV
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concentrations at ~0.3 and ~0.03 ppm, respectively. For
room-temperature measurements, we resort to a home-built
confocal microscope accommodating 532 and 632 nm
excitation laser paths; we use a bandpass filter to limit photon
collection to a narrow window around the SiV~ ZPL at 737 nm
(see the Supporting Information, Section I).

The schematic in Figure la lays out our experimental
protocol: We first implement multiple 632 nm, 6 mW laser
scan across a (80 um)? area to initialize SiVs into a
nonfluorescing charge state (Supporting Information, Section
II). We subsequently park a 532 nm, 3.6 mW laser at the
center of the scanned plane for a variable time f; illumination
at this wavelength is known to generate a continuous stream of
free electrons and holes stemming from charge cycling of
coexisting NVs.>' ~** The ensuing carrier diffusion and capture
produces a nonlocal change of the SiV charge state, which we
subsequently image under 632 nm, 50 yW excitation.

Figure 1b shows the results for variable park times:
Consistent with prior observations,”® we first see a bright
SiV™ halo centered around the point of illumination after only
10 ms of green excitation. Upon increasing toy however, we
witness the formation of a dark inner ring growing
concomitantly with the outer bright pattern. This alternating,
concentric structure suggests a double carrier capture process
where SiVs not directly exposed to the green laser become
negative (and hence bright) after a first capture event, to
subsequently turn dark again upon capture of a second carrier.
Provided the initial red scan preferentially produces SiV?~, this
process amounts to a double hole capture, and correspondingly
implies the formation of an SiV'-rich ring in the region
adjacent to the parked beam (see schematics in Figure 1c).
Interestingly, preceding experiments missed these dynamics,
instead reporting the formation of a uniformly bright SiV~
disk.”® We later show this is a consequence of the system’s high
sensitivity to the probe laser intensity, rapidly converting SiV°
into SiV™ even at these lower powers (see also Supporting
Information, Section III).

Conceptually, the formation of the observed SiV charge
pattern must emerge from an interplay between carrier
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Figure 2. Direct observation of SiV® formation via hole capture. (a) (top) SiV~ imaging protocol at cryogenic temperatures. Following a 532 nm,
1.7 mW beam park at the center for 30 s, we image the resulting SiV™~ distribution using a 637 nm, 400 yW beam. (bottom) Confocal imaging of
SiV~; the orange (blue) traces in the side photoluminescence spectra show that the bright (dark) areas of the image are SiV~-rich (SiV~-depleted).
(b) Same as in (a) but for SiV’. In this case, however, we use an 857 nm laser for image readout and obtain a photoluminescence (PLE) spectrum
via a 0.3 mW laser tunable around 946 nm. The bright ring at the image center directly demonstrates formation of SiV®. In (a) and (b), spectra

have been displaced vertically for clarity; all experiments at 10 K.
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Figure 3. SiV charge state dynamics in the presence of a bias electric field. (a) Experimental protocol; we use silver planar electrodes separated by a
100 pm gap (not shown) to produce a time-independent electric field across the imaged area during a 532 nm laser park of variable power P and
duration ¢,. (b) Confocal images of SiV~ with and without a bias voltage V for long park times (right and left images, respectively); the comet-tail-
shaped pattern emerging in the presence of an external bias can be understood as the result of holes drifting under the external electric field E.
Throughout these experiments, the green laser power and park duration respectively are P = 3.6 mW and £, = 3 s.

photoactivation, diffusion, and capture in the presence of
localized optical excitation. This interplay can, in turn, be cast
in terms of a set of master equations that simultaneously take
into account the presence of SiV, NV, and substitutional
nitrogen (N,) in their different charge states (Supporting
Information, Section III). Indeed, N, impurities—significantly
more abundant than SiVs and NVs in CVD diamond**—
charge cycle between neutral and positively charged upon
exposure to a stream of electrons and holes, hence playing an
important role in the SiV pattern formation.”*® We capture
these dynamics in Figure 1d, where we compare our
observations—distilled in the main plot as the experimentally
measured time evolution of the outer and inner ring
diameters—with numerical simulations for a 1 s park time,
shown in the right inset. Consistent with our model, we find
the formation of an SiV’rich inner ring separated from the
SiV>~ background by an SiV~ bright halo. A close inspection of
the observed and calculated diameters, however, shows that the
agreement is far from complete and must, therefore, be seen as
qualitative. This is largely a consequence of the uncertainty
surrounding the charge-state-dependent electron and hole
capture cross sections for NVs, SiVs, and Ns, which in several
cases are not known (Supporting Information, Section IV).
To disambiguate the composition of the inner ring, we carry
out low-temperature experiments where the SiV® fluorescence
can be monitored directly."* To this end, we make use of a
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second cryo-workstation-based confocal microscope simulta-
neously integrating 532, 637, and 857 nm lasers (Supporting
Information, Section I). With a wavelength above the SiV’
recombination threshold at ~825 nm,””*” 857 nm light
facilitates nondestructive detection of SiV® fluorescence (too
weak at room temperature due to nonradiative decay). Figures
2a and 2b respectively display SiV~- and SiV%-selective images
emerging upon a prolonged (60 s) green laser park time: We
find complementary fluorescence maps that confirm the
distinct charge state predominant in each section of the
pattern. In addition, optical spectroscopy on dark and bright
sectors of either image directly indicates the formation of SiV®
as revealed by the emission peak near 946 nm (upper trace in
the side plot of Figure 2b).

While the experiments mentioned above rely on itinerant
carriers spreading from the point of photoactivation, the
application of external electric fields allows us, in principle, to
imprint a distinct spatial bias in the diffusion of electrons and
holes, observable at room temperature. We lay out this class of
experiments in Figure 3a, where we introduce a constant
voltage difference across the imaged plane throughout the
duration of the laser park. Figure 3b compares our
observations with and without external fields: We find that
the SiV™ ring previously observed under similar conditions
(Figure 1b) reshapes into a long tail pointing toward the
negative electrode. In addition, although the inner dark ring
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Figure 4. Charge dynamics of SiV under red illumination. (a) Experimental protocol. Following a 3 s green beam park on a red-laser-initialized
background, we use a 632 nm laser to illuminate select points in the pattern. (b) Confocal image of SiV~ (100 X 100 pixels, 10 ms per pixel) upon
application of the protocol in (a). Crosses in the upper left insert indicate the locations of 632 nm, SO #W parks relative to the bright ring in the
pattern for a time ¢, = 0.5 s. Arrows indicate the positions of the outer parks, less visible than those in the inner dark ring. The image series on the
right-hand side shows zoomed-in confocal maps of the area within the dashed square. We monitor the integrated SiV™ fluorescence within the black

circle for variable red laser park durations (P’ = 350 4W). (c) Integrated SiV~ fluorescence versus t’

» at the inner (dark) ring position highlighted in

(b); red excitation first creates and then partially depletes SiV™. (d) Putative SiV charge dynamics under 632 nm illumination. (i) Upon direct
exposure to red light, SiV° first recombines into SiV™~ and then into SiV>". (ii) In the dark, SiV~ formation arises from hole capture by SiV>~ or from
electron capture by SiV’; one scenario or the other becomes dominant depending on the charge state initialization history.

undergoes a less dramatic transformation, a close examination
also indicates bias toward the upper section of the plane, all of
which is consistent with the notion of hole trapping as the
driving mechanism underlying SiV™ formation. For complete-
ness, we note that the observed changes in the outer sections
of the fluorescence pattern—turned dark by the red
initialization scan—are simply the (undesired) effect of
scattered light on the red-initialized SiV ensemble and can,
therefore, be ignored (Supporting Information, Section V).

At face value, the results in Figure 3 contradict some of the
conclusions from our prior work’® where similar experiments
suggested SiV~ generation from electron capture by SiV’.
Although dissimilar experimental conditions—including a
different charge-state preparation history, a stronger readout
beam, and the use of a vertical, not horizontal, electrode set—
make an in-depth comparison difficult, we suspect that one
regime or the other may be dominant depending on the
chosen parameter set. In particular, preliminary observations—
not presented here for brevity—show that local optical
excitation and externally applied electric fields can combine
to produce a rich, though complex, phenomenology; this
includes, e.g., the formation of bidirectional, jet-like patterns
where SiV™ formation seemingly emerges both from hole
capture by SiV?>™ in one-half of the plane and from electron
capture by SiV° in the other. We defer the in-depth discussion
of these and related results—including an examination of the
role of space charge fields in the SiV~ pattern formation®*—to
an upcoming study.

Our ability to prepare SiV’-rich ensembles at room
temperature gives us the opportunity to probe their char%e
dynamics in the presence of continuous optical excitation.””””
To this end, we implement the experimental protocol in Figure
4a: Upon creating an SiV’-rich area, we park a 632 nm, 50 yW
laser at select, off-centered positions for a variable time, t’P, to
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subsequently reconstruct an image via a weak red scan. Figure
4b shows the result for a case where we sequentially illuminate
eight different locations evenly distributed in the SiV® and
SiV>~ portions of the imaged plane (crosses in the upper left
diagram). We find remarkably different responses: While red
illumination in the outer sections of the pattern leads to sharp,
dark spots, the opposite takes place near the center where we
observe bright spots emerge. The latter signals a red-induced
recombination of SiV® into SiV~, whereas the former points to
the recombination of SiV~ (residually present in the SiV*~
background after a green park; see Supporting Information,
Section VI).

When combined, the observations mentioned above indicate
a cascade process where red excitation first transforms SiV°
into SiV™ and then into SiV>~. We experimentally capture this
full sequence by monitoring the fluorescence from a near-
center section of the pattern upon a variable red park time
(Figure 4c and side image series in Figure 4b). Following an
early growth of SiV™ fluorescence (0—1 s), we subsequently
find a gradual decay that we interpret as a recombination into
SiV?". This light-induced charge-state progression mirrors the
two-step, diffusion-driven hole capture process highlighted
before and hence can be effectively seen as its converse.

Remarkably, prolonged red excitation on the SiV%rich
region also results in the formation of a surrounding bright
halo slowly growing over time to reach an outer diameter of
~1S pm after a 40 s park (image series in Figure 4b). Given
the starting charge state composition of the ensemble, we must
attribute SiV~ formation to electron capture at SiV® sites,
presumably facilitated here by a stream of itinerant electrons
produced by local N? (and NV™) ionization under the 632 nm
laser beam. Note that SiV° formation during the (preceding)
green park is likely accompanied by the preferential trans-
formation of N} (arguably abundant after the red initialization
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scan) into neutral. In the absence of competing trapping sites,
one would correspondingly expect the probability of electron
capture by Siv? to grow, consistent with our observations
(Figure 4d). This physical picture, of course, hinges on the
assumption of a sufficiently large electron reservoir at the point
of red excitation; additional, more quantitative work will
therefore be needed to gain an accurate description of the
charge dynamics at play.

In summary, our experiments in CVD diamond show that
optical illumination combined with carrier diffusion and
capture lead to the formation of fluorescence patterns
segmented into areas where SiVs take different predominant
charge states. In particular, we demonstrate the room-
temperature formation of SiV’-rich disks surrounding the
point of local green illumination, which we associate to a
sequential hole capture process, first transforming SiV>~ into
single-negatively charged and then into neutral. Starting with
an SiV? ensemble, we show that the exact converse process can
take place locally under continuous 632 nm illumination. In
addition, these same observations also suggest the alternative
formation of SiV~ from itinerant electron, not hole, capture,
which manifests or not depending on the charge initialization
history.

Our results open up opportunities for the overall character-
ization of SiV charge state dynamics (including, e.g., the
identification of ionization/recombination thresholds) through
the combined use of microscopy and optical spectroscopy
techniques. On the other hand, the ability to reversibly control
the SiV charge state from neutral to double-negative and back
could be exploited to engineer quantum memories through
»Si-hosting color centers that can store the electronic spin
state of SiV” in the spinless environment created by SiV>~.*" In
addition, the efficient hole-capture-assisted formation of SiV°
we observe raises the question as to whether other hitherto
hidden features can be exposed at room temperature. Of
particular interest are processes such as optical spin polar-
ization and/or spin-selective recombination, which could
perhaps be leveraged to optically detect SiV® magnetic
resonance under ambient conditions via spin-to-charge
conversion protocols.
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