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ABSTRACT: The charge state of a quantum point defect in a solid-state host strongly
determines its optical and spin characteristics. Consequently, techniques for controlling the
charge state are required to realize technologies for quantum networking and sensing. In this
work, we demonstrate the use of deep-ultraviolet (DUV) radiation to dynamically neutralize
nitrogen- (NV) and silicon-vacancy (SiV) centers. We first examine the neutralization of NV by
correlating the NV− and NV0 spectra, indicating > 99% polarization into NV0. We then examine
the time dynamics of SiV− photoluminescence, observing an 80% reduction of intensity within a
single 100 μs DUV pulse. Finally, we demonstrate that this DUV-induced bleaching is
accompanied by a dramatic increase in the SiV0 population that is robust to extended periods of
near-infrared excitation. Our results indicate the potential of above-band gap excitation as a
universal means of generating neutral charge states of quantum point defects on demand.
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Optically active, quantum point defects in solid-state host
crystals have shown promise as a platform to implement

a wide range of quantum technologies.1−4 Generally, it is ideal
for the defect to remain in a particular charge state; e.g., the
negatively charged nitrogen vacancy NV− for quantum
sensing5 or the negatively charged silicon vacancy SiV− for
quantum networking,6 with neutral SiV0 also showing
promise.7 Different charge states of the same defect have
vastly different optical and spin properties which prevent the
defect’s use when in the incorrect state.
Control of defect charge states can be achieved through a

range of techniques involving chemical, electrical, and optical
processes. Chemical techniques, such as passive Fermi-level
engineering via bulk doping of the host lattice7−10 or
functionalization of the surface for near-surface defects11−16

are limited by the challenge of obtaining both n-type and p-
type doping in a single wide band gap material17 and rely on
equilibrium conditions which may not be reached on practical
time scales. Active electrical Fermi-level engineering18,19

similarly relies on equilibrium conditions. Even in cases in
which Fermi-level engineering can be achieved, unintended
ionization of the defect is often unavoidable, so an active
method of modifying the defect charge state in situ is still
necessary. Alternatively, the long-lived nature of nonequili-
brium states opens up methods for charge state control.
Nonequilibrium control can be achieved by optical, electrical,20

or combined optical/electrical21 carrier generation. Intragap
optical excitation has been used to demonstrate long-lived
optical storage with the NV center,22,23 neutralization of NV
centers,24,25 and stabilized SiV− emission after prolonged

exposure to blue light.26 Furthermore, optical ionization
requires no alteration of the sample, can be extremely rapid,
and can even be tuned to selectively ionize a specific defect.
Recently, selective intragap optical excitation has been used

to ionize an ancillary defect to control the target defect charge
state via photogenerated carriers.27−30 This technique, known
as “photodoping”, has revealed a large disparity between
charged and neutral defect carrier capture cross sections due to
Coloumbic attraction. Negative NV− centers possess extremely
large hole capture cross sections while neutral NV0 show
negligible charge capture.27 These results suggest an interesting
alternative charge state control method: the generation of free
charge carriers by above-band gap excitation, which then
preferentially neutralizes charged defects.
Utilizing above-band gap excitation poses unique exper-

imental challenges in diamond; diamond is an indirect
semiconductor with a large band gap of 5.5 eV corresponding
to a deep-ultraviolet (DUV) wavelength of 225 nm. Not only
are excitation sources at these wavelengths limited, but
microscope optics optimized for visible or infrared (IR) are
often absorptive at DUV. Furthermore, the dynamics of
photoinjected carriers in diamond are complex, as tightly
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bound excitons form, diffuse, disassociate, and reform,
generating free charge carriers which may be captured by
defects.31 Nevertheless, a body of existing work has
demonstrated the effectiveness of DUV excitation at
neutralizing defects in diamond by minutes-to-hours of
exposure to UV before measurement. Neutralization of
nitrogen and nitrogen-vacancy-hydrogen (NVH) complexes
was observed after exposure to a Xe arc lamp32 and 215 nm
laser.33 DUV exposure was integral in assigning the 1.31 eV
emission to the neutral SiV center.34 These results suggest that
DUV excitation is defect agnostic, unlike intraband-gap
excitation, and thus a powerful tool for charge control. Still,
many questions remain regarding the time-scale of ionization,
power requirements, achievable charge state polarization, and
operation temperatures, all of which are critical in establishing
DUV excitation as a practical technique for quantum
technologies.
In this work, we demonstrate the integration of DUV

excitation into a cryogenic visible/IR confocal microscope. We
use this setup to demonstrate the effectiveness of DUV
excitation in neutralizing the two most studied defects in
diamond, NV and SiV, whose neutral and negative charge
states can be detected through photoluminescence (PL).
Time-resolved measurements reveal that the neutralization
occurs on time scales competitive with conventional intragap
photodoping, without the need for an ancillary defect.
Furthermore, we observe an up to 80% reduction in SiV− PL
within a single 100 μs DUV pulse at power densities much
lower than what is needed for direct ionization by intragap
excitation. We then utilize DUV as a means of studying the
spectra of SiV0, a defect which exhibits long spin coherence
times and stable, spin-dependent optical emission7,35 but has
been historically difficult to observe due to its unusual
temperature dependence and tendency to bleach.
The experimental setup is illustrated in Figure 1a. A DUV

HeAg pulsed laser (Photon Systems) emitting approximately
3 μJ of 224.8 nm light per 100 μs pulse is focused onto the
diamond sample at an oblique angle between the PL collection
objective and sample surface to circumvent the high UV
absorption coefficient of the microscope optics. When focused
onto the diamond, the DUV forms an approximately (1 mm ×
2 mm) elliptical spot. Off-resonant continuous-wave (CW)
excitation (532 nm for NV0/− and SiV−; 830 nm for SiV0; spot
sizes of approximately 0.7 and 1 μm, respectively) and
collection of PL are performed perpendicular to the sample
surface through a visible-to-near-infrared (NIR) confocal
microscope (SI.1). The DUV laser operates at discrete pulse
rates tunable from 1−5 Hz.
Two different single-crystal diamond samples grown via

chemical vapor deposition (CVD) are studied. The PL spectra
in sample A (SC Plate CVD, Element Six, [N] < 1 ppm, [B] <
0.05 ppm) was doped during growth with nitrogen and
annealed to 1200 °C for 2 h under high vacuum (10−7 mbar)
and is dominated by NV center PL with no observable signal
from SiV. Sample B was doped during growth with 0.1−0.3
ppm of silicon; no treatment was performed after growth. It is
spectra is dominated by SiV with no observable NV signal.
DUV photons incident on the diamond generate charge

carriers by excitation of valence electrons into the conduction
band. During the subsequent, complex charge kinetics, some of
the generated excitons and free charge carriers are trapped by
impurities.31,36 Capture of charge carriers at deep impurities
has been observed to significantly reduce the lifetime and

diffusion length in doped diamond compared to higher purity
samples.31 Due to the Coloumb interaction, electrons and
holes are attracted to and are captured preferentially at
oppositely charged defects, respectively, generating neutral
defects. The neutralization of charged defects by optical carrier
generation has been experimentally reported in smaller band
gap materials (e.g., silicon) at low temperature, specifically to
neutralize shallow donor qubits37 in p-type material. While
direct ionization by incident DUV photons is possible, the low
power density of the DUV laser at the diamond sample,
coupled with ab initio calculations of the ionization cross
sections, suggests that direct ionization events are compara-
tively rare (SI.2).
Figure 1b shows PL spectra of NV centers in Sample A,

decomposed into the neutral NV0 and negative NV−

contributions under DUV excitation. Without the DUV (top
panel), the signal is dominated by NV− with a small amount of
NV0 due to charge cycling induced by the 532 nm probe.38

With the DUV on (bottom panel), the signal is dominated by
the NV0 contribution, demonstrating the DUV neutralizing
effect.

Figure 1. Neutralization by DUV. (a) An illustration of the
experimental setup. The DUV laser illuminates the sample from an
oblique angle while a confocal microscope simultaneously performs a
PL measurement. The DUV photon generates an electron and a hole
in the diamond host lattice which are preferentially captured by
charged defects (here NV centers and substitutional nitrogen) as
assisted by the Coulombic interaction. (b) In Sample A, when the
DUV laser is off (top) the signal is dominated by NV−. When the
DUV laser is on (bottom), the PL spectrum is dominated by NV0.
Spectra were taken under 8 μW of 532 nm probe excitation at room
temperature. Details of the spectral decomposition are discussed in
SI.3.
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We first examine the quasi-steady-state neutralization of bulk
NV centers in sample A under simultaneous exposure to the
pulsed DUV pump and a 532 nm green probe. The dominant
charge states of the NV center, NV0 and NV−, both emit in the
visible/NIR wavelength range (with zero-phonon line (ZPL)
at 575 and 637 nm respectively) and can be optically excited
into the phonon sideband (PSB) by 532 nm excitation making
the center an ideal probe for studying neutralization.
Figures 2a,b shows the quasi-steady-state spectra of the NV

center under varying DUV laser repetition rates, at both 300
and 12 K, respectively. In the absence of DUV pumping (0
Hz), the spectrum exhibits characteristic overlapping NV0 and
NV− contributions on roughly the same order of magnitude.
When the DUV is turned on at even the lowest repetition rate
(1 Hz), the spectrum exhibits a dramatic decrease in the NV−

contribution, indicating a significant neutralization. Increasing
the DUV repetition rate further results in an increased NV0

contribution, limited by the probe-induced charge cycling from
NV0 to NV−. At the 5 Hz DUV rate, the probe-only time is
2000× longer than the DUV pulse time.
To quantitatively study the effect of the DUV pulse, we

performed a fitting procedure to determine the relative
contributions of NV− and NV0. At low temperatures this is
achieved by fitting of the respective ZPLs to a Voigt line shape
to remove the background and then integrating. At room
temperature, extracting the relative contributions of the two
charge states is complicated by the overlap of the NV0 and
NV− signals. While several techniques exist for decomposing
composite spectra,39 we instead assume that the spectrum
corresponding to the lowest probe power (1.5 μW) and
highest DUV repetition rate (5 Hz) constitutes a pure NV0

signal. This assumption is consistent with the lack of a
detectable NV− ZPL at 637 nm up to a relative contribution of
NV− of less than 0.1% (SI.3). We are then able to decompose
the measured spectra into the corresponding NV− and NV0

“basis” spectra (normalized to have equal integral, i.e., total
counts). Further details are provided in SI.3. The ratio of NV−

to NV0 PL intensities, INV−/INV0, under quasi-steady-state
illumination of the CW 532 nm laser and pulsed DUV are

shown in Figure 2c−f. The PL intensity ratio is proportional
but not equal to the population ratio ⟨NNV−⟩/⟨NNV0⟩ due to the
difference in emission properties of both charge states. We
assume INV−/INV0 ≈ 2.5⟨NNV−⟩/⟨NNV0⟩39 which we verify in
SI.3.
Figures 2c,d show the dependence on the DUV laser

repetition rate for several 532 nm probe powers at 300 and 12
K, respectively. Figures 2e,f similarly show the dependence on
the probe power at a constant (5 Hz) DUV repetition rate. We
observe the same qualitative behavior at both temperatures;
the NV signal becomes increasingly neutralized with higher
DUV repetition rates and lower probe powers.
We model the population dynamics under DUV and CW

probe excitation using an empirical rate equation model (SI.4).
We find that the population ratio can be described by

= +
++ +

N
N

T
T

NV

NV

DUV eff

DUV eff0 (1)

where Γ±
DUV and γ±

eff are the DUV- and probe-induced charge
conversion rates, whereas δ and T are the DUV pulse length
and pulse period, respectively. The subscript ± indicates if the
corresponding process increases (NV− → NV0) or decreases
(NV0 → NV−) the charge of the NV center. These rates
encompass not only direction ionization (e.g., NV− → NV0 +
e−) but also charge capture (e.g., NV0 + e− → NV−). This
model accurately describes the general dependence of the
population ratio as a function of the DUV pulse rate and green
power, as shown in Figures 2c−f. Details of the model and its
fitting to the data are discussed in depth in SI.4.
While the model accurately describes qualitative features of

the population dynamics, it is phenomenological and thus
incapable of distinguishing between specific processes. Never-
theless we are able to determine the relative rates. Specifically,
we find that the DUV-mediated charge neutralization (which
converts NV− → NV0) occurs at a rate of up to 5 orders of
magnitude faster than either of the probe-mediated conversion
processes (which are generally within 1 order of magnitude of
each other; SI.4). This is despite at least a 100-fold lower DUV

Figure 2. Neutralization of the NV center. (a, b) NV center PL under 8 μW 532 nm probe at different DUV pump repetition rates at room
temperature and 12 K, respectively. A repetition rate of 0 Hz corresponds to the DUV laser being turned off. (c, d) Average PL intensity ratio of
NV−/NV0 as a function of DUV repetition rate for different powers, also at room temperature and 12 K, respectively. (e, f) Average PL intensity
ratio of NV−/NV0 as a function of 532 nm probe power under 5 Hz DUV pump, also at room temperature and 12 K, respectively. In (c)−(f), the
solid lines represent fits to the model eq 1 with additional discussion in SI.4. For most data points the error bar is smaller than the marker.
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excitation intensity. Additionally we find that the population
dependence on the probe power (Figure 2e,f) is largely
dominated by one-photon-like processes (which scale linearly
with probe power), indicating that the probe-mediated charge
conversion occurs primarily through the capture of charges
emitted from other defects (e.g., substitutional nitrogen and/or
NVH). These results indicate that the overall effect of the
DUV can be straightforwardly understood despite the
complexity of the NV center’s charge dynamics and its
interactions with other defects.
We now turn our attention to Sample B that contains bulk

SiV centers. Compared to the NV center, these measurements
are complicated by the inability to excite both charge states
simultaneously with the same laser source34,35 and additional
participating charge states.29,40 We thus examine SiV− and SiV0

separately, first considering the negatively charged SiV−.
Figure 3a shows the quasi-steady-state PL of the SiV− ZPL

lines under a CW 532 nm probe (10 μW) and DUV pulsed

laser (5 Hz) at 12 K. We observe the suppression of the SiV−

ZPL intensity by about a factor of 2, indicating bleaching of the
SiV− into an alternative charge state. While the specific charge
state being generated cannot be ascertained from this
measurement alone, subsequent measurements strongly
suggest that the bleaching corresponds to neutralization into
SiV0.
Figure 3b shows a time trace of the SiV− ZPL intensity as

the DUV is turned on (at t = 0 s) and off (at t = 300 s).

Immediately after starting the DUV, the ZPL drops in
intensity, reaching a new quasi-equilibrium after about 30 s,
wherein the intensity has dropped by about a factor of 2.
Turning off the DUV at around t = 300 s initiates an
exponential-like recovery of the ZPL which is understood to be
a result of probe-induced reionization into SiV−. Similar
behavior is observed in the empirical rate equation model used
to describe the NV center measurements (SI.4).
We investigate the recovery behavior of SiV− by using time-

correlated PL measurements at room temperature. The DUV
laser, set to 5-Hz repetition rate, triggers the start of a
detection window over which the SiV− PL is monitored. Figure
4a shows the time-resolved PL signal for the first 100 ms after
the DUV pulse (at t = 0 s). After a rapid initial decay of the
SiV− PL during the 100 μs DUV pulse, we observe an
exponential-like recovery of the PL intensity with a strong
dependence on the probe laser power. We find that a triple-

Figure 3. Bleaching of SiV− PL. (a) Low-temperature (12 K) PL of
SiV− centers under 10 μW 532 nm probe with and without the DUV
pump (1 Hz). For this power, the SiV PL is reduced by approximately
a factor of 2 under DUV pumping evenly across the four primary
transitions labeled A−D. (b) Integrated ZPL intensity as a function of
time, initially starting with the DUV pump off (t < 0 s). The DUV
pump (1 Hz) is turned on at approximately t = 0 causing a slow
bleaching of the ZPL until a new equilibrium is established after about
30 s, or approximately 30 pulses. At approximately t = 300 s, the DUV
pump is turned off and a slow exponential-like recovery of the SiV−

PL is observed.

Figure 4. Time dynamics of SiV− recharging. (a) Time-resolved
photoluminesence intensity of SiV− under DUV pulsing at 5 Hz and
CW 532 nm probe excitation at various powers, along with
corresponding fit to a triple-exponential (solid lines). The
corresponding time constants span 2 orders of magnitude from 1−
100 ms. The plotted points (circles) are sparse samples of a lower-
resolution binning (2 ms resolution) to aid in readability. The fit does
not include the rapid bleaching during the DUV pulse shown in (b).
Additional information about the fit is included in SI.5. (b) Bleaching
of the PL signal induced by the DUV pulse near time t = 0 s
(indicated in (a) by the gold-colored stripe). The DUV pulse, shown
in purple, lasts for 100 μs and was measured by direct excitation of
NV0 with the DUV laser. Because of the short NV0 optical lifetime,
the PL tracks the pulse intensity closely and is consistent with the
laser pulse’s shape as measured by a photodiode integrated within the
225 nm laser.
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exponential curve accurately describes the PL recovery, while
also minimizing the number of parameters. The fitted time
constants span the full measurable range of 1−100 ms which
suggests that the recovery is complex, likely including multiple
processes. We do not attempt to identify specific processes
here, but note that similar nonexponential time evolution has
been observed in intraband-gap photodoping.30

Figure 4b shows the same time-resolved PL in higher
resolution during and immediately after the DUV pulse. We
observe up to 80% reduction in the SiV− PL over the duration
of the 100 μs pulse (shown in purple). This suggests that the
DUV can rapidly modify the defect charge states; the
comparatively long DUV exposure times used in prior work
is not required.32−34

We perform PL measurements of SiV0 to confirm that SiV−

is neutralized by the DUV. We monitor the SiV0 population via
PL excited by an 830 nm CW diode laser. The 830 nm
excitation is unable to directly ionize SiV0 as it falls below the
1.5 eV photoionization threshold;34,35 nor is it able to ionize
carriers from other defects such as vacancies, nitrogen-
vacancies, or substitutional nitrogen.38 This enables the use
of prolonged 830 nm excitation, even at high powers exceeding
1 mW (SI.6).

We utilized the CW 532 nm laser as a pump to initialize the
SiV into SiV− by exposing the sample at 1 mW for 60 s before
reading out the SiV0 population with the 830 nm laser (10
mW). We next drive the sample with a single DUV pulse
before measuring out the population again, repeating this
process until the signal asymptotes to its maximal value. The
corresponding spectra are plotted in Figure 5a showing a
significant enhancement of the SiV0 ZPL peak by over a factor
of 2 after only two DUV pulses. Figure 5b shows the ZPL
intensities as a function of the number of DUV pulses at both
10 and 80 K which have very similar trends. The rapid
saturation of the ZPL intensity after the first few pulses is
consistent with the rapid bleaching of the SiV− signal shown in
Figure 4. Details of the SiV0 spectral analysis are discussed in
SI.6.
The SiV0 spectra are markedly different at 10 and 80 K.

Specifically, the 946 nm ZPL is greatly enhanced and the PSB
seemingly diminished at elevated temperatures. Such behavior
is explained by the presence of two excited states, 3Eu and 3A2u,
corresponding to the 946 and 951 nm ZPL, respectively, that
have been directly observed in uniaxial stress measurements.41

Due to the 6.8 meV splitting, the 3Eu state becomes frozen out
at low temperatures, and thus, its 946 nm ZPL and relatively
small PSB drop in intensity. The large PSB seen at 10 K comes

Figure 5. Neutralization of SiV. (a) A series of SiV0 spectra taken with a 10 mW 830 nm probe laser after sequential exposure to single DUV pulses
at 10 K. (b) Intensity of the ZPL line at 945 nm as a function of the number of DUV pulses. We observe similar qualitative dependence at both 10
and 80 K. The error bars correspond to shot noise. (c) Sequence of spectra after alternating exposure to 532 nm and DUV. The SiV0 PL cycles
between dark (after 532 nm exposure) to bright (after DUV exposure) repeatedly with the previous cycle’s spectrum shown in gray.
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instead from the 951 nm ZPL emission from the 3A2u state,
which has a higher population at this temperature.
We next examine the repeatability of the photoinduced

charge cycling. Figure 5c shows the SiV0 spectra after repeated
cycling between 300 s PL measurements with the 830 nm
probe (4.6 mW) and 60 s pump steps using either 532 nm or
DUV pumps to ionize or neutralize the SiV respectively. We
observe nearly identical spectra after a full cycle, indicating that
the population can be reliably initialized into SiV0 by the DUV
excitation. Such repeatable initialization, in combination with
the stability of SiV0 under 830 nm excitation (SI.6),
demonstrates the viability of DUV exposure as a fundamental
tool for SiV0-based quantum technologies.
We have demonstrated fast and on-demand neutralization of

NV and SiV centers in diamond via above-band gap, DUV
excitation. Using DUV to reliably neutralize the defects, we
investigated the charge-state dynamics of the NV and SiV
centers under combinations of CW probe excitation and DUV
pumping. These results and their agreement with our modeling
indicate that the effect of the DUV is well understood and
useful for defect-based applications. The technique also
directly generates the neutral SiV0 without high-concentration
codoping which may accelerate the development of SiV0-based
quantum nodes.
Beyond NV or SiV, this technique is agnostic to the

structure and type of defect and may be applied to study the
neutral charge states of other interesting color centers, such as
the group-IV germanium-, tin-, and lead-vacancy centers. This
effect is also not limited to optically active defects but might
also be used to neutralize nearby undesired defects present in
the host lattice, which could contribute to electric-field noise.
This can even be applied to neutralize the environment of
charged color centers provided low-energy intragap excitation
to reinitialize the target center minimally perturbs the
neutralized environment. The neutralized environment would
have reduced electric-field noise which has been associated
with spectral diffusion and inhomogeneous broadening.42

Finally, we remark that this technique will be applicable in
other emerging quantum defect host lattices.3,4
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