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Wavelength dependence of nitrogen vacancy center charge cycling
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Optically active spin qubits in wide-band-gap semiconductors exist in several charge states, though typically
only specific charge states exhibit desirable spin or photonic properties. An understanding of how interconversion
between different charge states occurs is important for most applications seeking to employ such defects in
quantum sensing and information processing, and additionally serves as a means of testing and verifying models
of the defect electronic structure. Here, we use charge-sensitive confocal imaging to study the wavelength
dependence of optical carrier generation in diamonds hosting nitrogen vacancy (NV) centers, silicon vacancy
(SiV) centers, and substitutional nitrogen (N). We study the generation of distinctive charge-capture patterns
formed when photogenerated charge carriers are captured by photoluminescent defects, using light spanning
405–633 nm (1.96–3.06 eV). We observe distinct regimes where one- or two-photon ionization or recombination
processes dominate, and a third regime where anti-Stokes mediated recombination drives weak NV charge
cycling with red light. We then compare red-induced charge cycling to fast charge carrier transport between
isolated single NV centers driven with green and blue light. This work reports optically mediated charge cycling
processes of the NV centers, and has consequences for schemes using charge transfer to identify nonluminescent
defects and photoelectric detection, where ambiguity exists as to the source of photocurrent.
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I. INTRODUCTION

While many optically active and spin-addressable defects
exist in materials such as diamond [1,2], silicon carbide [3],
and hexagonal boron nitride [4,5], the spin and photonic
properties that are sought are often only associated with a
particular charge state of the defect, which may in turn ex-
hibit instability under optical addressing [6]. For instance, the
neutral charge state of the nitrogen vacancy (NV) center in
diamond (NV0) with a zero-phonon line (ZPL) at 575 nm
exhibits neither the spin-dependent fluorescence nor long
ground-state coherence times of the negatively charged NV−

(ZPL at 637 nm) that features prominently as a platform
for quantum sensing and information processing [7]. Besides
the NV center, many other defects exist with various charge
states that exhibit photochromism, like the silicon vacancy
SiV−, SiV0, and SiV2− charge states [8–10]. On the other
hand, other defects that are optically inactive, such as substi-
tutional nitrogen which exists in N0, N+, and N− states [11],
have important consequences for the charge stability and
spin coherence of nearby color centers [12–14] due to their
abundance.

Charge state measurement and control represents a
powerful tool to augment and improve existing quantum
measurement techniques [15] as well as facilitating new ap-
plications [16–23], in particular, photoelectric detection of
NV magnetic resonance [24–26]. It is in photoelectric detec-
tion that knowledge of the charge interconversion processes
is most important, such as the role of other defects that
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contribute to the photocurrent [27,28], particularly under var-
ied excitation wavelengths [29]. Similarly, the role of freely
diffusing charges generated by optical excitation has been
examined in observation and control of the space-charge po-
tentials accompanying the generation and diffusion of free
carriers [30], identification of charge carriers from optical
illumination of different defect species [31,32], transport of
charge carriers between single NV defects [32–34], and con-
trol over the charge-environment-limited spin coherence of
NV centers [13,14,35].

In this work, we investigate the photogeneration and cap-
ture of charge carriers in three diamond samples containing
varying densities of nitrogen, NV centers, and SiV cen-
ters as a function of excitation wavelength. We study the
formation of characteristic “halo” patterns of carriers dif-
fusing into charge environments tailored to specific defect
concentrations via multiwavelength scanning confocal mi-
croscopy. The range of excitation wavelengths we use spans
405–633 nm, sufficient to observe single-photon mediated
photoionization and recombination of NV centers in the blue
(405–480 nm), two-photon charge cycling of the NV charge
state (515–594 nm), and weak two-photon recombination of
NV0 and near-resonant ionization of NV− (594, 633 nm),
which we ascribe to phonon-assisted anti-Stokes excitation of
the NV0 zero-phonon line (ZPL) transition. We do not find
any evidence that SiV defects alone undergo charge cycling
under optical illumination, even under red excitation, with
silicon-free diamonds exhibiting essentially the same charge
carrier generation as SiV-rich samples. We then show that
red excitation of a single NV center mediates hole genera-
tion and capture by a second nearby single NV center, and
compare this with carrier generation under blue and green
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FIG. 1. Photogeneration of charge carriers and measurement
of charge states. (a) Schematic of the setup, showing microscope
objective on three-axis scanning stage, 6 mm working distance posi-
tioned above the diamond and 8 illumination wavelengths spanning
405–633 nm. (b) Protocol for charge initialization of NV− charge
state, showing defocused confocal scanning 50 µm above the imag-
ing plane (10 µm below the diamond surface), followed by parking
a laser with wavelength λ, power P for time τ in the imaging plane.
The resulting distribution of charge states is read out with a weak
(50 µW) red scan. (c) x-y and (d) x-z scans of NV− fluorescence fol-
lowing a P = 8 mW, τ = 100 ms, λ = 532 nm park. Gray arrows
denote the z and y positions in the x-y and x-z scans. Top panel of
(d) shows a 3D schematic of the spherical NV0 charge distribution,
with the focused green laser locally generating NV− above and below
the imaging plane.

light, observing carrier generation and transport rates an or-
der of magnitude faster than previously reported [33]. Our
work has important consequences for the study of charge
carrier generation and capture in diamond, which spans pho-
toelectric detection [26,28], stabilization of defect charge
states [36,37], and the identification of photoactive and inac-
tive defects [31,32].

II. EXPERIMENT

A simplified schematic of our experiment is depicted in
Fig. 1(a). We use a home-built scanning confocal microscope
that features optical paths for excitation wavelengths ranging
from 405 nm to 633 nm, which are directed into the back
aperture of a 0.7 NA microscope objective mounted on a
three-axis scanning piezoelectric stage. The different colors
of light are sourced from a variety of fixed-wavelength diode
or diode-pumped solid state lasers that are intensity controlled
by either acousto-optic modulators (AOMs: 480 nm, 532 nm,
561 nm, and 594 nm) or by directly varying the diode drive
current (405 nm, 450 nm, 515 nm, and 633 nm). Fluorescence
from the diamond is collected by the same objective lens,
directed through bandpass filters to isolate NV− emission
(691–730 nm), and then focused by a 150-mm-focal-length

achromatic lens into a 50-µm-core-diameter multimode fiber,
where it is directed into a single-photon counting module.

The diamond samples we investigated were obtained from
commercial suppliers, grown via chemical vapor deposition
(CVD), and contain a natural abundance of 13C. Sample A
is a [100]-cut electronic-grade commercial diamond from
Element6 with [N] = <0.1 ppm, [NV] = 10 ppb, and no
detectable SiV fluorescence. Sample B is a [111]-cut standard-
grade sample from Delaware Diamond Knives with [N] = 1
ppm, [NV] = 10 ppb, and [SiV] = 1 ppm (estimated). Aside
from crystallographic orientation and SiV concentrations,
the samples feature similar fluorescence levels under green
illumination and similar spin coherence properties (T ∗

2 =
0.5–1 µs, T2 = 200–300 µs), and feature nitrogen as the dom-
inant impurity [38].

Our experimental procedure, shown in Fig. 1(b), follows
three steps: initialization of defects into a particular charge
state by scanning the optical illumination across a region of
the diamond, followed by parking the illumination point at
a fixed position with excitation wavelength λ and power P
for duration T , and then finally a readout scanning step with
weak red light (633 nm, 50 µW) to read out the spatial charge
distribution.

Charge initialization. Scanning green light over a given
spatial region at set intensities initializes that region into a
given defect charge state concentration [39]. Immediately un-
der the laser spot, green illumination favors the production
of NV−. However at higher green powers, rapid generation
of holes under the illumination spot from NV charge cycling
leaves a predominantly NV0 distribution behind the laser as it
scans. Thus, strong green scans prepare an NV0-rich, optically
dark region.

By elevating the microscope objective 50 µm above the
imaging plane during green illumination scans we create a
50-µm-diameter, low-intensity illumination spot with negligi-
ble charge carrier generation compared to a tightly focused
beam in the imaging plane (5 µm below the diamond surface).
This “defocused preparation” step is observed to maximize
NV− generation [40], which we attribute to sufficiently low
intensities (0.4 kW cm−2) to photoionize N0 (∝ I) without
instigating charge cycling of the NVs (∝ I2). With continual
photoionization of N0, free electrons are trapped by NV0 after
sufficiently long illumination times (>1–2 s). Scanning the
laser beam broadens the effective preparation region, resulting
in a bright, NV− rich preparation.

For sample B, containing a significant SiV fraction, strong
green scans generate SiV− [9], while the defocused prepara-
tion step is observed to favor production of an NV− and SiV2−

rich charge distribution, possibly via similar association of
extra electrons to SiV−. The formation of SiV2− can also be
attributed to the green photon energy (2.33 eV) exceeding the
ionization threshold of SiV− (2.1 eV) [41,42], and since NV
charge cycling is minimized during defocused scanning, no
process exists to generate holes to recombine to form SiV−.
Similarly, strong green scanning in the imaging plane gener-
ates holes that deplete NV− and produce SiV−.

Scanning the laser beam position allows us to prepare
regions of up to (200 µm)2 in a given charge state distribu-
tion. A single initialization step consists of a strong (8 mW)
green scan (which serves to efficiently erase any prior charge
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distributions) followed by a defocused preparation, at 8 mW
but with the objective 50 µm above the diamond surface.

Parking. Following initialization, we then apply a single
laser pulse at a fixed location to induce local charge state
conversion and the generation of free carriers. The parking
step typically generates a dark charge-carrier capture pattern
(CCP), or “halo,” around the illumination region as fluorescent
defects (NV−) capture holes and transition to nonfluorescent
charge states. Figure 1(c) shows the salient features of these
patterns formed under green illumination and imaged on a
bright NV− background. Later, in Sec. III, we will principally
focus on the radius of this halo feature to quantitatively assess
the rate of charge photogeneration. In previous work, charge
carrier generation under green (532 nm and 514 nm) and
red (633 nm) has been studied [31,33,43,44], with the latter
excitation wavelength suspected to induce charge cycling of
either an unknown defect [32] or of SiV centers [10]. In this
work, we study charge generation and capture using several
key additional illumination wavelengths for the first time.
Blue light (405–480 nm) induces single-photon mediated ion-
ization and recombination for both NV− and NV0 [45] and
subsequent charge cycling. Light at 561 nm is believed to
excite NV charge cycling though without photoionization of
nitrogen impurities [27], and 594 nm orange light is below
the zero-phonon line excitation threshold for NV0 (575 nm),
and as such should impair photorecombination of NV0 back
to NV−, significantly altering NV charge cycling.

Readout. We read out the charge distribution pattern arising
from a laser parking step with a weak red scan, typically
with power 50 µW and diffraction-limited 1/e2 diameter of
740 nm. At these powers, the intensity of the red light is
low enough to prevent significant ionization of NV centers
(NV− → NV0) though still high enough to excite fluores-
cence. We limit the collected fluorescence to only NV−

(691–730 nm), excluding SiV− emission (738 nm) and re-
sulting in very high contrast between NV− (0.5–1 × 105

counts/s) and NV0 (<5 × 103 counts/s). Parking the green
laser on sample B generates a bright SiV− CCP with an inner
dark region due to SiV0 [9,10]. However, for direct compar-
ison with sample A, which exhibits no SiV fluorescence, we
study only the NV charge populations.

The three-axis scanning capability of our microscope en-
ables visualization of the depth (z) dependence of the CCP.
In Fig. 1(d), we present an x-z scan of the pattern, which
appears to show lobes either side of the illumination region.
This apparent asymmetry between x-y and x-z profiles of
charge carrier photogeneration is a consequence of the axial
expansion of the green laser exciting the NV centers. At the
beam waist, the intensity is sufficient to excite photogener-
ation. However, the rapid expansion of the beam along the
z axis results in a green intensity sufficient to only optically
prepare NV− a few microns above the waist, resulting in a
“punctured-sphere” fluorescence distribution as depicted in
the upper panel of Fig. 1(d).

III. WAVELENGTH DEPENDENCE OF
PHOTOGENERATION

With our experimental procedure now fully described,
we turn to an examination of the wavelength dependence

of the charge carrier photogeneration process responsible
for NV0 generation. In lieu of a high-power tunable laser
source spanning the blue to near-IR, we select here several
key illumination wavelengths easily sourced from commer-
cial laser diodes or diode-pumped solid state systems. To
parametrize the rate of charge carrier photogeneration, we
consider as our figure of merit the radius r of the NV0

region, and study how this radius increases as a function
of time, power, and wavelength. Figure 2(a) shows example
confocal scans of NV0 generation following a P = 1.5 mW,
λ = 532 nm park for varied time. We consider an averaged
1D lineout of the pattern and fit a function of the form g(x) =
A{exp[−(x − d )4/σ 4] + exp[−(x + d )4/r4]} + A0 to extract
r = σ + d , the characteristic radius, as shown in Fig. 2(b).
The double-quartic-Gaussian function is chosen empirically
due to the flat-bottomed profile of the halo patterns and the
bright central maximum, which originates from NVs directly
under the illumination spot. We then plot r vs t for a selection
of powers in Fig. 2(c).

The expansion of the radius r as a function of time for all
powers is observed to follow a t1/4-like dependence. A fit to
the data of the form r(t ) = Atn with free n reveals little to
no significant trend or variation in n across the entire dataset
of powers, wavelengths, and both samples, consistent with
the same underlying processes generating the halo pattern
(i.e., charge generation, diffusion, and capture but at different
rates), so we fix n = 0.25 and concentrate on the parameter
A. In Fig. 2(d), we plot A as a function of power for each ex-
citation wavelength λ. We observe a clear trend toward rapid
generation of large halos as the excitation energy increases,
consistent with the photon energy exceeding the ground-state,
single-photon ionization thresholds for both NV− and NV0,
that is, between 2.74 and 2.78 eV (∼450 nm).

The parameter A informs the size of a halo at a given
time and power. The data in Fig. 2(d) are observed to follow
a similar power-law scaling as a function of optical power.
Encapsulating the wavelength dependence into a single pa-
rameter A′ which we term the “activity,” so that r(λ, τ, P) =
A′(λ)t1/4Pn(λ), we fit to the data in Fig. 2(d) and extract A′ and
n as a function of wavelength. Figure 2(e) (inset) shows the
extracted activity A′ (n) as a function of wavelength, for both
ensemble-density samples considered in this work: sample A
(nitrogen and NV only) and sample B (SiV, NV, and nitrogen).
For sample A we observe n to vary from n ≈ 0.45 at 633 nm
to n ≈ 0.25 at 405 nm, while for sample B n remains nearly
constant at 0.2–0.25. Sample B, which has an overall higher
defect concentration in addition to the presence of SiV centers
admits smaller charge generation halos. This is consistent with
an increased trap density (NV− and SiV2− for holes, N+ for
electrons) limiting the growth of the CCP, rather than any
different charge generation processes (i.e., charge cycling of
the SiV, which would be expected to result in larger CCP
generation).

From energetic considerations, we can determine three
regimes spanned by the illumination energies used in this
work. For λ < 450 nm (2.76 eV), ionization and recombina-
tion between NV charge states is mediated by single photon
transitions from the defect’s ground state. For 450 < λ <

575 nm (2.16–2.75 eV), the excitation energy is sufficient
to allow two-photon ionization and recombination processes,
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FIG. 2. Charge generation as a function of time, power, and wavelength. (a) Exemplar confocal images of sample A NV− PL for a
P = 1.5 mW, λ = 532 nm park for varied times. (b) Averaged lineouts (data points) and double-quartic-Gaussian fits (solid lines) for the
complete dataset in (a), for τ = 10 ms to τ = 1000 ms. (c) Fitted halo radii r as a function of time for increasing 532 nm park power P (data)
and fits of the form r(τ ) = At1/4 fits (solid lines). (d) Repeating the analysis across all excitation wavelengths, we extract A as a function of
power, plotted here for each park laser wavelength λ. Solid lines are fits of the form A′Pn, and in (e) we plot A′ and n as a function of λ for
both samples. Halos grow faster and larger for lower excitation wavelengths, and denser samples admit smaller halos.

with the limit of 575 nm set by the ZPL of NV0. This en-
ergy lower limit stems from the necessity to first excite the
NV0 2E → 2A2 transition [46], which promotes an a1 electron
to the ex,y state in the band gap, in so doing freeing a low-lying
a1 orbital in the band gap. Excitation of a valence electron
to fill the band gap state is possible with photon energies as
low as 1.2 eV [47], completing the two-step process of pho-
torecombination back to NV−. For λ > 575 nm, the charge
cycling process is not clear due to the insufficient photon
energy to first excite NV0. We now study this observation
more closely.

IV. RED CHARGE CYCLING: PHONON-ASSISTED
ANTI-STOKES DRIVING

With the observation that both orange (594 nm) and red
(633 nm) light excites charge carrier generation in both
SiV-rich and SiV-poor samples, we conclude SiV centers play
little if any role in cyclic carrier generation. Indeed, in the
SiV-rich sample (B) the observed charge patterns are gener-
ally smaller and slower growing than in the NV-only sample
(A). We therefore turn to the NV and nitrogen defects for
an explanation. While carrier generation due to NV charge
cycling is a reasonably well established process, the role of the
substitutional nitrogen is not fully understood. For example,
photoelectric measurements [45] and earlier bulk photocon-
ductivity measurements [48,49] report a large background
photocurrent assumed to originate from the nitrogen defects.
While neutral nitrogen (N0) occupies a donor level 1.7 eV
(730 nm) below the conduction band, the photoionization
threshold has been measured to be closer to 2.2 eV [48]
due to the significant energy cost associated with rearranging
the nitrogen and carbon atoms upon removal of the electron.

While photoionization with red light is thus inefficient, this
process generates only electrons, not holes, from N0 → N+,
and direct photorecombination of N+ → N0 is forbidden due
to the ∼4 eV acceptor level [50].

We therefore consider red-induced charge cycling of the
NV directly, and posit phonon-assisted anti-Stokes excitation
of the NV0 2E → 2A transition as the cause. A schematic
of the anti-Stokes process and charge cycling is depicted in
Figs. 3(a) and 3(b). In this process, a photon with insufficient
energy (i.e., 633 nm, 1.96 eV) to directly excite an optical
transition (the NV0 ZPL, 2.16 eV) is assisted by absorption
of a phonon with sufficient energy to make up the differ-
ence in energy �E = 0.198 eV. Anti-Stokes excitation has
been previously demonstrated for various color centers in
wide-band-gap semiconductors [52]. For diamond, specific
pertinent examples are 720 nm excitation of NV− (�E =
0.224 eV) [53], 780 nm excitation of SiV centers (�E =
0.09 eV) [54] (ZPL at 738 nm), and recently 594 nm exci-
tation of NV0 centers (�E = 0.07 eV) [55]. Indeed, recent
work examining wavelength dependence of both photocurrent
and photoelectrically detected magnetic resonance (PDMR)
measures both photocurrent and PDMR contrast persisting be-
tween 575 nm and 637 nm (where it terminates [29]), further
evidence of NV charge cycling under red excitation.

Two-photon ionization of NV− under red excitation is a
well-understood process [6]. However, recent work has ques-
tioned the electronic state of NV0 immediately following
ionization of NV− [51], and the consequences for charge
cycling have not been fully discussed to date. The process
depicted in Fig. 3(b) labeled (2) ascribes generation of NV0

in the 2E ground state to nonradiative relaxation of the 4A2

spin-quartet state that exists immediately following ioniza-
tion, according to Ref. [51]. Previous works had suggested
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FIG. 3. Anti-Stokes mediated NV charge cycling. (a) Schematic
diagram of phonon-assisted anti-Stokes excitation, where a photon
with energy below the ZPL (n′ − n = 0) and a phonon combine to
drive an optical transition. Here, a phonon is first absorbed, which
increases the vibrational quantum number n, followed by a phonon
from the vibrationally excited state to the electronic excited state.
(b) Flow diagram in the single-electron picture of NV charge cycling
under red light via phonon-assisted anti-Stokes excitation. (1) Start-
ing in NV−, sequential absorption of two red photons promotes an
electron from NV− to the conduction band. (2) Following Ref. [51],
the NV is left in the metastable 4A2 state of NV0 and the conduction
band electron diffuses away. We assume thence that nonradiative
relaxation to the 2E ground state occurs. (3) Phonon-assisted anti-
Stokes absorption drives NV0 into the 2A excited state, thereby
allowing recombination to NV−. A valence band electron is then
captured into the lower a1 state, resulting in generation of a free
hole (4).

an Auger process was required to repopulate the intraband
a1 state following ionization from the 3E state [26,56]. The
post-ionization dynamics of the 4A2 state were not considered
in Ref. [51], and while described as metastable, the expected
lifetime is of order 1 µs [57], making charge cycling slower
but not exceptionally so. In principle, direct optical excitation
of the a1 valence band state to the a1 state in the band gap
could potentially occur during the time spent in the 4A2 state,
which skips the nonradiative relaxation step. While possible,
this process cannot be the only means of charge cycling,
as it requires an initial state every time of NV− for charge
cycling to proceed. We see charge cycling proceed regardless
of initialization into NV− or NV0, with the latter assumed to
be the equilibrium ground state of 2E .

V. MODELING CHARGE GENERATION AND CAPTURE

For further understanding of the excitation wavelength de-
pendence of charge carrier generation, we turn to a simulation
of carrier generation and capture modeled by a system of
equations that describe the time of evolution of hole, electron,
NV centers, and substitutional N concentrations in the pres-
ence of optical excitation [9,30]. Briefly, these equations track
the time- and space-dependent populations of NV and substi-
tutional nitrogen, with optically generated electrons and holes
assumed to follow a diffusive spatial expansion upon creation
followed by capture by surrounding defects. More details are
provided in the Appendix.

Given a hole generation rate � and uniform NV− density
n, one would simplistically assume that the radius of the CCP
would increase with time as r ∼ (�t/πn)1/3, that is, the time
required to fill a sphere of radius r. However, the scaling with
optical power is not so easily extracted, and in any case the ob-
served temporal dependence (t1/4) deviates from this simple
estimation. We were thus motivated to pursue a more in-depth
analysis of carrier generation, diffusion, and capture, not just
of the NV centers but also of the substitutional nitrogen, which
has a strong effect on the diffusion of the carriers.

We assume that the wavelength-dependent electron gen-
eration rate ϑ− (ionization) and hole generation rate ϑ+
(recombination) are related to the optical power P0 by

ϑ±(I, λ, r) = [
ϑ±,Q(λ)P2

0 + ϑ±,L(λ)P0
]
e−2r2/σ 2

(1)

with the Q, L subscripts denoting quadratic and linear terms
and σ the 1/e2 Gaussian beam waist of the focused laser. For
simplicity we focus only on sample A, which contains only
NV and N, and ignore electron generation from ionization of
N0 and electron capture by NV0, though we do include hole
capture by N0 as it is needed to fit the data. We assume radial
symmetry, enabling the problem to be numerically solved one-
dimensionally. We then vary the parameters ϑ±,L and ϑ±,Q to
best fit the CCP radius-vs-power data presented in Fig. 2(d)
for sample A.

We obtain excellent correspondence between the theoreti-
cal and experimental results. For 405 nm, both recombination
and ionization are dominated by the one-photon processes,
whereas in the case of 532 nm illumination, solely the two-
photon processes are sufficient to reproduce the data, as
expected from the single NV experiments. Our particular in-
terest lies in understanding how the CCP grows as a function
of power, given that the power dependence offers insight
into the underlying optical charge cycling mechanism. Our
calculation results are presented in Fig. 4. We define the
characteristic diameter from a numerically calculated CCP in
an analogous manner to that used in experiments, as shown
in Fig. 4(a). We then show the fitted power dependence at
fixed illumination times for three key excitation wavelengths,
405 nm (t = 16 ms), 532 nm (t = 1 s), and 633 nm (t =
100 s) in Figs. 4(b)–4(d).

We are able to reproduce the characteristic temporal ∼t0.25

and power ∼P0.2n dependence characteristic of the expansion
of the CCP, and also find that as expected, explicit consid-
eration of a mixture of one-photon (λ < 480 nm, n = 1) and
two-photon processes (n = 2) are key to accurately reproduc-
ing the experimental data. This latter point is best illustrated
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FIG. 4. Numerical simulation of carrier diffusion and capture.
(a) Left: Calculated NV− concentration as a function of position
following a 1 s park of a 3.5 mW, 532 nm laser. Right: Lineout
showing FWHM diameter of simulated CCP profile. The shape is in
close agreement with experimental results [Fig. 2(b)]. (b)–(d) Calcu-
lated CCP diameter as a function of laser power for t = 16 ms, λ =
405 nm (b); t = 1 s, λ = 532 nm (c); and t = 100 s, λ = 633 nm
(d). Data points are experimental data, solid lines are best fits
from optimization of ionization and recombination parameters, while
dashed lines denote fits using only two-photon (b) or single-photon
[(c), (d)] power scaling terms. (e) Scaled ratios of quadratic ϑQ and
linear ϑL terms for ionization (blue) and recombination (orange)
extracted from fits.

by the dashed lines in Figs. 4(b)–4(d), which are the fits in-
cluding only two-photon power scaling (in the case of 405 nm)
and one-photon scaling (for 532 nm and 633 nm). Importantly,
the growth of the charge capture halo for λ > 575 nm is
characteristic of a two-photon process, consistent with our
hypothesis of anti-Stokes absorption mediating recombination
of NV0. Finally, we compare quadratic to linear ionization and
recombination rates using the figure of merit

R± = ϑ±,Q

ϑ±,L + 1
, (2)

defined so that when ϑ±,L → ∞ then R± → 0, while for
ϑ±,L → 0 then R± ≈ ϑ±,Q, essentially quantifying when two-
photon processes dominate over single-photon. We then
calculate R± from extracted rates from numerical fits for
each excitation wavelength and plot in Fig. 4(e). Here, we
see distinct profiles corresponding roughly to the absorption
profiles of NV0 (recombination) and NV− (ionization), ev-
idence again of the underlying optical excitation processes
driving CCP formation. These results offer an alternative to
single-defect [6] or photocurrent [29] spectroscopy to probe
the optical dependence of charge carrier generation, and

ultimately the level structure of unknown defects that charge-
cycle under optical excitation.

VI. CHARGE TRANSFER BETWEEN SINGLE NVs

To further corroborate our assertion that the NV center
charge cycles slowly under red light, we turn to a third di-
amond (sample C) containing individually resolvable single
NV centers. The sample has a low (∼ppb) nitrogen concen-
tration and sparse distribution of NV centers, approximately
10 single NV centers within a (100 µm)2, 10-µm-thick region
of isotopically enriched 12C (0.2%), with a 〈100〉 surface.
For these measurements, we switch to a second confocal
microscope optimized for single-emitter detection, featuring
an NA = 1.4 oil objective lens in an otherwise equivalent
experimental configuration as described earlier. We identified
two single NV centers (the “source,” which will be illuminated
by red light, and “target,” which captures holes emitted from
the source) separated by 4 µm, as shown in Fig. 5(a), and
implement the optical initialization and detection protocol
depicted in Fig. 5(b). Here, a green scan initializes the target
NV into NV− with approximately 70% fidelity; no green
initialization is performed on the source NV. The position
of the laser focus is then moved to the source NV, which
is illuminated with red (633 nm) light with power Pr for a
duration tr , with �L defining a 4 µm radius arc where the
red light position is varied, and the source NV is located at
�L = 0. Following red pumping of the source, we move the
laser focus back to the target and determine the charge state
of the target with a 2 µW scan of 594 nm light (348 nm 1/e2

diameter). With a photon energy below that of the NV0 ZPL,
594 nm orange light excites only NV− fluorescence for short
illumination times, facilitating charge state detection [17]. A
single orange light scan (20 × 20 pixels, 4 ms dwell time per
pixel, 2.5 s total time) is insufficient to determine the charge
state, so the whole sequence is repeated N = 75 times to
generate averaged images, shown in Fig. 5(c) for the case of a
Pr = 4.7 mW red laser pumping the target for varied times.
The observed bleaching of NV− fluorescence is consistent
with hole capture and formation of NV0, which appears dark
due to the selection of optical filters [33].

While commonly regarded as a submicron, diffraction-
limited spot in the x-y imaging plane, the effective spatial
extent of the illumination laser in our experiments is essen-
tially a function of the power and illumination time. At high
powers and illumination times approaching several seconds,
the small fraction of power located in the Airy rings of the
laser spot and various aberrations may result in direct bleach-
ing of the target NV, even when the center of the beam is up to
2–3 µm away [58]. We determined the effective 1/e2 width we

of the red laser beam by measuring the target NV bleaching
as the laser was moved variable distances from the target
along a line devoid of any NVs. For a 7 mW, 10 s exposure,
we = 4.3(2) µm. Since the source NV is located 4 µm away,
provided the product of laser powers and illumination times is
kept less than 70 mW s, the bleaching rate will not be affected
by direct ionization of the target NV: the maximum we used
in our measurements was 32 mW s.

To further verify that the source NV is indeed the source of
holes, we then varied the position of the red laser along a 4 µm
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FIG. 5. Red-induced charge transfer between two single NV centers. (a) Two single NV centers in sample C, separated by 4 µm, denoted
“source” and “target.” (b) Optical protocol to initialize the target NV into the negative charge state with green light, followed by red illumination
of the source NV to generate holes, which diffuse toward the target and are captured. A weak orange scan determines the charge state of the
target; the whole procedure is repeated 75 times. (c) Averaged 594 nm confocal scans of the target NV following a 4.7 mW red pulse on the
source for varied times. The bleaching of NV− fluorescence occurs because the target NV captures holes generated by the source NV, converting
into the NV0 state, and thus appears dark. (d) Varying the position where the red laser is applied [shown in (a)] confirms red illumination of the
source NV as the origin of the holes. (e) Power dependence of bleaching rate reveals the characteristic quadratic dependence of a two-photon
mediated recombination process at the source NV. Inset: Time variation of target NV charge state conversion as a function of the red laser
power; solid lines denote fits of the form e−�tr , with � parametrizing the bleaching rate. (f) Power dependence of red-induced hole generation
compared to the much faster rates of green (520 nm) and blue (450 nm) light. Illumination with 450 nm light results in single-photon mediated
ionization/recombination, while 520 nm light has both single- and two-photon components. Error bars are deduced from standard error in
fitted parameters.

radius arc with length �L. In Fig. 5(d), for a 4.7-mW, 1-s red
pump on the source NV, we observed a narrow region centered
on the position of the source NV (�L = 0) where bleaching
of the target NV is maximal. This confirms that the source NV
is the origin of the charge carriers captured by the target NV.
We then examined the dependence of target NV bleaching on
red power applied to the source NV, as shown in Fig. 5(d).
The target bleaching rate is observed to increase quadratically
with red laser power, consistent with the hole generation at the
source NV being mediated by a two-photon process.

To put the slow charge cycling of NVs under red light into
context, we then considered an equivalent demonstration of
much more rapid charge cycling using blue (450 nm) and
green (520 nm) light. With an identical procedure as outlined
before, we measured the power dependence of hole generation
and capture between source and target for blue and green light,
as shown in Fig. 5(e). For the same optical power, blue and
green result in more than 100× faster hole generation. Indeed,
for high blue or green excitation powers, hole capture by the
target NV is detected within 1–5 ms, on the order of the NV
spin-lattice relaxation time T1 ∼ 5 ms. Extension to magnetic-
resonance-based charge carrier detection is discussed further
in Sec. VII.

The target-NV bleaching rates observed in this work are
10–20× faster than observed previously between single cen-
ters [33,34]. Since the bleaching rate is a combination of

the generation rate (strongly dependent on wavelength and
the specifics of a given optical setup), carrier transport rate
(sample dependent), and NV− capture cross section (assumed
to be independent of sample), direct comparison is not nec-
essarily straightforward. However, a key difference between
this work and previous work is the method of NV center
incorporation. While both samples are CVD-grown, elec-
tronic grade material (sample C slightly isotopically depleted
at 0.2% 13C) and probed with similar experimental setups,
the NV centers in our sample were incidentally incorporated
during growth while those of Refs. [33,34] created with high-
energy (20 MeV) N+ ion implantation. We observed similarly
fast hole capture rates in another sample (data not shown) with
a slightly higher NV density, though it too was an as-grown
sample without any subsequent treatment.

While hole generation and bleaching with blue light has
a clear linear dependence with power [B450 = 19.8(8) s−1],
a combined linear and quadratic model is required to fully
explain the power dependence of the 520 nm data [A520 =
2.7(6) s−2, B520 = 16.6 s−1]. Such a linear-quadratic depen-
dence was discernible in previous work [33] though not
significantly outside experimental uncertainties. Recently,
an increase of photocurrent production under illumination
with 520 nm light was reported in NV ensembles [29]
and attributed to a possible additional excited state of
NV− in the conduction band, which may result in a more
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complicated, wavelength-dependent power dependence than
a purely quadratic function.

Regardless of additional excited states, the data in Fig. 2(e)
would imply that hole generation with blue should be much
faster than that of 520 nm for the isolated single NVs. Here,
we believe that imperfect aberration correction in the objec-
tive lens, or in the compound collimating optics (a Hastings
triplet) immediately prior to the objective lens, results in a
slight position offset (notably in z) so that the laser spot size
is not the same, nor in exactly the same position, for the
two colors. Lower intensity at the same apparent laser power
would result in slower carrier generation and hence explain
our discrepancy. Such an issue would not trouble our ensem-
ble NV measurement, given that the laser is always spatially
overlapped with many NVs, but can be severe for single NVs.
NV0 fluorescence under 450 nm excitation could be resolved,
though was observed to have significantly degraded z resolu-
tion, commensurate with the reduced intensity scenario. No
NV fluorescence was observed under 405 nm excitation.

Comparing the methods deployed in this paper to study
the optical charge generation rate of a given defect within
a sample, the method of two single NVs is undoubtedly a
less ambiguous method for assessing charge generation than
comparing the radius of a charge-capture halo, as was the
focus of the first part of this work. However, the latter is
a considerably simpler experiment and applicable to essen-
tially any diamond (or other wide-band-gap material) sample
hosting various defects in a range of concentrations, as we
have shown in the case of SiV centers. Indeed, the observed
optical charge generation rate deduced from measuring the
expansion of the charge carrier capture “halo” closely matches
that observed recently for wavelength-dependent photocurrent
generation [29]. Serving primarily as a proxy for charge gen-
eration rate as a function of wavelength, there is limited scope
to directly compare halo growth rates from ensemble mea-
surements to those determined with single NVs. The principal
reason is due to the significant difference in impurity con-
centrations, specifically nitrogen, which is about 1000 times
lower in sample C than in samples A or B. Such a significant
difference in impurity concentration has a profound effect on
the charge transport rates, as discussed in Refs. [33,34].

VII. DISCUSSION

In this work, we have examined how carrier photogenera-
tion depends on illumination wavelength. Holes generated by
NV charge cycling are captured by other NV−, and the size
of the region of NV0 generated in a given time serves as a
metric for the rate at which holes are generated. We studied
diamonds with and without concentrations of silicon vacancy
centers, observing similar phenomenology that suggests SiV
centers have a limited role in the generation of free holes
in comparison to NV centers but affect the transport of charge
carriers through capture processes. At the very least, the con-
tribution of NV centers to charge carrier generation under
red illumination cannot be overlooked. We observe distinct
regimes where differing mechanisms dominate the charge
cycling rate, ranging from single-photon ionization for wave-
lengths <450 nm, two-photon charge cycling for wavelengths
between 450 and 561 nm, and a weaker process via which

photon energies below the zero-phonon line energy of NV0

(2.15 eV, 575 nm) nevertheless manage to drive charge cy-
cling (594 and 633 nm). We suggest anti-Stokes excitation
of the NV0 2E → 2A1 transition as the process via which
charge cycling is facilitated with red light. We confirm that
single NV centers charge-cycle under red light this final
regime by observing 633-nm-induced charge transfer between
two isolated single NV centers.

The principal outcome of this work is the confirmation
that the charge state of the NV center cycles under red
light. Though weak and correspondingly slow, red charge
cycling is on the timescale of typical NV experimental av-
eraging times. Our work has important consequences for the
identification of charge generation processes in photoelectric
detection measurements [27,29], where the excitation en-
ergy is one of the few means available of identifying what
defects contribute to photocurrent generation and efforts to
understand the charge interconversion of other defects, such
as SiV centers [31,39,59]. This latter point is of particular
importance, since precision measurement of ionization and
recombination thresholds is an essential means of confirm-
ing the accuracy of theoretical models [42]. Future work
could confirm the hypothesis of phonon-assisted, anti-Stokes
mediated charge cycling by studying the temperature depen-
dence of either carrier generation and capture or photocurrent
generation.

An intriguing avenue of future inquiry concerns our final
observation of rapid charge cycling and capture under blue
and red light. For the highest powers used in these experi-
ments, we could detect target NV hole capture and bleaching
occurring in as little as 2 ms. Such an interval is well within
the T1 time of the NVs we used and approaching the T2 time
of NVs in highly isotopically enriched 12C diamond (∼1 ms).
A future experiment could first initialize the target NV in the
NV−, |mS = 0〉 state before inducing optical charge cycling
on the proximal source NV. Microwave pulses could then
drive the target NV into a superposition state and enact a
magnetometry protocol—such as a spin-echo sequence—to
detect how proximal charges affect the coherence of the NV
spin. Direct detection of diffusing charges may even be pos-
sible by employing an electron-electron resonance scheme
where a second microwave field drives the spins of the diffus-
ing charge carriers. Hole generation and capture are readily
observed optically via charge conversion, but the electrons
generated by NV charge cycling remain hidden, making their
role in capture processes with nonfluorescent defects (e.g.,
N+

S ) unclear [13,14]. Spin-based detection schemes could be-
gin to shed new light on these processes, and make advances
toward proposed schemes of quantum information distribu-
tion at room temperature in diamond [60]. Simple additions
such as higher laser powers or closer NVs could bring spin-
coherent sensing of carrier generation closer, though hardware
limitations impose a limit on how fast the laser can be moved
from one place to another. A potential solution exists in the re-
cently developed dual-beam confocal microscopy developed
to enable correlation sensing [61].

In conclusion, we have experimentally examined the wave-
length dependence of optically driven charge cycling of
the NV center in diamond, observing single-photon and
two-photon driven charge cycling and hole capture in both
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ensembles of NVs as well as individual single centers. We
have demonstrated that red light induces slow but measurable
charge cycling of the NV center, which is unexpected given
the discrepancy between the red photon energy (1.95 eV) and
NV0 ZPL (2.16 eV). We attribute this process to phonon-
assisted anti-Stokes excitation of the NV0 ZPL. With green
and blue induced charge cycling of a single NV, we were
able to demonstrate 100× faster charge cycling and single-
center hole capture than under red light, and 10× faster than
reported previously, enabling carrier transport and capture
within the T1 time of each center. Our work will be important
for the identification and characterization of defect charge
states in diamond and photoelectric measurement of the NV
center, and it could open the way to coherent spin-based
measurements of carrier transport in a room-temperature,
wide-band-gap semiconductor.
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APPENDIX: CARRIER DIFFUSION
SIMULATION DETAILS

We model the formation of halos upon photogeneration of
charge carriers through a system of diffusion equations that
describe the time and space evolution of NV− population
Q(r, t ), positively charged substitutional nitrogen N+ popula-
tion P(r, t ), electron density n(r, t ), and hole density p(r, t ).

The equations are defined by admitting select processes that
allow interconversion of NV and N charge states, which in
turn generate electrons and holes that undergo diffusive trans-
port, and may then be captured by more defects:

∂Q

∂t
= (Q0 − Q)ϑ+ − Qϑ− − σQpQp,

∂P

∂t
= −σNePn − σN p(P0 − P)p,

∂n

∂t
= Dn∇2n + Qϑ− − σNePn,

∂ p

∂t
= Dp∇2 p − σQpQp − σN p(P0 − P)p, (A1)

with ϑ± the wavelength-dependent electron generation rates:
ϑ− (ionization) and hole generation rate ϑ+ (recombination)
as defined in Eq. (1). Q0 is the total volume concentration
of NV (NV0 and NV−), P0 the total volume concentration
of N (N0 and N+), Dn = 6.1 × 109 µm2/s and Dp = 5.3 ×
109 µm2/s the electron and hole diffusion coefficients in
diamond [30], and the coefficients σab representing proba-
bility of the capture of carrier b (electron or hole) by defect
a, proportional to the cross section for the given process
and the carrier velocity: σPn ≈ σQp = 3.1 × 105 µm3/s and
σN0 p/σPn ≈ 10−2 [30]. We assume that since the NV can
charge-cycle indefinitely under laser illumination, it is the
source of all free carriers, and ignore photoionization of
the N0 population. We used an NV concentration close to the
value expected for the sample used for this work (10 ppb);
however the value used for N (3.4 ppm) is higher than the
1 ppm anticipated for sample A. This was done to account for
an unknown number of hole and electron traps—beyond NV
and N—present in a crystal that significantly affect the halo
growth.

In fitting to the experimental CCP radius vs time or power
data, all sample-specific parameters as defined above are held
constant while terms linearly and quadratically dependent on
optical power in ϑ± are varied and a best fit to the experi-
mental data is determined. More comprehensive details on the
theoretical framework describing carrier drift, diffusion, and
CCP formation are to be found in Ref. [30].
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