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Window into NV center kinetics via repeated annealing and spatial tracking
of thousands of individual NV centers
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Knowledge of the nitrogen-vacancy (NV) center formation kinetics in diamond is critical to engineering
sensors and quantum information devices based on this defect. Here we utilize the longitudinal tracking of
single NV centers to elucidate NV defect kinetics during high-temperature annealing from 800-1100°C in
high-purity chemical-vapor-deposition diamond. We observe three phenomena which can coexist: NV formation,
NV quenching, and NV orientation changes. Of relevance to NV-based applications, a 6- to 24-fold enhancement
in the NV density, in the absence of sample irradiation, is observed by annealing at 980 °C, and NV orientation
changes are observed at 1050 °C. With respect to the fundamental understanding of defect kinetics in ultrapure
diamond, our results indicate a significant vacancy source can be activated for NV creation between 950-980 °C
and suggest that native hydrogen from NVH, complexes plays a dominant role in NV quenching, supported by
recent ab initio calculations. Finally, the direct observation of orientation changes allows us to estimate an NV

diffusion barrier of 4.7 + 0.9 eV.
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I. INTRODUCTION

Nitrogen-vacancy centers in diamond are point defects
that are utilized for sensing [1-3] and quantum information
applications [4,5] due to their long spin coherence time [6] and
optically accessible spin states [7]. Of significant interest are
methods to synthesize negatively charged nitrogen-vacancy
(NV™) centers with minimal perturbation to the local envi-
ronment, preserving the quantum and optical properties of
the center. Full control over NV~ center formation requires
a detailed understanding of all the underlying defect kinetics.
While there has been progress in understanding NV~ center
energetics [8—11] and engineering NV~ center formation
kinetics [12], here we show how a new tool, the tracking of
thousands of individual NV~ centers, lends insight into the
formation, quenching, and orientation kinetics of a quantum
defect in an ultrapure host.

We perform repeated vacuum annealing of chemical vapor
deposition (CVD) diamond, and track individual NV~ centers
between anneals via photoluminescence confocal microscopy
on a large experimental volume (350 x 350 x 25 um?). We
show a 6-fold to 24-fold sample- and location-dependent
increase in the overall concentration of NV~ centers due
to annealing at 980°C. This indicates there is a source of
vacancies within CVD diamond at moderate temperatures that
enables one to significantly increase NV~ density without
introducing additional lattice damage via irradiation. Individ-
ual NV~ tracking allows us to go beyond measuring simple
net increases and decreases. Coincident with appearances,
we are able to observe significant NV~ disappearances, with
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spikes in disappearances near 960 °C and 1050 °C. The dis-
appearances near 960 °C would be completely masked by
appearances in ensemble studies, but their presence provides
an essential clue regarding the quenching process at higher
temperatures.

At 1050 °C, we observe large-scale NV~ center orientation
changes. After the first 1050 °C anneal, orientation changes
are observed in the absence of a significant number of dis-
appearances or appearances. Thus, only partial dissociation
occurs at these temperatures. This lack of full dissociation
indicates the observed disappearances at 960 °C and 1050 °C
are not due to NV-disassociation but due to a quenching
source (e.g., H). Finally, beginning at temperatures above
1000 °C, we begin to observe almost complete NV quenching
originating from the surface.

II. EXPERIMENT
A. Samples

Our studies are performed on five commercial CVD sam-
ples (Element Six). Samples A, B, D, and E are “electronic
grade” and have a substitutional nitrogen concentration of
[Ns] <1 ppb, according to the manufacturer. Sample C has
[N;] <1 ppm. All samples have a {100} crystal orientation.
Details of the growth conditions of the samples are not
provided by Element Six, however, the growth temperature
of similar samples is around 830°C [13]. Prior studies of
Element Six CVD diamond samples indicate a ratio of 1000 :
3 for [N;] : [NV™] for {100}-oriented growth surfaces [14].
Using this ratio and confocal NV~ imaging, we estimate
[NsJaspE ~ 1 ppt in electronic grade samples and [Ni]c ~
50 ppb in sample C (Table I).

©2020 American Physical Society
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TABLE I. Summary of all samples with corresponding substitutional nitrogen, initial NV~, and maximum NV~ densities. NV~ densities
in samples A, B are estimated from the large-area scan data sets. For samples C to E densities are estimated from the depth scan data sets.
Sample A, B, D, E densities are calculated from counting single NV~ centers in the confocal images and dividing by the scan volume (area x
depth of focus). Details on the conversion are provided in the Supplemental Material [15]. Sample C density is estimated by normalizing the

PL intensity to that of a single NV~ center and dividing by the confocal volume.

Initial [N;] Initial Maximum Enhancement Surface Orientation
NV Jnax .
Sample estimate INV™); [NV ™ Jmax % depletion changes Large scans Depth scans
A? 0.8 ppt 2.3 ppq 2.7 ppq 1.2° Yes Yes Yes No
B 1.2 ppt 3.7 ppq 24.4 ppq 6.6 Yes Yes Yes Yes
C 50 ppb 166 ppt 4 ppb 24.1 No en® No Yes
D¢ 1.5 ppt 4.5 ppq 16.4 ppq 3.7 Yes NA No Yes
E! 0.6 ppt 1.9 ppq 13.2 ppq 6.9 Yes NA No Yes

2Sample underwent 2-hour anneals at 800 °C, 900 °C, 1000 °C, and 1100 °C.
"Enhancement not observed due to short annealing times and inhomogeneous surface driven depletion [15].

‘Ensemble measurement, orientation changes are not distinguishable.

dSamples only annealed one time at 970 °C for 150 h.

B. Annealing

The diamond samples were annealed under vacuum
(<le-7 mbar) with anneals conducted in order of increas-
ing temperature. A ramp time of 2 hours was used. To
minimize surface fluorescence, the samples were cleaned
for 90 minutes in a fuming acid bath (initial composition
1:1:1 H,SO4:HNO3:HCLO3) maintained at 250 °C prior to
annealing.

Sample A was annealed for 2 hours at temperatures 800 °C,
900°C, 1000 °C, and 1100 °C and probed at 96 um below the
surface. In this dataset, a large number of NV~ appearances
(25% of the total population) and disappearances (20%) were
observed at 1000°C. At 1100 °C, disappearances dominated
with the total NV~ density depleted by more than 80% [15].

The sample A study motivated a finer temperature study
from 950-1050 °C performed further from the surface. This
full study was performed on sample B with annealing temper-
atures and times found in Table II. Due to the timescale of the
observed processes, it was not feasible to reach thermal equi-
librium at each temperature. Instead, the decision to increase
the annealing time or annealing temperature was qualitatively
based on the magnitude and/or saturation behavior of the
observed changes. Annealing of sample C began at 980 °C
to reproduce the NV~ appearances observed in sample B.
Samples D and E were annealed only once at 970 °C.

C. NV identification and tracking

NV~ centers were imaged via confocal microscopy uti-
lizing a 0.75 NA objective. The centers were nonresonantly
excited with a linearly polarized 532-nm laser. The NV~
phonon sideband emission was filtered (660—800 nm) and
detected with an avalanche photodiode. Further experimental
details are provided in the Supplemental Material SM [15].
The excitation polarization angle was used to probe NV~
center orientation [14,16]. We can distinguish two sets of
orientations, with two orientations in each set, in our {100}-
oriented diamond samples. The two sets are indicated as green
and magenta in Figs. 1 and 2. An automated stage with
tandem micrometers and precision piezo-actuators enabled

the generation of precise spatial maps of each NV~ center in
the experimental area.

To characterize the outcome of each anneal, we performed
two types of measurements: “large-area scans” and “depth
scans,” as illustrated in Fig. 1(c). Large-area scans longitu-
dinally tracked individual NV~ centers in the same (350 x
350 um?) area at a depth of 240 um (96 pum) from the top
surface for sample B (A) with a depth-of-focus of 25 um. The
top surface is the surface closest to the microscope objective
(SM [15]). Large-area scans captured both sets of NV~ ori-
entations. Image registration, aided by persistent luminescent
defects and local NV~ constellations, was performed to match

o Carbon

© Large area scan

O Vacancy O O Nitrogen

Depth scan

scan area = (350 um)? scan area = 5 x 11 z-slices x (50 um)?

532 nm

excitation

Diamond Diamond

500 um

FIG. 1. The two optically distinguishable NV~ orientation sets
are encoded in green and magenta. (a) Side view. (b) Top view.
All surfaces are {100} planes. (c) Illustration of large-area scan and
depth scan geometries.
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FIG. 2. A sequence of subareas of the “large-area scan” confocal images showing NV~ changes. Green and magenta indicate the two sets
of distinguishable NV~ orientations. Two examples each of appearances, disappearances, and reorientations are indicated by blue, grey, and
yellow circles, respectively. The red square marks a persistent defect used for image alignment.

individual NV~ center locations. The encoded NV~ orienta-
tion data provided additional information to confirm location
and was utilized to identify orientation changes. The NV~
center appearances, disappearances, and orientation changes
were obtained through image processing [17,18] and vali-
dated manually. Image processing details are provided in the
Supplemental Material [15]. Examples of NV~ appearances,
disappearances, and orientations in confocal images can be
seen in Fig. 2.

Depth scans allow us to sample the NV~ density through
the vertical cross-section of our diamond samples. A confocal
scan (50 x 50 wm?) was performed in five different regions in
a quincunx pattern with 500-um spacing. A single excitation
polarization is used and depth scans do not track individual
NV~ centers. For sample C, in which single NV~ centers
could not be detected due to the high NV~ density, only depth
scans were performed. Depth scans capture the NV~ density
variation across and through the sample.

III. RESULTS

The results from both the large-area scans (sample A) and
depth scans (samples A, B) are summarized in Figs. 3 and 4,
respectively and in Table 1.

A. Appearances

In sample B, we observe the NV~ center density increase
during each anneal going from 950°C to 980°C (anneals
3-10 in Table II and Fig. 3). The continual observation of
NV~ appearances motivated longer anneals (150 hours)
starting at 980 °C (anneal 11) to observe saturation effects.

A lower NV~ creation rate is indeed observed in the second
980°C 150 hour anneal (anneal 12). A maximum 6-fold
increase is observed after this anneal in the large-area scan
data (pre-anneal versus anneal 12, Figs. 3 and S2 [15]), while
the averaged data from the depth scans show a maximum
8-fold increase [pre-anneal versus anneal 15, Fig. 4(a)]. The
variation in both density and density changes are attributed
to the spatial variation of defect densities incorporated during
the growth process. Average NV~ density varied by a factor
of 3 across the five depth scan regions.

B. Disappearances

There are two different types of disappearance events: a
spatially homogeneous NV~ depletion and a surface-driven
inhomogeneous depletion. In sample B at 250-um below
the surface, we observe a small number of disappearances,
homogeneously throughout the scan region, initially at every
anneal temperature increment. We observe a larger number
of disappearances at 960 °C and 1050°C (Fig. 3). Very few
disappearances are observed after the first 1050 °C anneal,
suggesting the source of the quenching has been depleted. In
the sample C ensemble measurements, we can also visibly
observe a decrease in NV~ density during the first 1050 °C
anneal [Fig. 4(c)].

A different behavior was observed at 1100°C in sample
A. At this temperature, we observed the majority of NV~
centers at a depth of 40 um disappear. This surface-driven
inhomogeneous depletion is also observed in sample B, as
shown in Fig. 4(a); similar disappearances toward the surface
begin to happen around 7 ~ 980 °C (anneal 10) and extend
more that 100 microns into the surface by anneal 16.
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TABLE II. Anneals conducted on samples B & C.

Anneal no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Temperature,°C 800 800 950 960 960 970 970 970 980 980 980 980 1000 1050 1050 1050
Time, h 2 10 10 10 10 2 10 20 2 10 150 150 150 150 150 150
Sample B B B B B B B B B B B,.C B,C BC B,C B,C B,C

C. Orientation changes

Significant orientation changes are observed at 1050 °C. As
shown in the sample B data (Fig. 3), the orientation changes
are accompanied with an increase of disappearances during
the first 1050°C anneal. However, in subsequent 1050°C
anneals, orientation changes are not accompanied by a signifi-
cant number of disappearances or appearances. Curiously, we
observe a significant increase in orientation changes during
subsequent 1050 °C anneal s.

IV. DISCUSSION

A. Appearances

We discuss three candidate processes for NV~ center ap-
pearances: charge state conversion of NV? — NV~ direct
dissociation of NVH — NV + H, and diffusion and capture
of single vacancies, N+-V — NV. In high-purity type Ila
diamond, both the neutral and negatively charged state of
NV centers are stable under optical excitation. The ratio of
the two populations at a given Fermi-level depends on the
excitation wavelength and intensity [19,20]. In agreement
with other groups studying high-purity CVD diamond with
532-nm excitation [21,22], we find NV~ is the dominant
charge state [15] in pre- and post-annealed samples. If an
NV is formed by the dissociation of a larger complex, the
homogeneity and scale of NV~ appearances indicate this dis-
sociating species should be uniform and abundant. In similar
CVD samples, the NVH density is ten times greater than
the NV~ density [14], suggesting NVH as the NV source.
However, the dissociation of NVH — (NV + H) can be ruled
out as this complex is observed to be stable until 1400 °C

[23,24]. Single vacancies combining with native nitrogen is
a third possible source. Single vacancies can exist in the
neutral and negative (V® or V™) charge states in diamond in
which NV~ is the dominant NV charge state. It is generally
accepted that vacancies are only mobile in their neutral charge
(V9) state at temperatures above 700 °C, with an activation
energy of 2.3 eV [25]. However, it has been confirmed that
the NV center forms as a unit during CVD growth [14,26] and
not via vacancy capture. Thus during growth, all vacancies
incorporated are either in the V™ state or trapped in complexes
(V,, NVH, VH, etc.). Divacancy (V,) dissociation can be
ruled out because it has been observed to anneal out at 800 °C
[27] and other complexes have high (>1100 °C) dissociation
temperatures. This leaves the negative vacancy (V™). Ab initio
calculations estimate a 3.4 eV migration energy for V~ [28].
Assuming a 30-THz attempt frequency, this migration energy
corresponds to a diffusion length on the order of 100 nm
for a 150-hour anneal at 980 °C. While there is uncertainty
in both the migration energy and attempt frequency, direct
migration and trapping of V™~ appears to be a viable candidate
for NV center formation. We note that NV formation in the
absence of irradiation has previously been reported between
1500-1600 °C [26,29] in CVD diamond. The vacancy source
in these reports could be similar to what we observe in our
lower temperature, longer duration anneals, or could be due
to dissociation of NVH [23,24] or VH [30].

B. Disappearances

The spatially homogeneous disappearances occur at tem-
peratures below the full NV~ dissociation temperature (which
our data show must be above 1050 °C), strongly suggesting
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FIG. 3. Total NV~ density and observed changes obtained from the large-area scans (350 x350 um?) of sample B after every anneal.
Several anneals are combined due to an inability to accurately match a significant portion of the scan area in the intermediate scans. For
combined anneals, comparisons are made before and after the first and last anneals. Error bars represent uncertainty due to automation errors
and differences in scan area between datasets [15]. Note the significant increase in annealing time which occurs at anneal 11.
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FIG. 4. (a) Plot of the average number of NV~ centers per (50 um)? area in sample B as a function of sample depth and anneal. To access
the full depth profile with the limited piezo scan range, the sample is imaged from both the top and bottom surfaces. The two datasets are
stitched at ~250 pm. The red hashed area indicates missing data. (b) Line plots of slices notated in (a). (c) Plot of NV~ density in sample C as

a function of sample depth and anneal.

another impurity is being trapped at the NV site. Hydrogen
is the most likely candidate. Given the abundance of C, N,
H, and vacancies in our samples, complexes either in the
form of CH [31,32], NH [32], V.H, [24,33,34], or N, VH,
[24,30,35] are potential spatially homogeneous hydrogen
sources.

A comparison of our experimental results and recent ab
initio calculations indicate the NVH, complex, in which
y=1,2,3, is a plausible H source for the observed NV~
quenching near 960 °C and 1050 °C. Salustro et al. [34] calcu-
lated the dissociation energies, Ey, for the following reaction
path:

E! E2 E}
NVH; f) NVH, + H f) NVH + 2H FH) NV + 3H,
1 2 3

finding EII_I =2.83¢V, E%I =3.17 eV, and EI%I = 3.68 eV. The
dissociation rate for a given reaction is given by R;(T) =
V; exp(—(Ei_[ + Ep)/kgT), in which T is the annealing tem-
perature (in K), Ep is the dissociation barrier, and v; is the rate
for capture of the H by the NVH complex. The v; primarily de-
pend on the hopping rate for intersitial H and can be expected
to be nearly the same for all the complexes. If we assume
R (the rate at which NVH; — NVH, + H) becomes dis-
cernible at 960 °C (the temperature at which we first observe
disappearances), we can estimate when R, become discernible
using Ry(T>) ~ R;(960°C), finding 7, ~ 1110 °C. While this
is higher than our observed second peak in disappearances at
1050 °C, we note that the 1050 °C anneal was more than seven
times longer than the 960°C anneal. Extrapolating further
to the dissociation of NVH, we obtain that R3(1330°C) =
R1(960°C). T3 = 1330 °C is consistent with the experimental
observation of NVH disappearance beginning near 1400 °C
during shorter, 4-hour anneals [23,24].

We cannot use these annealing times to quantitatively pre-
dict when the ratios between Ry, R,, and R3 will become equal
as disappearances typically saturate during each anneal. This

saturation suggests a depletion of the H source. Qualitatively,
however, the larger magnitude of disappearances at 1050 °C
is consistent with a larger expected density [NVH;] relative to
[NVH;].

In sample B, near-total NV depletion near the surfaces
was observed starting at 980 °C [Fig. 4(b)], with the depletion
layer growing in subsequent anneals. The surface dependence
suggests a second, inhomogeneous, surface-driven hydrogen
source. We believe this source is also the cause of the 80%
depletion in sample A at 1100°C [15], strongly suggesting
large hydrogen diffusion length in diamond. The observation
of a surface-driven depletion suggests it may be desirable
to protect the diamond surface to preserve near-surface NV
centers during annealing.

Both NV~ PL quenching as well as enhancement has
been reported in the literature over a wide range of temper-
atures from 1100-1500 °C [36-39], with higher temperature
quenching often attributed to NV migration to form larger
complexes [39,40]. Due to the short N; diffusion length,
complex formation with multiple N atoms (e.g., NyVH;, N, V)
can only explain quenching in high- Ny samples [29]. Our
results indicate the following factors could contribute to the
observed variance in NV quenching reported in the literature:
(1) Compositional sample variance with respect to hydrogen
traps; (2) Simultaneous creation and quenching events with
the specific annealing temperatures and times determining a
net outcome in either direction; and (3) the hydrogen content
in the annealing furnace, suggested by our observed surface
dependence of the depletion layer.

C. Orientation changes

Recently, a loss of preferential orientation was observed
in ensembles of oriented NV centers [38] also at 1050°C.
The mechanism for this orientation change was believed to
involve the full dissociation of the NV center with subsequent
recombination with either the original N or another N in the
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lattice. Our single defect tracking shows that full dissociation
does not occur at 1050 °C. If the vacancy is able to migrate,
we would expect to observe orientation changes accompanied
by NV~ disappearances. Additionally, if the vacancy diffusion
length is comparable to the N;-N; spacing (~1 um in sample
B), we would also expect to see new NV~ appearances.
However, after an initial round of disappearances in the
first 1050 °C anneal, we primarily only observe orientation
changes. This suggests there is an attractive force, extending
to at least the third nearest neighbor (the minimum separa-
tion required for NV~ re-orientation), between the vacancy
and the nitrogen [40]. While practical implementation may
be challenging, this result opens a path toward preferential
orientation by annealing under strain [41].

If many re-orientation cycles occur during a single an-
neal, we would statistically expect 50% of the NV~ centers
will undergo a detectable orientation change. The maximum
fraction of orientation changes we observe is 37% during
anneal 16, suggesting that NV~ centers do not undergo mul-
tiple re-orientation cycles during each anneal. Thus, we can
utilize the fractional rate from anneals 11-16 to estimate
the orientation-change barrier E} using the re-orientation rate
R = vexp(—E,/kT). A fit to the data gives E, =4.7 £0.9eV
[15]. This value is comparable to the theoretical value of
4.85 eV [40] determined by density functional theory calcu-
lations. With a larger dataset and annealing times in which
thermal equilibrium is reached for all processes, this method
of observing orientation changes could be used to provide
benchmarks for theoretical estimates of v and Ep,.

D. Comparison between samples B and C

Despite the almost five orders of magnitude difference in
initial NV~ density between samples B and C, the spatially
averaged results are qualitatively consistent, suggesting a
similar interplay of defect species exists over a wide range of
N doping. In both samples a large increase in the NV~ density
is observed with long anneals at 980 °C and a decrease in NV~
density is observed at 1050 °C. While the results are qualita-
tively similar, quantitatively the magnitudes of the observed
changes differ, suggesting the importance of the microscopic
environment on the competing processes for defect formation.
As we previously noted, variation in enhancement is observed
even within a single sample. While beyond the scope of
this work, future work could correlate annealing behavior
with prior (NV~, Ny, and NVH™) density, appearances, or
disappearances in this dataset [42] or future datasets.

V. CONCLUSION

The formation and dissociation of observable defects has
long been used to probe defect kinetics in crystals. For
example, a model for vacancy diffusion in diamond was facil-
itated by correlating V° (GR1) emission, V~ (ND1) absorp-
tion, and NV~ emission in ensembles of defects [25]. How-
ever, ensemble measurements such as photoluminescence,
visible, and infrared absorption spectroscopy, and electron-
spin resonance techniques, do not provide sufficient resolution
and lack the sensitivity to probe competing mechanisms driv-
ing point defect kinetics (appearances versus disappearances;
individual orientation changes). Nor do they typically have the
sensitivity to probe ultrapure diamond samples with very low
defect density (< parts-per-trillion) such as those now utilized
for quantum information applications. Here we extend this
ensemble technique using confocal microscopy, a tool capable
of detecting single defects in bulk crystals. Two surprising
results relevant to engineering N'V centers for applications are
obtained: (1) the observation of NV~ density enhancement in
the absence of sample irradiation at 950-980 °C and (2) NV~
orientation changes in the absence of full NV dissociation at
1050 °C. Excitingly, the latter observation points to a route
toward engineering the orientation of an NV~ center utilizing
strain. Furthermore, NV quenching, which would be masked
in the presence of NV formation in ensemble measurements,
suggests NVH, complexes are a likely candidate for the
spatially homogeneous disappearances of NV centers at tem-
peratures below 1050 °C. Thus we find that the longitudinal
tracking of single NV~ centers through annealing is a promis-
ing tool for studying vacancy diffusion, hydrogen diffusion,
the dissociation of hydrogen traps (e.g., NVH,), and partial
defect dissociation and re-orientation in ultrapure diamond.
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