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Coherent Optical Transitions in Implanted Nitrogen Vacancy Centers
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ABSTRACT: We report the observation of stable optical transitions in nitrogen-
vacancy (NV) centers created by ion implantation. Using a combination of high
temperature annealing and subsequent surface treatment, we reproducibly create NV
centers with zero-phonon lines (ZPL) exhibiting spectral diffusion that is close to the
lifetime-limited optical line width. The residual spectral diffusion is further reduced by
using resonant optical pumping to maintain the NV~ charge state. This approach
allows for placement of NV centers with excellent optical coherence in a well-defined
device layer, which is a crucial step in the development of diamond-based devices for
quantum optics, nanophotonics, and quantum information science.
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he negatively charged nitrogen vacancy (NV) center in

diamond is a solid-state system that combines excellent
spin coherence with atomic-like optical transitions at cryogenic
temperatures. Because of these properties, the NV center has
emerged as a promising candidate for the realization of unique
applications in the fields of quantum information, quantum
optics, and metrology.' > Although many of these applications
make use of coherent interactions between light and NV
centers,* © the optical transitions of atom-like solid-state
systems are generally imperfect because of the influence of
the solid state environment. In particular, the energies of the
NV center’s optically excited states are highly sensitive to local
electric fields. Therefore, fluctuations in the charge environ-
ment around the NV center cause fluctuations in the frequency
of the optical transition. This phenomenon, which is referred to
as spectral diffusion, is a generic effect associated with optical
transitions in atom-like solid-state systems.”® Techniques to
suppress and eliminate spectral diffusion are currently being
actively explored.>”'

To investigate the optical properties of NV centers,
photoluminescence excitation (PLE) studies are typically
performed by repeatedly scanning a resonant excitation laser
through the NV center’s zero-phonon line (ZPL)>'¢ A 532
nm laser is applied at the end of each scan to reverse potential
photoionization of the NV center caused by the resonant laser.
For a single PLE scan, one typically observes a narrow
resonance. A nearly lifetime-limited single-scan line width of 16
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MHz has been reported in a single diamond nanocrystal,'" and
a lifetime-limited single-scan line width of 13 MHz was
measured for a native NV center inside a natural diamond
sample.'” However, these measurements of the single-scan line
width exclude the effects of spectral diffusion. It was observed
that the narrow resonance jumps to a different frequency for
each successive PLE scan, indicative of local charge fluctuations
caused by the repumping laser.""'*'* Previously, it has been
shown that off-resonant excitation can photoionize localized
defects inside and on the surface of the diamond crystal, leading
to the observed spectral jumps.”’” When the NV center is
monitored over long time scales, such behavior results in an
overall line width that can be much larger than the single-scan
line width. This long-term, extrinsically broadened line width,
rather than the single-scan line width, is the limiting factor for
most applications requiring spectral stability. For example,
remote entanglement of NV centers relies on interference of
photons with well-defined matching frequencies.” Efficient
photonic devices such as single photon switches and transistors
make use of strong NV—photon interactions and require that
the emitters remain on resonance with the incident light.'®
Therefore, a number of different techniques have been explored
to reduce the effects of spectral diffusion, including active
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stabilization and preselection of the transition frequency.”'°
However, all of these techniques increase the technical
complexity and limit the repetition rate of the experiments.
The “on demand” creation of emitters with inherently low
spectral diffusion under repeated excitation over long time
scales is an outstanding challenge in implementing scalable
applications using quantum optics with atom-like systems.

Because one-of-a-kind natural diamond samples, such as the
one investigated in ref 12, cannot be used as reproducible
starting materials for scalable systems, recent experiments have
made use of NV centers incorporated into high quality
synthetic diamond during the growth process.>'*'® In addition
to imperfections in their optical coherence, NV centers
introduced during the diamond growth process are limited in
their usefulness due to their low concentration and random
locations. For example, in order to incorporate NV centers into
nanophotonic or nanomechanical devices, it is necessary to
develop a method to create a controllable concentration of
emitters in a well-defined device layer while maintaining their
excellent optical properties.

The key idea of this work is to create NV centers in a surface
layer that exhibit coherent optical transitions with nearly
lifetime-limited linewidths even under the effects of spectral
diffusion. We accomplish this by first introducing NV centers at
a well-defined and controllable depth using ion implantation.'”
We then demonstrate how to suppress the fundamental cause
of spectral diffusion by creating a diamond environment that is
nearly free of defects that contribute to charge fluctuations.
This is achieved through a combination of annealing and
surface treatments. Finally, we further improve the optical
properties of the NV centers by combining our approach with a
recently developed technique for preventing photoionization of
the remaining charge traps."

Figure 1 summarizes the experimental procedure to create
shallow implanted NV centers with narrow optical lines. As our
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Figure 1. Procedure for creating spectrally stable NV centers through
ion implantation, annealing, and surface treatment. The Ar/Cl, (O,)
etch was done using an ICP power of 400 W (700 W), a RF power of
250 W (100 W), a DC bias of 423 V (170 V), a chamber pressure of 8
mTorr (10 mTorr), and a gas flow rate of 25/40 sccm (30 sccm). The
sample temperature was set to 17 °C.

starting material, we use single crystal diamond from Element
Six grown using microwave-assisted chemical vapor deposition
(CVD). The single crystal samples were homoepitaxially grown
on specially prepared (100) oriented synthetic diamond
substrates, taking care to ensure that the surface quality of
the substrates was as high as possible to reduce sources of
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dislocations. The CVD synthesis was performed using
conditions as described in refs 20 and 21. The resultant
diamond material is measured using electron paramagnetic
resonance (EPR) to have a nitrogen concentration of less than
S parts per billion. The surface layer of these samples is
generally damaged and highly strained because of mechanical
polishing. Therefore, we first remove the top several micro-
meters of the sample using a 30 min Ar/Cl, etch followed by a
20 min O, etch in an UNAXIS Shuttleline inductively coupled
plasma reactive ion etcher. We then implant *N* ions at an
energy of 85 keV at a variety of doses from 10°/cm? to 10'%/
cm’. According to simulations done using the Stopping and
Range of Ions in Matter (SRIM) software, this should result in
a mean nitrogen stopping depth of ~100 nm with a straggle of
~20 nm.>* SN'* were used instead of *N* so that, if needed, we
could distinguish NV centers formed from implanted nitrogen
versus native nitrogen through electron spin resonance
measurements. Subsequently, we anneal the implanted samples
under high vacuum (P < 107° Torr). Our standard annealing
recipe consists of a 4 h at 400 °C step, a 2 h at 800 °C step, and
a2 hat 1200 °C step, with a 1 h ramp up to each temperature.
It is important that a good vacuum is maintained throughout
the annealing process because diamond etches and graphitizes
under residual oxidizing gases at such high temperatures.”®
Following the anneal, we remove graphitic carbon and other
surface contaminants by cleaning the diamonds for one hour in
a 1:1:1 refluxing mixture of sulfuric, nitric, and perchloric acids.
Finally, we perform a 465 °C annealing in an O, atmosphere in
a rapid thermal processor (Modular Process Technology, RTP-
600xp) in three 48 min steps following the recipe used in ref
24. This oxygen annealing is believed to remove sp*hybridized
carbon and result in a more perfect oxygen termination of the
surface than acid cleaning alone. We have observed that it
enhances charge stability in the NV~ state and helps to reduce
blinking and photobleaching.

We investigate the resulting NV centers using a low-
temperature confocal microscopy setup, where the diamond
samples are cooled to <10 K in a helium flow cryostat (Janis
ST-500). Figure 2a shows confocal photoluminescence (PL)
images taken with ~1 mW 532 nm laser excitation for four
different implantation doses. An implantation dose of 10°/cm?
results in a very low density of NV centers, which is comparable
to the native NV concentration in some electronic grade
samples. A dose of 10'?/cm? results in a high density layer of
completely unresolvable NV centers. At an intermediate dose of
10*%/cm?, however, we obtain resolvable single NV centers with
a density on the order of 1 NV/um? implying a conversion
efficiency of ~1%. Comparing the fluorescence intensity to the
single NV count rate, we can roughly estimate that, in the 10t/
cm? sample, there are ~10 NV centers per focal spot, whereas
in the 10'2/cm? sample, there are ~100 NV centers per focal
spot. We note that the conversion efficiency is somewhat lower
than previously reported values, which could result from
differences in starting material, dose calibration, and annealing
procedures."’

In Figure 2b, we present corresponding ZPL spectra of NV
centers for the three highest implantation doses. The spectra
were taken by scanning an external cavity diode laser around
637.2 nm while collecting fluorescence in the phonon-sideband
(PSB). Excitation at 532 nm was performed at each point of the
scan to alleviate the effects of photoionization during resonant
excitation. Without such repumping to maintain the charge
state, we find that most NV centers remain in the NV~ charge
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Figure 2. (a) Confocal PL images of the implanted layer of NV centers for four different nitrogen ion doses. (b) Corresponding representative PLE
spectra for the three highest doses. Each spectrum is the average of ~10 PLE scans.

state for a few PLE scans and demonstrate almost no spectral
diffusion. Subsequently, the NV center ionizes and remains
dark. We emphasize here that Figure 2b and Figure 3b—d
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Figure 3. (a) Histogram of linewidths for NV centers in four samples
implanted with a dose of 10'°/cm? using 532 nm excitation to repump
the NV into the negative charge state. (b) Spectrum showing the
narrowest line width from panel a (top) obtained by averaging twenty-
one successive PLE scans (bottom). Each scan takes ~2 s. (c)
Spectrum of another NV taken using 532 nm repump (top).
Corresponding single PLE scans illustrating spectral jumps due to
repumping (bottom). (d) Spectrum of the same NV as in panel c
taken using 575 nm resonant excitation of the NV state to repump
back into NV™.

present spectra that are averages of many successive laser scans
taken over the course of minutes. Therefore, they are indicative
of the spectral stability of NV centers over both short and long
time scales and include all effects of spectral diffusion caused by
the repumping laser. Beyond these time scales, longer-term
drifts of the NV frequency can be easily compensated by
electric fields or tuning the excitation frequency with minimal
cost to the experimental repetition rate. At a dose of 10'°/cm?,
most single NV centers exhibit narrow PLE lines. As the dose
increases to 10''/cm?, the spectra show multiple features with
several broader peaks. Finally, at 10'*/cm?, the spectrum is a
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mostly featureless peak several tens of gigahertz wide. We note
here that the spectra for the two highest doses exhibit the
effects of both increased single NV center linewidths and the
presence of several NV centers in the focal spot. If the
linewidths were comparable to the 10'°/cm? sample, we should
be able to observe a collection of narrow resonances spread
over the scan range. However, this is not the case, which is an
indication that increased nitrogen concentration in the
environment of the NV center leads to additional spectral
diffusion. Indeed, the substitutional nitrogen defect has an
ionization energy threshold of 2.2 eV and, therefore, can be
photoionized with 532 nm light, which has an energy of 2.33
eV/photon.”

From this point on, we focus on samples implanted with a
dose of 10'°/cm?. Figure 3a shows a histogram of linewidths for
50 NV centers in four such samples. Although there is a range
of linewidths, a majority of NV centers exhibit linewidths less
than 500 MHz, which is comparable to naturally occurring NV
centers deep inside electronic grade CVD diamond.’ This is an
indication that we have eliminated most impurities with
fluctuating charge states in the vicinity of the NV centers,
which may include both impurities on the nearby surface and
defects inside the diamond introduced by the implantation
process. In Figure 3b, we present an example spectrum of the
narrowest line width we have observed, along with the results of
21 successive PLE scans to demonstrate the long-term stability
of the transition line. Our measured line width of 37 + S MHz
under conventional 532 nm repumping is, to the best of our
knowledge, a record for the extrinsically broadened line width
of NV centers.

To further reduce residual spectral diffusion of the NV
centers, we incorporate a technique recently demonstrated in
ref 14. Instead of using 532 nm light to repump the NV state
into NV~, we use a home-built tunable frequency doubled
external cavity diode laser operating at 575 nm to resonantly
excite the NV° ZPL, which has been shown to efficiently
convert the NV center back to the negatively charged state even
at very low powers. The 575 nm laser was turned on and
scanned across the NV® ZPL between each frequency scan of
the 637 nm spectroscopy laser. As was also demonstrated in ref
14, this method results in a drastic reduction of the spectral
diffusion because of the lower incident intensity and energy per
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photon of the 575 nm excitation (2.16 eV/photon) compared
to the conventional 532 nm excitation. For example, the NV
center shown in Figure 3¢ has a NV~ ZPL line width of 161
MHz using 532 nm excitation. The line width was reduced to
27 MHz using the 575 nm repumping technique (Figure 3d).

We now discuss our sample preparation process in more
detail and propose a mechanism for the creation of optically
stable NV centers through high temperature annealing. In
general, annealing is required after ion implantation to mobilize
vacancies such that they combine with the nitrogen atoms to
form NV centers. In addition, the annealing process causes
other defects to become mobile at particular temperatures and
potentially migrate to the surface, effectively repairing any
damage to the crystal caused by implantation. Earlier works
have employed a range of different annealing temperatures,
typically in the range between 400 and 1000 °C. Several
temperature steps in this range were shown to enable specific
mechanisms important to the efficient formation of stable NV
centers. In particular, at 400 °C, earlier work has indicated that
vacancies and interstitial nitrogen atoms introduced by
implantation migrate and annihilate with each other.”® At 800
°C, vacancies become mobile and combine with nitrogen atoms
on lattice sites to form NV centers, which then remain stable.?’
At temperatures much less than 800 °C, this process is too slow
to allow NV formation in a reasonable time period. At
temperatures much higher than 800 °C, the vacancies are
highly mobile, but there is an indication that the rate of NV
formation is suppressed.”® This could be because of the higher
thermal energy in the diamond lattice, which causes the local
strain field around the isolated nitrogen defects to becomes less
efficient at trapping migrating vacancies.

At even higher temperatures, additional defects such as
divacancies, s;)2 type defects, and hydrogen become mobile and
anneal out.””*”*’ Recent work has demonstrated that annealing
at a temperature of 1200 °C significantly improved the
coherence properties of implanted NV centers.>" This indicates
that some of the remaining defects after 800 °C annealing are
paramagnetic. The electronic and optical properties of these
defects, such as the level structure and ionization energies, have
generally not been well studied. However, we have briefly
investigated the optical properties of samples annealed without
the 1200 °C step and found that, although a few NV centers
had linewidths greater than several hundred megahertz, most
had PLE lines that were too broad to be discernible. These
results provide evidence that annealing at high temperatures
eliminates localized defects that can affect the optical properties
of NV centers. The exact structure and properties of these
defect states remain to be determined through, for example,
EPR measurements, optical spectroscopy, and ab initio
calculations of energy level structures.

Our work shows that it is possible to create implanted NV
centers with excellent optical coherence properties, opening up
a large range of possibilities for future studies and applications.
In addition to a better understanding of the material and defect
properties that contribute to spectral diffusion, there are many
other aspects and parameters of our technique that remain to
be explored. For example, as mentioned above, we believe that
high temperature annealing is crucial for the creation of high
quality NV centers. However, it may be possible to modify the
exact temperature and time of each annealing step to achieve
similar or even better results. Furthermore, though we have not
extensively studied the dependence of optical coherence on
implantation depth, there is evidence that reasonably stable
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transitions are possible with much shallower NV centers. We
have observed linewidths of a few hundred megahertz from
several NV centers in a diamond sample created by
implantation with a nitrogen dose of 10"'/cm® at an energy
of 6 keV, giving a nominal depth of 10 nm. This also indicates
that our sample processing method does not remove more than
a few nanometers from the diamond surface. Further systematic
studies on the effect of implantation energy, dose, and
annealing recipes are needed to explore the possibility of
creating optically coherent NV centers in high densities or very
close to the diamond surface for applications such as coupling
of multiple NV centers and electric field sensing.

Another important application that has recently become the
focus of much effort is the implementation of nanoscale
photonic structures to tailor the interaction of light and NV
centers.>* Thus far, all previous demonstrations of diamond-
based photonic structures have used diamond materials with a
high density of native NV centers whose linewidths are
generally many gigahertz or more.***® To realize quantum
nanophotonic devices in a deterministic, scalable fashion, it is
important to begin with a bulk material that contains very high
quality emitters in a well-defined device layer. For this reason,
the ability to controllably create NV centers with inherently
good optical coherence, which we have demonstrated in this
work, is a crucial step for the practical development of many
diamond-based quantum nanophotonic devices and scalable
quantum technologies.
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