
Three-dimensional localization of spins in diamond using 12C implantation
Kenichi Ohno, F. Joseph Heremans, Charles F. de las Casas, Bryan A. Myers, Benjamín J. Alemán, Ania C.

Bleszynski Jayich, and David D. Awschalom 

 
Citation: Applied Physics Letters 105, 052406 (2014); doi: 10.1063/1.4890613 
View online: http://dx.doi.org/10.1063/1.4890613 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/5?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
The local structure and ferromagnetism in Fe-implanted SrTiO3 single crystals 
J. Appl. Phys. 116, 013901 (2014); 10.1063/1.4886875 
 
Enhancing the spin properties of shallow implanted nitrogen vacancy centers in diamond by epitaxial overgrowth 
Appl. Phys. Lett. 101, 212401 (2012); 10.1063/1.4767144 
 
Engineering shallow spins in diamond with nitrogen delta-doping 
Appl. Phys. Lett. 101, 082413 (2012); 10.1063/1.4748280 
 
Long coherence time of spin qubits in 12C enriched polycrystalline chemical vapor deposition diamond 
Appl. Phys. Lett. 101, 012405 (2012); 10.1063/1.4731778 
 
Localized defects closely related with the magnetism of graphite induced by 12C+ ion implantation 
J. Appl. Phys. 109, 083933 (2011); 10.1063/1.3574638 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.223.130.152 On: Tue, 05 Aug 2014 19:45:42

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1691523420/x01/AIP/JAP_HA_JAPCovAd_1640banner_07_01_2014/AIP-2161_JAP_Editor_1640x440r2.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=Kenichi+Ohno&option1=author
http://scitation.aip.org/search?value1=F.+Joseph+Heremans&option1=author
http://scitation.aip.org/search?value1=Charles+F.+de+las+Casas&option1=author
http://scitation.aip.org/search?value1=Bryan+A.+Myers&option1=author
http://scitation.aip.org/search?value1=Benjam�n+J.+Alem�n&option1=author
http://scitation.aip.org/search?value1=Ania+C.+Bleszynski+Jayich&option1=author
http://scitation.aip.org/search?value1=Ania+C.+Bleszynski+Jayich&option1=author
http://scitation.aip.org/search?value1=David+D.+Awschalom&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4890613
http://scitation.aip.org/content/aip/journal/apl/105/5?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/116/1/10.1063/1.4886875?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/21/10.1063/1.4767144?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/8/10.1063/1.4748280?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/1/10.1063/1.4731778?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/8/10.1063/1.3574638?ver=pdfcov


Three-dimensional localization of spins in diamond using 12C implantation

Kenichi Ohno,1 F. Joseph Heremans,1,2 Charles F. de las Casas,1,2 Bryan A. Myers,1

Benjam�ın J. Alem�an,1,a) Ania C. Bleszynski Jayich,1 and David D. Awschalom1,2,b)

1Center for Spintronics and Quantum Computation, University of California, Santa Barbara,
California 93106, USA
2Institute for Molecular Engineering, University of Chicago, Chicago, Illinois 60637, USA

(Received 28 May 2014; accepted 2 July 2014; published online 5 August 2014)

We demonstrate three-dimensional localization of a single nitrogen-vacancy (NV) center in

diamond by combining nitrogen doping during growth with a post-growth 12C implantation

technique that facilitates vacancy formation in the crystal. We show that the NV density can be

controlled by the implantation dose without necessitating increase of the nitrogen incorporation.

By implanting a large 12C dose through nanoscale apertures, we can localize an individual NV

center within a volume of (�180 nm)3 at a deterministic position while repeatedly preserving a

coherence time (T2)> 300 ls. This deterministic position control of coherent NV centers enables

integration into NV-based nanostructures to realize scalable spin-sensing devices as well as

coherent spin coupling mediated by photons and phonons. VC 2014 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4890613]

The single spin associated with the nitrogen-vacancy

(NV) center in diamond provides an advantageous platform

for spin-based quantum science and technology. The NV

center’s long spin coherence time (T2) at room temperature1

and the inherent atomic scale of the defect enable

nanometer-scale magnetometry applications including single

electron spin imaging2,3 and external nuclear spin sensing.4–6

In addition, the optical addressability of NV center spins pro-

vides a spin-light interface for quantum communications7,8

leading to schemes of photon-mediated spin coupling.9,10

These NV center properties can be further exploited through

nanoscale engineering of the diamond. For example, fabri-

cating the diamond into scanning probe devices for sens-

ing,11 as well as plasmonic cavities12 and photonic

crystals,13,14 can greatly enhance spatial resolution and pho-

ton collection efficiency. Shrinking mechanical structures

containing NV centers to the nanoscale could also enable

coherent strain-mediated spin interactions.15

A critical challenge to enabling scalable creation of

NV-integrated nanostructures is to maintain spin coherence of

an NV center localized at a deterministic position with nano-

scale precision. Our approach utilizes a nitrogen delta-doping

diamond growth technique which forms NV centers with con-

sistently long spin coherence times,16 while constraining the

NV centers in the depth direction. In addition, we use a post-

growth vacancy creation process to control NV centers’ lateral

position for full three-dimensional (3D) localization. In this

Letter, we demonstrate a method of vacancy engineering that

allows for the tunability and localization of the NV density.

The previous approach to vacancy creation in delta-

doped films was via electron irradiation.16 A drawback to

this method is that vacancies are formed throughout the

entire grown film and substrate. These non-localized vacan-

cies result in a low density of doped NV centers on the order

of 1012–1013 cm�3, which limits device integration of these

engineered NV centers. Moreover, the significant amount of

nitrogen in the substrate prohibits simply increasing the irra-

diation dose to increase doped NV density, as it would yield

more background NV centers contained within the substrate.

Since substitutional nitrogen (P1 centers) are a major source

of spin decoherence for NV centers,17 the NV density must

be increased without increasing the number of nitrogen

atoms incorporated within the diamond crystal. This require-

ment necessitates vacancy engineering that aims to enhance

the conversion efficiency of nitrogen atoms within the delta-

doped layer to NV centers.

Here, we report a 12C implantation technique that enhan-

ces NV density without increasing the amount of doped

nitrogen. 12C ions are implanted shallower (<�8 nm) than

the nitrogen delta-doped layer (51 nm below the surface) to

create a localized layer of vacancies whose depth is con-

trolled via implantation energy. Subsequent annealing dif-

fuses these vacancies into the nitrogen delta-doped layer

forming NV centers. As 12C has no nuclear spin, NV coher-

ence times will not be limited by a nuclear spin bath.1,18 We

show that the doped NV density can be controlled primarily

through the 12C implantation dose, and furthermore that this

technique can be utilized with aperture implantation19 to pro-

vide 3D localization of single NV centers in a volume of

(�180 nm)3 while still repeatedly preserving long spin co-

herence times T2> 300 ls.

Samples used in this study were grown using a nitrogen

delta-doping technique in a diamond plasma-enhanced

chemical vapor deposition system. The crystal growth condi-

tions were: a temperature of 800 �C, pressure of 25 Torr,

microwave power of 750 W, H2 flow of 400 sccm, and
12CH4 (>99.998%) flow of 0.1 sccm along with a doping
15N2 gas flow in a range of 0.1–10 sccm.16 We first grew a
12C buffer layer (51 or 103 nm thick) on top of a
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commercially available, electronic grade (100) diamond sub-

strate from Element 6, followed by a 6 nm-thick 15N delta-

doped layer and a 12C cap layer (51 nm). The thickness of

each layer was estimated by our calibrated growth rate.16 We

doped with isotopically purified 15N2 gas (>98%) to differ-

entiate doped 15NV centers from 14NV centers in the sub-

strate. After growth, the samples were implanted with 12C

ions at an implantation energy of 2 or 7 keV. According to

our SRIM calculations,20 these implantation energies create

vacancies 2.4 6 2.2 or 8.0 6 6.1 nm from the surface, respec-

tively (see Figure 1(a)). Creating localized vacancies shal-

lower than the nitrogen delta-doped layer is important to

preserve spin coherence of doped NV centers, as the delta-

doped layer is deep enough to be protected from crystal dam-

age due to the ion impact. The vacancy layer, however, is

still close enough to the nitrogen delta-doped layer that

vacancies can diffuse during the subsequent annealing pro-

cess, creating NV centers in the delta-doped layer. A range

of 12C implantation doses (109–1013 cm�2) was selected

depending on the experiment. After the implantation, the

samples were annealed in a H2/Ar forming gas atmosphere,

followed by a surface cleaning process using a perchloric

acid mixture.16,21,22 The sample preparation process and 12C

implantation technique are summarized schematically in

Fig. 1(a). All measurements were performed using a home-

built confocal microscopy setup with 532 nm laser excitation

at ambient conditions.

First, we demonstrate that the NV centers in the nitrogen

delta-doped layer are formed through a vacancy diffusion pro-

cess. Figure 1(b) shows three confocal photoluminescence

(PL) scans at the diamond surface as-implanted (left), after

annealing at 800 �C for 30 min (center) and 1 h (right). We

used the same sample for this cumulative annealing study and

imaged three randomly selected areas on the surface for each

annealing step to count the number of formed NV centers. We

used continuous-wave electron spin resonance (CW-ESR)

measurements to identify the isotopic signature for doped
15NV centers (circled in red) and substrate 14NV centers

(black).16 The as-implanted surface showed no trace of NV

centers, whereas after 30 min of annealing, we observed that

>90% of all investigated NV centers were doped NV centers.

When we further annealed for a total of 1 h, we observed both

doped (�70% of measured NV centers) and substrate NV cen-

ters. These results are consistent with a picture in which the

vacancies diffuse away from the implantation region, pass

through the delta-doped layer activating doped NV centers,

and ultimately diffuse deeper in the crystal activating substrate

NV centers. We note, however, that a quantitative understand-

ing of the vacancy diffusion mechanism is necessary in order

to form a procedure that exclusively activates doped NV cen-

ters. We also note that in other samples we were able to acti-

vate NV centers in a �12 nm deep nitrogen delta-doped layer

with an implantation energy of 2 keV.23

Next, we investigate how process parameters affect the

doped NV density. We grew two samples of nominally identi-

cal structure with two different 15N2 doping gas flow (10 sccm

and 0.1 sccm). The samples were then implanted at 7 keV on

three different quadrants with different 12C doses (109, 1010,

and 1011cm�2), followed by annealing at 850 �C for 30 min.

The six figures shown in Fig. 2(a) are surface confocal scans of

each quadrant. We identified doped NV centers (circled in red)

through their CW-ESR hyperfine signature. We measured three

random regions within each quadrant on both samples to build

up statistics and calculated the doped NV density by computing

the average number of doped NV centers found over the

scanned area (10 lm� 10 lm) assuming a 6 nm thickness of

the nitrogen doped layer. The numbers at the top left of each

figure denote the doped NV density in units of 1013cm�3. For

both 15N2 flows, the doped NV density increased from �0.1 to

�1� 1013cm�3 when we increased the 12C dose from 109 to

1010 cm�2, suggesting that the doped NV density can be con-

trolled via 12C dose. According to secondary ion mass spec-

trometry (SIMS) measurements,16 the nitrogen dopant

concentration should be (0.8 6 0.6)� 1016cm�3 for the

10 sccm 15N2 flow, which is consistent with the nitrogen spin

bath density extracted from NV coherence times in similar

films.24 We calculate the nitrogen to NV conversion efficiency

([NV]/[N]), where [NV] is the measured doped NV density and

[N] is the estimated nitrogen dopant concentration; the results

for the 10 sccm 15N2 flow sample are 0.02% and 0.16% for 109

and 1010cm�2 12C doses, respectively. These low conversion

efficiencies suggest that NV center creation is vacancy-limited

for these implantation dose regimes. For the 1011cm�2 12C

dose cases, the NV density was too high to isolate single doped

NV centers, but the integrated PL over the scanned areas

increased relative to the 1010cm�2 areas suggesting that doped

NV density continues to increase with 12C dose.25 On the other

hand, the doped NV density did not show noticeable 15N2 flow

dependence in the 109 and 1010cm�2 dose areas, even though

it was varied over two orders of magnitude, suggesting that the

nitrogen incorporation is limited in this regime and has already

saturated, and hence weakly controlled by 15N2 flow.

We next investigated whether coherence times are

affected by the change in vacancy creation density.

Figure 2(b) summarizes T2 results, measured using a Hahn

FIG. 1. (a) Schematic of the 12C implantation technique process and sample

structure. (b) Confocal PL scans of the diamond surface as-implanted (left),

annealed for 30 min (center) and 1 h (right) at 800 �C. Doped 15NV centers

are circled in red, and substrate 14NV centers are circled black. PL spots that

show CW-ESR indicative of multiple NV centers are not circled.
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echo sequence, for NV centers created by the 12C implanta-

tion technique. We measured twenty individual NV centers,

five for each of the four combinations of 12C doses (109 and

1010 cm�2) and 15N2 flows (10 and 0.1 sccm). These T2 times

were reproducibly on the order of hundreds of microseconds.

In particular, the longest T2 of a single NV center,

(799 6 77) ls, was measured from the 109 cm�2 dose area of

the 0.1 sccm flow sample and is encouragingly comparable

to the results from electron irradiated samples.16 We

hypothesize that the outliers showing T2< 50 ls are likely

caused by local fluctuations in the density of vacancy-related

paramagnetic defects that form due to the implantation pro-

cess and are not fully removed by our annealing procedure.26

The means and standard deviations (as error bars) of T2

over each set of five NV centers are shown in the right panel

of Fig. 2(b). The average T2 time increased from 182 6 18

(252 6 93) ls to 235 6 38 (614 6 106) ls for 10 (0.1) sccm

sample when 12C dose is changed from 1010 to 109 cm�2. A

two-way analysis of variance of our complete T2 data

showed a statistically significant main effect for the 12C im-

plantation dose (p< 0.05), while the main effect for 15N2

flow and the interaction between the two main effects were

not statistically significant (p> 0.05).25 There may still be

more complicated effects of vacancies and nitrogen affecting

the T2 times, which cannot be deterministically verified from

the limited sample set.25 If nitrogen were in fact incorporated

proportionately to 15N2 flow, we would expect T2 times to be

orders of magnitude different between NV centers in the 0.1

and 10 sccm flow samples.17 The differences we see in the

T2 times are only within the same order of magnitude

between samples, and therefore, the results are consistent

with our conclusion from Fig. 2(a) that the nitrogen incorpo-

ration is weakly dependent on the doping gas flow.

We further utilize the 12C implantation vacancy creation

technique to demonstrate 3D position control of NV centers

within a nanoscale volume. To achieve a sufficiently high den-

sity of NV centers, we increased the nitrogen doped layer thick-

ness and increased the 12C dose. We grew a sample containing a

51 nm-thick 12C buffer layer, followed by a 51 nm-thick 15N

doped layer and a 12C cap layer (also 51 nm). After growth, we

patterned an array of apertures of varying diameters (nominally

from 50 to 450 nm) on a layer of spin-coated resist (PMMA

950) using an electron beam (EB) lithography technique that

masks the rest of the surface area from implantation.19 The sam-

ple was then 12C implanted with an increased dose of 1013cm�2

at an implantation energy of 7 keV, and subsequently annealed

in H2/Ar forming gas at 850 �C for 30 min followed by the

perchloric acid cleaning. The device process is summarized in

Fig. 3(a), and a scanning electron microscope (SEM) image of

the patterned apertures is shown in the inset of Fig. 3(b).

In Figure 3(b), we show a surface confocal scan of the

processed sample showing patterned PL from NV centers

localized by implanting through apertures. The difference in

integrated PL of seven columns (A–G, from left to right)

reflects the difference in their aperture diameter (larger aper-

tures on the left). In particular, the right two columns (col-

umns F and G) show less PL intensity than other columns

since they have smaller diameters. We measured 90 aper-

tures in each column to build up statistics in order to deter-

mine how many NV centers are localized per aperture.

Figure 3(d) is a histogram showing occurrences of finding n
NV centers (n¼ 0, 1, 2, … 10) per aperture (data shown in

blue circles) in column G, which has measured diameter of

114 6 21 nm. We observed 18% of all measured apertures in

this column showing integrated PL consistent with a single

NV center. We used a maximum likelihood approach to fit a

Poisson distribution (red circles) to these data, which gave a

mean value of k¼ 0.88 NV centers per aperture.

In order to check validity of our PL-based NV counting

method, four of the NV centers showing PL consistent with

single NV centers were each tested using photon anti-

bunching measurements, including the one circled in red in

Fig. 3(b). The result on this NV center is shown in Fig. 3(c),

displaying the normalized second order correlation function

without background correction at t¼ 0, g(2)(0)< 0.5, which

confirms we are observing luminescence from a single NV

center. We measured the T2 times of these four single NV

centers, again showing a scattering of T2 times between

60 and 530 ls, reflecting the non-uniform damaging nature

of ion implantation. However, we measured an average T2 of

�340 ls and two of these displayed long spin coherence

times of T2� 500 ls, an order of magnitude longer than

FIG. 2. (a) Surface confocal PL scans of six different parameter areas. The

two rows correspond to different 15N2 flow rates of 10 (top) and 0.1 sccm

(bottom), and the three columns are for 12C doses of 109 (left), 1010 (center),

and 1011 cm�2 (right). In the columns for the 109 and 1010 cm�2 doses,

doped 15NV centers are circled in red and substrate 14NV centers are circled

black. NV centers showing inconclusive results due to poor CW-ESR con-

trast are left uncircled. Single NV centers could not be isolated in the

1011 cm�2 dose. The numbers in the top left of each figure denote the doped

NV densities in units of 1013 cm�3. (b) Hahn echo spin coherence times (T2)

of NV centers from 1010 (left) and 109 cm�2 (center) 12C dose areas. Each

data point corresponds to the T2 time of a single NV center. Uncertainties in

T2 are quoted at 95% confidence. The average T2 time of five NV centers

from each process parameter are shown in the right panel. Blue circles are

data for the 0.1 sccm 15N2 flow sample and red squares are for the 10 sccm

sample. The green belt represents T2 results of electron irradiation diamond

film samples from Ref. 16.
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previously reported T2 times for position-controlled NV

centers using nitrogen implantation technique.19 The Hahn

echo result for the NV center showing the longest

T2¼ 530 6 46 ls is shown in Fig. 3(e).

From these results, we demonstrate that spin coherence

can be retained in the three-dimensionally localized single NV

centers. The largest uncertainty in the localized volume esti-

mation arises from vacancies diffusing not only in the depth

direction, but also delocalizing in the in-plane direction. We

estimate the vacancy diffusion length to be 153þ123
�67 nm based

on our observation that 88�18
þ10 % of measured NV centers in

the apertures were doped NV centers and assuming a one-

dimensional diffusion model.25,27 If we assume that vacancies

diffuse isotropically from the aperture and use the mean value

of the estimated vacancy diffusion length, we calculate the

localized volume to be 5.7� 106 nm3, or (179 nm)3, and the

corresponding NV conversion efficiency to be 1.9%.25

The calculated conversion efficiency is increased only

by an order of magnitude from the 1010 cm�2 (Fig. 2(a)) to

1013 cm�2 (Fig. 3(b)) dose cases. However, the conversion

efficiency is affected by the localized volume which sensi-

tively depends on the vacancy diffusion length estimation.

Confinement of the NV centers within nanopillars could ena-

ble a more precise estimation of the conversion efficiency.25

The estimated localized volume is comparable to the

length scale of many types of NV-based nanostructures,

encouraging integration of these 12C-implanted NV centers

into devices. For example, photonic crystals fabricated from

diamond can have mode volumes of a fraction of (k / n)3,

where k¼ 637 nm is the wavelength of the zero phonon line

of an NV center, and n¼ 2.4 is the refractive index of

diamond.13,14 This mode volume makes a monolithic NV-

photonic crystal approach viable using our technique, which

could lead to the integration of coherent NV centers into pho-

tonic network. As another example, proposals for coherent

phonon-mediated spin coupling15,28 require the placement of

NV centers close to the surface of nanoscale beams in order to

maximize strain induced in the NV centers. Our 3D localiza-

tion approach is particularly promising for this implementa-

tion because of the advantage of nanometer-scale depth

control inherent to the nitrogen delta-doping technique.

In summary, we demonstrated a 12C implantation tech-

nique to control the NV center density in the nitrogen delta-

doped layer of a CVD-grown diamond film. Localized

vacancies are independently created at a depth shallower

than the nitrogen doped layer by tuning the implantation

energy and the vacancies subsequently diffuse to activate

doped NV centers during the annealing process. These NV

centers show long spin coherence times T2 on par with those

of NV centers created via electron irradiation. Furthermore,

the NV center density can be controlled with the 12C implan-

tation dose. Finally, by using a higher implantation dose

through lithographically patterned apertures, we demon-

strated that single NV centers can be localized in three-

dimensions within a volume of (�180 nm)3 at a deterministic

position while repeatedly retaining their spin coherence

times T2> 300 ls. Our demonstration of the 3D localization

of coherent NV centers is compatible with NV-based nano-

structures, enabling scalable creation of spin sensing devices,

photonic network of coherent spins, and phonon-mediated

spin entanglement. While most potential applications require

single NV centers, this technique affords the ability to create

dense regions of NV centers which could facilitate quantum

registers based on magnetic dipole coupling of proximal

spins.29,30
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