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 The control of positioning of single atoms in solid becomes 

relevant for emerging technologies like spintronics and 

quantum information processing. [  1–4  ]  Quantum computing 

imposes strict requirements on the positioning of quantum 

bits (qubits). [  5  ]  The interaction between qubits needs to be 

stronger than the coupling to the environment in order to 

allow coherent quantum gates. Spins associated with defects 

in diamond are particularly promising candidates for solid 

state information carriers [  6–8  ]  owing to their long coherence 

time (seconds for nuclear spins and milliseconds for electron 

spin [  9  ] ). Furthermore, when associated with color centres 

having spin-selective optical transitions (like the nitrogen-

vacancy (NV) centre), individual spins can be readout and 

polarized using optical techniques. Although spectacular 

experiments including two and three spins entanglement [  10  ]  

or ultrafast control of spin qubits [  11  ]  were demonstrated 

recently, fully scalable architecture of diamond quantum reg-

isters requires the ability to create arrays of electron spins 

with a few nanometers accuracy. 

 The NV centre in diamond consists of a vacancy and a 

nitrogen in the adjacent lattice position. It exists in two charge 

states: neutral and negatively charged. The energy structure 
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of the negatively charged state consists of triplet ground and 

fi rst excited states. Strong optical transition between these 

triplets (fl uorescence lifetime  − 11.5 ns) allows detection of 

single centres via fl uorescence microscopy. Owing to unprece-

dented photostability of defects, they become a model system 

for resolution test of novel microscopy techniques like stimu-

lated emission depletion microscopy (STED) [  12  ]  or ground 

state depletion microscopy (GSD). [  13  ]  It is crucial for tech-

nological applications that color centres can be created using 

implantation of single nitrogen atoms into diamond lattice 

followed by annealing. First implantation experiments [  14  ,  15  ]  

have shown that two major issues related to the creation of 

color centres need to be addressed: (a) spatial resolution and 

(b) yield of creation of color centres. Implantation technique 

has intrinsic limitation on defects positioning accuracy arising 

from straggling of nitrogen in diamond lattice during implan-

tation. Low (a few keV) energy is necessary for achieving a 

positioning accuracy in the nanometer range, however the 

yield of conversion of nitrogen to nitrogen-vacancy centres 

during annealing is low in this case [  16  ]  (a few percents, due 

to an insuffi cient number of vacancies, to surface trapping of 

vacancies during annealing, [  17  ]  and to higher NV ° /NV  −   ratio). 

Shallow NV centres produced close to the surface also fi nd 

promising applications as ultrasensitive, nanoscale magnetic 

sensors. [  18–20  ]  Recently it was shown that post-processing of 

diamond via implantation of carbon allows improving con-

version effi ciency. [  21  ]  Here we show that high spatial accuracy 

of NV implantation can be realised using novel implantation 

technology. Since dopants are buried into the diamond lattice, 

scanning probe techniques like AFM or STM cannot be used 

to characterise the created arrays. We show that nanometer 

scale mapping of single implanted atoms can be done using 

far-fi eld optical STED microscopy.  

 A scheme of the implantation and measurement proce-

dures is presented in  Figure    1  . Collimating and positioning 

of the nitrogen beam are combined within the hollow tip of 

an atomic force microscope. In a fi rst experiment, a pierced 

tip with a hole diameter  ≥ 100 nm was used. Different pat-

terns were implanted in a high purity diamond ( 12 C enriched, 

Element 6) with 5 keV  15 N  +   ions and with fl uences ranging 

from 1  ×  10 11  to 3.3  ×  10 13  cm  − 2 . Due to the low creation 

effi ciency of NV centres at low energy, only the high fl uences 

resulted in clearly visible patterns. The confocal scan in 

Figure  1  shows a hexagonal pattern (500 nm between each 

spot) implanted with a fl uence of 1  ×  10 13  cm  − 2  per spot. One 
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      Figure  1 .     Nanoscale engineering and optical addressing of single NV centres in diamond. The implantation of low energy nitrogen ions is realised 
through the pierced hollow tip of the atomic force microscope. The nitrogen beam is previously focused onto the tip. A fl uorescence image (confocal 
scan) shows a hexagonal pattern implanted in diamond with  15 N  +   ions at 5 keV (fl uence of 1  ×  10 13  cm  − 2 ). A STED scan of one particular spot reveals 
an ensemble of  ∼ 12 single NV centres imaged with 10 nm resolution. Two NV centres distant from 16 nm are separately resolved.  
can estimate the number of NV centres within each spot: 

the fl uorescence intensity of the spot is divided (after sub-

traction of the background level) by the average intensity 

of single NV centres measured in the same conditions. By 

this method, we estimate roughly 12.7 NV. Nevertheless, in 

order to directly measure both the size of the hole and the 

number of NV centres created by implantation through it, it 

is necessary to use a higher resolution microscopy technique 

like STED. [  22  ]  A scheme of the STED setup used can be 

found in the supporting information. In Figure  1 , a 300 nm 

 ×  300 nm STED image is shown. The fl uorescence intensity 

of this particular spot corresponds to the mean calculated 

intensity of all the spots. A detailed view of the NV distribu-

tion within this implanted spot can be seen where the NV 

centres are now clearly, separately visible. Approximately 

10 NV centres are present in an area with a diameter of 

about 100 nm which corresponds to the size of the hole in 

the tip. Single NVs can be resolved here with  ∼ 10 nm. Sep-

aration of features only 16 nm apart is demonstrated with 

STED (illustrated by the line profi le in Figure  1 ). The two 

other centres slightly apart from the main spot may have 

been produced by scattered ions (the hole was at 3.5  μ m 

above the surface during this implantation). They could also 

be formed from intrinsic nitrogen already present in the dia-

mond but this is highly unlikely since we used an ultra pure 

diamond with nitrogen content below 0.1 ppb.  

 In the purpose of reaching even smaller aperture sizes, it 

has been already shown that the area of such holes or pores 

could change under ion implantation. [  3  ,  23  ]  Li et al. precisely 

measured, characterized and fi nally controlled the closing or 

opening of a pore in a free standing silicon-nitride layer under 

a 5 keV Ar  +   beam, naming the technique “ion sculpting”. 

They show that at room temperature, the reduction rate (area 

per ion fl uence) is almost linear and that the slope is directly 

related to the impinging ion fl ux. Since our focused ion beam 

(FIB) setup was limited to sizes  ≥ 70 nm during the drilling 

step, applying this method should enable to reach even 

smaller hole dimensions. It is therefore important to evaluate 
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the rates corresponding to the material of our cantilevers 

and tips and to fi nd the conditions for which (i) the holes are 

enough stable to perform an implantation through them and 

(ii) the size can be reduced in a controlled way.  

 In  Figure    2  a, we show the evolution under ion beam of 

different holes (from another tip + cantilever) which have 

been drilled at different positions: one in the cantilever, and 

two in opposite facets of the hollow tip. It can be seen that 

from starting apertures of about 150–200 nm, all the holes 

become smaller as the tip is hit by more and more ions. 

Moreover, the thickness of the tip seems to increase too. 

Between the fi rst column (after drilling) and the second one, 

a total fl uence of 465 N 2  
 +   nm  − 2  was implanted at a fl ux of 

0.4 nm  − 2  s  − 1 . The pictures of the third column were taken 

after a supplementary fl uence of 51 N  +   nm  − 2  at a much lower 

fl ux of 0.02 nm  − 2  s  − 1 . The hole in facet 1 is even completely 

closed in the end. The closing rates can be estimated by plot-

ting the measured holes areas versus the total ion fl uence 

(Figure  2 b). For the hole in facet 2, one fi nds 27 and 62 nm  − 2 /

(ion nm  − 2 ) in the two fl ux regimes F  =  0.4 and 0.02 nm  − 2  s  − 1  

respectively. In agreement with reference, [  23  ]  the holes have 

a longer lifetime if high fl uxes are used (a higher number of 

ions can be implanted through them before they close). This 

size reduction is explained to be due to diffusion of adatoms 

to the edges of the holes. Li et al. [  23  ]  describe a competing 

process between closing and opening which depends on 

temperature (opening occurs at lower temperatures) and 

on the ion fl ux. Nevertheless, these rates are relatively high 

especially when the hole size reduces below 20 nm. Tuning 

the temperature of the AFM tip can be envisaged in order to 

slow down or even stop the closing process when the wished 

size is reached. 

 Finally, another tip has been used, dedicated to implanta-

tions with higher resolution. A 70 nm hole was fi rst drilled by 

FIB and its size was further reduced to less than 30 nm by ion 

beam sculpting. Several patterns were then created in the same 

ultrapure diamond. An overview image of the pattern with a 

fl uence of 1  ×  10 13  cm  − 2  per spot can be seen in  Figure    3  a. Note 
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      Figure  2 .     Hole-size reduction under ion beam. (a) SEM images of three different holes 
drilled in a second tip. Left column: after they were created. Central column: after a total ion 
fl uence of 465 N 2   +   nm  − 2  with a fl ux F  =  0.4 nm  − 2  s  − 1 . Right column: after a supplementary ion 
fl uence of 51 N  +   nm  − 2  with a fl ux F  =  0.02 nm  − 2  s  − 1 . All the images are 500  ×  400 nm 2  scans. 
(b) Plot of the hole area versus the total ion fl uence, for the three different holes. The red area 
for the hole in facet 1 indicates that the rate cannot be estimated since the hole is already 
closed after the 516 ions nm  − 2  (3 rd  picture). The inset shows at which positions the holes 
have been drilled in the AFM tip.  
that the blue part visible on Figure  3 a (bottom-right corner) 

is due to saturation of the detector from the highly implanted 

region not covered by the tip. The total fl uence in this region 

is  ∼ 1.0  ×  10 14  cm  − 2  which is at the limit of the amorphisation 

threshold of diamond at this energy. [  24  ]  It is likely that the 

highly implanted part is responsible of the low brightness of 

the three spots close to the edge. The spots produced using 
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this reduced hole (which was also closer to 

the surface during implantation ( ∼ 1.5  μ m)), 

were also studied with STED. In order to 

have an estimation of the hole size, one 

needs to consider a spot having many NVs. 

Therefore the most intense spot of the pat-

tern is now shown in Figure  3 b (confocal) 

and Figure  3 c (STED). The STED image 

reveals a bright spot with a diameter of 

(25  ±  5) nm from which single NV centres 

cannot be separated optically. Note that with 

an average of 5.3 NV per spot for this pat-

tern, a yield for N to NV conversion higher 

than expected is observed. The reasons for 

this are still unclear and may be due to inho-

mogeneities in the CVD diamond (growth 

defects or surface effects). The intensity pro-

fi le corresponding to the line in Figure  3 c is 

given in Figure  3 d. The lateral resolution of 

the implantation is here clearly improved 

and the hole size can be further reduced. In 

the depth, the NVs are localized (8  ±  3) nm 

under the surface for the 5 keV implanta-

tion. It is important to note that in order 

to image them with the highest resolution 

obtained here, a STED (775 nm) intensity of 

 ∼ 8 GW cm  − 2  was applied. No degradation 

effect was observed on these very shallow 

NVs and no photo bleaching. Nevertheless, 

regarding quantum computing experiments, 

the electron spin associated to these NV cen-

tres might have a short T 2  coherence time 

due to the high density of nitrogen atoms 

around. It is therefore necessary to increase 

the yield by post irradiation of the nitrogen-

implanted diamonds in order to use only low 

fl uences. Vacancies are required to form NV 

centres and the experimentally observed low 

yield is likely due to the too small amount of 

vacancies produced by low energy ions (less 

than 40 vacancies per implanted nitrogen at 

5 keV) as well as their trapping by the sur-

face during annealing. Preliminary results of 

post-irradiation [  21  ]  and of conversion from 

NV °  to NV  − 25  are promising and there is 

still a lot to improve in increasing both the 

yield and the resolution of implantation. In 

order to obtain higher resolution, the holes 

have to be placed as close as possible to the 

surface during implantation; they must be 

drilled at the very summit of the tip. Indeed, 

we already observe a few scattered ions 
around the main spots with the holes at 1.5 and 3.5  μ m above 

the surface. If the distance is further increased to 20–30  μ m, the 

patterns do become unrecognizable due to scattered ions and 

geometrical broadening (due to a non-parallel beam). 

 In summary, we have shown high resolution creation of 

NV centres by combining a low-energy nitrogen ion beam 

with a pierced AFM tip. A resolution of 25 nm has been 
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      Figure  3 .     Creation of NV centres with higher resolution. a) Confocal image of a hexagonal pattern created through a hole with a reduced size. 5 keV 
 15 N  +   ions have been used, with a fl uence of 1 × 10 13  cm  − 2 . The distance between two spots is 500 nm. b) Confocal image of the brightest spot of 
the implanted pattern. Approximately 8 NV centres should be inside the confocal spot, as expected from the fl uorescence intensity. c) STED image 
of the same spot. The single NVs cannot be here resolved from the bright region having a size of 25 ± 5 nm which corresponds to the reduced hole. 
d) Intensity profi le corresponding to the line seen in (c). The color bars indicate the fl uorescence counts per second. Note that the excitation power 
was not the same for all the scans.  
demonstrated and can be further improved (i) by placing 

the holes closer to the surface during implantation and (ii) 

by reducing the size of the holes under ion beam. Note that 

in the case of long T 2  coherence time, a distance of 25 nm 

between qubits would be suffi cient for performing quantum 

gate using direct magnetic coupling. [  9  ]  Furthermore, we 

show that qubits separated by only 16 nm could therefore be 

addressed separately using far-fi eld optical STED microscopy. 

Finally, ultralong coherence time of single spins resulting in 

very sharp electron spin resonance (ESR) lines allows for 

their use as atomic magnetic fi eld sensor. Provided that the 

robust control of single spin positioning is available, the reso-

lution of such probes is ultimately limited by the extend of 

the wavefunction of color centres (typically subnanometre).  

 Experimental Section 

 The atomic force microscope is equipped with piezoresistive can-
tilevers for compactness reasons (see reference [  26  ] ). The tip and 
cantilever are made of silicon nitride and their thickness is about 
150–200 nm. The tip can be moved in the three directions of space. 
The samples are placed on a piezo-table having 1 nm resolution (in 
 x ,  y,  and  z  directions), the latter being fi xed on another table con-
trolled with step motors enabling long-range movements with  μ m 
precision. A hole is previously drilled in the hollow tip by focused 
ion beam with a 30 keV Ga  +   beam, focus  ∼ 70 nm. Before implanta-
tion, the nitrogen beam can easily be aligned and focused to the 
tip with the help of an in situ microscope objective (a test sample 
covered with photoresist permits to directly see the beam diam-
eter and position). After implantation, the diamond samples are 
annealed two hours at 800  ° C in vacuum, followed by a cleaning in 
a boiling acid mixture (1:1:1 sulfuric:nitric:perchloric acid).     

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.    
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