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We report on position and density control of nitrogen-vacancy (NV) centres created in type Ib

diamond using localised exposure from a helium ion microscope and subsequent annealing. Spatial

control to <380 nm has been achieved. We show that the fluorescence lifetime of the created

centres decreases with increasing ion dose. Furthermore, we show that for doses >1� 1017

ion/cm2, significant damage of the diamond lattice occurs resulting in fluorescence quenching and

amorphization. This places an upper limit on the density of NV centres that can be created using

this method. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862331]

The nitrogen-vacancy centre (NV) in diamond is a well-

studied, optically active colour centre formed by a substitu-

tional nitrogen atom and a nearest-neighbour lattice vacancy.

These centres are naturally present in low concentration in

diamond containing nitrogen and have received considerable

attention recently for their spin properties,1 room tempera-

ture photo-stability,2 potential to create single photon sour-

ces,3 use in biological sensing,4 and as tools for nanoscopy5

and magnetometry.6

For many of these applications, precise position and

density control of colour centres is essential. For example,

the emission rate and collection efficiency from a single NV

centre can be significantly enhanced by coupling to photonic

resonators.7 The degree of this enhancement (Purcell effect)

depends greatly on optimising the position of the centre with

respect to the spatial distribution of the resonator mode,

which requires nanoscale precision.8 Enhancements of the

photon emission rate up to �12 times have been achieved

experimentally by coupling to a photonic crystal cavity.9

Using AFM techniques to manipulate nanocrystals of dia-

mond containing a single NV centre allows nanometer scale

position control.10 For applications based on spin coupling in

large groups of NV centres, position control and density

control are also important. NV centres coupled to supercon-

ducting resonators can be employed as qubits, the single

elements for building quantum computers.11

NV centres in diamond can be produced by irradiation

with electrons, neutrons, or high energy ions and subsequent

annealing. The irradiation creates vacancies in the diamond

lattice, which diffuse under annealing. These are gettered by

nitrogen impurities present in the diamond to form the NV

centre. Two charge states of this centre exist, labelled NV0

and NV�, which have zero phonon lines (ZPL) at 575 nm

and 638 nm, respectively. The NV� centre has the optical

and spin properties required for quantum information proc-

essing and magnetic sensing and thus is preferable to the

NV0 centre.12 Electron irradiation provides position control;

however, it greatly reduces the intensity of the NV� centre

due to its annihilation with radiation-induced interstitials.13

Similarly, neutron irradiation suppresses the creation of NV�

centres by conversion of the NV� to NV0.14 Heþ irradiation

has been shown as a promising method to efficiently create

NV� centres in crystalline diamond.15 High energy

(�2–3 MeV) Heþ implantation requires particle accelera-

tors.16 These techniques typically produce doses of 1017 ions

cm�2 and are limited to >5� 1013 ions cm�2. High energy

Heþ irradiation can be combined with masking techniques to

gain spatial control on the order of tens of microns; however,

Heþ scattering from the mask causes unwanted vacancies up

to 60 lm from the desired position.16

Recently, low energy (�40 keV) Heþ ions generated by

radio frequency ion sources methods have been shown to

efficiently create NV centres in nanodiamond.4 Furthermore,

lower energy Heþ ions have a larger interaction cross section

and can create 40 vacancies per ion at 40 keV compared to

13 for 3 MeV Hþ and 0.1 for 2 MeV e�, respectively.17 This

efficiency allows use of a much smaller ion dose compared

to high energy irradiation. In order to achieve nanometer

scale spatial positioning precision of NV centres, techniques

employing focused ion beams can be used. Focused gallium

ions at 30 keV can create NV centres localized to a �180 nm

lateral extent with a distribution centred 15 nm from the top

surface.18 Single NV centres in type IIa diamond can be cre-

ated by focused nitrogen implantation with a 2.5% conver-

sion efficiency.19 Recently, Huang et al. reported creation of

NV centres in diamond using a He-ion microscope.20 This

technique combines the advantage of low energy Heþ ion irra-

diation with the spatial control of focused ion beam techniques.

Subsequent annealing creates NV centres. Spatial control is

achieved through raster scanning of the beam, eliminating

problems of ion scattering from a mask. They show that NV

centres can be created with a 10% conversion efficiency and

place an upper limit on their spatial distribution of 600 nm.20

Here, we use a helium ion microscope (HIM) to irradiate

type Ib h100i orientation diamond with nitrogen content

>200 ppm and study the optical properties of the centres we
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create. Spatial and spectral mapping allows us to show that

the NV0 and NV� centres have the same distribution within

the irradiated areas. The density of NV centres is shown to

vary linearly as a function of He-ion dose. Spatial control

below the diffraction limit of the collection objective is dem-

onstrated by fitting a sharp edge with the blurred edge func-

tion. Fluorescence lifetime imaging microscopy (FLIM)

shows a two component fluorescence lifetime (2 ns and 8 ns)

similar to results from NV centres created from neutron irra-

diation.21 The lifetime is shown to decrease with increasing

ion dose, which we attribute to increasing damage in the

crystal causing non-radiative decay paths. We show that for

doses of 1017 ions/cm2 and above, NV centre fluorescence is

quenched due to amorphization of the diamond.

The HIM is a recently developed tool which enables

sub-nanometre resolution imaging, as well as nanoscale

modification of materials. The HIM has a demonstrated

capability to reliably and reproducibly introduce a tuneable

density of defects into materials.22 Samples of single crystal

h100i type Ib diamond were chosen due to the abundance of

single substitutional nitrogen defects (P1 centers) in such

materials. The nitrogen doping was sufficient to give the

sample a yellow appearance resulting from strong absorption

around 400 nm due to the P1 centers (Fig. 1(a)). Raman spec-

tra show a strong first order peak at 1332 cm�1 with no other

observable peaks such as those from amorphous carbon, con-

firming the high quality of the diamond sample23 (Fig. 1(b)).

The nitrogen content of the diamond was calculated to be

246 ppm from the ratio of the 1130 cm�1 P1 center peak in

the FTIR spectrum to the background lattice absorption dip

at 2120 cm�1 (Refs. 24 and 25) (Fig. 1(c)).

The diamond samples were irradiated with a focused

beam of 30 keV helium ions using the HIM. The Heþ ions

were directed with an incident angle of 2� with respect to the

normal of the sample surface to avoid ion channeling. The

ion distribution, shown in Fig. 1(d), was calculated using

Monte Carlo simulations (The Stopping and Range of ions in

matter-SRIM). The projection onto the y-z plane shows

the number density a maximum of number density of

16� 104 cm�1. The spatial density distribution of vacancies

from a single spot exposure is shown in Fig. 1(e). A single

30 keV Heþ will create on average 67 carbon displacements

with 4 replacement collisions resulting in a total of 63 vacan-

cies. This provides a high yield of localized vacancies. The

projection on the y-z axis shows a maximum of 0.06 dis-

placements per angstrom per ion. The vacancies are expected

to be concentrated 130 6 30 nm from the surface with a lat-

eral spread of �40 nm. To form the NV centers, samples

were placed in a carbolite tube furnace and ramped to 800 �C
at a rate of 400 �C/h under Ar flow at a pressure of 1.3 mbar.

The samples were held at this temperature for 1 h to allow

vacancy diffusion and then cooled to room temperature

under Ar flow before venting.

Photoluminescence (PL) measurements we conducted

using a 488 nm CW excitation laser with 1 mW excitation

power. Collected light was passed through a dichroic mirror

and analyzed using a Reinshaw in Via spectrometer to allow

a full spectrum to be collected at each point in space. The

sample was raster scanned using a calibrated piezoelectric

positioning stage. Figure 1(f) shows the integrated PL

intensity over a 4 nm bandwidth in centered at the 637 nm

ZPL of the NV� center for a patterned array of point expo-

sures. The spot exposures were made with 1 lm separation

using 30 keV acceleration voltage, 0.8 pA beam current and

20 ms dwell time, resulting in a dose of 1� 1013 ions/cm2.

The patterning for instance, shows that these points could be

used to store information such as a barcode.

To study the effect of ion dose quantitatively arrays of

5 lm� 5 lm squares were patterned with 10 lm separation.

The area was defined by raster scanning the He-ion beam in

10 nm step sizes, with a beam current of 0.8 pA and the aver-

age dose controlled by varying the dwell time. The samples

were annealed as described previously and a spatial map of

PL intensity from the 637 nm ZPL is shown in Fig. 2(a).

FIG. 1. (a) Optical absorbance spectrum of type Ib diamond. Peak at 400 nm

due to single substitutional nitrogen (P1 centre). Inset shows optical micro-

graph of 3 mm� 3 mm sample. (b) Raman spectrum showing peak at

1333 cm�1. (c) FTIR spectrum with peaks at 1136 cm�1 and 1344 cm�1 due

to P1 centres, with additional structure from 1600 cm�1 to 2600 cm�1 due to

self-absorption of the diamond lattice. (d) SRIM simulation of the distribu-

tion of He ions with 30 keV exposure. 2D plots show number density of ions

in units of cm�1. (e) SRIM simulation of carbon displacements within

diamond under same conditions. 2D plots show displacements per angstrom

per ion. (f) Spatial PL map of random array of spot exposures after annealing

using 1� 1013 ions/cm2 illustrating diffraction limited localisation of NV

centres. Scale bar 2 lm.

031109-2 McCloskey et al. Appl. Phys. Lett. 104, 031109 (2014)
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Each row of the array repeats the same dose 3 times, starting

from 12.5� 1012 ions/cm2, and decreasing to 10� 1012

ions/cm2, 7.5� 1012 ions/cm2, 5� 1012 ions/cm2, and

2.5� 1012 ions/cm2, from top to bottom, respectively. The

minimum beam current and dwell time of the tool set a lower

limit on the dose of 6.3� 1010 ions/cm2 (when using a 10 nm

step size). In addition to the array of Fig. 2(a), two separate

arrays were patterned covering the dose range from

2.5� 1011 ions/cm2 to 6� 1013 ions/cm2. The integrated PL

intensity of the NV� ZPL from these regions is plotted as a

function of dose in Fig. 2(f). This intensity varies linearly

over the full variation of dose, indicating that one nitrogen

atom is used per defect.

The room temperature PL spectrum from 500 nm to

700 nm is shown in Fig. 2(d). The NV0 ZPL at 575 nm, NV�

ZPL at 637 nm, and phonon side bands are clearly observed.

Spatial maps of the PL intensity with 4 nm band-pass centred

on the 575 nm ZPL and the 637 nm ZPL show that both centres

are evenly distributed throughout the sample within the limit

of the optical resolution of the microscope (Fig. 2(e)).

These results show that the NV centres can be created

with high spatial accuracy. A high resolution spatial PL map

of a single exposed 5 lm� 5 lm area is shown in Fig. 2(b).

To confirm the spatial localisation of the NV centres, a line

profile can be taken across the edge of this exposure and

compared to the expected blurring from the point spread

function (PSF) of the microscope objective.26 Figure 2(c)

shows the data and fits for an objective with a numerical

aperture (NA) 0.7 (blue) and an oil immersion objective with

NA 1.3 (red). Fitting shows that NV centres can be created

with a spatial extent <380 nm.

The lifetime of the NV centre fluorescence in bulk dia-

mond is approximately referred to as �12 ns. This single ex-

ponential lifetime was originally measured to be 13 6 0.5 ns

by Collins et al. in 1983 using a flash lamp.27 Since then the

lifetime has been measured using a picosecond excitation

source in NV centres in type Ib diamond formed by high

energy neutron irradiation. It was found that this 12 ns decay

was in fact a bi-exponential decay with short component 2 ns

and long component 8 ns.21 This shorter bi-exponential

decay was not explained and was thought to possibly origi-

nate from damage of the lattice from the high energy expo-

sure. Here, we show that the NV centres produced using low

energy He-ion irradiation also have a bi-exponential

behaviour with short component of 2 ns and long component

of 8 ns. A commercial FLIM system (Microtime 200,

PicoQuant) was used to measure the fluorescence lifetimes at

different positions in the sample. A 466 nm picosecond laser

with a pulse FWHM of 63 ps, repetition rate of 10 MHz, and

average power of 0.9 mW was used. The lifetime was found

to decrease with increasing Heþ dose. Figure 3(a) shows a

spatial map of the lifetimes an array of four 15 lm� 15 lm

areas of NV centres with doses 1013, 1014, 1015, and 1016

ions/cm2. The normalised fluorescence decays for each dose

are shown on a semi-log scale in Fig. 3(b). The tails are well

fitted with a bi-exponential (solid line), with time constants

given in the figure.

Finally, it was noted that for doses 1017 ions/cm2 and

above the diamond was blackened allowing the exposed area

to be visible under the optical microscope. A fluorescence

map of a 5 lm� 5 lm area exposed to 1017 ions/cm2 is

shown in Fig. 4(a). Fluorescence is quenched in the central

region and remains in surrounding regions which obtained a

lower effective ion dose. Comparative Raman spectra at

positions just outside (1) and inside (2) the directly exposed

region show that where the fluorescence is missing a signifi-

cant amount of the diamond has been converted to amor-

phous carbon. The D and G bands of amorphous carbon,

along with the Raman peak from diamond lattice in the focal

volume are clearly observed at position 2.

We have demonstrated a technique to create NV centres

in diamond with position and density control. We show that

FIG. 2. (a) PL scans of 5 lm� 5 lm exposed areas. Continuous wave excitation from Arþ at 488 nm with 1 mW power was used. Colour map is in counts inte-

grated over a 4 nm bandwidth around the 637 nm ZPL. No conversion is made to counts per second. Each row is a different dose with 3 repeats. The doses are

12.5� 1012 ions/cm2, 10� 1012 ions/cm2, 7.5� 1012 ions/cm2, 5� 1012 ions/cm2, and 2.5� 1012 ions/cm2, from top to bottom, respectively. (b) High

resolution scan of a single exposed 5 lm� 5 lm area using 100� objective with NA¼ 0.7. The scan area is 10 lm� 10 lm, with step size of 100 nm. (c)

Experimental line section over the edge of the exposed area fitted with a blurred edge function. Taken with NA¼ 0.7 and NA¼ 1.3 objectives. (d) Extended

scan of the fluorescence from 480 nm to 750 nm. The NV0 and NV� lines are observed and also fluorescence from the vibronic sidebands associated with these

defects. The fluorescence is strong compared with the Raman peak. (e) Comparison between the spatial distribution of PL intensity averaged over 4 nm band-

width on the 575 nm NV0 ZPL and the 637 nm NV� ZPL, respectively. This shows that both centres are created uniformly. (f) Linear dependence of PL counts

from the 637 nm ZPL as a function of He-ion dose. Three separate arrays similar to Fig. 2(a) were measured (red, blue, and white dots).
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the position can be controlled to within <380 nm. Spectrally

resolved spatial mapping of the fluorescence shows a homo-

geneous distribution of NV0 and NV� centres are created.

FLIM studies show that these centres have a bi-exponential

fluorescence decay similar to NV centres created by high

energy proton and neutron irradiation.24 The decay time was

shown decrease with increasing ion dose. This effect

was attributed to increased damage in the crystal lattice pro-

viding non radiative decay paths.28 For doses larger than

1017 ions/cm2, the exposed areas became dark due to

amorphization of the diamond lattice confirmed using Raman

spectroscopy. This sets an upper limit on the usable dose to

create ensembles of NV centres with this method. This tech-

nique can be used to control the position and number density

of NV centres for applications in biological sensing, encryp-

tion, quantum computing, and magnetometry. Using higher

doses allows controlled amorphization of diamond with nano-

scale precision, which could be used for nanofabrication.
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