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We report on an ion implantation technique utilizing a screening mask made of SiO2 to control both

the depth profile and the dose. By appropriately selecting the thickness of the screening layer, this

method fully suppresses the ion channeling, brings the location of the highest nitrogen-vacancy

(NV) density to the surface, and effectively reduces the dose by more than three orders of magni-

tude. With a standard ion implantation system operating at the energy of 10 keV and the dose of

1011 cm2 and without an additional etching process, we create single NV centers close to the surface

with coherence times of a few tens of ls. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984060]

Impurity doping of semiconductors is a fabrication

process indispensable for modern electronic devices and

continues to be so for quantum devices such as silicon-based

single-donor spin qubits,1–3 in which the positions of the

individual donors must be controlled precisely.4 Being opti-

cally addressable and coherently controllable by micro-

waves, single electronic spins associated with the negatively

charged nitrogen-vacancy (NV�) centers in diamond play

important roles in emergent quantum technology, e.g., as a

matter qubit interfacing with a flying qubit5–8 and as a nano-

scale magnetic sensor.9–11 Both applications demand that the

NV centers should be located close to the diamond surface.12

For quantum networks, shallow NV spins can be efficiently

coupled to photons in a nanophotonic cavity.13 For magne-

tometry, the proximity of the NV sensor to a magnetic speci-

men is crucial because their dipolar coupling strength decays

as the inverse cube of the separation.

So far, shallow NV centers (< 5 nm from the surface)

have been created primarily by (i) nitrogen-doping during

CVD growth14–17 and (ii) Nþ ion implantation.18–27 The

CVD approach allows the accurate control of the impurity

distribution in the depth direction, whereas the doping is ran-

dom in the lateral dimensions. Ironically, high-quality CVD

diamond films tend to lack vacancies to pair up with nitrogen

atoms; an additional process to introduce vacancies, such as

electron irradiation,14 Cþ ion implantation,16 or Heþ ion

implantation,17 is often required although the creation of shal-

low NV centers in as-grown films has also been reported.15

Ion implantation introduces both nitrogen atoms and

vacancies into diamond. The lateral distributions are control-

lable by the use of a focused ion beam18 or an array of small

apertures.20–23 The main concern is that the depth profile

intrinsically has broadening approximated by a Gaussian

distribution. Importantly, the ions can penetrate deep inside

the crystal lattice due to the ion channeling effect.28 The

prevailing approach is to keep the implantation energy low

(< 5 keV).24–27 It is also preferred to set the implantation

dose (fluence) low (�108 cm�2) so that single NV centers

can be resolved optically. On the other hand, standard, multi-

purpose ion implantation systems operate at 10 keV or higher

with the dose of 1011 cm�3 or higher, making this approach

not widely available. Even with high-energy ion implanta-

tion, it is possible to plasma-etch the implanted diamond to

bring the NV centers closer to the surface. But special care

must be taken to prevent the etching itself from damaging

the surface.29,30

In this paper, we report on an ion implantation technique

utilizing a screening mask made of SiO2 to control both the

depth profile and the dose. With a standard ion implantation

system operating at the energy of 10 keV and the dose of

1011 cm2 and without additional surface-etching, we create

single NV centers close to the surface. The use of a screening

mask is quite common in the silicon industry28 and yet has

not been explored thoroughly in the context of NV centers.

Previously, thin (<10 nm) or thick (�100 nm) screening

layers were employed to mitigate the ion channeling or fully

suppress the ion transmission into diamond20–23 but not to

control the entire depth profile. We show here that the appro-

priate selection of the screening layer thickness has a qualita-

tively different consequence that is preferable to create

shallow NV centers.

To illustrate our approach, we carry out Monte Carlo

simulations of ion implantation using a software package

SRIM.31,32 Figure 1(a) shows the simulation results for dia-

mond and SiO2 with the Nþ energy of 10 keV and the dose

of 1011 cm�2. The incident angle is normal to the surface.

Fitting the curves by Gaussian distribution functions, we
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obtain the projected range R (the mean travel distance of

ions along the axis of the incidence) and the projected strag-
gle r (standard deviation) as Rd ¼ 15.0 nm and rd ¼ 5.4 nm

for diamond, and Rm ¼ 31.1 nm and rm ¼ 15.1 nm for SiO2,

respectively. We note that SRIM does not take into account

the ion channeling, and therefore, the actual depth profile for

diamond can have a longer tail toward the interior of the

material. On the other hand, SiO2 is an amorphous material

expected to be free of the ion channeling.

We then simulate the case of SiO2 (t nm)/diamond heter-

ostructures. Figure 1(b) shows the results for various t rang-

ing between 10 and 70 nm with 10 nm steps. The depth

profiles now appear as combinations of the profiles of the

two materials; down to the SiO2/diamond interfaces at t nm,

the profiles trace that of SiO2 (except for the small reductions

near the interfaces), and after entering into diamond, the pro-

files mimic that of diamond with the near-surface parts trun-

cated. Qualitatively, these profiles are analogous to the case

in which Nþ-ion-implanted diamond (without SiO2) is

surface-etched by de ¼ ðrd=rmÞðt� RmÞ þ Rd nm, where de

is determined so that the integration of the profile for SiO2

larger than t and that for diamond larger than de may be

equal. Notably, for t� 40 nm (>Rm), only the tail parts

appear in the profiles inside of diamond, and thereby, the

locations of the highest ion densities are at the surface. It is

also clear that the distributions in the depth direction become

much narrower than rd. In addition, the simulated profiles

should be more reliable for larger t, owing to the better sup-

pression of ion channeling by SiO2 layers.

In Fig. 1(c), we plot the fraction of Nþ ions transmitted

into diamond nN and the average number of vacancies in

diamond created by a single ion nV. nN (t) can also be esti-

mated as28

nN tð Þ ¼ 1

2
erfc

t� Rmffiffiffi
2
p

rm

� �
; (1)

reproducing well the simulation results. Figure 1(c) shows

that we are able to reduce the effective dose by three orders of

magnitude, at the same time reducing the number of vacan-

cies by nearly four orders of magnitude. The excess vacancies

not diffused away or annihilated by thermal annealing after

the ion implantation are the sources to degrade the crystalline

quality; creating less vacancies at the stage of ion implanta-

tion can be beneficial. Assuming a moderate N-to-NV con-

version efficiency (yield) of 1%, the final NV density of

�1011 cm�3 (or �2� 107 cm�2), favorable to the single NV

detection, is attainable.

The benefits of using a screening mask with an appropri-

ately chosen thickness are summarized as follows: (i) the ion

channeling is fully suppressed, (ii) the location of the highest

NV density can be brought to the surface, and (iii) the effective

dose can be reduced by more than three orders of magnitude.

We now test our approach experimentally. The sample

was a natural abundant, (100)-oriented type-IIa high pressure

high temperature (HPHT) diamond (Sumitomo), on which

multiple SiO2 layers with different thicknesses were depos-

ited by electron beam evaporation. During the SiO2 deposi-

tion and the Nþ ion implantation, the sample was kept

covered with a metal plate equipped with apertures with the

diameter of 400 lm. In each deposition run, only one aper-

ture was open, and the rest of the apertures were blocked. On

the sample stage of the evaporator, a silicon substrate was

also set in the vicinity of the sample. After each run, we

determined the thickness t of deposited SiO2 by ellipsometry

to the silicon substrate (the thickness of native oxide is taken

into account). The sample was then implanted with 15Nþ

ions at 10 keV and the dose DN ¼ 1011 cm�2 (Ion

Technology Center), with all the apertures open. The 15N

isotopes (I ¼ 1
2
) were used to discriminate from the 14N iso-

topes in the bulk (I¼ 1, 99.6%). After the ion implantation,

the SiO2 layers were removed by hydrofluoric acid. The sam-

ple was subsequently annealed at 800 �C for 2 h in vacuum

in order to let vacancies diffuse to form NV centers, and at

450 �C for 9 h in an oxygen atmosphere in order to convert

neutral NV (NV0) centers into negatively charged ones

(NV�).33 The sample was cleaned before and after each

annealing process. In the following, the areas with t¼ 0, 16,

25, 36, 46, 53, 64, and 72 nm are measured in detail.

The properties of the created NV centers are examined

by fluorescence imaging and optically detected magnetic res-

onance (ODMR), using a home-built confocal microscope

combined with microwave circuitry. The photons emitted

from the NV centers (625–800 nm) are collected by a single-

photon counting module, and our setup typically gives

�25 kcps (kilo-counts per second) photons from a single NV

center located close to a diamond surface, which is calibrated

using a different diamond sample containing near-surface

NV centers (similar to the one reported in Ref. 15). Figure 2

shows representative fluorescence images taken at different

areas of the sample surface. As t increases, the photon counts

FIG. 1. Monte Carlo simulations (SRIM) of (a) Nþ ion implantations into dia-

mond and SiO2 and (b) SiO2 (t nm)/diamond heterostructures with t¼ 10, 20,

30, 40, 50, 60, and 70 nm. The interfaces are discernible as vertical lines. (c) nN

(�) and nV (�) as functions of t. The solid line is a calculation using Eq. (1).
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from the surface progressively decrease. For the areas with

t� 36 nm, we observe ensemble NV centers. In the t¼ 46 nm

area, both the single and ensemble NV centers are observed.

For the areas with t� 53 nm, large portions of the images are

dark, with discrete spots emitting a few tens kcps photons as

expected for single NV centers. We note that, in claiming

NV centers (single or ensemble) here, they are confirmed to

originate from 15NV centers (see Fig. 4). We also note that

from photoluminescence (PL) spectroscopy, we have not

detected signals unrelated to NV centers, for instance

silicon-vacancy (SiV) centers. It is possible that our method

introduces Si atoms into diamond due to a knock-on effect

and subsequently produces SiV centers. However, as far as

we checked, such SiV centers have not been found, and we

conclude that the knock-on of Si atoms during the Nþ ion

implantation is negligible here.

We estimate the NV density NNV in two ways. For the

areas with t� 46 nm, where ensemble NV centers are

observed, we calculate the average photon counts per laser

spot size and divide them by the calibrated photon counts

from a single NV center (25 kpcs). As the depth resolution

of our confocal microscope is at most a micron, much larger

than the expected depth profile, we calculate the average NV

number in the unit area (in cm�2 unit). For the areas with

t� 53 nm, we count the number of bright spots in the

observed region. To correctly identify single NV� centers

and exclude the signals from NV0 as well as other spurious

emitters such as surface dusts, the threshold values for pho-

ton counts and the spot size are defined. The estimated NNV

is shown in Fig. 3(a). For comparison, the N density NN

calculated as DN� nN is given. Also given is 0.01�NN,

which roughly follows the NNV data points, indicating the

yield of about 1%. Figure 3(b) plots the yield calculated as

NNV/NN. It is observed that the yields for single NV centers

are �0.2%, less efficient than those for ensemble NV centers

(�3%). The better values in the ensemble case may partly be

attributed to the inclusion of the phonon side band of NV0 in

the photon counts. Extending up to 700 nm, the phonon side

band of NV0 partially overlaps with the NV– spectrum.

However, from PL spectroscopy, we estimate the ratio NV�/

(NV�þNV0) to be around 80%; this is not sufficient to

explain the difference in the yields. It is possible that the

reduced number of vacancies for larger t [see Fig. 2(c)]

resulted in the reduced probabilities of paring up a nitrogen

atom and a vacancy. A further work is necessary to under-

stand the t-dependence of the yield.

Next, we examine the spin properties of single NV cen-

ters found in the t� 46 nm areas. An example of the ODMR

spectrum taken at the t¼ 72 nm area is shown in Fig. 4(a).

The resonance dip corresponding to the mS¼ 0$ �1 transi-

tion is split by 14 MHz due to the hyperfine coupling with a

proximal 13C nucleus (I ¼ 1
2
, 1%), attributed to the third

shell.34,35 The dips are further split by 3 MHz due to the

hyperfine coupling with the 15N nucleus of its own. Note that

the mS¼ 0$ 1 resonances are 200 MHz higher and are not

shown. In addition to giving �25 kcps photons, the coupling

to a specific 13C nucleus in the lattice evidences that the

observed spectrum arises from a single NV center. The 15N

hyperfine interaction unambiguously implies that the NV

center is formed from the implanted nitrogen.

In measuring the coherence time T2 of the NV spins by

a Hahn-echo sequence,36 two factors contributing the echo

signal must be considered. One is the electron spin echo

envelope modulation (ESEEM) effect due to the 15N nucleus

of the NV center,14 and the other is the echo revivals due to
13C nuclei in the bulk.37 To mitigate them, we work at higher

magnetic fields, as shown in Fig. 4(b). Aligned along the NV

axis, the static magnetic field of a few tens of mT serves to

polarize the 15N nucleus and suppress the 15N ESEEM. In

addition, the revival period of the 13C nuclear oscillation in

this case is a few ls, thus cannot be overlooked even when

T2 is short. Figure 4(c) shows the echo decay curve obtained

at the condition of (b), giving T2¼ 9 ls. We repeat the T2

measurements for various single 15NV centers, and the

results for 40 NV centers are summarized in Fig. 4(d). One

fourth of the measured NV centers have T2> 10 ls, and the

longest T2 we have obtained so far is 25.4 ls from the

t¼ 72 nm area. On the other hand, a half of the measured NV

FIG. 2. Fluorescence images (20� 20

lm2) of areas Nþ-ion-implanted

through SiO2 layers with t¼ 0 nm (a),

25 nm (b), 53 nm (c), and 72 nm (d).

The white circle indicates the spot

from which the data in Figs. 4(a)–4(c)

were taken.

FIG. 3. (a) The experimental NV density NNV and the calculated N density NN,

0.01�NN, as functions of t. The square (triangle) points � (�) are estimated

from the ensemble (single) NV centers. (b) Yield (NNV/NN) as a function of t.
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centers show short coherence with T2< 4 ls, hinting that

they are very close to the surface. We leave a detailed study

on the relationship between T2 and the depth from the sur-

face as a future work.

To summarize, we have proposed and demonstrated an

ion implantation technique utilizing a screening mask made

of SiO2 to control both the depth profile and the dose. Even

with the implantation energy of 10 keV and the dose of 1011

cm2, which are in general too high to create shallow single

NV centers, we are able to create single NV centers with T2

of a few tens of ls. In addition to being simple and less

demanding in the sense that neither a custom-built low-

energy low-dose ion implantation system nor a careful

plasma-etching process is required, this method is easily

combined with the aperture array method to provide addi-

tional control in the lateral distribution. We also point out

that a material for the screening mask is flexible and not lim-

ited to SiO2; one can use other materials as long as their

thicknesses are precisely controllable and they are preferably

amorphous. AlO2 or organic resists may be used, for

instance. Future works include the determination of the depth

profile of the NV centers by using, for instance, proton

nuclear magnetic resonance (NMR) of external surface

nuclear spins.38 The present diamond substrate contains 13C

nuclei, the NMR signal of which can mimic that of pro-

tons.39 The use of isotopically pure 12C diamond as a starting

material will avoid this problem and can also improve the

coherence properties of the NV spins. Relatively short T2

observed here is indicative of the near-surface nature of the

NV centers created, but it should also be noted that the nitro-

gen and vacancy distributions can be quite different from the

standard ion implantation. To understand the formation

dynamics of the NV centers both qualitatively and quantita-

tively, a combination of molecular dynamics and kinetic

Monte Carlo simulations will be important.40
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