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The negatively charged nitrogen-vacancy (NV) centre exhibits outstanding optical and spin properties and
thus is very attractive for applications in quantum optics. Up to now an active control of the charge state of
near-surface NV centres is difficult and the centres switch in an uncontrolled way between different charge
states. In this work, we demonstrate an active control of the charge state of NV centres (implanted 7 nm
below the surface) by using an in-plane Schottky diode geometry from aluminium on hydrogen terminated
diamond in combination with confocal micro-photoluminescence measurements. The partial quenching of
NV-photoluminescence caused by the hole accumulation layer of the hydrogen terminated surface can be
recovered by applying reverse bias potentials on this diode, i.e. the NV0 charge state is depleted while the
NV2 charge state is populated. This charge state conversion is caused by the bias voltage affectedmodulation
of the band bending in the depletion region which shifts the Fermi level across the NV charge transition
levels.

T
he nitrogen-vacancy (NV) centre in diamond has attracted significant interest over recent years as it is
promising for applications in quantum information processing1–4, single-spin magnetometry5,6 and plas-
monics7,8. One of the outstanding properties is that the spin of the negatively charged NV centre can be

initialized and read-out optically9.
For most of the applications, it is essential to use NV2 defects as close as possible to the diamond surface

(1–10 nmbelow the surface), either to enhance the sensitivity of diamond-basedmagnetic sensors or to efficiently
couple the emitted photoluminescence to a photonic waveguide or amicrocavity10,11. However, the charge state of
near-surface NV centres is strongly affected by surface defects, surface terminations and adsorbates and switches
in an uncontrolled way betweenNV2, NV0 and presumably NV1 12–17. The control over the charge state of the NV
centre is difficult up to now. A prerequisite would be to control the position of the Fermi level within the bandgap.
Passive control is achieved by surface termination with oxygen15–17 and active control has recently been achieved
by using a solution-gated field effect transistor18. Recently, H. Kato and co-workers demonstrated an active
control of the charge state of NV centres in the intrinsic layer of a diamond-based pin-diode19. With this
three-dimensional device a switching of the NV charge state could be achieved from NV2 to NV0.

In this work, we use a two-dimensional Schottky junction of aluminium on hydrogen terminated diamond20,21.
Aluminium forms a Schottky contact onH-terminated diamond inducing a lateral hole depletion layer next to the
Al contact. By applying external potentials to the Al contact the band bending in the depletion region can be
manipulated. As a consequence, the Fermi level shifts in such away that the charge state of NV centres is switched.
Using confocal micro-photoluminescence we demonstrate an increasing depletion of the NV0 charge state and
population of the NV2 charge state with increasing reverse bias voltages applied to this diode.

Results
Experiments were performed on a 300 mm thick ultra-pure diamond grown homoepitaxially on Ib substrate by
Microwave Plasma-Enhanced Chemical Vapour Deposition (MWPECVD)22. After growth the sample was wet-
chemically cleaned and oxidized.

For photoluminescence characterizations we used a confocal microscope with an excitation wavelength of
532 nm. All presented spectra were normalised to the intensity of the first order Raman line of diamond. Please
note that only spectra acquired with the same excitation and detection conditions are compared in each figure.
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The confocal micro-photoluminescence (mPL) spectrum of the
grown diamond epi-layer with oxidized surface, shown in Fig. 1a,
is dominated by the first and second order Raman lines as well as low
NV signal. The latter originates from the Ib substrate containing a
high nitrogen concentration.
In the next step, nitrogen ions with a dose of 1013 ions/cm2 have

been implanted at an average depth of 7 nm (5 keV implantation
energy)17,23 covering homogeneously the whole diamond sample
area. In order to activate the diffusion of vacancies to produce NV
centres, the sample was annealed at 800uC. The efficiency of this
formation process is about 1–10%24, resulting in an NV centre sheet
density of about 1012 cm22 and NV emission as shown in Fig. 1b. To
analyse the proportion of NV0 and NV2 luminescence, a weighted
superposition of pure NV0 and NV2 emission spectra (Fig. 1c) as
published in literature15 was fitted to the measured spectrum in
Fig. 1b (details are described in themethods section). The fit revealed
that 10% of the total spectrum results from NV0 and 90% fromNV2.
After implantation and annealing, the surface was hydrogen (H)-

terminated. The hydrogen termination quenched the NV-PL by
roughly 50% as shown in Fig. 2. Furthermore, after H-termination
the composition of the NV emission is changed to 20% of NV0 and
80% of NV2.
To control the charge state of NV centres, we fabricated an in-

plane Schottky diode, which is schematically shown in Fig. 3a.
Aluminium (Al) was used as Schottkymetal showing a barrier height
of about 570 meV and gold (Au) as an ohmic contact20,21. The IV-
characteristic of the fabricated in-plane Schottky diode measured at
ambient conditions is shown in Fig. 3b. An on/off ratio of more than
7 orders of magnitude is achieved.
To investigate the influence of external bias voltages on the NV

emission, originating fromNV centres in the depletion region next to

the Al contact, we used a long working distance objective to avoid
short circuits between the microscope objective and the metallized
and wired diamond surface.
The results of the mPL measurements performed at the edge of the

Al contact (spot 1 in Fig. 3a) for different reverse bias voltages are
shown in Fig. 4a. Each spectrum was normalized to the amplitude of
the first order Raman line to enable a direct comparison and a
quantitative evaluation comparison and evaluation. With increasing
reverse bias voltage the intensity of the NV2 part of the spec-
trum increases, while the NV0 part decreases. The absolute NV2

emission is increased by 20% – 30%. We also performed spectral

Figure 1 | Formation of NV centres. (a) Photoluminescence spectrum of the grown diamond epi-layer with oxidized surface, normalized to the first

order Raman line. The first and second order Raman lines as well as a weak NV signal are visible. The latter originates from the substrate containing a high

nitrogen concentration. (b) NV-Photoluminescence spectrum (blue line) after nitrogen ion-beam implantation and annealing. The spectrum,

normalized to themaximum intensity of theNV2phonon side bands, shows typical features such as the zero phonon line of the neutral charge stateNV0 at

2.156 eV (575 nm) and of NV2 at 1.945 eV (637 nm) and their phonon sidebands. The red curve is the weighted superposition of single NV0 and NV2

spectra (see Fig. c) fitted to the measured spectrum for calculation of the NV0 to NV2 ratio. (c) Normalized photoluminescence spectra of single NV0 and

NV2 centres as measured by Rondin et al.15.

Figure 2 | Quenching of NV emission. NV spectra measured before and

after hydrogen-termination. After H-termination, the intensity of the NV

emission is quenched partially. The spectra are normalized to the first

order Raman line.
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measurements under forward bias conditions but we could neither
detect any change in the spectra nor observed electroluminescence
from NV centres.
The spectra in Fig. 4a contain a high background originating from

NV centres outside the depletion region (see discussion section for
explanation) and from the substrate. As the Fermi level in the area
outside the depletion region is not altered by the bias voltage, theNV-
PL from that region is constant. It has been measured ca. 100 mm
away from the depletion region (indicated as spot 2 in Fig. 3a) and is
shown in Fig. 4b. This reference spectrum was subtracted from the
bias voltage affected spectra in Fig. 4a. As a result we get the relative
change of the NV-PL intensities for different bias-voltages. The
obtained data plotted in Fig. 4c show that the NV2 signal is enhanced

and the NV0 emission is reduced. In addition, we calculated the
relative change of the integrated intensities of the NV0 and NV2

amplitudes in Fig. 4c at different bias-voltages. The integrated intens-
ity of the NV2 amplitude increases approximately by a factor of 10
and the NV0 amplitude decreases just approximately by a factor of 4
(Fig. 4d).
The features shown in Figs. 4a,c and d are reproducibly measured

at different positions along the Al-contact. This is a strong support
for the interpretation of the spectral changes in terms of af field-
induced variation of the charge-state of NV centres.
It should also be noted that the intensity of the first order Raman

line in the mPL spectra in Figs. 1b and 2 is much lower than that
shown in Figs. 4a and 4b. This change in Raman intensity is a simple

0

Figure 3 | In-plane Schottky diode from diamond. (a) Schematic figure of an in-plane Al Schottky diode on H-terminated diamond surface. A confocal

mPL measurement was performed at the edge of the Al contact (green spot 1) to investigate the bias-voltage dependent variation of NV emission in the

depletion region. The reference spectrumwasmeasured 100 mmaway from the edge of the Al contact (green spot 2). (b) The current-voltage properties of

the fabricated in-plane Al-Schottky diode measured at ambient conditions at T 5 300 K.

Figure 4 | Tuned NV emission. (a) Variation of the NV spectra for different reverse bias potentials (measured on spot 1 depicted in Fig. 3a). Each

spectrum was normalized to the amplitude of the first order Raman line to allow comparison and evaluation. (b) Reference spectrum (normalized to the

first order Raman line) measured on spot 2 as depicted in Fig. 3a. (c) Background corrected variations of the spectra shown in (a) with the amplitudes

normalized to themaximum amplitude. (d) Relative change of the integrated intensities of the NV0 and NV2 amplitudes in (c) for different bias-voltages

applied.
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measurement artefact25 resulting from the application of a long
working distance objective with a lower numerical aperture in the
latter experiment.

Discussion
To understand the partial quenching of the NV-photoluminescence
after H-termination of the surface (Fig. 2), the band bending at the
diamond surface need to be considered which is shown schematically
in Fig. 5a and explained in the following. Hydrogen terminated dia-
mond shows a negative electron affinity x26–28. Therefore, the chem-
ical potential ma of the aqueous wetting layer covering the diamond
surface is below the valence band maximum giving rise to tunnelling
of electrons from the valence band into the lowest unoccupied elec-
tronic states of the adsorbate film (transfer doping model)27,28. This
induces a band bending from the surface into the bulk and the
formation of a two-dimensional hole accumulation layer at the dia-
mond surface with a typical hole sheet density of N5 1012 cm22 27,28.
Calculations by Nebel et al.28 show that this hole accumulation layer
extends approximately 1–4 nm into the diamond bulk. The charge
transition level is defined as a level at which a defect centre takes up or
loses an electron when the Fermi level crosses this level. Towards the
surface, the NV charge transition levels NV1/0 (1.2 eV above valence
band maximum29) and NV0/2 (2.8 eV above valence band max-
imum18) are moving above the Fermi level as schematically shown
in Fig. 5a. As both charge transition levels are unoccupied the NV
photoluminescence is quenched. With an average implantation

depth of 7 nm the NV enriched layer is spatially separated from
the hole accumulation layer which is also shown in Fig. 5a.
However, the observed partial quenching can be explained by tun-
nelling transitions from the nearby hole channel and by the fact that
the sheet density of implanted nitrogen ions of 1013 cm22 exceeds the
typical hole sheet density of just 1012 cm22. It should be mentioned
that the hole sheet density is determined by the quality of the H-
termination and by the diamond surface roughness. Typical values
for the hole sheet density are varying between 5 3 1011 and 5 3

1012 cm22 21.
For the interpretation of the bias-dependent NV emission, the

formation and the working principle of the two-dimensional
Schottky junction at the Al/H-terminated diamond interface need
to be considered. The work function of Al is smaller than that of an
H-terminated diamond surface, thus a Schottky barrier for holes in
the two-dimensional p-type surface conductive layer is induced21. As
a result, a lateral hole depletion region next to the Al contact is
formed as schematically shown in Fig. 5b. The NV charge transition
levels NV1/0 andNV0/2 are also displayed in the lateral band diagram
in Fig. 5b. Please note that the NV centres are homogeneously dis-
tributed between the Al and the Au contact, following the band
bending of the Schottky contact as schematically shown in Fig. 5b.
The width wSCR of the depletion layer can be estimated21:

wSCR!
e0er

2pe

V

psh
,

where e0 is the vacuum permittivity, er is the relative permittivity of
diamond, e is the elementary charge, V is the applied reverse voltage
and psh is the hole sheet density which is typically about 10

12 cm22 21.
For reverse voltages between V 5 3 and 60 V, the estimated deple-
tion layer width varies between 15 nm and 300 nm. As we use a long
working distance objective of NA5 0.5 and an excitation wavelength
of lexc 5 532 nm, the calculated lateral resolution rlat 5 0.4lexc/NA
of the confocal measurement is about 426 nm. Due to this, the laser-
illuminated area is (especially for small reverse bias voltages) much
larger than the depletion layer which is schematically indicated in
Fig. 3a. Therefore, only a small fraction of the NV centres addressed
by the confocal mPL measurement is located within the depletion
layer and only these centres produce the change in the mPL spectra
if a reverse bias voltage is applied on Al contact resulting in a mod-
erate signal modulation of the NV spectrum (see Fig. 4a).
The change of the mPL spectra for different reverse bias voltages

(Fig. 4a) can be interpreted by taking the band bending modulation
in the depletion region of the in-plane Schottky junction into con-
siderationwhich is shown schematically in Figs. 6 a and b. By increas-
ing the reverse bias voltage, the Fermi-level in the depletion region
first crosses theNV1/0 and then theNV0/2 transition level (Fig. 6a). In
this way, non-fluorescent NV1 centres switch to NV0 while NV0

centres closer to the aluminium contact switch to NV2. Thus, we
would expect an increase of NV2 emission with increasing reverse
bias. The smaller change of the NV0 emission (Fig. 4d) is most likely
due to fact that an NV1 to NV0 conversion takes place which thus
minimizes the decrease of NV0 emission. By applying forward poten-
tials we expect the opposite, i.e. the Fermi-level is pushed below the
NV1/0 transition level and thus the NV centres are switched to the
non-fluorescent state NV1. An overall decrease of the NV-PL intens-
ity could not be observed in our experiment due to the very small
depletion layer width which even becomes smaller or even vanishes
by applying increasing forward potentials. Thus, the spectra are
dominated strongly by NV emission next to the depletion region
and the variation of the total spectrum upon applying forward vol-
tages will be below the detection limit.
In summary, we have shown for the first time that the charge state

of the NV centre can be manipulated in the depletion region of an
in-plane Al Schottky junction. Application of reverse bias voltages
resulted in conversion from NV0 to NV2. If the charging and

Figure 5 | Formation of an in-plane Schottky junction. (a) Schematic of

the energy band diagram of an H-terminated diamond from the surface

into the bulk (z-axis as depicted in Fig. 3a). Evac is the vacuum level, x is the

negative electron affinity, EVBM and ECBM is the valence band maximum

and the conduction bandminimum respectively, EF is the Fermi level. H-C

indicates the carbon-hydrogen bond at the surface and ma is the chemical

potential of the aqueous wetting layer covering the diamond surface. 2-

DHG is the two-dimensional p-type channel. Also shown are the charge

transition levels NV1/0 (1.2 eV above valence bandmaximum EVBM
29) and

NV0/2 (2.8 eV above valence band maximum EVBM
18) as well as the

nitrogen donor level N (1.7 eV below conduction bandminimumECBM
30).

The green square indicates the region below the surface covered by

nitrogen and bothNV2 andNV0 centres generated by implantation (centre

position is 7 nm below the surface with a standard deviation of 2.3 nm).

(b) Schematic lateral band diagram of the Al/H-terminated diamond

interface (x-axis as depicted in Fig. 3a). WM is the work function of Al and

wSCR is the width of the lateral depletion region. The green lines at the NV

charge transition levels indicate the NV-layer region. The energy level N of

nitrogen, as shown in a), is not displayed for a better overview.
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discharging would be governed by tunnelling transitions to the Al
metal contact we expect fast switching behaviour. In addition to that,
this planar diode structure can be easily integrated into quantum
optical devices such as quantum registers which then enables the
electron spins of theNV centres to be switched on and off on demand
and thus allow or block the optical manipulation of the spins.
In the present experiments the density of implanted NV centres

was too high to detect single centres by confocal mPL. We are cur-
rently preparing new experiments with nitrogen-implantation densi-
ties around 108 cm22 to characterise properties of single NV centres
in the close vicinity of Al-Schottky contacts.

Methods
Fabrication of in-plane Schottky diode from diamond with NV centres. For
realizing a two-dimensional Schottky-diode we prepared a diamond sample. An Ib
(001) 33 33 0.5 mmdiamond plate fromElement Six Ltd. was used as substrate and
a 300 mm thick intrinsic, nitrogen free epi-layer was grown homoepitaxially onto this
substrate using the ellipsoidal shaped MWPECVD (Microwave Plasma-enhanced
Chemical Vapour Deposition) reactor20. The process parameters used were 200 mbar
gas pressure at a gas flow of 400 sccm H2 and 16 sccm CH4 (which corresponds to a
CH4/H2 ratio of 4%), 0.5 sccm O2 and a microwave power of 4.5 kW. Under these
conditions, the measured growth temperature was about 780uC. The growth rate was
2.1 mm/h.

A shallow nitrogen-ion beam implantation, with implantation energy of 5 keV and
a sheet density of N 5 1013 cm22, was applied to realize an NV-layer close to the
surface. The resulting implantation profile shows aGaussian density distributionwith
a centre position of 7 nm (1.4 nm/keV) and a standard deviation of 2.3 nm (0.46 nm/
keV) that has been simulated with the software SRIM (stopping and range of ions in
matter)17,23. The formation of NV centres was achieved by annealing the sample for
1 h at 800uC.

Hydrogen termination was achieved by applying pure hydrogen plasma in the
MWPECVD reactor at a pressure of 100 mbar, with a microwave power of 1.9 kW.
The duration of the termination process was 1 minute at a temperature of around
500uC.

The fabrication of the in-plane Schottky diode was realized by using photolitho-
graphy in combination with thermal evaporation of Al and Au with a thickness of
50 nm each on the diamond surface. The contacts were 500 mm3 500 mm large and
separated from each other by a distance of 500 mm.

Experimental setup for optical detection. Our confocal microscope set-up is
equipped with a diode-pumped and frequency-doubled Nd:YAG-laser operating at a
wavelength of 532 nm with an output power of 5 mW and a commercial confocal
microscope (LabRam BX41, Horiba Jobin Yvon). The laser beam is passed to the
microscope through an optical fibre and focused onto the sample by the microscope
objective. The laser power illuminating the sample is 1 mWdue to losses in the optical
path of the microscope setup. The resulting photoluminescence signal is collected by

the same objective and the excitation wavelength is spectrally filtered out using notch
filter. The light beam is subsequently focused onto a pinhole for spatial filtering and
routed via a fibre to a monochromator (iHR-320, Horiba Jobin Yvon). As detector a
Peltier-cooled CCD-Camera (SYNAPSE, Horiba Jobin Yvon) was used.

To investigate the tuned NV emission, we used an objective with a long working
distance (Olympus LMPlanFLN, 503, NA 5 0.5, WD 5 10.6 mm) to avoid a short
circuit between the microscope objective and the metallized and wired diamond
surface.
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Figure 6 | Working principle of an in-plane Schottky junction. Schematic

band-diagram of a Schottky-junction for (a) reverse bias and (b) forward

bias voltages applied on Al-Schottky contact. The green lines at the NV

charge transition levels indicate the NV-layer region. For reverse bias

voltages applied on Schottky contact the Fermi-level EF is pushed towards

the NV0/2 level, resulting in an increase of NV2 emission close to the Al

contact. For forward bias-voltages, the Fermi-level EF is pushed below the

NV1/0 transition level and thus the NV centres are switched to the non-

fluorescent state NV1.
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