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Abstract Quantum tokens are based on the fact that an unknown quantum state
cannot be copied, since the measurement under an incorrectly chosen basis irre-
trievably destroys the quantum state (quantum no-cloning theorem). One of the
most promising candidates for realization of solid-state quantum tokens are the
color centers in diamond, for example nitrogen-vacancy (NV) centers. These atom-
like defects exhibit quantum properties even at room temperature being protected
by the dense diamond crystal lattice. The realization of a quantum token based on
single NV qubits is technologically very challenging, as high precision in magnetic
field alignment and positioning of the NV centers is required. An innovative
approach applying ensembles of NVs can be used based on the quantum projection
noise, which can reveal an unwanted copy attempt by an attacker. Thus, replacing
the conventional copy protection guaranteed by the quantum no-cloning theorem.
This would allow the implementation of a novel quantum token protocol that is
technologically less demanding to realize and compatible with the highest security
requirement authentication procedures. Still, the physical realization of such devices
remains an open research problem, demanding further investigation. With this in
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mind, some of the basic steps towards token realization including the preparation of
ensembles of NV centers, the design and fabrication of microwave antennas for
electron spin manipulation and of photonic nanostructures to enhance photon col-
lection efficiency will be presented in the current chapter.

Keywords Nitrogen-vacancy centers - Delta-doping - Ion implantation -
Nanopillars - MW antennas - Quantum tokens

2.1 Quantum Tokens

The conventional quantum token protocol is based on the fact that an unknown
quantum state cannot be copied, which is generally referred to as the quantum no-
cloning theorem [1]. The reason is the fact that a measurement destroys the quantum
state if it is read out under a wrong basis. Robust protocols have been proposed that
take realistic decoherence sources and imperfections into account but require quan-
tum control of individual qubits [2]. Nuclear spins are very well suited as quantum
tokens since coherence times of up to 75 s [3] can be achieved at low temperatures.
The ultimate limit is given by the relaxation times of nuclear spins in diamond,
which can reach up to 36 h under optimal conditions (low temperatures and high
magnetic fields) [4, 5]. At room temperature, decoupling techniques [6, 7] or ioniza-
tion [8] of color centers are important to eliminate fluctuating electron spins. The
manipulation, detection and control of individual quantum states can be technologi-
cally demanding and require high precision of experimental parameters, even when
using qubits that are functional at room temperature such as the NV color centers.
Additionally, “single-shot” readout would be beneficial, as it reduces the amount of
needed tokens at the cost of additional complexity [9, 10]. Ensemble manipulation
on the other hand, while typically less robust than single qubit manipulation due to
pulse frequency and length inhomogeneity, can be significantly improved with
robust composite pulses. The experimental setup can be much simpler in this case
[11]. However, the quantum no-cloning theorem does not trivially extend as copy
protection for the quantum token protocol, because the ensemble already consists of
a collection of perfect copies in the first place.

In case of ensembles, the quantum projection noise can replace the conventional
copy protection guaranteed by the quantum no-cloning theorem. It can reveal an
unwanted copy operation, since the quantum projection noise is increased if a forger
illegitimately tried to make a measurement of the token on a different basis as pre-
pared and issued by a bank [12]. Even after consecutive measurements, the forger
only gains imperfect knowledge of the state that results in an increased noise when
the ensemble is verified by the issuing bank. Figure 2.1 shows possible implementa-
tion of an ensemble-based quantum coin consisting of several diamond nanopillars
that correspond to the individual quantum tokens, each containing an ensemble of
NV centers with equal alignment within the ensemble. The number of NV centers
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Fig. 2.1 Quantum coin consisting of quantum tokens (nanopillars) each containing an ensemble
of NV centers uniformly initialized in the same quantum state (red arrows). The number of NV
centers in a token is chosen such that the quantum projection noise can reveal an illicit copy opera-
tion of a forger. The number of individual tokens in a quantum coin is chosen high enough to mini-
mize the probability that a forger can accidentally generate a copy of the quantum coin with
adequate quality

in each ensemble should be small enough such that the quantum projection noise is
still measurable [12]. Inversely, the number of quantum tokens within a quantum
coin is chosen high enough such that the probability of a forger to generate acciden-
tally a copy of the quantum coin is made arbitrarily small [13]. The initialization of
the ensembles is performed by a confocal microscope and laser illumination,
whereas the manipulation is realized by applying microwave fields in conjunction
with static electric fields for addressing and ionization of the NV centers, as dis-
cussed in the next section.

2.2 Nitrogen-Vacancy Centers in Diamond

Nitrogen-vacancy (NV) centers in diamonds have been an epicenter of research in
different fields of quantum technology applications, with breakthrough results rang-
ing from quantum cryptography and communication [14, 15] to quantum sensing
[16—18]. Their versatility stems from the color center’s unique physical properties,
guaranteeing easily performable initialization, manipulation and readout of the
quantum states, together with their long coherence and relaxation times, all of this
at ambient conditions.

An NV center consists of a substitutional defect in the diamond lattice, where a
nitrogen atom replaces a carbon atom adjacent to a vacancy, as illustrated in
Fig. 2.2a. The unpaired valence electron of the nitrogen atom can form a spin triplet
(S =1) or singlet (S = 0) with a lattice electron, thus resulting in well-defined quan-
tum states within the band gap of diamond, as shown in Fig. 2.2b. With a
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Fig. 2.2 (a) NV center in diamond crystal lattice; (b) Energy levels of NV. Blue arrows denote the
microwave (MW) driving of the spin transitions, the black solid (dashed) arrows show the allowed
(forbidden) decay paths; (¢) Scheme of the proposed quantum token based on ensembles of NV
centers in diamond nano-pillars

non-resonant green laser, the ground triplet state *A can be driven to the excited *E
state. If the NV is initially in the mg = O state, it would then decay back again to
mg = 0 in the ground state. However, if the NV is initially in one of the m, = +1
states, it can then decay through the metastable singlet states and then back to *A,
leading to an optical pumping mechanism with a preferential population of the
m, = O state [19]. This initialization mechanism is also utilized to readout the NV
electron spin state, as m; = 1 states will fluoresce less intensively than m, = 0.
Lastly, by applying microwave pulses with controllable duration and phase, the spin
levels in the ground triplet can be coherently controlled [20].

A schematic representation of a possible experimental setup for realizing an
NV-based quantum token is shown in Fig. 2.2c. An air objective is used to focus the
green laser on a spot in the diamond with a single NV or an ensemble and is also
used to collect the emitted fluorescence. Microwave pulses are generated, amplified
and then transmitted to the NVs through a copper or gold wire. Finally, an external
permanent magnet is used to split the energy levels between the m; = +1 states.
Figure 2.2¢ schematically depicts the proposed hardware for the diamond-based
quantum token (DIQTOK). Each diamond pillar contains a small NV ensemble,
where the authentication keys are stored in the long-lived nitrogen nuclear spins and
manipulated or readout via the NVs electronic spin.

2.3 Creation of NV Centers

The following section introduces two of the most common fabrication techniques
for creating NV centers in diamond. For a detailed comparative study of the optical
and spin properties of NVs created by ion implantation and chemical vapor deposi-
tion (CVD) delta-doping, readers are referred to Mendoza Delgado et al. [21],
where the effects of annealing and sample structuring for nanopillar formation are
also examined.
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2.3.1 Dense Nitrogen Delta-Doping in Diamond by Nitrogen
Surface Termination and Overgrowth

The group of Prof. Alon Hoffman has introduced and demonstrated a new approach
for creating NVs in diamond achieving a deterministic, nanometer-thin, dense delta-
doped layer of negatively charged NV centers. It is based on the formation of a
nitrogen delta-doped layer in diamond produced by a two-stage process consisting
of (1) a pure nitridation stage using microwave nitrogen plasma and (2) a subse-
quent in-situ diamond overgrowth. By this method, the highest reported nitrogen
concentration in a delta-doped layer (1.8 x 10?° cm~3) was achieved while maintain-
ing the pristine diamond crystal quality. Below, experimental details of the N-delta
layer fabrication and its structural and chemical characterization are presented.

Single crystal <100>-oriented CVD diamond plates (Element Six Ltd.) were
used as substrates. The nitrogen termination and overgrowth were performed using
a microwave plasma chemical vapor deposition (MWCVD) system (4 kW,
2.45 GHz). The pressure and MW(N,) plasma power during the nitridation process
were maintained at 15 mbar and 600 W, respectively. The estimated nitridation tem-
perature and duration were ~100-150 °C and 15 min, respectively. The nitrogen
purity was 99.999%, whereas the residual hydrogen was monitored by optical emis-
sion spectroscopy, revealing no H, peak. Following the nitridation procedure, the
MW plasma was turned off, and the chamber was evacuated to base pressure
7 x 1077 mbar. Next, the diamond overgrowth was performed for 4 min using meth-
ane (CH,) and hydrogen (H,) precursor gas mixture at a ratio of 3:97 (CH4/H.,).
During the overgrowth stage, the deposition pressure and sample temperature were
kept at 200 mbar and ~850 °C, respectively. The estimated growth rate was
3—4 mm/h resulting in a buried nitrogen delta-doped layer.

Part of the samples were characterized after the MW(N,) procedure to get insight
into the nitrogen-terminated N-Di(100) surface. The samples were transferred to an
ultra-high vacuum system with a base pressure of 1.3 x 10~ mbar for surface char-
acterization by X-ray photoelectron spectroscopy (XPS, Specs, Germany). XPS
measurements were performed at different temperatures using a non-
monochromatized Mg Ka anode X-ray source (hv = 1253.6 V) at an incident angle
of 55° from the surface normal. High-resolution electron energy loss spectroscopy
(HREELS) measurements were carried out using primary electron energy of
8.4 eV. The full width at half maximum (FWHM) of the elastically scattered elec-
tron peak was 16 meV. The spectra were recorded up to loss energies of 500 meV in
specular geometry at the same incident angle of 55°. The deconvolution of the
HREEL spectra was performed utilizing XPSPEAK (version 4.1) software. In-situ
annealing of the samples was performed for 5 min using a Boralectric heater, and
the temperature was measured by an infrared thermometer.

Transmission electron microscopy (TEM)/scanning TEM (TEM/STEM) studies
were carried out using a monochromated- and double-corrected FEI (Thermo
Fisher) Titan Themis3 S/TEM at an accelerating voltage of 200 kV to acquire
HRTEM and HRSTEM micrographs. Energy dispersive spectroscopy (EDS)
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measurements in the Themis were accomplished using a FEI Dual-X detector sys-
tem. The time-of-flight secondary ion mass spectroscopy (TOF-SIMS) setup (ION-
TOF), which was used to map the depth profiling of CN~ ions, was operated in a
dual beam mode, using 2 keV Cs* ions for sputtering and 25 keV Bi* ions for prob-
ing and analyzing the sputtered material.

The comprehensive characterization of the N-Diamond(100) surface before the
overgrowth included XPS after annealing at 700 °C in vacuum and the resulting
C(1s) and N(1s) XP spectra are presented in Fig. 2.3a, b, respectively. A detailed
fitting of the C(1s) peak revealed components corresponding to C=C, C-C, C=N,
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Fig. 2.3 (a) C(1s) and (b) N(1s) XP spectra measured from the nitrogen-terminated Di(100) sur-
face after vacuum annealing to 700 °C; (¢) HREEL spectra obtained from H-Di(100) annealed at
600 °C and MW(N,) plasma exposed + 1000 °C annealed + in-situ atomic hydrogen (H*)
exposed + 600 °C annealed Di(100) surface. (Reprinted with permission from [31], Copyright
Elsevier)
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C-H,, C-0O, and C-N bonds [22-27]. In the case of the N(Is) two components
associated with C—N/C=N, and inelastic scattering peak can be assigned [26-29].
The C(1s) peak of the as-prepared N-Di(100) surface is positioned at 285.0 eV,
associated with diamond carbon-carbon bonding with a FWHM of 1.1 eV, similar
to that measured for the pristine H-Di(100) surface, suggesting that the nitridation
process did not induce any significant defects in the diamond near-surface region
[27]. The N(1s) peak is positioned at 398.8 eV with a FWHM of 1.6 eV. Our analy-
sis shows that the surface nitrogen concentration of the as-prepared N-Di(100) is
10.2 x 10" atomsecm=2 [26, 27], which is lower than the surface atomic density of
Di(100) (~15.7 x 10'* atomsecm=2). Thus, the MW plasma does not fully terminate
the diamond surface but yields a substantial ~65% effective coverage. However, the
retained actual nitrogen concentration in the delta layer is different from this value
as the diamond overgrowth takes place at 850 °C in H,-rich/CH, plasma. As a result,
it is expected that some nitrogen atoms from the top surface layer are removed dur-
ing the diamond growth, due to the presence of active atomic H species in addition
to nitrogen thermal desorption at 850 °C. Our surface analysis determined that the
nitrogen concentration decreased upon vacuum annealing due to nitrogen desorp-
tion, and specifically, a sharp decrease was observed after annealing in the range of
800-1000 °C, where the nitrogen surface concentration decreased to 2 x 10
atomsecm—. Despite this desorption, the amount of nitrogen that withstood the ele-
vated annealing temperatures was very substantial. The near-surface crystallinity of
the as-nitrogen-terminated surfaces was also examined by HREELS [28, 29]. From
these measurements, the surface hydrogen vibrational losses and surface localized
optical phonons are measured, which are very sensitive to the crystallinity of the
upper surface [30-33].

The HREEL spectra of the pristine and nitrogen-terminated and annealed
Di(100) are shown in Fig. 2.3c. As can be seen, similar features both in loss energy
and intensity were measured for both surfaces. These results reveal that the MW
nitridation does not damage the upper diamond surface, i.e. retains its crystalline
structure, and a significant amount of the incorporated nitrogen is stable upon
annealing above 700 °C.

To estimate the nitrogen concentration within the delta-doped layer, a depth pro-
filing of CN~ ions was carried out using TOF-SIMS (Fig. 2.4a) and the nitrogen
concentration was quantitatively calibrated using a known dose of nitrogen in an
implanted single crystal diamond. We measured the highest nitrogen concentration
ever reported for a diamond delta-doped layer created in-situ within a MWCVD
reactor (1.8 x 10* cm™). The broadening of the obtained nitrogen profile
(FWHM = 5.8 nm) can be attributed to both the diffusion of nitrogen during the
overgrowth as well as to the limited depth resolution of the SIMS measurement. The
cross-sectional TEM and scanning TEM (STEM) analyses reveal that the over-
grown diamond layer is epitaxial, including the nitrogen delta-doped layer (Fig. 2.4b,
c¢). Furthermore, a high-resolution EDS measurement of the nitrogen delta-doped
layer affirms that the actual thickness of this layer, within the tool measurement
limits, is ~1 nm (Fig. 2.4d).
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Fig. 2.4 (a) N (solid line) and H (dashed line) SIMS profiles of the nitrogen delta-doped layer.
The green-patterned area indicates H tailing towards overgrown diamond (Reprinted with permis-
sion from [34], Copyright Elsevier); (b) high-resolution TEM micrograph of N-delta layer, reveal-
ing the epitaxial quality of the overgrown diamond layer (Inset: diffraction pattern including fast
Fourier transform (FFT) pattern from overgrown diamond layer); (¢) STEM micrograph of N-delta
layer (Inset: nitrogen EDS 2D-map of N-delta layer); (d) Nitrogen EDS line scan along the dashed
line marked in inset of (c), confirming the thickness of N-delta layer of ~1 nm ((b—d) Reprinted
with permission from [35], Copyright American Chemical Society)

2.3.2 Ion Implantation

Another widely used method for creation of NV centers is via nitrogen ion implan-
tation. It offers a high spatial localization and concentration control of the implanted
nitrogen ions by varying the energy and dose [36, 37]. This method, however, causes
significant damage of the diamond lattice, deteriorating the properties of the NV
centers [38]. A subsequent annealing step is essential not only for creating NV cen-
ters, as it allows vacancies to become mobile and pair with nitrogen, but also for
repairing implantation-induced damage and restoring the diamond lattice [39—41].
Figure 2.5a provides a simplified schematic of nitrogen ion implantation in dia-
mond, whereas Fig. 2.5b shows how implantation through a mask enables determin-
istic creation of NV centers. The implantation is followed by annealing under
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Fig. 2.6 SRIM simulation penetration depth of ions with energy of 70 keV in (a) PMMA and (b)
diamond; (¢) SEM image of a 200 nm diameter hole in PMMA implantation mask; (d) Fabrication
steps for ion implantation mask

vacuum to enhance the formation of NVs (Fig. 2.5¢). In the following we present a
method for nitrogen ion implantation through a lithographic mask. Before starting
the fabrication of the implantation mask, the electronic-grade diamond substrate
was cleaned using acetone and isopropanol, dried with nitrogen, and dehydrated on
a hot plate at 120 °C for 10 min. To enhance the adhesion of the PMMA layer (from
which the mask will be structured) to the diamond surface, an adhesion promoter
(TT Prime, MicroChemicals) was spin-coated and subsequently baked at 110 °C for
2 min. Based on SRIM simulations (Fig. 2.6a), a PMMA layer with a thickness of
450 nm is required to stop nitrogen ions with an energy of 70 keV, corresponding to
a penetration depth of approximately 80 nm in diamond (Fig. 2.6b). To achieve this,
a positive electron beam resist (PMMA 617.06, Allresist) was spin-coated at
1500 rpm for 40 s and baked at 250 °C (soft bake) for 5 min, yielding a layer thick-
ness of approximately 450 nm. To prevent charging effects during the following
electron beam lithography, a conductive layer (Electra 92, Allresist) was spin-coated
at 4000 rpm for 40 s and baked at 90 °C for 1 min. The prepared substrate was then
subjected to electron beam lithography with an exposure dose ranging from 50 to
57.5 pClem?. After irradiation, the conductive layer was rinsed with water. The
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Fig. 2.7 (a) Microscope image of the implantation mask, showing hole arrays with a center-to-
center distance of 10 pm and a nominal hole diameter of 250 nm. Confocal fluorescence images of
an implanted sample fabricated with the mask shown in (a), taken at (b) the edge and (c) the center
of the sample

sample was dried using nitrogen gas and then developed by immersing it in
MIBK:IPA (1:3) for 165 s, followed by a 30-s rinse in isopropanol and subsequent
nitrogen drying. Scanning electron microscopy (SEM) images of a mask fabricated
under the above-mentioned conditions on single crystal diamond were acquired to
verify that the size of the holes matched the intended design specifications
(Fig. 2.6¢). A schematic representation of the fabrication process of PMMA-based
implantation mask is provided in Fig. 2.6d.

Confocal fluorescence images were taken from a sample implanted using the
mask shown in Fig. 2.7a. Successful implantation was realized in areas near the
edges of the diamond (Fig. 2.7b), where the PMMA layer was thicker due to edge-
bead effects. In contrast, regions with a thinner PMMA layer revealed a high fluo-
rescence background due to insufficient thickness to stop the nitrogen ions, as seen
in Fig. 2.7c. These observations emphasize the importance of using SRIM simula-
tions [42] as a reference for determining the appropriate PMMA layer thickness,
while considering an error margin to ensure the effective stopping of the ions, on
one side, as well as of the optimization of the layer planarity over the whole sur-
face, on the other. It is also important to note that these SRIM calculations assume
an amorphous isotropic target, which is not always valid due to preferential molec-
ular or crystal orientations in the targets. In this case, the simulations give only a
rough estimate of the stopping range of the target.

2.4 MW Antennas

To generate microwaves (MW) across the diamond sample and manipulate the
electron spin of NV centers (Sect. 2.2), gold microwave antennas were fabricated
on the diamond surface. Here three different designs of such antennas are pre-
sented: an omega-shaped antenna (Fig. 2.8a), and two coplanar waveguides
(Fig. 2.8b, c) inspired by the antennas described in [43, 44]. The surface MW
antenna has several advantages over a thin wire, the latter routinely applied in
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Fig. 2.9 Fabrication steps of MW antennas on diamond

experiments with NV centers [45]. Due to the geometry of the antenna, the MW
field is confined between the surface electrodes, which reduces power losses and
allows reaching higher Rabi frequencies of the NV spin at comparable input pow-
ers, since the grounding blocks around the current wires allow a large Fermi sea
(free electrons) to screen the current and confine it on the region, thus amplifying
it. While there is a risk of burning the wire and damaging the microscope objective
at high MW input powers, the antenna structure facilitates the heat distribution and
allows applying higher MW power. Apart from MWs, metal electrodes can also be
used for application of an external bias voltage or grounding in Kelvin probe force
microscopy (KPFM) and conductive atomic force microscopy (c-AFM) experi-
ments or for application of an electrical current for photoelectrical detection of NV
centers [46-48].

Figure 2.9 shows a schematic representation of the fabrication steps of MW
antennas on diamond. A detailed description is given in the next section, as these
steps are identical to those used for fabricating diamond nanopillars, up to the lift-
off process.
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2.5 Fabrication of Diamond Nanopillars with Incorporated
NV Centers

It has been demonstrated that the collection efficiency of the emitted photons from
NV centers can be significantly improved in diamond nanowires compared to bulk
diamond, which is important for applications in quantum technology, since it is one
of the requirements for a high-fidelity NV state readout [49, 50]. The following sec-
tion provides an overview of the fabrication steps for diamond nanopillars. For a
more detailed description, the reader is referred to Mendoza Delgado et al. [21],
Supplementary material (S1).

The variation of nanopillar diameters is particularly important, as it directly
influences the number of NV centers incorporated into each nanopillar. This section
focuses on a fabrication technique optimized for nanopillars with diameters larger
than 150 nm, as it yields the best results with high reproducibility. The process
involves the use of electron beam lithography (EBL) to create metal masks, which
are essential for diamond structuring through inductively-coupled plasma reactive
ion etching (ICP-RIE). A schematic representation of the fabrication process is
shown in Fig. 2.10.

Two layers of PMMA (AR-P 617.06, Allresist) were sequentially spin-coated
and baked at different temperatures: 230 °C for the lower layer and 250 °C for the
upper layer. This difference in baking temperature leads to a higher sensitivity of the
lower layer, allowing the developer to erode it faster and to form pronounced under-
cut structures that facilitate the lift-off process. Challenges in the fabrication of
nanopillars with diameters below 100 nm arise with this method since a thin layer
of PMMA is required for an accurate transfer of the pattern during EBL.

Once the desired pattern was transferred into the PMMA resist via EBL, metal
deposition was carried out, starting with Ti as an adhesion layer, followed by Au
evaporation. The material and thickness of the etching mask influence the duration
of ICP-RIE of diamond, which determines the height of the structured nanopillars.
Among the tested materials, Au and Ti were preferred due to their low etching rates
in O, plasma and minimal micromasking effects. By immersion in DMSO, the
underlying resist layers are dissolved, leaving metal only in the exposed areas.

— ] L
Diamond substrate PMMA Soft bake 230°C PMMA Soft bake 250°C Electron beam
spin-coating spin-coating lithography
__________ i 8 B H B
Diamond nanopillars Mask removal ICP-RIE Lift-off process Ti and
in deposition

Fig. 2.10 Fabrication steps of diamond nanopillars
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Finally, nanopillars were fabricated in the diamond samples using ICP-RIE with O,
plasma. After etching, the metal mask was removed chemically by immersion first
in KI/I, (4:1) to etch Au, followed by the removal of the Ti adhesion layer with a
solution of HF:H,0,:H,0 (1:1:20). To estimate the etch rate, control measurements
of the structure heights were performed by scanning electron microscopy.

SEM and optical microscopy were employed to characterize the geometric char-
acteristics of the fabricated diamond nanopillars, including their height. SEM
images were taken at a tilt angle a (Fig. 2.11a, b) to determine the height of the
nanopillars, denoted as r. The distance between the nanopillars ¢ was measured
using an optical microscope Keyence (Fig. 2.11c). Afterwards, it was measured also
in the SEM images, a, and the tilt angle a was calculated

a afa
cosa=——>0=cos |—
c c

Next, the angle in degrees between the projected height p and the actual height r of
the nanopillars, denoted as f, was calculated

B=90-a

allowing for the determination of the actual height r of the nanopillars

cosB:B—n: P
r cosf

Applying this approach, heights in the range of 850-960 nm were determined for
460 s etching which corresponds to an etch rate on the order of 110-120 nm/min.
The SEM images of the nanopillars revealed well-defined shapes with top diameters
close to the nominal ones and larger bottom diameters. The optimized structuring
recipe resulted in minimal micromasking as observed by the smooth diamond sur-
face between the pillars. The tapered shape of the nanopillars is due to the shape of
the metal masks fabricated by lift-off process. The determination of the exact geom-
etry of the nanopillars is important to estimate the number of NV centers in them,
i.e. in each token, having in mind the implantation depth or the thickness of the
overgrown layer by delta-doping.

©

Fig. 2.11 (a) Reference plane system for determination of the actual nanopillar height; (b) SEM
image of nanopillar array taken at a tilt angle a; (¢) Microscope image of nanopillar array
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2.6 Conclusions

A novel approach based on quantum projection noise and on ensembles of NVs was
proposed for realization of diamond quantum tokens, whose main components were
presented and discussed. Two major techniques are applied for incorporation of NV
centers in diamond: nitrogen ion implantation and overgrowth by chemical vapor
deposition. In the latter case, delta-doping is a key factor providing localized layer
of NVs. By nitrogen ion implantation the localization of the created NV centers in
depth is achieved by the ion energy, whereas their deterministic lateral formation
can be achieved by the application of implantation masks. The design of surface
antenna plays an important role for the effective confinement of the microwave field
and subsequently for the control of NV’s electron spin. The collection efficiency of
the photons emitted by the NVs can be enhanced by their incorporation into pho-
tonic nanostructures, such as nanopillars. Electron beam lithography and induc-
tively coupled plasma reactive ion etching were implemented for fabrication of
diamond nanopillars and their geometry was characterized. The number of nanopil-
lars in an array determines the number of quantum tokens within a quantum coin.
The optimization of all steps including the creation of NV centers, fabrication of
nanopillars with embedded NVs, design and implementation of MW antennas are
decisive for the realization of functional diamond quantum tokens.
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