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ABSTRACT: Nanostructuring of a bulk material is used to change
its mechanical, optical, and electronic properties and to enable
many new applications. We present a scalable fabrication technique
that enables the creation of densely packed diamond nanopillars
for quantum technology applications. The process yields tunable
feature sizes without the employment of lithographic techniques.
High-aspect-ratio pillars are created through oxygen-plasma
etching of diamond with a dewetted palladium film as an etch
mask. We demonstrate an iterative renewal of the palladium etch
mask, by which the initial mask thickness is not the limiting factor
for the etch depth. Following the process, 300−400 million densely
packed 100 nm wide and 1 μm tall diamond pillars were created on
a 3 × 3 mm2 diamond sample. The fabrication technique is tailored
specifically to enable applications and research involving quantum coherent defect center spins in diamond, such as nitrogen-vacancy
(NV) centers, which are widely used in quantum science and engineering. To demonstrate the compatibility of our technique with
quantum sensing, NV centers are created in the nanopillar sidewalls and are used to sense 1H nuclei in liquid wetting the
nanostructured surface. This nanostructuring process is an important element for enabling the wide-scale implementation of NV-
driven magnetic resonance imaging or NV-driven NMR.

■ INTRODUCTION
Since the first investigation of single color centers in diamond,1

diamond rapidly gained popularity in the field of quantum
optics. One specific color center in diamond, the nitrogen-
vacancy (NV) center, has been most intensively studied and
shows promise for numerous applications including quantum
computing,2 quantum cryptography,3 quantum sensing,4−6

masers,7 and so forth. The creation of dense ensembles of
near-surface NV centers is important for many applications,
including NV center-driven hyperpolarization for nuclear
magnetic resonance (NMR) and magnetic resonance imaging
(MRI) applications,8 widefield imaging of condensed matter
and biological systems,9 and photonic applications.10 In this
work, the customization of diamond samples targets MRI/
NMR and sensing-related applications.
The signal at thermal equilibrium in NMR or MRI

applications is proportional to the nuclear spin polarization,
which is determined by the magnetic field strength, temper-
ature, and gyromagnetic ratio.11 However, it is possible to
increase nuclear spin polarization by utilizing the optically
driven electron spin polarization of the ground state NV
center, a polarization that can exceed 92%.12 Theoretical
investigations have hypothesized that transferring electron spin

polarization from an ensemble of NV centers to nuclei external
to the diamond could enhance the NMR or MRI signal up to
several orders of magnitude.13 As target molecules, metabolites
are particularly interesting molecules to hyperpolarize since
tracking their metabolism in real time with MRI has been
shown to reveal crucial information in living organisms. An
important example of this is a study by Kurhanewicz et al. who
demonstrated that prostate tumors can be diagnosed utilizing
the metabolism of pyruvic acid hyperpolarized via dissolution
dynamic-nuclear polarization (d-DNP).14

To successfully exploit NV centers for hyperpolarization of
external liquids, several aspects must be considered. First, the
NV center ensemble and the target molecules should be close
to the diamond surface to improve the interaction between the
internal electron spins and the external nuclear spins. The
diamond surface termination should therefore enable wetting
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of the liquid on the surface. A smooth diamond surface is
beneficial since surface roughness is suspected to be correlated
with the density of surface spins, a source of decoherence for
surface NV centers.15 Long coherence times and preferential
alignment of the NV centers improve the efficiency of pulsed
hyperpolarization protocols. Additionally, the volume of the
hyperpolarized liquid must be macroscopic (e.g., 2 μL of neat
pyruvate is required for preclinical studies in mice and around
1 mL for clinical studies),16 meaning that it would be favorable
to enhance the diamond surface area via nanostructuring. The
average distance of the target molecules to the diamond surface
should be short so that a significant portion of the target
molecules directly interacts with the NV centers via dipole−
dipole coupling, while the others are hyperpolarized via spin
diffusion. This is benchmarked using the characteristic spin
diffusion length of a target solution, defined as the time the
nuclear spin polarization diffuses within a one spin−lattice
relaxation (T1) period. Given these considerations, we
understand that the aspect ratio of the nanofeatures should
be as large as possible, while the feature pitch should be less
than or match the nuclear spin diffusion length of the targeted
molecules. The range of spin diffusion lengths targeted in this
study is estimated to be 100−300 nm for partially deuterated
glasses with [1H] = 1 M with T1 ranging from 30 to 300 s (1 T,
−196 °C).17
In addition to polarization transfer to external nuclear spins,

shallow NV centers are often applied for the detection of
unpolarized nuclear spins.18 Their depth, d, of a few nm,
defines a detection volume outside the diamond roughly of the
size d3. For an ensemble of NV centers at a depth of around 5
nm, this volume contains on the order of 10,000 1H spins for
water. Even if the polarization of these spins is negligible, they
exhibit statistical polarization with a root-mean-square (rms)
value of 100 spins for the mentioned example, which is 1% of
the total spin number and thus amounts to a large detectable
signal. Surface enhancement by nanostructuring also enhances
the detection sensitivity of the NV ensemble and could
improve its application in the sensing of unpolarized nuclear
spins.

High-aspect-ratio diamond nanopillars are typically created
via defining an etch mask with electron beam lithography
(EBL) and subsequent reactive ion etching (RIE). This
approach is highly versatile, enabling the creation of arbitrary
arrangements of metal mask geometries with high accuracy and
reproducibility.19,20 The disadvantage, however, is that such a
method can be costly and time-intensive, where nano-
structuring a 2 × 2 mm2 sample may require an entire day.
For nanoscale sensing and hyperpolarization applications, mask
and pattern geometry play a secondary role, and instead, high
throughput is critical. Previously, metal colloids were applied
or sputtered on the diamond surface, which enables the
selective etching of diamond nanowires.10,21 While a colloid
deposition is straightforward and fast, it is difficult to control
pitch while preventing the colloids from aggregating, and the
choices of metal available are not necessarily best for etch-mask
selectivity.22 Alternatively, in an effect called dewetting,
melting-point depression can be leveraged to create nanosized
metal features: when thin metal films are heated, they often
rearrange to a thermodynamically more stable configuration,
for example, droplets.23,24 This rearrangement can happen at
temperatures far below the melting point of the metal
depending on the film thickness. Using metal particles formed
by dewetting as an etch mask on the polycrystalline diamond
has been demonstrated to deposit a single mask, which yields
features with up to 850 nm height post etching.22,25 In this
work, we show how to tune the process for a palladium mask,
where, in particular, the mask is renewed to yield features with
a range of diameter and pitch, and demonstrate pillars 1 μm
tall, 100 nm diameter, with a pitch of 200 nm. The added step
of mask renewal plus reannealing is crucial for achieving the
high aspect ratios demanded by possible applications for NV
centers in diamond.
A schematic of the process is given in Figure 1A: once the

palladium film is deposited on the diamond (Figure 1B), the
thermal treatment separates the palladium into small metal
droplets, as shown in Figure 1C. The average size and pitch of
the dewetted metal droplets can be controlled via the metal
film thickness and the dewetting temperature. However, since
the geometry of the droplets can be approximated by spheres,

Figure 1. Schematic of the fabrication process. (A) After cleaning the diamond, (B) a thin palladium film is deposited on the diamond. (C) A
thermal treatment separates the palladium film into small droplets. (D) Subsequent RIE creates the initial diamond pillars. (D) Since the palladium
mask is etched away before the desired aspect ratio of the diamond pillars is reached, (E) additional palladium is deposited at an angle of 75° on the
diamond. The angled deposition causes the pillars to shadow the lower parts of them, which results in an accumulation of coarse mask material at
the top of the pillars. (F) This step is repeated after rotating the diamond by 180°. (G) Another thermal treatment transforms the coarse mask into
a single smooth metal sphere sitting on each diamond pillar. (H) The additional mask allows for further etching and therefore for high-aspect-ratio
diamond pillars.
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the height of the metal features roughly matches its width. This
can become a problem if high-aspect-ratio nanopillars are
desired: the maximum etch time, and therefore the etch depth,
is determined by the thickness of the metal mask. The
palladium mask may be etched away before the desired aspect
ratio of the diamond pillars is reached, as illustrated in Figure
1D. We mitigate the effects of mask erosion by developing a
process for mask renewal: once the initial mask is etched away,
the sample is mounted at an angle of 75° in the evaporation
chamber and 20 nm palladium is then deposited from the side
of the nanostructured surface. Due to shadowing, the
palladium only accumulates on the upper part of the pillars,
as shown in Figure 1E. Since only one side is covered by the
palladium, this process step is repeated after rotating the
diamond by 180°, as shown in (Figure 1F). Another run of
dewetting transforms the mask material with the natural
roughness of the electron beam evaporation into smooth metal
spheres sitting on the tops of the nanopillars, as illustrated in
Figure 1G. This technique enables additional plasma etching,
resulting in 1 μm tall and 100 nm wide diamond nanopillars,
with a pitch of 200 nm.
In the following sections, we also verified that pyruvic acid

wets the nanostructure and that the created NVs in the pillar
sidewalls can be coupled to the 1H nuclei in an external liquid.

■ FABRICATION METHODS
To test different parameters of the nanofabrication, optical-
grade diamond substrates from Element Six were used (SC
Plate CVD 3.0 × 3.0 mm2, 0.25 mm thick, ⟨100⟩ face
orientation, ⟨100⟩ edge orientation).26 For sensing 1H nuclei
in an external liquid, an electronic-grade diamond sample (EL
SC Plate 2.0 × 2.0 × 0.5 mm, ⟨100⟩ face orientation, ⟨110⟩
edge orientation) from Element Six was implanted with 14N.
Palladium films were evaporated onto the different optical-

grade samples via an electron beam evaporation system
(Temescal BJD 1800). To allow dewetting, the samples were
placed in a rapid thermal annealer (RTA) (RX6 from AET
Technologies). For the oxygen plasma etching, an inductively
coupled plasma (ICP) etcher (Panasonic E640) was used. The
chamber pressure of 10 mTorr and an oxygen flow rate of 30
sccm were kept constant for all the experiments, while the RF

and ICP powers were varied. The scanning electron
microscopy (SEM) images were obtained using a JEOL
7600F and a Hitachi S-5200 at different angles.
The characterization of the nanostructured sample with

incorporated NVs was carried out using a homebuilt confocal
microscope that allows for diffraction-limited localization of
individual color centers and full control of associated electron
and nuclear spins.

■ RESULTS AND DISCUSSION
To determine suitable parameters for dewetting, the palladium
thickness and the dewetting temperature were studied. Three
optical-grade samples were prepared with thin palladium films.
Each sample was divided into three areas with palladium film
thicknesses of 3, 6, and 9 nm (Figure 2C). Thereafter, the
three samples were annealed for 6 min under nitrogen at either
500, 600, or 700 °C. Due to the risk of graphitization,
temperatures above 700 °C were avoided and therefore not
studied.27

The results of varying the film thickness and the temperature
are shown in Figure 2A. Three main effects can be determined
from this figure: first, with increasing temperature, the metal
features become more separated, convex, and smaller. Second,
thinner films are easier to dewet, that is, the thinner the films
are, the higher the chance of receiving well-separated circular
metal features. Third, the thicker the initial palladium film, the
larger the final metal feature diameter. The average diameters
given in the figure were calculated via ImageJ.28 All three
observations are in accordance with the theory of the melting-
point depression.23

The tunability of the feature size is beneficial for sensing and
hyperpolarization applications. As an example, for hyper-
polarization applications, we maximize the polarization of the
external nuclei by reducing pitch. Reducing pitch means
reducing spin diffusion length, which minimizes polarization
loss due to longitudinal spin relaxation (T1). The feature size is
therefore tuned based on a characteristic spin diffusion length
of the target nucleus of choice.
We target a feature size of 100 nm with a 200 nm pitch to

avoid spin diffusion lengths above 50 nm, maintaining a
minimum detectable volume for an NMR sensor in between

Figure 2. (A) Effect of the initial palladium film thickness and the dewetting temperature on the palladium feature size and geometry (SEM
parameters: 2 kV acceleration voltage, 10 μA current, 0° tilt angle). Average diameters were calculated via ImageJ and are indicated in the insets.
(B) Dewetted palladium features prior to oxygen etching. A palladium film thickness of 6 nm and a dewetting temperature of 600 °C was used.
(SEM parameters: 2 kV acceleration voltage, 10 μA current, 45° tilt angle). (c) Photo of the 3 × 3 mm2 optical grade diamond sample with three
different palladium film thicknesses of 3, 6, and 9 nm.
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the pillars. Therefore, we chose to proceed with the 6 nm-film-
thickness samples that were thermally treated at 600 °C for 6
min, as shown in Figure 2B. The size and shape of the droplets
are uniform throughout the whole 3 × 3 mm2 area.
To study the effect of the bias RF power in the oxygen dry

etch, we prepared three samples according to the process
above and varied the RF power in each etching process. Figure
3 shows two main effects from varying RF power: a lower RF

power leads to lower etch rates and to a more isotropic etch.
We found etch rates of 139 nm/min for an RF power of 50 W,
231 nm/min for an RF power of 100 W, and 254 nm/min for
an RF power of 200 W. While the anisotropic physical etch
dominates for higher RF power, the isotropic chemical etch
dominates for lower RF power. The sidewalls formed in an
isotropic etch appear less rough than those created with an
anisotropic etch recipe, consistent with previous studies.10

Figure 3. Comparison of different feature geometries. (A−C) show the geometry depending on the RF powers used during the dry etch. The
samples were etched for 1 min and the RF powers vary from (A) 50, (B) 100, to (C) 200 W. Further parameters: ICP power: 800 W, pressure: 10
mTorr, O2 flow rate: 30 sccm (SEM parameters: 2 kV acceleration voltage, 10 μA current, 30° tilt angle). (D) Nanopillars after 4 min of etching
and subsequent aqua regia clean (SEM parameters: 2 kV acceleration voltage, 10 μA current, 45° tilt angle). (e) Nanopillars after mask renewal and
subsequent dewetting (SEM parameters: 2 kV acceleration voltage, 10 μA current, 30° tilt angle).

Figure 4. (A) Void in the nanostructure gives insight into the full shape of the nanopillars after 6 min of etching (SEM parameters: 2 kV
acceleration voltage, 10 μA current, 30° tilt angle). (B) Fabricated nanostructure with frozen pyruvic acid wetting the surface. (C) Enlargement of
(B), showing that the pyruvic acid is trapped between the pillars (SEM parameters: 2 kV acceleration voltage, 10 μA current, 45° tilt angle).
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High etch rates and smooth sidewalls are desired for the
targeted application of hyperpolarization, and hence, we
choose an RF power of 100 W as a good balance for further
processes.
The palladium mask eroded almost entirely after 4 min, as

shown in Figure 3D. On some of the pillars, which look more
pointed than the others, the palladium mask was already gone
before the etch process was stopped, and mask erosion
transferred to pillar erosion. To renew the mask, we mounted
the sample at an angle of 75° in the metal evaporation chamber
and evaporated 20 nm from two opposing sides. Thereafter, we
treated the sample in the RTA for 6 min at 600 °C. The pillars
with the renewed mask are shown in Figure 3E.
The additional palladium mask enabled an extension of the

etching time of 2 min. The final features with a height of 1050
nm and a width of 100 nm are shown in Figure 4A. Generally,
this process can be iterated as well: we renewed the mask up to
three times, which allowed for etching times longer than 10
min and received 1.7 μm tall pillars.
Having formed a nanopillared surface with a large surface

area, we next discuss the utility of these structures for
quantum-assisted sensing of small volumes of nuclear spins.
First, we inferred the wetting of pyruvic acid on the surface of
the diamond with cryogenic SEM. A single droplet is placed on
the diamond and rapidly frozen in liquid ethane to avoid the
condensation of water. A 2 nm layer of platinum as a
conductive layer is placed on the sample while keeping it in a
cryogenic holder at −196 °C to examine it by SEM. The
results are shown in Figure 4B,C. Once a region was found,
where the pyruvic acid is present but not overflowing, it was
apparent that pyruvic acid is wetting the surface of the
nanostructured diamond. Most importantly, the volume
between the nanopillars is filled with pyruvic acid, as shown
in Figure 4C. Cryogenic SEM revealed no evidence of

crystallization, which suggests that pyruvic acid was vitrified.
Amorphous glasses are desired as they fill the voids more
uniformly than crystals, which is beneficial for hyperpolariza-
tion applications.
Finally, we assessed the suitability of our nanostructuring

method for NV applications, utilizing a confocal microscope
suitable for NV research as, for example, described in ref 29
and the Supporting Information. The confocal microscopy
images in Figure 5B,C reveal the implanted NV center
ensembles in the nanostructured region of the diamond
surface. The interaction between the NV centers and the 1H
nuclei in an external liquid (immersion oil) was measured via
nanoscale NMR.9

To this end, a 200 μm spot of the diamond pillar surface was
laser-irradiated and the generated fluorescence was collected
(see the Supporting Information for experimental details). A
magnetic field of 136.57(4) mT was applied with a
misalignment angle of 600(17) μrad with respect to the NV
axis. The magnetic field setting was verified by utilizing the
optically detected magnetic resonance (ODMR) spectrum of
the NV electron spins and the effective hyperfine interaction
with the 14N nuclear spins (see the Supporting Information).
The measured magnetic field strength yields an expected 1H
resonance frequency of 5.816(2) MHz. A dynamical-
decoupling-(DD)-based nuclear spin spectroscopy scheme18

reveals a signal at exactly that frequency, which we identify as
the spin noise of the statistically polarized 1H nuclei around
each NV center (see Figure 5D and the Supporting
Information). The NV ensemble coherence time under the
DD sequence is 35(2) μs (see the Supporting Information).
The DD sequence is extended to improve the signal acquired
from the nuclear spin ensemble, as well as to reduce the
spectral linewidth to the limit set by NV centers and 1H spins
(see Figure 5D).30 The NMR signal contrast shown in Figure

Figure 5. (A) Schematic of the 14N implantation process. Due to the angle at which the nitrogen atoms hit the diamond surface, shallow NVs are
created in the pillar sidewalls, and deeper NVs are created below the base of the pillars. Since mask residues on the pillar tops were only removed
after the implantation, the nitrogen atoms could not enter the flat horizontal surface on the pillars. (B) Lateral laser scanning confocal fluorescence
image of the nanostructured diamond surface with NV centers. For comparison, a single NV center underneath a flat (100) diamond surface and
under the same laser excitation and detection conditions would yield a fluorescence photon rate of 1700 counts/s. (C) Depth scan shows the cross
section through the diamond surface. The dark region in the center is a shadow cast by the wire, which carries the microwave current for electron
spin manipulation. Except for the pillar region of the diamond, no NV fluorescence is visible. (D) NV-based NMR spectroscopy in the region of the
1H Larmor frequency. A spectral line due to statistically polarized 1H spins is visible. For increased coherent interaction time between NV electron
spins and 1H spins (values given in legend) the peak amplitude increases, and its linewidth decreases. All NMR spectra are normalized to their
respective baseline level. The baseline level itself decreases with interaction time due to decoherence. The average decoherence time of all NV spins
in the ensemble is 35(2) μs (see the Supporting Information). NMR measurements were averaged over a 200 μm lateral spot. (E) Illustration of
the dynamical decoupling sequence. White and black blocks are π/2 and π microwave pulses respectively, the green block represents the laser pulse
for read out and reinitialization. The π pulse separation τ determines the sensitive frequency ν.
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5D is of similar strength as for a single center approximately 15
nm deep.30 The rms field strength of the precessing 1H spins of
the oil molecules exert on the NV spins is on the order of 100
nT.30 The precise distribution of NV center depths and
orientations with respect to the diamond surface is not known
for the nanostructured diamond presented here. Hence, a
precise derivation of average NV depth from NMR signal
contrast was not possible.
In addition to these large-volume-averaged NMR spectra,

confocal-volume-scale NMR spectra were recorded (see the
Supporting Information). They show that the 1H signal mainly
originates from the NVs in pillars and not from those at the
base of the pillars or from inside the bulk diamond.

■ CONCLUSIONS
A process for nanostructuring single crystalline diamond using
a dewetted palladium film with tunable feature size and pitch as
a metal mask for RIE was demonstrated. The aspect ratio of
the nanopillars can be increased by renewing the palladium
mask to allow for longer etching times. Using this procedure,
diamond samples specifically tailored for hyperpolarization and
sensing applications with NV centers could be produced in a
high-throughput fashion and studied. Via cryogenic SEM, we
verified that pyruvic acid, an interesting molecule for metabolic
imaging, wets the nanostructured surface. Furthermore, the
sample was implanted with 14N and annealed to create NV
centers. With a confocal microscope, the NV centers in the
nanostructured diamond were utilized for sensing 1H magnet-
ization external to the diamond. The results show that the NV
centers are close enough to the diamond surface with a
sufficiently high coherence time (35(2) μs) to sense 1H nuclei
in the immersion oil. Finally, this procedure enables the
possibility to fabricate hundreds of diamond samples in a single
day with a single metal evaporator and RIE, whereas
fabrication via EBL would need approximately 1 day to
produce one similarly nanostructured 3 × 3 mm2 sample.
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