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ABSTRACT: The nitrogen-vacancy (NV) center in diamond is an attractive
platform for quantum information and sensing applications because of its room
temperature operation and optical addressability. A major research effort focuses
on improving the quantum coherence of this defect in engineered micro- and
nanoscale diamond particles (DPs), which could prove useful for high-resolution
sensing in fluidic environments. In this work we fabricate cylindrical diamonds
particles with finely tuned and highly reproducible sizes (diameter and height
ranging from 100 to 700 and 500 nm to 2 μm, respectively) using high-purity,
single-crystal diamond membranes with shallow-doped NV centers. We show that
the spin coherence time of the NV centers in these particles exceeds 700 μs, opening the possibility for the creation of ultrahigh
sensitivity micro- and nanoscale sensors. Moreover, these particles can be efficiently transferred into a water suspension and
delivered to the region to probe. In particular, we introduce a DP suspension inside a microfluidic circuit and control position
and orientation of the particles using an optical trapping apparatus. We demonstrate a DC magnetic sensitivity of 9 μT/√Hz in
fluid as well as long-term trapping stability (>30 h), which paves the way toward the use of high-sensitivity pulse techniques on
contactless probes manipulated within biological settings.
KEYWORDS: Nanodiamond, microdiamond, nitrogen vacancy (NV) center, long spin coherence, nanoscale sensing, microfluidics,
optical trapping

The negatively charged nitrogen-vacancy (NV) center in
diamond1−4 has become a prominent room-temperature

spin system for quantum information and sensing applications
owing to its inherent optical addressability and long spin
coherence times.5−11 In particular, a major research effort has
focused on exploiting the metrology capabilities of the NV
center to investigate the details of biological systems at the
nanoscale using diamond micro- and nanoparticles. These
particles behave like highly localized, low-thermal-mass spin
systems and can therefore be used for high spatial resolution,
high-sensitivity mapping of their environment. For example, in
recent years, micro- and nanoscale diamond particles (DPs)
have been employed as biocompatible quantum probes in
thermometry12 and electromagnetic sensing13 and have been
integrated with atomic force microscopes14 and optical tweezer
platforms15,16 to create NV center-based scanning probes. DPs
have also been proposed for monitoring single ion channel
activities in neurons17 and sensing low-density magnetic
impurities in a fluidic environment.18

One of the primary challenges inherent to using DPs as
quantum probes is the marked degradation of the spin
coherence of the NV centers within these structures relative
to bulk diamond.13,19−21 Improving the coherence properties in

DPs has been a central research focus since they ultimately limit
the achievable sensitivity. The lack of geometric control over
the DPs’ shape, size, and crystal orientation and the absence of
an adequate means to engineer the position and density of the
incorporated NV centers have further limited the practical use
of DPs in sensing applications. The geometric factors, for
example, compromise the stability and the orientation control
of micro- and nanodiamonds optically trapped in aqueous
environments,15 hindering their sensing potential. Additionally,
the control over the spatial distribution of the NV centers is
critical to obtain single defects in proximity to the DP’s surface,
which is imperative for the sensing of single spins outside the
diamond lattice.22,23 These challenges have been partially
addressed using multiple top-down techniques to fabricate DPs
with controlled geometries both in polycrystalline and single
crystal diamond.24−26 Separately, relatively long NV center spin
coherence has been observed using optimized dynamical
decoupling pulse sequences in DPs with low densities of
paramagnetic impurities.27,28
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In this work, we implement a DP fabrication process that
allows us to obtain NV centers with long spin coherence times
that are embedded with controlled density and spatial
distribution within single-crystal DPs. Our approach combines
a high quality diamond epitaxial growth29 with an established
technique for diamond membrane fabrication,30 along with
electron beam lithography to pattern the DPs with a finely
tuned shape and size. The use of diamond membranes is crucial
to obtain an efficient release of the particles in suspension at the
end of the fabrication process. Specifically, we fabricate
cylindrical DPs (diameters ranging from 100 to 700 nm and
lengths from 500 nm to 2 μm) incorporating single NV centers
exhibiting consistently high Hahn echo coherence times
(T2,Hahn ∼100 μs on average) up to ∼360 μs. The coherence
is further extended to ∼710 μs using more advanced dynamical
decoupling techniques. Additionally, we fabricate high-photo-
luminescence, high-aspect-ratio DPs and use them for optical
trapping experiments inside of a microfluidic circuit. We show
that the control over the particle’s geometry is crucial in
achieving long-term (over 30 h) trapping and orientation
stability. These results pave the way for magnetic field and
temperature mapping with bulk-like sensitivity in solution.
The fabrication process (described in detail in the Supporting

Information) begins by creating a disordered layer in an
electronic grade diamond substrate ([100] surface normal)
using helium ion implantation (Figure 1a). We subsequently
use plasma enhanced chemical vapor deposition (PECVD) to
grow a diamond layer doped with 15N (Figure 1b) to create
isotopically tagged NV centers.29,31 We use two separate
growth recipes to obtain membranes with distinct NV center
densities and properties. In one case (growth structure 1) we
use a fast growth (∼50 nm/min) combined with uniform 15N
doping of the PECVD diamond layer to obtain a large number
of uniformly distributed NV centers in a thick (1.0−1.5 μm)
membrane. The second type of growth (growth structure 2) is
performed at a slower rate (∼10 nm/h) to prevent structural
defects and involves precisely timed 15N doping. This recipe
results in a ∼6 nm thick NV center layer sandwiched between
two ∼100 nm high purity diamond layers (delta-doped
membranes). Furthermore, this recipe utilizes an isotopically
pure 12C diamond lattice to create a nuclear spin-free
environment conducive to high spin coherence times.32 Next,
the disordered layer is selectively electrochemically etched to
release the newly grown membrane, which is then bonded
(PECVD grown face down) to a carrier wafer using
poly(methyl methacrylate) (PMMA), an easily employed and
etchable transfer layer. The residual damaged layer of the
electronic grade diamond plate is removed with a reactive ion
etch (details of this process have been previously described30).
Finally, we use electron beam lithography to define a hydrogen
silsesquioxane (HSQ) hard mask array of circles with varying
radii (Figure 1c). The hard mask protects the diamond during a
subsequent oxygen inductively coupled plasma (ICP) etch,
which transfers the mask pattern to the underlying diamond
membrane to yield cylindrical DPs (Figure 1d). In Figure 1e,
we show a scanning electron microscope (SEM) image of an
array of particles patterned in a diamond membrane. By
carefully controlling the etch time through the membrane, we
obtain DPs attached to the substrate by a thin anchor of
PMMA (Figure 1f), which facilitates the release and suspension
of the particles in solvent.
We note that particles obtained from the uniformly doped

material (growth structure 1) can be useful in applications

where it is important to have a high luminescence rate, such as
in some temperature sensing schemes.12 On the other hand, the
delta-doped material (growth structure 2) is essential to
fabricating particles containing a low density of NV centers
with long spin coherence times in proximity of the diamond
surface, required in applications such as high-sensitivity, high
spatial resolution measurements of external spin species.
The DP photoluminescence (PL) and spin properties3,4 are

characterized before and after they are released from the
substrate. We use a home-built confocal optical microscope
apparatus1 to initialize and read out the NV centers’ spin states
and a microwave antenna to drive spin transitions.33 Figure 2a
shows a scanning confocal optical image of an array of 300 nm
diameter particles from a delta-doped membrane. We found
that, as expected,34 we can modify the intensity of the PL

Figure 1. (a−d) Process flow schematics of the engineered diamond
particle (DP) fabrication for the case of a delta-doped membrane. (a)
Electronic-grade bulk diamond is implanted with helium ions (He+)
creating a disordered layer below the diamond surface (black layer).
(b) Isotopically pure diamond (12C) is grown on top of the He+

implanted substrate using plasma enhanced chemical vapor deposition
(PECVD). 15N doped regions (red) can be introduced in between
highly pure diamond layers (white) in a controlled way. Electron
irradiation and annealing are used to promote the formation of NV
centers at the nitrogen locations. (c) The disordered layer is
electrochemically etched to release a thin diamond membrane,
which is then transferred regrown-side down on a silicon substrate
and bonded using photoresist. The membrane is further thinned using
oxygen inductively coupled plasma (O2-ICP) to remove the damaged
diamond layer and obtained the desired membrane thickness. (d) An
etch mask is patterned on the membrane by electron beam
lithography. O2-ICP transfers the mask pattern to the underlying
membrane to form cylindrically shaped DPs. (e) Scanning electron
microscope (SEM) image of an array of 500 nm diameter diamond
particles, with 700 nm pitch and ∼1 μm height. (f) Diamond particles
anchored to the underlying substrate by a photoresist pillar. The
particles are released in solution by sonication in water or by etching
the resist anchor with solvent.

Nano Letters Letter

dx.doi.org/10.1021/nl501208s | Nano Lett. XXXX, XXX, XXX−XXXB

http://pubs.acs.org/action/showImage?doi=10.1021/nl501208s&iName=master.img-001.jpg&w=235&h=269


collected from the DPs by tuning their diameter, due to
variations in the photon collection efficiency. In particular, we
observed a nearly 10-fold signal increase in the 220 nm
diameter particles compared to the signal coming from the
unprocessed membrane (see the Supporting Information).
To show that our fabrication process is suitable to access the

single defect regime, we collect photon correlation curves using
a standard Hanbury-Brown and Twiss measurement scheme. In
Figure 2c, we show the correlation curve (with no background
correction) for a 300 nm diameter DP incorporating a single
NV center, demonstrating strong photon antibunching (g(2)(0)
< 0.5). Using the PL intensity collected for a single NV as a
reference and correcting for the variations in the collection
efficiencies, we estimate that the NV center density varies
between 0 and 10 NV centers per particle across the different
particle sizes. We confirmed that we are addressing engineered
NV centers, rather than those native to the bulk diamond, by
showing that the hyperfine structure of high resolution optically
detected magnetic resonance (ODMR) spectra is consistent
with 15N hyperfine interaction (see the Supporting Informa-
tion).
The spin coherence of the NV centers is inferred from the

decay time of coherence curves obtained with standard Hahn
echo measurements (T2,Hahn). We first focus on the analysis of
the delta-doped material (growth structure 2). Initially, we
inspect the coherence time of the NV centers in an
unprocessed delta-doped membrane to ensure that the
membrane preparation process leaves the NV centers’ proper-
ties intact. Two separate measurements (not shown) give us
T2,Hahn ∼ 305 μs and ∼750 μs, respectively, in line with what is
expected for NV centers ∼100 nm below the surface of
isotopically pure, delta-doped bulk diamond.29 We then
measured T2,Hahn for a series of particles. The selected DPs

have diameters of 300 and 500 nm and contain single NV
centers. The average T2,Hahn decreases to ∼100 μs though some
values (3 out of 10) are in excess of 200 μs, with a highest value
of 357 ± 38 μs (Figure 2d). The oscillations in the Hahn-echo
curves are associated with the interaction of the NV center’s
electronic spin with both the 15N nuclear spin comprising the
NV center and the 15N spin bath surrounding the defect (see
details in the Supporting Information). The broad distribution
of T2,Hahn values is likely associated with variations in the
position of the NV centers with respect to the DPs’ sidewalls, as
proximity to the diamond surface deteriorates the NV center
coherence.29,35 Because of this effect, a direct comparison of the
spin coherence with previous results27,28 would require a full
analysis of the NV center’s exact position with respect to the
surface of the DPs. Nevertheless, we emphasize that, thanks to
the high thermal conductivity of diamond, the distance of the
NV center from the sidewalls is irrelevant to temperature
sensing purposes in particles this size.
In order to estimate the full potential of our DPs, we also

collect coherence measurements using a single axis Carr−
Purcell−Meiboom−Gill (CPMG) sequence composed of five
π-pulses (see the Supporting Information for details). With this
approach we are able to extend the coherence time up to
T2,CPMG = 708 ± 215 μs (Figure 2d). All uncertainties are
quoted at 95% confidence. The CPMG data also show evidence
of the 15N related oscillations due to the sampling rate of the
full trace. These partial oscillations complicate the fit of the
data, resulting in the large uncertainty we report. We emphasize
that replacing 15N doping with 14N doping would eliminate the
oscillations in the signal36 and simplify the data analysis.
For comparison, we also analyze the properties of DPs

obtained from a uniformly doped membrane (growth structure
1). Continuous wave (CW) ODMR spectra show four pairs of
peaks for a randomly oriented external magnetic field (see the
Supporting Information), consistent with the expected
distribution of NV centers in all four crystal orientations for a
single-crystal diamond sample. The single-crystal nature of the
engineered particles was confirmed by transmission electron
microscopy (TEM, see the Supporting Information.). The
T2,Hahn times are typically shorter (<5 μs) both for the bulk
membranes and for the particles, due to the decoherence effects
of 13C atoms and of structural defects present in the rapidly
grown material.
To demonstrate the suitability of our engineered DPs as

contactless scanning micro- and nanoprobes, we use them to
perform high-sensitivity measurements in aqueous solutions, in
combination with an optical tweezers apparatus.15 As a proof-
of-concept, we work with high PL particles obtained from the
uniformly doped material (growth structure 1) in order to
obtain a larger signal-to-noise ratio. When working with
commercial DPs, a small size (≤100 nm) is necessary to have
well-localized NV centers that are close to the particle surface.
However, particles this size are considerably smaller than the
trapping volume (∼1.5 μm3) determined by the beam waist and
Rayleigh length of the focused trapping laser. Therefore, many
DPs can simultaneously occupy the trap, resulting in complex
dynamics in the trapped region. Furthermore, over the course
of a single measurement, many particles may enter or exit the
trap, leading to large fluctuations in the emitted fluorescence.
These effects preclude experiments on single particles that
require long-term stability (e.g., pulse sequence measurements)
and result in a degradation of the signal-to-noise ratio. We
address these stability issues with a 2-fold approach. First, we

Figure 2. (a) Scanning optical confocal image of an array of 300 nm
diameter diamond particles. (b) Photon correlation curve obtained
from a single NV center particle showing antibunching (g2(0) < 0.5).
(c) Hahn-echo measurement obtained on a particle incorporating a

single NV center. We fit the envelope of the data to Ae−(t/T2)
3

(see the
Supporting Information for details) and extract a coherence time of
T2,Hahn = 357 ± 38 μs. (d) CPMG measurement obtained on the same
particle using a sequence of five π-pulses. A fit of the data analogous to
the one used for the Hahn echo curve gives us T2,CPMG = 708 ± 215
μs. All of the uncertainties are quoted at 95% confidence.
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trap ∼500 nm diameter, ∼2 μm long DPs, which occupy most
of the trapping volume, strongly reducing the chances of
multiple trapping. Additionally, we engineer a polydimethylsi-
loxane (PDMS) microfluidic circuit37 and integrate it with the
optical tweezers apparatus (Figure 3a). This circuit allows us to

efficiently transport a suspension of DPs into the trap region
and, once a single particle is trapped, to flow deionized water to
flush out excess particles and obtain a well-controlled
surrounding environment. In Figure 3b1, we report a time
trace of the PL signal coming from commercial DPs (ND-NV-
100 nm, Adaḿas Nanotechnology) optically trapped in a drop
of suspension deposited on a bare glass slide, which clearly
shows PL instability. In Figure 3b2, we show the PL trace for
commercial DPs trapped inside our microfluidic circuit. Both
traces are plotted using the same vertical scale to highlight the
improvement in the signal stability. Specifically, the standard
deviations of the PL signal in the droplet and in the microfluidic
channel are respectively ∼238 kCts/s and ∼9 kCts/s.
Another important limitation of commercial particles is

associated with their random shape, which prevents a priori
determination of the NV center orientations and results in
uncontrolled rotational motion in aqueous environments.

Random rotational dynamics complicate the interpretation of
sensing measurements15 and ultimately limit the use of
dynamical decoupling techniques.
In Figure 3c1, we show a CW-ODMR spectrum for a group

of commercial DPs trapped inside a microfluidic channel in the
presence of an external constant and uniform magnetic field (B
∼ 10 G) aligned along the trap axis (traveling axis of the
trapping laser). We find that, even in a well-controlled
environment, the effect of the rotation dynamics is evident
and results in a spectrum with two broad peaks having a full-
width-half-max (fwhm) of ∼30 MHz. In contrast, by carefully
designing the geometry of our engineered particles, we
introduce a preferential axis along which the DPs’ main axis
(parallel to the [100] crystal lattice as confirmed by TEM
measurements) tend to align within the trap.38,39 For our
experiment, this preferential axis is the same as the trap axis. In
the inset of Figure 3a we show a picture of the interior of a
microfluidic circuit around the optical trap region. The particles
indicated with arrows are stuck to the bottom of the
microfluidic channel. In the center, we highlight a particle
that is levitated with the optical tweezers’ infrared laser and
appears upright, with its main axis along the optical trap axis. In
Figure 3c2, we show the CW-ODMR spectrum we collect for a
magnetic field (B ∼ 10 G) applied along the axis of the trap.
Two well-separated peaks are visible, as expected for a
cylindrical particle with [100] axis aligned along the magnetic
field, as the four possible NV center orientations are degenerate
with respect to the magnetic field orientation. The fwhm of the
peaks is ∼10 MHz, similar to what has previously been
obtained with CW-ODMR measurements both of ensembles of
NV centers in bulk diamond40 and of single NV centers in DPs
attached to an AFM tip.14 This result further suggests that the
particle is indeed trapped along the crystal axis and that this axis
is not appreciably precessing during the 400 s measurement.
To gain further insights in the trapped particle dynamics, we

collect CW-ODMR spectra with a magnetic field tilted with
respect to the trap axis. In these conditions, we expect to see
anywhere between two and four distinct peak pairs in the
spectrum if the particle is not revolving around its main axis. In
Figure 3d, we show the result obtained with a magnetic field of
∼20 G applied at ∼45° from the trap axis, where four distinct
peaks are visible. Their fwhm (∼25 MHz) and the spectra
collected at higher magnetic fields (see the Supporting
Information) both suggest that each peak is actually a
convolution of two peaks. The ability to resolve the CW-
ODMR spectrum structure suggests that the trapped particle
does not noticeably revolve around its main axis during the
time it takes to perform the measurement (800 s). We
emphasize that we were able to trap particles for up to 30 h
before purposely releasing them, which serves as another
indication of the good stability of the system.
These results are important advancements toward using

optically trapped diamond particles as magnetic field and
temperature sensors. From a series of CW-ODMR measure-
ments collected at different magnetic fields (see the Supporting
Information), we estimate an experimental DC magnetic field
sensitivity of ∼9 μT/√Hz, but this sensitivity could be further
enhanced by employing pulsed techniques to avoid power
broadening in the CW-ODMR spectrum and by using
isotopically pure material for the growth. We indeed observe
an increase in T2* (the meaningful parameter for DC
magnetometry applications41) from a few hundred nano-
seconds, in the nanoparticles obtained from growth structure

Figure 3. (a) Sketch of the optical tweezers/microfluidic apparatus
around the trap region. The infrared trapping laser and the green
probe laser are focused via a microscope objective (not shown) inside
a microfluidic channel created in a PDMS layer bonded on top of a
glass slide. A coplanar waveguide is patterned on the glass slide for
microwave generation. Inset: CCD camera picture of the interior of
the microfluidic channel with a solution of engineered DPs. Some DPs
stuck to the bottom of the channel are indicated by arrows. One
particle is trapped along its axis and levitated (red circle). (b1) Time
trace of the photoluminescence signal collected from commercial DPs
trapped in a drop of solution deposited on a bare glass slide and (b2)
flowed inside the fabricated microfluidic channel (bottom). (c1) CW-
ODMR spectra of commercial DPs and (c2) of an engineered DP
optically trapped in a microfluidic circuit. An external magnetic field
(∼10 G) is applied along the axis of the trap (54.7° with respect to the
NV centers orientations). The signal is averaged for 0.6 s at each
frequency point. (d) CW-ODMR spectra of an optically trapped
engineered DP in the presence of a magnetic field (∼20 G) applied at
∼45° with respect to the trap axis. The signal was averaged for two
seconds at each frequency point.
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1, up to 6.42 ± 1.05 μs, in the ones fabricated with the
isotopically pure material (see the Supporting Information).
Additionally, the use of a pulsed optical trap would reduce the
detrimental effect of the infrared laser on the NV centers’ PL,42

increasing the signal-to-noise ratio of the measurements.
In this work, we engineered single-crystal cylindrical micro-

and nanoscale diamond particles with a reproducible shape,
size, and crystal orientation. Crucially, the DPs can efficiently
be released from the substrate and dispersed in solvent. Using
high-quality, delta-doped diamond membranes, we are able to
obtain DPs containing single NV centers with long coherence
times (T2,CPMG up to 710 μs). These particles should prove
useful as high-sensitivity, high spatial resolution probes and as a
source of confined quantum systems that can be integrated with
photonics and optomechanical devices. A possible approach to
improve the potential of these DPs would be to combine our
fabrication process with a technique to obtain lateral position-
ing of the NV centers relative to the sidewalls. This would
enable the creation of particles incorporating NV centers with
long, highly predictable spin coherence times and well-known
distance from the diamond surface, which are critical
parameters to interpreting the magnetic signature of external
spins. We also fabricate DPs with a high number of NV centers
and use them in combination with an optical tweezers
apparatus. When integrated with a microfluidic environment,
this approach allows us to stably and steadily trap our DPs and
perform CW-ODMR measurements for more than 30 h. This
stability is the result of the carefully engineered shape of the
DPs. Using the system as a DC magnetometer, we demonstrate
a magnetic field sensitivity of ∼9 μT/√Hz, which is
comparable to the typical values for immobilized diamond
structures.43 Furthermore, these results suggest that our
optically trapped DPs are sufficiently stable to be easily used
in combination with dynamical decoupling techniques and
could lead to the realization of low-thermal-mass, high-
sensitivity probes for fluctuating magnetic field and temper-
atures44,45 in fluid. For instance, our DPs could be used to
determine important parameters in microfluidic environments
such as the temperature of chemical reactions, or they could be
manipulated inside a biological environment to explore the
details of these systems at the nanoscale.
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