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Scanning probe microscopy using nitrogen vacancy (NV) centers in diamond has become a versatile
tool with applications in physics, chemistry, life sciences, and earth and planetary sciences.
However, the fabrication of diamond scanning probes with high photon collection efficiency, NV
centers with long coherence times, and integrated radio frequency (RF) remains challenging due to
the small physical dimensions of the probes and the complexity of the fabrication techniques. In this
work, we present a simple and robust method to reliably fabricate probes that can be integrated with
conventional quartz tuning fork based sensors as well as commercial silicon AFM cantilevers. An
integrated RF micro-antenna for NV center spin manipulation is directly fabricated onto the probe
making the design versatile and compatible with virtually all AFM instruments. This integration
marks a complete sensor package for NV center-based magnetometry and opens up this scanning
probe technique to the broader scientific community. © 2017 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.4995813

Nanoscale magnetic sensors have become an integral part
of contemporary condensed matter physics. Over the course of
several decades, a variety of complementary techniques have
been developed such as microscopy based on the magneto-optic
Kerr effect (MOKE)," magnetic force microscopy (MFM),?
Lorentz microscopy,” and scanning-probe microscopy using
superconducting quantum interference devices (SQUID).* Each
of these techniques has its own advantages and disadvantages
when it comes to detection sensitivity, spatial resolution, band-
width, and range of operating temperatures. Scanning-probe
magnetometry using nitrogen vacancy (NV) centers in diamond
is the latest addition to this family. Some of its key advantages
are its high spatial resolution, and ultra-high sensitivity to mag-
netic field> while being suitable for room temperature studies
and cryogenic applications alike. It was utilized to image a single
electron spin at room temperature,® superconducting vortexes,”
magnetic vortex states,g’10 hard drive domains,5 microwave cur-
rent,!! magnetic domain walls,'>™"> and skyrmions. 16 Therefore,
NV center-based scanning-probe microscopy will contribute
enormously to the broader communities in spintronics,'”'®
chemistry,'” > life sciences,®* " and earth and planetary
sciences.’!?

Scanning NV center magnetometry started out using
probes made of nanodiamonds glued to AFM tips.®'%-12715-33-38
In recent years, monolithic diamond nanopillars have been fab-
ricated on thinned down diamond cantilevers to increase photon
collection efficiency.” 2% Single photon count rates of up
to 1.4 x 10° per second*' could be observed with T, coherence
times typically around 30-90 us.** However, fabrication and
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handling of monolithic diamond membranes as thin as 1-5 um
is challenging, making it difficult to manipulate and attach
such micron-sized diamond cantilevers onto a scanning-probe
platform.

In this work, we demonstrate a simple procedure to create
diamond probes for scanning probe applications. Minimum
fabrication steps are implemented to obtain large quantity
of probes in parallel. In addition, the size of the probes is
designed to be large enough to be compatible with commer-
cial tipless AFM cantilevers. Additionally, we demonstrate
the integration of a micro-antenna onto the AFM chip which
delivers RF excitation to the NV center located inside a nano-
photonic waveguide structure.

Ultrapure electronic grade (100)-oriented CVD diamond
substrates (13C natural abundance, Element Six) are cut and
polished to be about 50 pm thick with about 1 nm rms surface
roughness. To remove polishing-induced defects and strain,
one side of the substrate is etched by about 5 um using oxygen
RIE (Plasma-Therm Versaline ICP-RIE). Subsequently, NV
centers are created on that side using implantation of nitrogen
15 with an implantation energy of 6keV followed by thermal
annealing (see supplementary material). Figure 1(a) summa-
rizes the main steps of the fabrication of detachable diamond
cubes which are later used as scanning magnetometry sensors.

First, diamond nanopillars with a diameter of roughly
350 nm are fabricated on the nitrogen implanted side of the dia-
mond following a recipe described in the supplementary mate-
rial. The length of the nanopillar can be adjusted by the etching
time and was chosen to be roughly 3.5 um. During nitrogen
implantation, the radiation dose was chosen such that each nano-
pillar hosts on average a single NV center. Subsequently, the
shape of the diamond probes is lithographically defined on
the other surface of the substrate using photoresist. For this, a

© Author(s) 2017.
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photolithographic mask is aligned with respect to the diamond
nanopillars visible on the downfacing side of the substrate such
that the nanopillar is close to the front apex of the probe [see Fig.
2(d)]. The probe dimensions are chosen to be 125 um in length,
50 pm in width, and 50 um in thickness, resembling an elongated
cube shape. After exposing and developing the photoresist, a
400 nm thick layer of titanium is thermally evaporated on the
structured diamond surface. After lift-off of the photoresist
mask, this layer serves as an etch mask during the subsequent
dry etching step. In this step, the titanium side of the sample is
exposed to oxygen RIE which etches all unprotected regions of
the diamond through its entire thickness. After removal of the
residual titanium layer, this results in an array of individual dia-
mond probes which are attached by tiny joints to the substrate
frame as shown in Fig. 1(b). Finally, the entire diamond substrate
is cleaned in a boiling acid mixture consisting of equal parts of
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FIG. 1. Fabrication and characteriza-
tion of diamond probes. (a) Schematic
of the fabrication procedure starting
from a diamond substrate with
shallow-implanted NV centers fol-
lowed by nanopillar formation and dia-
mond probe fabrication. (b) Optical
image of diamond substrate showing
diamond probes after fabrication.
Characterization of NV centers inside
diamond probe is performed by (c)
optically detected magnetic resonance
technique (ODMR) at bias field 52 G,
(d) second-order autocorrelation, and

o NV signal (e) saturation of photoluminescence.
—Fit

o Background

500 1000 1500 2000
Laser power (uW)

sulfuric, nitric, and perchloric acid to remove contaminants from
fabrication and to oxygen terminate the surface.

Diamond fabrication is hard partly due to many acid
cleans. Starting from nanopillar fabrication, the number of
acid clean is minimized to only 1 at the final step. When
designing the photolithographic mask and also during the
optimization of the plasma etching recipe, special attention
is given to the size and shape of the joints. They are designed
to be strong enough not to break during wet chemical treat-
ments (acid clean) of the entire structure, yet weak enough
to allow the diamond cubes to be released when attaching
the probes to a scanning platform as described below.
The outlined fabrication process yields roughly 52 probes on
a2 x 4mm? substrate.

Before further processing, each diamond probe is charac-
terized in a homebuilt confocal microscopy setup (see

40 pm

FIG. 2. Integration of the diamond probes into the two most common AFM feedback platforms: (a) SEM image of a diamond probe glued onto a quartz rod
mounted to a tuning fork. (b) A schematic of the sensor geometry. (c) Illustration of diamond probe integration to silicon cantilever AFM tips. (d) SEM image
of diamond nanopillar located near the left edge of diamond probe. (¢) SEM image of a diamond probe glued onto a commercial tipless AFM cantilever. (f)

The geometry used for optical beam deflection feedback.
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supplementary material). First, optically detected magnetic reso-
nance (ODMR) technique**** is used to identify all pillars host-
ing at least one NV center [see Fig. 1(c)]. Nanopillars hosting
only a single NV center are further distinguished by performing
second-order autocorrelation measurements [see Fig. 1(d)]. The
brightness of these NV centers is further determined by measur-
ing their saturation count rate and saturation laser power [see
Fig. 1(e)]. On average, out of 52 probes on one substrate, 15
show strong, photostable, single NV center emission with a count
rate of 200500 x 10° per second and are therefore considered
usable for further scanning probe application. Among these
usable probes, the average coherence time T, is found to be
61 us (see supplementary material for histogram). The T, time of
a specific NV center can vary strongly based on its location
inside the nano-pillar and its electric and magnetic environment
as well as crystal strain. It has been well studied that paramag-
netic spins on diamond surface and '*C nuclear spins are main
sources of decoherence for shallow NVs inside nano-pillars.*

Two of the most common AFM feedback platforms are
optical beam deflection and quartz tuning fork.*> Most com-
mercial AFM instruments rely on the former due to its com-
patibility with quickly exchangeable and standardized silicon
cantilevers. However, many homebuilt scanning-probe setups
have been using predominantly conventional quartz tuning
fork based sensors due to their simple implementation and
compatibility with low temperature conditions.*® In the fol-
lowing, we show how the diamond sensors described earlier
can be reliably integrated into both of these platforms using
very basic equipment and simple procedures.

For the case of AFM beam deflection sensors, the probes
are directly glued to tipless AFM cantilevers [see Fig. 2(c)].
For this, a small drop of UV curable adhesive is applied to the
top surface of a diamond cube. Under an optical stereo micro-
scope, the AFM cantilever is then mounted to a manual trans-
lation stage and positioned on top of a diamond cube touching
the adhesive drop. After curing the glue under UV light, the
diamond probe is detached from the substrate frame by break-
ing the weak joints using a sharp tungsten tip mounted to a
separate manual translation stage (see supplementary material
for more details). Figure 2(e) shows an example of a diamond
cube glued to an AFM cantilever, which can then be further
used in a scanning geometry using optical beam bounce meth-
ods [illustrated in Fig. 2(f)]. For the case of tuning fork based
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sensors, a diamond cube is first glued to a pulled quartz rod
[Fig. 2(a)] following a similar procedure as in the case of
AFM cantilevers. The quartz rod is then attached to one prong
of the tuning fork [see Fig. 2(b)]. It is worth noting, that the
mounting techniques described here do not require the use of
any sophisticated equipment such as focused ion beam (FIB)
assisted gluing and more time-consuming recipes involving
nano-manipulation of the diamond slab. Here, the increased
size of the diamond probe mitigates these complications with-
out compromising the optical performance of the probe or the
spin properties of the embedded NV center. In addition, dia-
mond cubes of 50 um in size are ideally suited for use with
commercial AFM cantilevers that are typically between 30 yum
and 70 ym in width.

Another experimental aspect of scanning NV center mag-
netometry is the need for RF signal that drives and controls
the NV center. Traditionally, this is achieved using an RF
waveguide that is fabricated onto the sample substrate or by
introducing a small antenna loop in between the sample and
the objective lens using additional translation stages. The
former requires additional fabrication steps during sample
fabrication and the latter results in increased experimental
complexity. Therefore, the ability to integrate RF components
onto the probe is desirable in particular, for cryogenic applica-
tions. Figures 3(a) and 3(d) show a simple RF micro-antenna
integrated right above the diamond probe attached to a silicon
cantilever. The micro-antenna is wire-bonded to the silicon
AFM chip and bent by a tungsten tip mounted to a linear
translation stage to be positioned in proximity to the diamond
probe. A 500 nm thick oxide layer is initially grown on the sil-
icon chip in order to provide electrical insulation between the
bond pads. The bond pads are then connected to an RF source
in order to apply the RF signals in close vicinity of the NV
center. In this way, Rabi oscillations of the NV center can be
driven over a wide frequency range at micro-antenna with an
input power of 30dBm [Fig. 3(b)]. Rabi frequencies as high
as 4.8 MHz can be reached at an input power of 35 dBm [Fig.
3(e)]. The decreasing Rabi rate at higher frequencies is con-
sistent with the microwave transmission measured using a
network analyzer (see supplementary material) This demon-
stration strongly encourages further engineering to fabricate a
silicon AFM chip such that an RF stripline can be lithographi-
cally patterned nearby the cantilever.

‘ FIG. 3. Micro-antenna integration onto
“ silicon cantilever AFM tips for RF exci-

tation of NV center: (a) SEM image of

gold antenna placed near a diamond
\ probe glued on silicon cantilever. (b)
¥ ‘\ . Measurement of Rabi frequency at dif-
ferent microwave frequencies at micro-
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antenna with an input power of 30 dBm.
(c) Cantilever resonance before and
after mounting diamond probe, (d)
SEM image of probe in (a) at side
angle. (e) Rabi frequency of 4.8 MHz

50 E can be observed at 1.75 GHz at 400 G

= with micro-antenna input power at
1002 35dBm. (f) AFM height measurements
150 of a calibration sample with diamond

probe mounted on silicon cantilever.
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We demonstrate the functionality of the diamond probe
by performing independently an AFM measurement as well
as a magnetic field scan using the probes. The AFM height
measurements are performed using Bruker Bioscope Catalyst
in contact mode to map out the topography of a calibration
sample consisting of about 178 nm deep square pits in 10 yum
pitch. Figure 3(f) correctly matches the real shape of the pits
as confirmed by AFM measurements using sharp commercial
AFM tips. Given the rather large footprint of the diamond
probe in comparison to the nanopillar height, care must be
taken to not tilt the probe by more than 8° relative to the sam-
ple surface. A tilt in excess of 8° causes the edge of the probe
rather than the nanopillar to touch the sample surface. Figure
3(c) shows the mechanical resonance spectrum of the cantile-
ver with and without the diamond probe. The fundamental
mode of the tipless cantilever is detected at 17kHz, and it is
observed to be shifted to 2.9kHz with the diamond probe
attached due to the additional mass added to the cantilever.
However, the quality factor of the resonance is not affected
by the added mass.

Finally, scanning NV center magnetometry was per-
formed in a home built confocal microscope. For this, a dia-
mond probe glued to a quartz rod is mounted on a quartz
tuning fork so that the nanopillar containing a single NV cen-
ter can engage the surface of a quartz substrate where a
coplanar waveguide is fabricated and wire bonded to an RF
source. AC magnetic fields at radio frequencies are generated
within the gap of the waveguide. The sample is mounted
on a 3D piezoelectric nano-positioning stage. Using the
AFM feedback mode, the sample is approached to the dia-
mond probe until the nanopillar is in contact with the sample
surface. An AFM topography image [see Fig. 4(a)] inside
the gap of the waveguide is taken by moving the sample
while maintaining the nanopillar in contact with the surface.

(a) Central

conductor Ground plane 150€
gzo o 100E
> 50 5
> 15 : 05

10 20 30 T
X (1m)

(b)

10;

o Data

10 20 30 40
X (um)

FIG. 4. Scanning NV center magnetometry performed on coplanar wave-
guide: (a) Topography of coplanar wave guide gap. (b) AC magnetic field
measurement across the gap at 1.6 GHz frequency of RF and 450 G bias
field.
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Within the gap, the RF excitation generates Rabi oscillations
of the NV center electron spin. By measuring the Rabi
frequency, the magnetic field is quantitatively measured. A
line scan of AC magnetic field is demonstrated in Fig. 4(b).
The field profile is modeled by considering two counter-
propagating currents based on Appel er al.'' By solving
Maxwell’s equations, the magnetic field profile along the
NV center axis is obtained [see Fig. 4(b)]. As expected, the
local peaks of the magnetic field are located at the edges of
the central conductor and the ground plane. The NV center
to sample distance is extracted to be 20nm comparable to
previous report’ using the same implantation energy. This
distance can be controlled in two ways. First, one can retract
the sample relative to the diamond tip by conducting experi-
ments without continuous AFM feedback. Second, one can
change the implantation energy of nitrogen ions to control
the depth of NV centers relative to nano-pillar end (see sup-
plementary material for NV center depth at various implanta-
tion energies). The latter ultimately sets the minimum NV
center to sample distance.

In summary, a robust and simple fabrication technique
for diamond probes hosting single NV centers in a monolithic
diamond structure is presented. The probes are easily inte-
grated into the two most common AFM feedback platforms,
conventional quartz tuning fork based sensors, and optical
beam deflection method. Furthermore, the integration of a
micro-antenna into the probe sensor for RF excitation of the
NV center is demonstrated. The performance of the NV center
nanophotonic structure is assessed by second-order autocorre-
lation measurements, as well as saturation measurements and
the detection of the NV center ODMR signal. The perfor-
mance of the entire sensor assembly is demonstrated by mea-
suring surface topographies as well as spatially resolved
magnetic field maps. We believe this will allow scanning NV
center magnetometry to be more accessible to a wider scien-
tific community. Furthermore, all of the above can be
extended to other species of color centers in diamond for a
variety of scanning probe applications.

See supplementary material for detailed experimental
descriptions of diamond probe fabrication and mounting pro-
cess to two different AFM feedback platforms.
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