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ABSTRACT

The nitrogen-vacancy (NV) center in diamond is an increasingly popular quantum sensor for microscopy of electrical current, magnetization,
and spins. However, efficient NV–sample integration with a robust, high-quality interface remains an outstanding challenge to realize scal-
able, high-throughput microscopy. In this work, we characterize a diamond micro-chip (DMC) containing a (111)-oriented NV ensemble
and demonstrate its utility for high-resolution quantum microscopy. We perform strain imaging of the DMC and find minimal detrimental
strain variation across a field of view of tens of micrometer. We find good ensemble NV spin coherence and optical properties in the DMC,
suitable for sensitive magnetometry. We then use the DMC to demonstrate wide-field microscopy of electrical current and show that
diffraction-limited quantum microscopy can be achieved. We also demonstrate the deterministic transfer of DMCs with multiple materials of
interest for next-generation electronics and spintronics. Lastly, we develop a polymer-based technique for DMC placement. This work estab-
lishes the DMC’s potential to expand the application of NV quantum microscopy in materials, device, geological, biomedical, and chemical
sciences.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1116/5.0223774

INTRODUCTION

Nitrogen-vacancy (NV) centers in diamond are a leading modal-
ity for sensitive, high-spatial-resolution measurements of magnetic
fields. NV-diamond sensors operate under ambient and also extreme
conditions (of temperature, pressure, etc.) and have wide-ranging
applications in the physical and life sciences, from condensed matter
physics and material science1,2 to chemistry,3 biomedical science,4

geology,5 and circuit analysis.6–8

One common approach to NV magnetic field imaging is scan-
ning probe microscopy (SPM), typically employing a probe consisting
of a single NV near the tip of a diamond nanostructure.9 SPM spatial
resolution is limited only by the stand-off distance d between the NV
and the sample; this enables resolution as small as tens of nanometer.10

However, SPM necessarily involves slow pixel-by-pixel scanning, may
scratch the sample,11 and is not suitable for liquid or soft matter sam-
ples. Furthermore, SPM involves significant cost and complexity,
including common NV probe degradation (e.g., picking up dirt or the
single NV trapped in the wrong charge state) and the need for high
degree of vibration isolation and temperature stability. Another imple-
mentation of NV magnetic field imaging is NV wide-field microscopy,
using a modality known as the quantum diamond microscope
(QDM).12,13 Here, a surface layer of an NV ensemble on a macroscopic
diamond crystal is utilized. With a suitable application of microwave
(MW) fields to manipulate the NV spins, a measurement of the spatial
distribution of the magnetic field across the NV ensemble layer is
encoded in the emitted pattern of NV photoluminescence (PL), which
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is imaged with a camera. The QDM features parallel acquisition of
magnetic field information across an entire field of view (i.e., no scan-
ning), which enables high-throughput microscopy of both solid and
liquid/soft samples.14,15 Spatial resolution as small as r � 150nm,15

limited by optical diffraction, can be achieved. While this resolution is
coarser than from NV-SPM, nevertheless sub-micrometer resolution
suffices for a large number of applications. Additionally, there is room
for further improvement, e.g., via inhomogeneous ensemble control15

and machine learning.16 Given the aforementioned features, the QDM
provides a powerful means for high-throughput, high-resolution
microscopy for diverse applications.5–8,14,17–21

In order to achieve diffraction-limited QDM magnetic imaging
resolution r of a sample of interest, it is necessary to ensure a small
NV layer stand-off distance from the sample d � r. NVs at a depth
�10 nm can be created reliably without significant detriment to their
properties,22 and hence, d is primarily determined by how well the dia-
mond contacts the sample. However, creating high-quality diamond–
sample interface remains an outstanding challenge that hinders the
wider application of the QDM. Depositing the sample material or fab-
ricating the target device directly on the bulk diamond crystal can
ensure close proximity between the NVs and the sample, but this
approach is possible only for a limited number of materials, e.g., for
van der Waals materials that can be placed on diamond via exfoliation
or polymer-based transfer17,19,23–27 or for materials that can be grown
on diamond, e.g., via evaporation28 or sputtering. When working with
materials for which this option is not available, a diamond–sample
interface has typically been realized by simply placing the bulk dia-
mond crystal (�mm in dimensions) in direct contact with the sample.
However, with such a large contact area, there is necessarily non-
uniform flatness and particles (e.g., dust) invariably get trapped in
between the diamond and the sample, leading to a large and inhomo-
geneous d across the NV layer that limits the resolution to no better
than a few micrometer.5,13,29 Furthermore, imaging through diamond,
which has a high index of refraction, leads to aberration that can fur-
ther degrade resolution.5

A promising approach to these issues is to fabricate a small
and thin diamond structure to ensure good diamond–sample inter-
face.30–32 Here, we report the development and characterization of an
optimized diamond micro-chip (DMC) for use in ensemble NV mag-
netic imaging. Each DMC is tens of micrometer in lateral dimension
and 1–2lm in thickness and provides a high-quality interface for the
NV sensing layer with both solid-state samples and liquid-phase materi-
als via microfluidics33,34 [Fig. 1(a)]. In past work, DMCs with lateral
dimension ranging from hundreds to tens of micrometer and thickness
less than few micrometer were used for quantum optics35–40 and NV
sensing applications.7,32,41–43 However, several key features of DMCs,
necessary for many QDM applications, remain to be demonstrated,
including: ensemble NV spin coherence and optical properties similar to
that in high-quality bulk diamond; sufficiently uniform strain across the
NV layer, to not limit NV sensor performance;17,44–48 diffraction-limited
sub-micrometer magnetic imaging resolution; a (111)-oriented NV
ensemble, to enable use of a vertical bias magnetic field; and reliable,
deterministic placement of the DMC on the sample of interest. In this
work, we realize DMCs with all these desired properties; outline their
deposition and manipulation; characterize their properties; and, as an
example DMC application, perform sensitive wide-field magnetic imag-
ing of electrical current. We also discuss possible future uses of DMCs.

RESULT

DMC fabrication and positioning begins with a protocol reported
in Refs. 37–39. An array of DMCs are created with lateral dimensions
10� 10, 20� 20, and 50� 50 lm2, and thickness�1–2lm. Each chip
is attached to a diamond mainframe via a small bridge. Nitrogen
implantation at an energy of 10 keV with appropriate dosage creates
an ensemble NV surface layer with a density [NV] �1000lm�2 and
average depth �10nm. DMCs are fabricated from single-crystal CVD
diamond substrate with (111) orientation, which leads to one class of
NVs with quantization axis, set by the substitutional nitrogen and the
vacancy, along the vertical (z) direction.

To detach a single DMC and subsequently position it at a target
location, we employ a sharp tip on a micro-positioner [Figs. 1(b) and
1(d)]. The diamond mainframe containing the DMC array, with the
NV surface facing down, is attached to a 3D translational stage and a
tilt stage, which enables one to bring the DMC array close to the sub-
strate; this ensures the NV surface remains face down when the desired
single DMC is detached. When this DMC is broken off, part of the
bridge remains on the chip. The off-center position of the bridge intro-
duces chirality, and once a DMC has landed at the target location, one
can confirm that the NV surface is down by looking at the location of
the bridge and comparing it to the image of the chip prior to detach-
ment [Fig. 1(e)]. We used this procedure to show that single DMCs
with ensemble (111) NV layers can be integrated with a diverse range
of materials of interest for next-generation electronics and spintronics
[Figs. 1(e) and 1(i)]: yttrium iron garnet grown via liquid-phase epi-
taxy, a magnetic insulator with low magnon damping; magnetically
doped topological insulator hosting quantum anomalous Hall
effects49,50 grown via molecular beam epitaxy; altermagnet RuO2 (Refs.
51–53) Hall-bar device; a thin flake (<10nm thick) of 50% Co-
substituted Fe5GeTe2, which is a room-temperature van der Waals
antiferromagnet;54 and a superconducting Josephson junction, often
used as a qubit building block.

In ensemble NV magnetometry—using optically detect magnetic
resonance (ODMR) and related NV measurement techniques—one
typically applies an external bias magnetic field B0 along a particular
NV axis so to be optimally sensitive to the component of the sample
magnetic field Bz parallel to this axis. (A discussion of the NV spin
Hamiltonian, ensemble NV measurement techniques, and the effects
of strain and off-axis magnetic fields is given in Ref. 55.) However,
ensemble NV magnetometry to date has predominantly been per-
formed with diamonds having (100) crystal orientation, including
work using DMCs.7,32,41–43 (100) diamond has all four NV axes ori-
ented at 54.7� with respect to the vertical, which is typically inconve-
nient and/or non-optimal for many applications, particularly in
materials science.56 In this work, we solve this problem by using
DMCs fabricated from (111) orientation diamond, with one NV axis
along the vertical direction.

NV-diamond–sample fabrication can lead to modification of the
local strain environment17,44,46 with inhomogeneous strain being detri-
mental to NV magnetometry.45,47,57 Thus, we characterize the spatial
profile of the effective strain fieldMz(x, y) in example DMCs by QDM
strain microscopy of the (111)-oriented NVs, using the technique
described in Refs. 44, 45, and 47 (further details described in supple-
mentary material). In Fig. 2, we show the measured Mz profile of two
characteristic 10� 10lm2 DMCs. Two observations can be made
immediately. First, the variation ofMz is generally below 1MHz within
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the bulk of the DMC. Furthermore, a dramatic strain profile associated
with lattice dislocations, such as observed in Ref. 45, is absent. To pro-
vide a more quantitative assessment of the strain characteristics, we
examine the statistics of the measured Mz. A histogram of Mz [Figs.
2(c) and 2(d)] shows a mono-modal distribution. Ensemble NV sens-
ing requires that the spread of the measuredMz is small in each DMC;
i.e., there is an overall, homogeneous strain environment in each chip.
The standard deviation is DMz¼ 0.1 and 0.033MHz for the two
DMCs, corresponding to a fractional strain of 3� 10�6 and 1� 10�6,
respectively, and comparable to the state-of-the-art value of 1� 10�6

found in the quiet area of a bulk single-crystal diamond.58 This result
demonstrates that fabricated DMC has favorable strain profile not too
different from that of a bulk single-crystal diamond. Furthermore,
these results show that it is possible to fabricate a thin diamond struc-
ture and be able to maintain sufficiently low strain variation on the
order of �10�6, which is a necessary ingredient for a proposed
approach58 to use strain microscopy in diamond for directional detec-
tion of WIMPS, a candidate form of dark matter. (Detailed discussion
in supplementary material.)

Next, we characterize the spin coherence properties of the (111)-
oriented NVs in an example DMC. Figure 3(a) shows a measured NV
ODMR spectrum, with a resolved hyperfine splitting due to 14N
nuclear spins; and a linewidth (half-width half-maximum) of about
1.2MHz that is comparable to NVs in bulk diamond generated at a
similar density and implantation energy.22 For the same DMC, we also
measure an ensemble NV Hahn-echo spin coherence time T2 � 2.3 ls
[Fig. 3(b)] and a longitudinal spin relaxation time T1 � 0.46ms

[Fig. 3(c)]. For shallow NVs (�tens of nanometer), T2 and T1 decrease
rapidly with NV depth d. For a standard (100)-oriented diamond, simu-
lations using stopping range of ions in matter (SRIM)59 estimate an aver-
age stopping range of the nitrogen ion to be�15nm for an implantation
energy of 10keV.60,61 However, for (111)-oriented diamond, SRIM finds
that the stopping range can be reduced by as much as a factor of 2;62

hence, d � 10nm or below may be expected for NVs in the present
DMC. To estimate d, we refer to the measurement performed in Ref. 63,
which reports T1 and T2 of several shallow NVs with experimentally
characterized d. Using these results, a typical NV depth d � 8nm best
corresponds to the measured combination of NV T1 � 0.5ms and T2 �
2 ls in our DMC. This value is consistent with the measurement
reported in Ref. 22, where T2� 2.5 ls is found for an NV ensemble with
d � 10nm. Hence, we conclude that the ensemble NV spin coherence
properties in the present DMC are consistent with those at a similar
depth and density in standard bulk diamond crystal.

As an application demonstration, we perform high-resolution
wide-field NV magnetic imaging using a 20� 20 lm2 DMC deposited
on a fabricated meandering wire phantom, through which we send a
DC current to generate a target magnetic field [Fig. 4(a)]. The (111)-
oriented DMC allows us to directly measure Bz, the z-component of
the phantom magnetic field. Figure 4(b) shows a simulated Bz map,
based on a model of current flow through the phantom. The measured
Bz map is shown in Fig. 4(c), in reasonable agreement with the simula-
tion, other than for a small area around the corners where complexity
in the real current flow is likely present and not captured by the
model.

FIG. 1. (a) A diamond micro-chip (DMC), with tens of micrometer lateral dimension and 1–2lm thickness, enables a high-quality ensemble NV–sample interface. A DMC con-
tains an ensemble of NVs in a surface layer (tens of nanometer thick), which enables wide-field magnetic imaging with a camera—a modality known as the quantum diamond
microscope (QDM). Each DMC employed in this work contains (111)-oriented NVs (inset), which allows the application of an out-of-plane bias magnetic field B0 and measure-
ment of an out-of-plane component of the sample magnetic field Bz. A DMC can also be conveniently integrated with a microfluidic device. (b)–(d) Schematics for depositing a
single DMC in target location. Diamond–sample containing arrays of DMCs is mounted to a Si substrate attached to a holder. The holder is manipulated with a 3D translational
and tilt stage, which serves to bring the desired DMC array into the field of view of a microscope and above the location where a single DMC is to be deposited. A sharp tip con-
trolled by a 3D motorized translational stage is used to detach the desired DMC and subsequently nudges it to the target location. (b) Deposition apparatus with a microscope,
stages for the diamond and tip, and holder (diamond and sample is underneath the holder). (c) Cartoon schematic of the deposition process. (d) Microscope image of a tip
near a DMC. An array of DMCs with sizes 50 � 50, 20 � 20, and 10 � 10 lm2 is visible; each DMC is attached to a diamond mainframe via a narrow bridge. A sharp tip
detaches the desired single DMC and then subsequently nudges this DMC into the target location. (e) The bridge that previously connected a DMC with the diamond mainframe
introduces chirality and enables one to confirm that the NV side is indeed facing downward. (e)–(i) DMC can be deposited on a diverse range of materials of interest for next-
generation electronics and spintronics: (e) yttrium iron garnet (YIG) thin-film next to an MW stripline; (f) magnetically doped topological insulator Hall-bar device; (g) altermagnet
RuO2 Hall-bar device; (h) <10-nm-thick flake (flake highlighted by the dashed rectangle) of 50% Co-substituted Fe5GeTe2, a room-temperature van der Waals antiferromagnet;
and (i) a Josephson junction.
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FIG. 2. Measured distribution of axial strain field Mz reveals variation of local strain experienced by (111)-oriented NVs in DMC. (a) and (b) Mz maps from two different DMCs
with lateral dimensions of 10� 10 lm2. Dashed edges show DMC boundaries. Strain image pixel size is 0.14 lm. (c) and (d) Histograms of Mz values from DMCs shown in
(a) and (b), respectively. Mean Mz and standard deviation DMz are Mz ¼�0.2 MHz, DMz¼ 0.1 MHz for the DMC shown in (a), and Mz ¼�0.55MHz, DMz¼ 0.033MHz for
the DMC shown in (b). Mean and one standard deviation values are shown in the histograms as solid and dashed lines, respectively.

FIG. 3. Spin coherence properties of (111)-oriented NVs in DMCs. The schematics of measurement sequence is shown in the top of each panel. (a) Optically detected magnetic
resonance showing that hyperfine splitting is resolved, and linewidth (half-width half-maximum) is 1.18(6) MHz. (b) Hahn spin-echo measures T2 � 2.3(3) ls. (c) Relaxometry
measurement obtains a longitudinal relaxation time T1 � 0.46(4) ms.
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To characterize the spatial resolution r of ensemble NV fluores-
cence imaging using a DMC, we extract the minimum observable size
of small features in the DMC strain map of Mz. Figure 4(d) shows an
example, with two strain features in close proximity. We fit Mz to two
Gaussian profiles and determine the size of the smaller feature to be
450(30) nm, consistent with the expected diffraction-limited spatial
resolution of about 440 nm (supplementary material).

A key to DMC utility is to be able to conveniently and reliably
place the chip at the desired location relative to the target sample.
When a DMC detaches, it is not possible to control precisely where it
lands; hence, most often it will be some distance away from the target.
The common approach is then to push or drag the DMC to the desired
location using a sharp tip.7,32,37–39,42,43 However, this technique has a
high probability of damaging the sample or rendering the tip and/or
DMC unusable (e.g., by picking up dirt or the DMC becoming stuck).
Thus, the present fully-tip-based method is non-optimal for high-
throughput DMC applications.

Inspired by van der Waals (vdW) material assembly, we employ
a polymer-assisted dry-transfer process for DMC manipulation,

summarized in Figs. 5(a)–5(e) (details discussed in supplementary
material). With a sharp tip, we first break a DMC off from the dia-
mond mainframe onto a substrate (this may be a separate substrate
from the target sample). We then use a patterned polymer microstruc-
ture on a transparent thin glass slide to pick up the DMC and bring it
to the desired location on the target sample. To release the DMC, we
tilt the slide so that the chip is gradually detached from the polymer
microstructure. Finally, a tip can be used for fine-tuning of DMC
placement; as there is no need for the DMC to traverse a long distance,
little movement is required for the tip, and hence, there is minimal risk
to the sample, tip, and DMC. In Figs. 5(f)–5(l), we show the sequence
applied to the deposition of a 50� 50 lm2 DMC on a RuO2 altermag-
net device. We note that recently, Ref. 42 also demonstrated a different
dry-transfer technique to place a similarly sized DMC on vdWmateri-
als. Compared to that work, our technique has the following features
(see supplementary material for further details): (i) there is no need to
heat the sample, which is desirable for temperature- or air-sensitive
materials; (ii) no additional fabrication procedure is needed; and (iii)
instead of being permanently attached to the target sample, the DMC

FIG. 4. Demonstration of wide-field magnetic imaging using (111)-oriented NVs in a 20� 20 lm2 DMC. (a) Optical image of a meandering phantom as seen through a DMC.
Inset: DMC is deposited on a fabricated meandering wire phantom. (b) Simulated vertical (z) component of magnetic field Bz generated by DC current in phantom. (c)
Ensemble NV map of Bz measured with current in phantom. The overall pattern matches that of simulation in panel (b), with minor differences due to complexity in current flow
around wire corners. Scale bar corresponds to 5lm for (a)–(c). (d) Two localized features in axial strain field Mz used to benchmark spatial resolution of ensemble NV magnetic
imaging using a DMC. Mz is fit to two Gaussians; contour of the two-dimensional fit is shown. (e) Linecut of Mz data (fit) along dashed line in (d) shown as red points (blue
curve). Extracted spatial resolution is 450(30) nm.
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can be reused. For example, the DMC in Fig. 5(l) was subsequently
picked up again and transferred to another RuO2 device [Fig. 5(m)].
Moreover, in Figs. 5(n)–5(p), we show that two DMCs, already placed
on a permalloy spin-torque device, can be picked up again using a
polymer microstructure and positioned on new devices; this result
shows that we can selectively pick up an individual DMC from a col-
lection of nearly spaced chips. We also have demonstrated the poten-
tial of this technique on different materials showing the successful
deposition of diamond microchips on several materials (more details
in supplementary material Secs. 6 and 7). This technique enables a reli-
able, high-throughput process where one first breaks off all the DMCs
onto a substrate for storage, and then, one simply transfers an individ-
ual DMC from the storage substrate to the target sample, repeating the
process for other DMCs and possibly other samples, as desired.

CONCLUSION

In conclusion, we characterize a diamond micro-chip (DMC)
with a (111)-oriented NV ensemble in a nanoscale surface layer, and
demonstrate its utility for high-resolution quantum microscopy. We
find that the DMC has a suitably homogeneous strain profile and

ensemble NV spin coherence properties consistent with NVs in bulk
diamond at a similar depth from the surface. We perform high-
resolution wide-field NV magnetic imaging using a DMC deposited
on a wire phantom carrying a DC current and show that diffraction-
limited resolution can be achieved for ensemble NV fluorescence
imaging using a DMC. We also demonstrate the ability to interface a
DMC with a diverse set of materials and discuss implications for
diverse applications. Finally, we develop a polymer-based pick-and-
place technique for reliable DMC manipulation and localization. Our
work reveals the potential of DMCs with an (111)-oriented NV ensem-
ble to expand the application of NV quantum sensing in wide-ranging
fields such as materials, device, geological, biomedical, and chemical
sciences.

SUPPLEMENTARY MATERIAL

See the supplementary material for provided separately in the
supplementary materials section. It has seven subsections and provides
additional insight and information without disrupting the flow of the
main manuscript by being added in a supplementary section. The first
subsection describes the robustness of the diamond micro-chip in its

FIG. 5. Polymer-assisted dry-transfer technique for efficient DMC manipulation and placement. (a)–(e) Schematics. (a) A DMC is first broken off from the diamond mainframe
(e.g., with a tip) and lands on a substrate. (b) A transparent substrate (e.g., a glass slide) with a polymer microstructure approaches the DMC. (c) The polymer assembly picks
up the DMC and places it on a sample of interest. (d) Tilting the slide releases the DMC from the polymer. A docking structure with adhesive property can also further facilitate
the release. (e) The polymer assembly is pulled off, leaving the DMC on the sample. (f)–(l) Optical images of the polymer DMC deposition process. (f) A DMC, after being bro-
ken off, sits on a substrate. In the image, one also sees a glass slide with a polymer microstructure. (g) The polymer assembly approaches and comes in contact with the
DMC. (h-i) The polymer assembly picks up the DMC. (h) shows the optical image when the substrate is still in focus; the DMC is out of focus, showing that it is picked up. (i)
shows the DMC in focus, whereas the substrate is no longer in focus. (j) The polymer assembly brings the DMC on top of a RuO2 altermagnet Hall-bar device and deposits the
DMC on the sample. (k) The polymer assembly exits, while the DMC remains on the sample. (l) A tip can be used to further fine-tune the DMC position. (m) The DMC from (l)
is picked up again by polymer assembly and transferred to another RuO2 Hall-bar device. (n)–(p) The technique can also selectively transfer an individual DMC from a collec-
tion of closely spaced chips. Among the two DMCs on a permalloy spin-torque device (n), one is transferred to an Au structure (o) and another transferred to a new spin-torque
device (p).

AVS Quantum Science ARTICLE pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 044405 (2024); doi: 10.1116/5.0223774 6, 044405-6

Published under an exclusive license by AIP Publishing

 11 D
ecem

ber 2024 21:39:41

https://doi.org/10.60893/figshare.aqs.c.7537584
https://doi.org/10.60893/figshare.aqs.c.7537584
pubs.aip.org/aip/aqs


applications. The second subsection briefly describes the experimental
setup used in this work. The third subsection includes a short discus-
sion on microscopy of strain and stray field. Subsection four is dedi-
cated to explaining the proposal of the dark matter detection
application using the strain tracks in diamond. In subsection five, we
discussed the spatial resolution relevant to the application of our tech-
nique. In the last two subsections, we gave a detailed explanation of
how the “polymer-assisted dry transfer” method works and the pros-
pect of the technique in different materials and surfaces.
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