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ABSTRACT

Ensembles of nitrogen-vacancy (NV) centers in diamond are a leading platform for sensing and imaging magnetic fields at room tempera-
ture, in part due to advances in diamond growth. An essential step to improving diamond material involves the characterization of crystal
and NV-related properties, such as strain and paramagnetic impurities, which can shift and broaden the NV resonances used for sensing.
Full sample characterization through wide-field imaging enables both fast and detailed feedback for growers, along with the estimation of
sensing performance before use. We present a quantum diamond microscope tailored for millimeter-scale wide-field mapping of key quan-
tum properties of NV-diamond chips, including NV ensemble photoluminescence intensity, spin-lattice relaxation time (T;), and spin-
coherence lifetimes (T, and T;). Our design also allows for lattice stress/strain and birefringence magnitude/angle mapping, and their in situ

correlation with NV properties.

Published by AIP Publishing. https://doi.org/10.1116/5.0222809

I. INTRODUCTION

Solid state quantum sensors, such as the nitrogen-vacancy (NV)
center in diamond, are undergoing rapid research and commercial
expansion. NV-diamond sensing modalities include scalar' © and vec-
tor”’ magnetic field sensing and imaging, stable clock oscillators, "’
electric field sensors,'""'* nanodiamond temperature sensors,”? map-
ping of strain in the diamond crystal,'*"” microwave mode cool-
ing, " extreme environment magnetometry,’”® and pressure
sensing."” The rise in NV sensors has been aided by advances in dia-
mond growth and a better understanding of fabrication properties and
their relation to performance.”’

A widely used instrument is the quantum diamond microscope
(QDM), which employs a dense layer of NV centers (=~ few microme-
ter) on a millimeter-scale diamond plate to perform wide-field micro-
meter-scale vector imaging of magnetic fields at very low standoff
distances.”"”” These measurements benefit from low-strain diamond
chips with narrow linewidth NV center resonances. Prior characteriza-
tion of the diamond also aids in identifying artifacts that play an out-
sized role in some instances,” *~ as well as imperfections that limit
QDM performance.'****” Developers of quantum diamond require a
tool that is sensitive to the NV spin and strain environment, especially
on samples that are too thin for optical absorption measurements.
Here, we demonstrate an “all-in-one” QDM that can image several

parameters relevant to NV ensemble sensing across a millimeter dia-
mond plate, including NV spin resonance line shift, decoherence,
depolarization  time scales, stress/strain, and birefringence.
Measurements are co-registered to simplify analysis of complex fea-
tures that appear across modalities.

Il. INSTRUMENT OVERVIEW

The all-in-one QDM is configurable between multiple measure-
ment modalities, as listed in Table I. A high-level depiction of the
apparatus is illustrated in Fig. 1 and the supplementary material
includes a summary of each measurement modality and list of compo-
nents for each subsystem.

Laser light for NV excitation can be sent through a top objective
for point-excitation or to a periscope that illuminates a millimeter-
scale region of the diamond along a shallow angle. Similarly, there are
two collection pathways for NV photoluminescence (PL); the top
objective can be used to collect epifluorescence and spatially filter it
before being sent to either a photodiode for time resolved confocal
measurement or a fiber-coupled spectrometer for spectroscopy; or the
PL can be collected by an imaging objective mounted beneath the sam-
ple space, which directs light to a camera for wide-field imaging. This
combination is powerful in that it automatically correlates confocal
and imaged NV measurements, which enhances analysis.
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TasLe . All-in-one QDM measurement modalities: CLE—confocal laser excitation using epifluorescent illumination, FSLE—full sample laser excitation, LED—light-emitting diode,

PD—photodiode, CMOS—complementary metal-oxide semiconductor camera.

Measurement details

Measurement Pump geometry Read-out configuration Purpose

Constant wave-optically CLE PD MW resonance frequencies of NV

detected magnetic resonance spin transitions

(CW-ODMR)

Rabi CLE PD MW driving rate of NV spins

T, relaxometry CLE PD NV spin-lattice relaxation time

(Ty)

Ramsey CLE PD NV spin dephasing time (T3)

Hahn echo CLE PD NV spin decoherence time (T5)

Dynamic decoupling CLE PD Performance of noise-cancelling
pulse sequences outside of specified

frequency window

Photoluminescence (PL) FSLE or CLE CMOS NV PL intensity and epi-spot

distribution location”

Imaged CW-ODMR FSLE CMOS NV spin resonance across sample

Imaged Rabi FSLE CMOS MW driving rate of NVs across

sample

Imaged T, relaxometry FSLE CMOS NV T; across sample

Imaged Ramsey FSLE CMOS NV T; across sample

Imaged Hahn echo FSLE CMOS NV T, across sample

Imaged dynamic decoupling FSLE CMOS Performance of noise-cancelling

pulse sequences across sample
Ilumination source
Imaged quantitative LED CMOS Spatial distribution of stress/strain
birefringence within diamond plate

A supplement to photodiode measurements, showing the precise location of the pump spot relative to the sample in imaged measurements.

Furthermore, a sliding mount exchanges the top objective with an
LED-polarizer pair, enabling birefringence transmission measurements
detailed in Sec. III C.

The system is capable of strong microwave driving of NV spin
transitions (>MHz Rabi frequency) across the full field of view of the
imaging objective (=5 mm), enabling wide-field imaging of pulsed
diagnostics (e.g., Ramsey, Hahn echo). An NV Rabi frequency similar
to 1/T, across the entire diamond is necessary to achieve multiple
Rabi periods before dephasing occurs. Large, uniform microwave
intensities are achieved by way of a metallic loop gap resonator (LGR)
adapted from a previous work.” The resonator design greatly enhan-
ces the microwave field while having sufficient bandwidth to collect
optically detected magnetic resonance (ODMR) spectra up to a few-
millitesla bias magnetic fields. Details are provided in the supplemen-
tary material.

A megapixel camera images a millimeter-scale field-of-view with
micrometer resolution resulting in over x 10° spectral datasets. Fitting
the datasets to produce spatially resolved parameter maps is massively
sped up through the use of parallel GPU-based fitting software, such as
GPUfit and the associated python-based pyGPUfit module.”” For
CW-ODMR, Rabj, and T; relaxometry, measurements are reported as
contrast: C = Iytwon/IMwoft- Here, Iviwon is the measured PL signal
intensity with microwaves on, and Inwos is the reference PL intensity

measurement with microwaves off. For phase-sensitive modalities
(Ramsey and Hahn echo), values are reported as a visibility
V = (Imw+ — Imw-)/(Imw+ + Imw—). Here, Iyyw+ is the measured
PL intensity where all microwave pulses applied to the NVs have the
same phase, and Iyw- is PL intensity with the final 7/2 microwave
pulse of opposite phase. More details, such as the functional form of
the various fit procedures and techniques for evaluating fit appropri-
ateness are provided in the supplementary material.

I1l. EXPERIMENTAL MODALITIES
A. CW-ODMR

Continuous (CW)-ODMR spectroscopy provides a wealth of
knowledge. By separating the NV classes with a uniform magnetic bias
field and fitting the NV resonances to find their center frequencies,
several quantities can be measured including local magnetic field, tem-
perature, and crystal stress/strain. Confocal CW-ODMR through the
top objective is used when precise control of the sensing volume or
maximum sensitivity is required. Imaged CW-ODMR, performed via
full sample side illumination and imaged onto the megapixel camera,
allows measurement of the NV spin resonance spectrum on a pixel-
by-pixel basis. CW-ODMR is commonly used to image magnetic
fields; an example is provided in the supplementary material.
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Fie. 1. Schematic of all-in-one QDM for NV-diamond sensor characterization. Two optical excitation pathways are exchanged by use of a flipper mirror, with an epifluorescent
option and a non-focused full sample excitation option. Microwaves are coupled in to an edge inductive gap of the loop gap resonator (LGR), creating a strong, homogeneous
microwave field across the full NV-diamond sample. Permanent magnets create a uniform bias magnetic field that Zeeman shifts NV spin resonances in order to isolate or over-
lap resonance frequencies as needed. Optical objectives above and below the sample are used for epifluorescent or full field-of-view measurements. The avalanche photodiode
(APD) and optical spectrometer are coupled to the above-mentioned sample collection pathway. The APD is used for time-resolved NV photoluminescence (PL) measurements,
while the spectrometer is used for microwave assisted NV charge state measurements. The below-sample objective is coupled to a long-pass filter and camera used to image
PL for spatially resolved NV characterization. An LED with linear polarization control and appropriate circular polarization filter can be switched for the top objective and bottom
filters, respectively, to create a transmission measurement of optical birefringence using the same below-sample objective and camera.

This modality can map interactions that affect the NV spin
Hamiltonian, including crystal stress and strain. Based on previous
work,'*'” we describe the NV stress tensor,

1
GDiag - E [Mz.l + Mz,Z + Mz,} + Mz,4]7 (1)
1
1
Ooxy = — [Mz1 + Mo — M3 — M, 4], (2)
802
1
Ox7 = 5~ [Mz‘l =M,y + M5 — Mz,4}7 (3)
8&2
1
Oyz = g [Mz,l =M, — M5+ MzA}’ (4)
2

where opig = Oxx + Oyy + 077 is the diagonal stress tensor compo-
nent, the individual values of which are obscured in present QDM
measurements; M,; are the asymmetric line shift values for each NV
orientation classes within the diamond crystal about their mean value;
and {a;,a,} = {4.86, —3.7} MHz/GHz is the spin-stress coupling
constant. Using these relationships, we can partially reconstruct the
stress tensor, including the shear components, from QDM measure-
ments (see the supplementary material). Note that determination of
the individual uniaxial terms (oxx, etc.) is possible by changing the
bias magnetic field direction, though we have not implemented it
here."*

B. Pulsed protocols

Pulsed NV measurements are performed in either the confocal or
wide-field imaging modes, including protocols for Rabi oscillation,
Ramsey, Hahn echo, and T, relaxometry, see Figs. 3 and 4.
Importantly, the all-in-one QDM allows such measurements over a
millimeter-scale field-of-view—whereas past measurements were lim-
ited to &2 100 um”' —due to integration of the LGR to provide strong,
homogeneous microwave driving of NV spin transitions.

Imaging the NV Rabi frequency allows evaluation of microwave
field homogeneity. Ramsey and Hahn echo measurements are used to
evaluate the NV ensemble spin dephasing time T5 and are conducted
at a fixed microwave detuning (~5MHz) from the NV center fre-
quency in order to have sufficiently fast oscillation to properly fit the
decay envelope. Hahn echo measurements are used to measure the
NV ensemble decoherence time T,. Both Ramsey and Hahn echo mea-
surements are collected with phase dependence of the final microwave
pulse in order to measure visibility instead of contrast for improved
noise cancelation. Finally, T} relaxometry provides an upper limit to
NV spin lifetimes in the sample. Dynamical decoupling schemes are
feasible for this system but are not implemented in the present work.
Examples of imaged fitting parameters extracted from these measure-
ments are provided in Figs. 4 and 5. Correlation is observed between
high-contrast features in the maps of stress and T, which is consistent
with past studies of CW-ODMR and Ramsey microscopy of NV-
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diamond samples.”” However, the T, and T maps are largely homoge-

neous, as anticipated for the high-quality NV-diamond sample studied
here. More detail is provided in Sec. I'V.

C. Optical birefringence and stress imaging

The cubic symmetry of ideal diamond has zero optical birefrin-
gence; however, real diamond samples typically have local stress that
breaks this symmetry, resulting in observable birefringence.”’ The all-
in-one QDM provides a quantitative measure of stress in the diamond
sample via a switchable stage that brings an LED (4 =530 nm) with a
rotating linear polarizer above the diamond sample and a circular ana-
lyzer after the below-sample objective. In this operational mode, opti-
cal transmission measurements yield the full 2D anisotropic
retardance vector without adjusting the sample.'* The stress angle ¢
and retardance phase 6 = (27/1)AnL, where L is the sample thickness
and An is the difference in refractive index between the two polarizations,
are related to the optical transmission intensity by the following equation:

I = %Io[lJrsin(Z(ai — ¢))sin(0)]. ()

By measuring I; as the linear polarizer angle, o; rotates through
180°, and ¢ and sin ¢ are determined. ¢ is related to the optical wave-
length /, the diamond stress magnitude (|o|), and the index of refrac-
tion n = 2.42 by the following equation:

ol ~ e ©
7T Ln’ giso
where gy, = 0.3 x 10~ "*Pa” " is a piezo-optical coefficient.”’

Stress determined in this way may be buried deep in the undoped
diamond, far away from the active layer of NVs. Additionally, small
regions of intense stress in the NV layer may not be detectable by bire-
fringence against the contribution of a large undoped diamond, if the
active layer is comparatively small. Furthermore, if the diamond has
significant strain or the sample is of sufficient thickness, the optical
birefringence measurement can become phase-ambiguous once the
difference between the slow and fast axes |5] > (1/2). These are all
reasons that multi-modal detection is crucial for complete characteri-
zation of NV samples. Comparison of measurements of stress deter-
mined by CW-ODMR (contribution confined to the NV layer) to
optical birefringence (contribution from the entire diamond) are pre-
sented in Figs. 4(a), 4(e), and 4(f).

D. Optical spectroscopy and NV charge state
characterization

Top-collected PL may be sent to a spectrometer via a flip mirror
and analyzed for NV charge state ratio or the presence of other color
centers. We have found that a fiber-coupled compact CCD spectrome-
ter is sufficient for most ensemble measurements.

Two NV charge states are present in most samples, NV~ and
NV, but only NV~ is useful for sensing. In quantum-grade diamond
growth, it is common to try to maximize the amount of nitrogen con-
verted to NV ™. We determine the ratio of NV~ to NV° by collecting
PL spectra with and without a microwave field resonant with the NV~
spin transitions, which allows for their decomposition.””

ARTICLE pubs.aip.org/aip/aqs

NV charge states are metastable and dependent on both intrinsic
material and extrinsic experimental conditions. Intrinsic conditions
that can affect the NV charge state include local availability of electron
donors by doping’” and local chemical potential.”* Some samples can
have coexisting regions of different charge state ratios.” Extrinsic con-
ditions that can affect the NV charge state include electric field
bias,”*”” laser intensity,”* and excitation wavelength.”” NV~ fraction
as a function of laser intensity is particularly important to characterize
since it falls off at high intensities, which needs to be balanced against
NV PL for optimal sensing.””

a) MW Coupling Map

500 um

Rabi Frequency (MHz)

b)  Histogram of MW Coupling Strength
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Fic. 2. (a) Example map of NV ensemble Rabi frequency produced by all-in-one
QDM across & 3 x 3mm? region of a diamond sensor plate. NV-diamond sample
is described in Sec. |\. Observed variation in Rabi frequency across field-of-view
results from spatial gradients in microwave coupling strength to NV spin transitions,
e.g., due to inhomogeneous microwave drive amplitude or angle of incidence rela-
tive to the interrogated NV dipole, or any cause of NV spin resonance line shift or
broadening. Spatial scale bar is shown. (b) Histogram of fit values provides an esti-
mate of Rabi frequency distribution across all-in-one QDM field-of-view. 10th and
90th percentiles, marked with dashed black lines, fall within = 10% of mean Rabi
frequency value. Inset: example single pixel Rabi oscillation dataset and associated
fit in blue.
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IV. DIAMOND CASE STUDY

As a demonstration of the all-in-one QDM, we characterize a
quantum-grade NV-diamond sample produced by Element Six.
This sample is 3 x 3 x 0.5mm” of diamond host grown by chemi-
cal vapor deposition (CVD), with a 20 um thick layer (16 ppm N,
3 ppm NV) adjacent to the as-grown surface. With this geometry,
well above 99% of the NV defects are >100 nm below the surface,
and are not sensitive to surface effects. Additionally, we do not

ARTICLE pubs.aip.org/aip/aqs

anticipate the existence of ferromagnetic or paramagnetic inclu-
sions in this CVD grown sample. A similar diamond is used in pre-
vious work to achieve volume-normalized DC magnetic field
sensitivity of V' = 34 nTHz /2 ,umm. 0

The sample is treated with a tri-acid perchlorate solution’' in
order to remove surface contaminants and characterized by XPS to
discern surface composition; additional details are provided in the
supplementary material. The sample is then characterized with the
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Fic. 3. Example NV ensemble measurements for diamond sample described in Sec. |V, and associated fits for data, collected with the all-in-one QDM in the epifluorescence
configuration. (a) CW-ODMR spectra; (b) Rabi oscillation; (c) Ramsey measurement; (d) Hahn echo; (e) T4 relaxation; and (f) NV PL spectra demonstrating MW-assisted
charge state decomposition as described in Ref. 30. For the CW-ODMR data, LGR resonant frequency = 2785 MHz and a bandwidth ~ 80 MHz, which enhances MW driving
of nearby resonant NV spectral features arising from different projections of bias magnetic field on four NV orientations within the diamond crystal.
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all-in-one QDM, performing both confocal and imaged CW-ODMR, modalities are co-registered to within one pixel, enabling precise corre-
Rabi, Ramsey, and Hahn echo, as well as imaged optical birefringence lation of features between measurements.
of the entire sample, imaged stress of the NV layer, and confocal For the wide-field imaging modalities, significant heating of the
microwave-assisted spectroscopy to determine relative NV charge diamond sample is caused by laser illumination at typical input power
states (see Figs. 2-5). After alignment, the diamond sample remains of a few watts. Heating leads to an asymmetric line shift of NV spin
untouched until all measurements are completed, so that imaged resonances, which can result in a line shift gradient across the sample.
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Fic 4. Example of NV-diamond sample characterization performed with all-in-one QDM and displayed as image data. (a) apjag extracted from CW-ODMR; (b) T, from Ramsey;
(c) T, from relaxometry; (d) T, from Hahn echo; (e) stress magnitude, and (f) stress angle determined from optical birefringence. Correlations in (a)—(f) relate to regions of high
stress and stress gradients. A discussion of sources of noise and error in these and related measurements is provided in the supplementary material.
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Fic 5. Expanded-view QDM characterization images for the region of NV-diamond sample indicated by box in Fig. 4(a): this region of enhanced stress appears as a channel between two
highly localized linear regions. (a) Diagonal stress tensor component apjg extracted from CW-ODMR corresponds to isometric stress. (b)—(d) Off diagonal stress tensor components corre-
spond to shear stress, with axy being in-plane shear and ayz and azx being out-of-plane shear components. (e) T, map shows qualitative correlation with stress measurements. (f) T,
map is near-uniform with the exception of a few marked regions degraded by poor T. (g) Stress magnitude and (h) stress angle determined from optical birefringence measurements.
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To mitigate the effect of the heat load, the diamond sample is mounted
cantilever style to a thermally conductive SiC plate; and a 5 us delay is
placed between the laser initialization pulse and the microwave proto-
col used for NV measurements. Cantilever mounting also simplifies
the subtraction of the birefringence background, since the only contri-
bution comes from free space and rigidly aligned optics. Care must be
taken to eliminate system drift, as it can blur together measurements
of adjacent pixels. Our system does not exhibit significant drift over
the course of measurements presented here, as evidenced by the high
spatial resolution of imaged micrometer-scale defects in the sample, an
example of which is presented in the supplementary material.

Figure 4 presents example images of the diamond sample’s NV
ensemble asymmetric resonance line shift in CW-ODMR (corre-
sponding to the isometric stress component opj,g Within the NV layer),
T;, T, and T,; as well as optical birefringence over the full sample
thickness, yielding both the relative stress magnitude and angle.
Regions of stress typically correspond to NV spin resonance broaden-
ing and reduced T3, limiting the sensitivity to magnetic fields in these
locations (see additional information in the supplementary mate-
rial)."*"> T, is sensitive to the local nitrogen density in the diamond
sample, which is homogeneous in the CVD diamond used here. If T}
is sufficiently poor in particular regions in the sample that a high-
fidelity NV spin superposition state cannot be created with the Hahn
echo protocol, then measurement of T, will include artifacts isolated to
those poor T; regions, which demonstrates the necessity of co-
registered datasets for thorough characterization of the sample. We
find that over 90% of the sample has measured T3 within 10% of the
median value; and almost 99% of the sample has T, within 5% of the
median T, value. Avoiding the few regions of enhanced stress and
reduced T; and T; is thereby enabled by all-in-on QDM characteriza-
tion. Additional analysis, including a calculation of uncertainty values
in the presented measurements, are presented in the supplementary
material.

Figure 5 shows a specific region of enhanced stress at higher spa-
tial resolution, selected from the QDM images of Fig. 4. In Fig. 5(a),
the isometric stress component (opjg) shows a region of increased
stress that is between two linear regions in a channel ~ 100 um across.
Stress petals, which are indicative of dislocation bundles that propagate
from the substrate diamond during growth,”*’ are visible nearby as
much smaller features that are tens of micrometers across. Figure 5(b)
shows that the two edges of the region of enhanced stress have related,
but opposite, polarity shear components that extend across the region
of increased o pjqq. Figures 5(c) and 5(d) demonstrate that the out-of-
plane shear components are localized only to the edges of the region
of increased stress, and do not extend into the internal region. Figures
5(e) and 5(f) show that increased isometric stress is correlated with
(and likely causal to) significantly reduced T, but with minimal effect
on T>. In particular, the edges of the stress region, which correspond to
localized behavior in the shear components or to steep gradients in iso-
metric stress, correlate with decreased T; values. Figures 5(g) and 5(h)
show stress magnitude and phase, respectively, determined from opti-
cal birefringence measurements, and provide quantitative confirma-
tion of high stress regions determined from NV measurements.

V. CONCLUSION AND FUTURE WORK

We present a multi-functional quantum diamond microscope
(QDM) for comprehensive characterization of NV-diamond samples.
The apparatus employs automated components that enable remote

ARTICLE pubs.aip.org/aip/aqs

operation. With modest future development, we envision push-button
operation of all modalities described in this paper without user inter-
vention. More significant future effort will likely be needed to extend
the capability of this all-in-one QDM to remote operation on multiple
samples in sequence, as a result of challenges with careful sample align-
ment, background subtraction with regard to birefringence, as well as
good thermal heat-sinking.

The apparatus described in this paper should be extendable to
any optically driven and detected solid-state quantum defect that oper-
ates at room temperature. There is a vast library of potential defects to
be explored for optically driven quantum sensing, including vacancies
and site defects,”* transition metals, 1647
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and rare earth dopants in
both diamond and other semiconductor materials. The scale of charac-
terization demands will continue to grow alongside developments in
semiconductor defect systems, underlining the need for rapid charac-
terization systems as described in this paper.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information about
instrument design, function fitting, and GPU techniques to extract
imaged parameters of interest, estimates of measurement uncertainty,
and diamond sample surface cleaning and chemistry.
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