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Cross-Correlated Quantum Thermometry Using Diamond

Containing Dual-Defect Centers

Madhav Gupta, Tongtong Zhang, Lambert Yeung, Jiahua Zhang, Yayin Tan,
Yau Chuen Yiu, Shuxiang Zhang, Qi Wang, Zhonggiang Wang, and Zhigin Chu*

The contactless temperature measurement at micro/nanoscale is vital to a
broad range of fields in modern science and technology. The nitrogen-vacancy
(NV) center, a kind of diamond defect with unique spin-dependent
photoluminescence, is recognized as one of the most promising
nanothermometers. However, this quantum thermometry technique is prone
to a number of possible perturbations, which will unavoidably degrade its
actual temperature sensitivity. Here, for the first time, a cross-validated
optical thermometry method is developed using a bulk diamond sample
containing both NV centers and silicon-vacancy (SiV) centers, achieving a
sensitivity of 22 and 86 mK (1/Hz)~" respectively. Particularly, the latter has
been intrinsically immune to those influencing perturbations for the NV-based
quantum thermometry, hence serving as a real-time cross-validation system.
As a proof-of-concept demonstration, a trustworthy temperature
measurement is shown under the influence of varying magnetic fields, which
is a common artefact present in practical systems. This multi-modality
approach allows synchronized cross-validation of the measured temperature,
which is required for micro/nanoscale quantum thermometry in complicated
environments such as a living cell.

1. Introduction
gans worms. "]

For example, multiple physiological
properties in thermal biology are directly
revealed by measuring the temperature
in biological systems.[®! There are grow-
ing interests in developing non-contact
luminescent thermometry techniques to
explore the measurements of tempera-
ture at single cell level.'%”] Among the
different approaches, the optically ad-
dressable nitrogen-vacancy (NV) center
in diamond nanoparticles remains one of
the most studied and well-adopted high-
sensitive nanothermometers.®] The NV
center uses a magnetic spin transition
whose resonance frequency is sensitive
to thermally induced lattice expansion.
This spin-based method has exception-
ally high sensitivity and has been shown
to detect temperature variations down
to 9 mK (y/Hz)! in pure diamond and
200 mK (1/Hz)"! in nanodiamonds with
a spatial resolution of 200nm."! Several
exciting applications of this method have
been demonstrated, such as nanoscale

thermometry in electronic devices,”! living cells,’) and C. ele-

Performing high-resolution thermometry with nanoscale spatial
resolution is crucial in studying multiple processes in diverse
fields such as electronics, material science, and cell biology.!'!

However, this spin-based method has been found suscepti-
ble to multiple artefacts such as fluctuating magnetic fields,!!
microwave heating,['213] and uncontrolled movements.#14 In
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addition, the required microwave irradiations lead to consider-
able residual heating effects and might not be suitable for biolog-
ical samples such as neuron cells.[*] Due to these practical imple-
mentation issues, several microwave-free all-optical approaches
have been demonstrated using a series of diamond defects
such as NV,[19 silicon-vacancy (SiV),['”!8] germanium vacancy
(GeV),[% and tin vacancy (SnV)!2%2!l centers. For instance, tem-
perature measurement within the biological transparency win-
dow by the SiV defect in diamonds has been recently reported.!®!
Here the temperature sensitivity reached 360 mk (y/Hz)™! in
bulk diamond and 521 mk (y/Hz)~! in 200 nm nanodiamonds at
room temperature. While the all-optical method has been shown
to be relatively immune to those measurement artefacts, it suf-
fers from relatively poor sensitivity as compared to the spin-
based approach.l®] Notably, most of the existing studies have re-
lied on one single type of defect centers, and only a few recent
studies(?223] have started to demonstrate the case of deploying
dual-defects simultaneously in one go.

For reliable temperature measurements in practical applica-
tions, it is highly desirable to develop a multi-modality ther-
mometer allowing cross-validation of each individual readout
method.’) Recently, multi-mode temperature measurements
have been demonstrated, e.g., Alkahtani et al. reported the si-
multaneous use of fluorescent nanodiamonds (FNDs) and lan-
thanide ion-doped upconverting nanoparticles (UCNPs) in fer-
tilized bovine embryos.[??! They injected both FNDs and UC-
NPs into the embryos, performing Optically Detected Magnetic
Resonance (ODMR) measurements for the FNDs, and the flu-
orescence spectral measurements for the UCNPs aimed at in-
creased measurement confidence. Despite its significance, this
dual-mode thermometry has actually consisted of two physically
separated systems, which limits the spatial resolution and makes
synchronous /simultaneous measurements challenging. Simi-
larly, temperature sensing with NV and Nickel (Ni) diamond
color centers excited in the biological transparency window in
FND crystals was also recently demonstrated.[?*] Unfortunately,
both the NV and Ni centers show a quite broad phonon sideband,
limiting their temperature sensitivity intrinsically.[?*]

In this work, we demonstrate a cross-validated/dual-mode op-
tical thermometry method using NV and SiV defect centers in the
same bulk diamond sample, without any loss in spatial or tem-
poral resolution. Temperature measurements will be obtained si-
multaneously using two different modalities, i.e., thermally in-
duced ODMR spectrum and photoluminescence (PL) spectrum
shift, corresponding to NV and SiV centers, respectively. We show
that these two measurements have a perfect linear dependency,
indicating the confidence of the performed temperature mea-
surement can be significantly improved. Furthermore, we have
applied this method to demonstrate reliable thermometry, even
in the presence of fluctuating electromagnetic fields that mimics
a commonly encountered artefact in practical systems. To the best
of our knowledge, this is the first time that people have combined
the high-sensitivity spin-based approach (NV) with the artefact-
free all-optical approach (SiV) within the same thermometer to
perform reliable temperature measurements. Specifically, by si-
multaneously measuring temperature using two different modal-
ities having different physics, our approach avoids sensor confu-
sion and improves the measurement confidence. This could cer-
tainly help in addressing the recent controversy surrounding the
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interpretation of the heterogeneous temperature distribution in
living cells.[2+2]

2. Results

2.1. Co-Existence of NV and SiV Centers in Diamond

The NV center is a point defect in the diamond lattice, consisting
of an adjacent pair of a nitrogen impurity and a lattice vacancy
(Inset, Figure 1a). The electronic energy level structure of the NV
centers is shown in Figure 1a, consisting of spin-1 system (S = 1)
with a triplet ground state (*A,) having electron sublevels of mg
= 0 and mg = +1. By applying the microwave resonance to the
transition between mg = 0 and mg = +1 in the ground state, the
fluorescence decreases substantially—and this process is called
ODMR.[®] ODMR measurements can be performed to measure
the Zero Field Splitting (D), which is equal to D »2.87 GHz at
room temperature. NV-ODMR based thermometry is based on
the temperature dependence of D, originating from thermal ex-
pansion of the diamond lattice and the temperature dependence
of the electron-phonon interaction.[16-2¢]

The SiV center is formed by replacing two neighboring car-
bon atoms in the diamond lattice with one Silicon atom, which
places itself between the two vacant lattice sites (Inset, Figure 1b).
The electronic energy level structure of the SiV centers is shown
in Figure 1b, consisting of doubly degenerate ground and ex-
cited orbital states split by spin-orbit coupling.[?’! All four tran-
sitions between the two ground and two excited orbital states are
dipole allowed with a sharp zero phonon line (ZPL) at 737 nm
(1.68 eV)[2829] and a minimal phononic sideband in a roughly
20 nm window ~766 nm.% SiV based thermometry is based on
the temperature dependence of the ZPL parameters such as peak
position and linewidth.

The SiV center emits much more of its emission into its ZPL,
~70% (Debye Waller Factor (DWF) ~0.7) as compared to the NV
center (0.04).3!1 Moreover, the ZPL is in the Near Infrared Re-
gion (NIR) and lies in the biological transparency window. Fur-
thermore, due to the S = 1/2 nature of the electron spin and the
large ground state energy splitting (50 GHz), the SiV remains
largely unaffected by the magnetic field at room temperature.[®!
These factors make the SiV center an attractive candidate
for a variety of ultrasensitive all-optical thermometry-based
applications.[3233]

A detailed optical characterization for our bulk diamond sam-
ple using our custom-built wide-field quantum diamond micro-
scope is performed (see Figure S1, Supporting Information), by
measuring the PL spectrum and Continuous Wave (CW)-ODMR
spectrum to experimentally confirm the coexistence of dual de-
fect centers. Figure 1c shows the PL spectrum measured at 25 °C
under 532 nm excitation. The ZPL peaks of NV and SiV at 637
and 737 nm respectively can be clearly observed, indicating their
coexistence.

By performing the appropriate Lorentzian fitting, the
linewidths for the NV and SiV ZPL peaks are extracted as
~3 and ~4.8 nm respectively, which are in close agreement with
values reported for a typical 1b diamond at room temperature.34
Additionally, a standard CW-ODMR spectrum measurement at
25 °C is also performed (Figure 1d) that further confirms the
presence of an ensemble of NV centers in the bulk diamond

© 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH

85U80|7 SUOWIW0D 3A 8.0 3| [dde 8Ly Aq peusenob e sejolie YO ‘8sn Jo Sa|ni Joj ArIqiT8UIUO 8|1 UO (SUOIPUOD-pUe-SW.s /W00 A3 [ Afeiq 1 [puljuo//Sdny) SUORIPUOD pue swie 1 8y} &8s *[£202/2T/LT] uo Ariqiaulluo A8|1m Buox BuoH Jo Aisienun Aq €0T00EZ0Z SPe/Z00T OT/10p/W0D A8 |IM Aeiq Ul uo//Sdhy WOy pepeoiumod ‘0 ‘6TZTTS.E



ADVANCED
SCIENCE NEWS

ADVANCED
SENSOR
RESEARCH

Open Access,

www.advancedsciencenews.com

a
m=11
E 142Gtz
mz=0 A i
Al
] 637nm
e v’. - 1
" m=4$1 _,.——‘lm,ai
[ ] Ay et I\f,Bl
3A, —— | [o=2s2 o
¥
m=0
C
<«— SiVZPL(~737nm)
0.8 NV ZPL (*637nm)
2 |
€ 06
=]
o
(&)
c 04
[}
-
[}
£
a 0.2
0.0

550 600 650 700 750 800 850 900
Wavelength (nm)

www.advsensorres.com

Excited state . | | ™
— : : ~250 GHz
N
A Frrt
. e ZPL 737 nm [
¢ [N
L [
4
—— || [-50GH2
Ground state ™
"
2
=
3
Q
(Y]
=
[=]
-
o
£
(-9
—— Fittin °*  £,=2870.74 MHz
090 g Cﬂontmst =11.74%
+ Data Linewidth= 12 MHz
0.88
2840 2860 2880 2900

Microwave Frequency (MHz)

Figure 1. a) Energy level diagram and atomic structure of the NV center. The inset shows the NV center crystal structure b) Energy level diagram and
atomic structure of the SiV defect center. The inset shows the SiV crystal structure c) PL spectrum of sample at 25 °C, inset is a typical photo of our
customized diamond sample. d) Typical Continuous Wave (CW)-ODMR spectrum at 25 °C with the relevant parameters extracted from Lorentzian Data

fitting.

sample. A Lorentzian data fitting is performed to extract the
ODMR contrast (11.74%) and linewidth (12 MHz). Interestingly,
the ODMR measurement is performed successfully under the
influence of the SiV fluorescence as a background signal (with a
650 nm longpass filter).

This demonstrates the mutual independence of the two meth-
ods and shows no significant crosstalk between the two defect
centers in the diamond sample. This is consistent with recent
literate reports about the coexistence of two defect centers in
the same bulk diamond sample.[**] A material characterization
of the bulk diamond sample used is also provided in the Sup-
porting Information (X-Ray Diffraction (XRD)/Raman measure-
ments are shown in Figure S2, Supporting Information), indi-
cating the high crystalline quality of our sample. Additional mea-
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surements need to be performed to quantitatively estimate the
exact NV/SiV concentrations in the bulk diamond sample.

Apart from the PL and ODMR measurements, the perfor-
mance of the two thermometry methods also need to be charac-
terized, to confirm whether the co-existence of the two defect cen-
ters in the sample has any adverse effects on the sensitivity. The
photostability of the sample was measured by recording photon
counts under 532 nm excitation for over 30 min at 25 °C, and a de-
viation of <0.41% was measured (Figure 2a). To estimate the pre-
cision of SiV thermometry, we measure the uncertainty (standard
deviation) in the ZPL peak position as a function of integration
time at a fixed temperature of 25 °C (Figure 2b). The linear fitting
with a negative slope = —0.5, corresponds to the theoretical shot-

noise limit!®] aToc\/E, where the proportionality constant is the

o
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Figure 2. a) The monitored time-trace of fluorescence in diamond sample for a period of 30 min. The photon counts are measured for an exposure time

of 10 ms and averaged over 400 pixels. b) The measured temperature precision of the all-optical SiV-based temperature measurement as a function of

integration time. A noise floor of 86 mK (1/Hz)~" is extracted from the shot-noise fitting.
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Figure 3. a) ODMR Resonance Frequency is measured as a function of temperature, and a thermal susceptibility of 73.79 kHz °C~ is extracted. b)
The SiV ZPL position and FWHM are measured as a function of temperatures, and thermal susceptibilities of 0.0084 and 0.0398 nm °C~" are extracted
respectively. c) The SiV ZPL Position/FWHM measurement is shown as a function of NV-ODMR resonance frequency. Error bars represent the standard
deviation calculated from 10 individual measurements. Error bars for a—c) are smaller than the size of the datapoint.

noise floor #; = 86 mK ( \/ Hz)~!. Similarly, to estimate the preci-
sion of NV-ODMR based thermometry, a Lorentzian Data-fitting
on the CW-ODMR spectrum is performed to extract the contrast
and linewidth, and then the well-known theoretical relation!® is
used to calculate a sensitivity of 22 mK (y/Hz)~! (see Supporting
Information). The measured noise floors for both methods are
comparable to the sensitivities reported in previous works.[®]

2.2. Cross-Validated Temperature Measurement

Temperature measurements are demonstrated by measuring the
NV-ODMR resonance frequency, SiV ZPL parameters (Peak Po-
sition, Peak Full Width Half Maximum (FWHM)) as a function of
diamond sample temperature. At each temperature, the ODMR
and PL Spectrum measurements are performed, and the param-
eters mentioned above are extracted by performing the relevant
Data fitting. The temperature of the diamond sample was stabi-
lized using an electronic temperature-controlled system (global
heating source), having a precision of 0.1 °C.

Figure 3a demonstrates NV-ODMR based thermometry where
the resonance frequency is measured as a function of tem-
perature, and a strong linear dependence is observed. A sus-
ceptibility of 73.79 kHz °C~! is derived from linear fitting,
which closely matched previously reported values.!®! Similarly,
Figure 3b demonstrates all-optical SiV-based temperature mea-
surement where the ZPL Peak position and FWHM are shown to
have a strong linear dependence on temperature, and the suscep-
tibilities are derived from the corresponding linear fitting. The
key result of our project is shown in Figure 3¢, where the temper-
ature measurement is performed simultaneously using the NV-
ODMR and SiV-ZPL shift-based methods. The accurate linear
relationship between the ODMR resonance frequency and SiV
ZPL position provides strong evidence that the two independent
mechanisms can be used to cross-validate each other simultane-
ously and synchronously.

Additionally, we further demonstrate cross validation tempera-
ture measurements by using the excitation laser (532 nm) as a lo-
cal heating source. The NV ODMR resonance frequency and SiV
ZPL peak position are measured simultaneously as a function

Adv. Sensor Res. 2023, 2300103 2300103 (4 of 6)

of laser power, in both the static and dynamic settings (Figure
S3, Supporting Information). A close agreement between the 2
temperature measurement methods is found, which practically
demonstrates how the all-optical SiV ZPL measurements can be
used to verify the spin-based NV ODMR measurements in a sta-
ble and repeatable manner. (See Supporting Information for ex-
perimental details). After demonstrating the viability and feasi-
bility of our cross-validation approach, we explore a practical ap-
plication of this method in the next section.

2.3. Practical Application of the Developed Cross-Validated
Method

The main driving force of this project is that the NV-ODMR
measurement is susceptible to multiple artefacts such as exter-
nal fluctuating electromagnetic fields, microwave-induced heat-
ing, etc. This hampers the quality of the measurements and in-
evitably reduces the accuracy and reliability of the measurement
performed. As a comparison, the SiV-based temperature method
is all-optical, and is immune to the above-mentioned artefacts.

As a proof-of-concept demonstration, we study the effect of
a randomly oriented dynamic magnetic field as a measurement
artefact for NV ODMR-based measurement. The applied B field
is applied manually by the experimenter and fluctuates randomly
both in magnitude and direction, with a typical frequency on the
order of Hz. This mimics a common measurement artefact (fluc-
tuating electromagnetic fields) found in many systems, e.g., in
complex biological environments such as neuron cells and car-
diac tissues.!**] While it is possible to accurately measure temper-
ature in the presence of magnetic noise (and vice versa) either by
using multi-point methods(®! or by performing a mathematical
analysis on the fitted resonance frequencies,®°! these methods
only work if the B field can be assumed to be static during the
measurement time of the ODMR spectrum.

Figure 4a,b demonstrates how an external magnetic field leads
to the splitting of the ODMR spectrum, resulting in a lower con-
trast and a higher linewidth. These factors lead to a degraded
temperature sensitivity for the NV based ODMR measurement.
As a proof-of-concept demonstration, we measure the ODMR

© 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 4. a) Influence of dynamic magnetic fields on the ODMR-based diamond thermometry. a) CW-ODMR spectra shown absence of B field. b) CW-
ODMR spectra in the presence of randomly oriented dynamic B field c) Time trace of measured temperature change for NV-ODMR based method. d)
Time-trace of measured temperature change for all-optical SiV ZPL based method.

resonance frequency as a function of time (Figure 4c), both in the
presence and absence of an external fluctuating magnetic field.
As expected, the measured temperature change has a large vari-
ance and standard deviation when a dynamic external magnetic
field is applied. On the contrary, when the same temperature
measurement is performed for the all-optical SiV-based spec-
trum parameters (Figure 4d), there is comparably a significantly
lower variance when an external magnetic field is applied. This
demonstrates how the SiV-based method can be used to validate
the NV-based ODMR method in the presence of measurement
artefacts, as shown for fluctuating magnetic fields.

3. Conclusion

In this letter, we have proposed that it is feasible to effectively
combine the high sensitivity, accuracy, and stability of NV-ODMR
measurement, with the advantages of artefact-free all-optical SiV
approach, without any loss in spatial or temporal resolution, to
improve the reliability and measurement confidence of temper-
ature measurements. We envision a variety of novel applications
in the future by combining multiple defect centers in the same di-
amond sample, simultaneously utilizing the advantages and use-
cases of different color centers together.

For example, dual-defect centers can allow us to decouple the
Temperature (T) and B field measurements, significantly simpli-
fying the measurement and making it more reliable. Simultane-
ous T and B measurements have multiple applications and have
been performed multiple times before.®°] However, this involves
mathematical calculations on the multiple extracted resonance
frequencies and can only be accurately and reliably done when

Adv. Sensor Res. 2023, 2300103 2300103 (5 of 6)

T and B are both assumed to be static during the time taken to
perform the measurement. Using dual-mode quantum sensing,
i.e., SiV for T measurements and NV for B-field measurement,
allows us to make precise magnetic field measurements in the
presence of temperature fluctuations and vice versa.

Furthermore, while the current measurements were per-
formed on a bulk diamond sample that might limit the scope
of its practical applications, we propose a sample fabrication pro-
cedure to obtain nanodiamonds containing dual defect centers.
That would allow cross-validation of temperature measurement
with a nanoscale spatial resolution. The nanodiamond sample
fabrication procedure has been described in the Supporting In-
formation, and preliminary experimental results are shown in
Figure S4 (Supporting Information). The detection of simulta-
neous NV and SiV ZPL peaks in the PL Spectrum measurement
indicates the co-existence of both defect centers in a single nan-
odiamond. Further sample optimization is required in order to
improve the Signal-to-noise Ratio (SNR) of the ZPL peaks, follow-
ing that a detailed characterization of the sensitivity and perfor-
mance for the nanodiamond case can be performed. Moreover,
performing a ball milling process on the currently used bulk dia-
mond samplel*’] shall also yield nanodiamonds having a coexis-
tence of NV and SiV.

In conclusion, in this work, we have succeeded in measur-
ing temperature simultaneously using two independent mech-
anisms (NV-ODMR and SiV-ZPL) without any substantial loss
in sensitivity or temporal resolution. The use of two modalities
enables cross-validation and makes these results far more reli-
able for nanothermometers in complex systems such as living
cells.

© 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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the author.
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