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ABSTRACT
Detonation nanodiamond (DND) is the smallest class of diamond nanocrystal capable of hosting various color centers with a size akin
to molecular pores. Their negatively charged nitrogen-vacancy center (NV−) is a versatile tool for sensing a wide range of physical and
even chemical parameters at the nanoscale. The NV− is, therefore, attracting interest as the smallest quantum sensor in biological research.
Nonetheless, recent NV− enhancement in DND has yet to yield sufficient fluorescence per particle, leading to efforts to incorporate other
group-IV color centers into DND. An example is adding a silicon dopant to the explosive mixture to create negatively charged silicon-vacancy
centers (SiV−). In this paper, we report on efficient observation (∼50% of randomly selected spots) of the characteristic optically detected
magnetic resonance (ODMR) NV− signal in silicon-doped DND (Si-DND) subjected to boiling acid surface cleaning. The NV− concentration
is estimated by continuous-wave electron spin resonance spectroscopy to be 0.35 ppm without the NV− enrichment process. A temperature
sensitivity of 0.36 K/

√

Hz in an NV− ensemble inside an aggregate of Si-DND is achieved via the ODMR-based technique. Transmission
electron microscopy survey reveals that the Si-DNDs core sizes are ∼11.2 nm, the smallest among the nanodiamond’s temperature sensitivity
studies. Furthermore, temperature sensing using both SiV− (all-optical technique) and NV− (ODMR-based technique) in the same confocal
volume is demonstrated, showing Si-DND’s multimodal temperature sensing capability. The results of the study thereby pave a path for
multi-color and multimodal biosensors and for decoupling the detected electrical field and temperature effects on the NV− center.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0201154
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I. INTRODUCTION

The negatively charged nitrogen-vacancy center (NV−) in dia-
mond1 is a fascinating quantum defect with a long spin coherence
time at ambient conditions2 and has been a topic of great interest
in quantum information science and technology.3 In particular, it
has been extensively studied in the field of quantum sensing because
of its high sensitivity to temperature,4,5 magnetic field,6 and electric
field.7 The discovery that diamond nanoparticles exhibit low cyto-
toxicity has led to the transfer of these quantum sensing techniques
into biology in recent years, extending toward biomedical applica-
tions8 such as detecting radicals at the subcellular level,9 observing
movements of proteins at the molecular level,6 enhancing the detec-
tion sensitivity of the HIV,10 and measuring thermal conductivity
at the subcellular level,11 etc. Among these applications, tempera-
ture sensing at the subcellular level has attracted significant interest
because the temperature in living cells reflects thermodynamics and
plays an important role in regulating cell activities.12–14 In partic-
ular, researchers have demonstrated that the membrane vesicles in
cells can be modulated by temperature.15 However, the common
bio-probe used to investigate these phenomena often suffers from
photobleaching or high cytotoxicity.16 The photostable and bio-
compatible diamond probe, therefore, represents a promising tool
for long-term monitoring of cellular activities,17 notably millikelvin
sensitivity in living cells.5

Nevertheless, the biological utility of the diamond sensors faces
a dilemma rooted in particle size,18 where larger particles pos-
sess adequate brightness because of their higher concentration of
color centers, yet their size restricts access to cell organelles.19 Con-
versely, smaller particles should allow better penetration,20 but often
at the expense of reduced luminosity because of a lower number
of color centers.21 These challenges have, therefore, motivated the
development of ultrasmall, yet luminous, diamond sensors. Among
other synthesis methods available for fabricating nano-sized dia-
mond sensors, the synthesis of detonation nanodiamond (DND) is
a promising approach to creating ultrasmall sensors by bottom-up
synthesis via an explosion (trinitrotoluene and hexogen) inside a
metallic chamber, commonly known as dynamic detonation syn-
thesis. The resultant DND has the advantage of a nitrogen con-
tent up to 2%–3% in atomic ratio and a substitutional nitrogen
(NS) concentration typically estimated at 1000 ppm.21–23 The abun-
dance of NS, therefore, provides sufficient precursor to achieve the
high concentration of NV− necessary for highly sensitive quan-
tum sensing applications.24 More importantly, DND particles have
an ultrasmall size (typically 5 nm), a narrow size distribution, and
a spherical shape,23 making them ideal for non-invasive in-cell
investigations.

Recent advances in DND-based sensors have led to the efficient
creation of negatively charged silicon-vacancy centers (SiV−) and
negatively charged germanium-vacancy centers25 (GeV−) in DND
via the introduction of triphenylsilanol or tetraphenylgermane26,27

into the explosive starting materials. This synthesis activates
the SiV− and GeV− without electron irradiation or anneal-
ing inside ultrasmall diamond particles suitable for sub-organelle
investigation,28,29 greatly simplifying the process and reducing
the production cost. Despite the success in synthesizing color
centers other than NV−, previous attempts to observe optically
detected magnetic resonance (ODMR) for NV−-centers in silicon-

doped DND have been unsuccessful.30 Although the temperature-
dependence shift in the zero-phonon-line (ZPL) of SiV− in the
near-infrared region has been an important subject in enabling
deeper in vivo studies,31–33 the lack of NV− ODMR signals presents
a critical shortcoming because the unobservable ODMR signal for
SiV− at ambient conditions has limited its role to all-optical ther-
mometry currently. However, the long spin coherence time for NV−

enables the sensing of a wide range of parameters at ambient con-
ditions. The superior quantum properties of NV− also ensure a
greater sensitivity compared with the all-optical method,29 where
the temperature sensitivity can be enhanced to 5 mK/

√

Hz in a sin-
gle NV− inside bulk diamond. However, this sensitivity is reduced
to 130 mK/

√

Hz in 50 nm nanodiamonds, mainly because of the
deteriorated spin coherence time for NV− in smaller diamonds.4 To
shed light on how small diamonds can be fabricated without losing
the sensitivity necessary for their application, we conduct a material
investigation on Si-DNDs, followed by temperature sensing with
ODMR techniques to evaluate their temperature sensitivity as one
of the representative characteristics.

II. EXPERIMENTAL DETAILS
The silicon-doped detonation diamond particles are prepared

using the previously reported protocol,34 involving a mixed explo-
sive (60 wt. % TNT, 40 wt. % RDX) doped with silicon dopant
(triphenylsilanol), whereas the silicon dopant is 1% of the mixed
explosive mass. A separate batch of DND is also prepared using
the same procedure but without the silicon dopant to investigate
the effect of silicon doping on NV− formation. The detonation is
conducted in a CO2 atmosphere. The Si-DND is then air-oxidized
in O2/N2 (4:96 vol. %) at 570 ○C for 2 h.34 Drop casting of both
DND samples onto cover glass yields only an extremely low con-
trast continuous-wave optically detected magnetic resonance peak
(cw-ODMR) peak (0.4% maximum) in confocal microscopy and no
observable 637 nm ZPL peak in photoluminescence spectroscopy.25

To investigate whether NV− is indeed absent or if other possible
factors hinder the cw-ODMR signal observation, continuous-wave
electron spin resonance (cw-ESR) is employed to detect the NV− for-
bidden transition signals.21,35,36 The cw-ESR spectra of Si-DND (34.7
mg) are recorded using an X-band (ν ≈ 9.85 GHz) ELEXSYS E 500
spectrometer manufactured by Bruker (USA) and equipped with an
ELEXSYS super high sensitivity probe head (ER 4122SHQE).21 After
successful confirmation of the NV− presence, an intensive boiling
acid treatment (HNO3:H2SO4, 1:3, v/v) is performed at 130 ○C for
3 days for both DND samples to remove surface impurities21,24 for
reliable NV− quantification via the integration of the forbidden tran-
sition signal intensity.35,37 The resultant surface-cleaned samples are
hereafter referred to as Si-DND and nSi-DND, representing silicon-
doped DND and non-silicon-doped DND, respectively. Transmis-
sion electron microscopy (TEM) is used to survey the particle size
of the Si-DND and nSi-DND. Optical evaluations are performed
with a home-built microscope and an evaporated powder sample
that has been reported elsewhere.25,30 The microscope includes a
532 nm laser and a 100× oil-immersion lens (numerical aperture of
1.45) attached to a piezo stage, with a thin copper wire (diameter
of 30 μm) attached to the sample surface to introduce microwaves
for spin manipulation. A thermistor is embedded in the copper
plate to provide a reference temperature reading. The removal of
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surface impurities leads to ∼50% of the randomly selected bright
spots displaying the signature NV−’s cw-ODMR peak at 2.87 GHz,
which is used for temperature sensing with an evaluation of their
temperature sensitivity. Finally, temperature sensing with NV− and
SiV− in a single bright spot is performed to demonstrate the fea-
sibility of multimodal temperature sensing protocols with Si-DND
sensors.

III. RESULTS AND DISCUSSION
A. Materials characterization

Si-DND and nSi-DND are examined using electron spin res-
onance (ESR) spectroscopy [Fig. 1(a)], where the NV− forbidden
transition peak is located at ∼168 mT and the divacancy peak is
located at ∼176 mT.36 The spectra are calibrated using a DND sam-
ple with a known NV− concentration.21,24 This sample also serves
as a standard for estimating the NV− concentration in both Si-DND
and nSi-DND, both of which are determined to be 0.35 ± 0.05 ppm.
NV− can be quantified using a half-field measurement because of its
S = 1 spin property,35 whereas SiV− can be quantified using a main-
field measurement due to its spin S = 1/2.38 Nonetheless, the very
high concentration of S = 1 electron spins in DND, including the
neutral NS and isolated dangling bonds, creates a broad signal that
hinders SiV−’s quantification.21,38,39

The removal of surface impurities not only allows a reliable
estimation of NV− via ESR but also contributes to the observation
of the NV− ODMR signal at 2.87 GHz [Fig. 1(b)]. Before the boil-
ing acid treatment, only an extremely low-contrast ODMR peak,
with a maximum of 0.4%, is detected for the Si-DND [Fig. 1(b),
black circles]. By contrast, the post-treatment Si-DND often exhib-
ited greater than 10% ODMR contrast [Fig. 1(b), blue circles]. To
gain insight into the particle size for both samples, we analyze a
series of TEM images. Representative images of the Si-DND and
nSi-DND samples are depicted in Figs. 1(c) and 1(e), respectively.
The analysis, which focused on the largest diameter of the parti-
cle core and encompassed 212 Si-DND and 209 nSi-DND particles,
summarizes the revealed size distributions in Figs. 1(d) and 1(f),
respectively. The average particle core size of Si-DND particles is
11.2 nm, with a standard deviation of 3.0 nm [Fig. 1(d)] (see Fig.
S1 for TEM analysis in the supplementary material). The average
particle core size of nSi-DND particles is 10.9 nm, with a standard
deviation of 3.1 nm, which is almost the same as those for the Si-
DND particles [Fig. 1(f)]. This particle size (11.2 nm), along with
the NV− concentration from the ESR spectrum (0.35 ppm), gives an
average NV− concentration of 1 NV− per 22 Si-DND particles. The
enhancement in ODMR contrast may be attributed to the removal
of non-diamond carbon often found on the surface of DND, which
may exhibit bright fluorescence and substantially reduce the ODMR
contrast for NV− in DND.40 The percentage of bright spots show-
ing an ODMR signal is examined for randomly selected bright spots
in Si-DND and nSi-DND samples. In this examination, ∼50% of
the bright spots in Si-DND (39 of 80–90 measured spots) exhib-
ited ODMR signals, while the percentage for nSi-DND is similar
(53 of 100–110 measured spots). This result represents a substan-
tial improvement after surface cleaning and an enhancement relative

FIG. 1. (a) Half-field electron spin resonance spectra of Si-DND (blue line) and
nSi-DND (orange line), as acquired using an X-band (ν ≈ 9.85 GHz) spectrometer.
The spectra are background corrected and calibrated with a nanodiamond sam-
ple with a known NV− concentration. The NV− forbidden transition peak (ΔmS
= 2) is located at ∼168 mT, while the divacancy peak is located at ∼176 mT. (b)
Representative ODMR spectra of Si-DND before (black circles) and after (blue cir-
cles) boiling acid treatment; a high ODMR contrast (∼15%, blue line) is detected at
2.87 GH after the boiling acid treatment, whereas only a low ODMR contrast signal
(∼0.4%, gray line) is detected before this treatment. (c) Representative TEM image
of Si-DND aggregates. (d) TEM particle size distribution analysis of 212 Si-DND
particles. (e) Representative TEM image of nSi-DND aggregates. (f) TEM parti-
cle size distribution analysis of 209 nSi-DND particles. (g) Summary histogram of
ODMR contrast measured in 39 randomly selected spots in Si-DND. (h) Summary
histogram of ODMR contrast measured in 53 randomly selected spots in nSi-DND.
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to the percentage previously reported for DND, where only 16.5%
(51 of 309 spots) of the fluorescence spots displayed ODMR sig-
nals.18 This improvement, however, can be attributed to multiple
factors, including differences in the surface modification methods
(carboxyl terminated vs hydroxyl terminated), variations in particle
size (11.2 vs 5 nm), differences in the NV− concentration (0.35 vs
0.11 ppm21), and an uncontrolled number of DND particles inside
the observed aggregate. Figures 1(g) and 1(h) show a summary
histogram of the ODMR contrasts in Si-DND and nSi-DND, respec-
tively, revealing that both samples exhibit a similar high contrast
in ODMR measurements. Given the lack of a significant difference
between the two samples, we primarily investigated Si-DND in the
present study.

B. Temperature sensitivity of NV−

To apply these ultrasmall Si-DND particles to nanoscale ther-
mometry, ten bright spots of NV− are selected for temperature
sensing using the cw-ODMR method (see Fig. S2 and Table S1
in the supplementary material). All of the ODMR spectra show
a temperature-dependent shift when the temperature of the sam-
ple holder is increased using a thermal plate together with a lens
heater for the objective lens. The PL spectra and ODMR spectra
of all ten spots can be found in the supplementary material Fig.
S3. Representative data collected using one of the ten bright spots
are presented in Fig. 2. As shown by the PL spectrum in Fig. 2(a),
the NV− ZPL at ∼637 nm and the NV0 ZPL at ∼575 nm can be
recognized. The ODMR spectra collected at 295 and 313 K show
a distinctive temperature-dependent shift in the zero-field split-
ting frequency (D) [Fig. 2(b)]. To calculate the D value from the
spectrum, we fit the data with a double Lorentzian function and
average the two centers from the two Lorentzian curves.11,29 The
resultant D value with the combined standard error at different
temperatures is then plotted against the temperature reading of the
thermistor [Fig. 2(c)]. To extract the dD/dT value, the data points
are fitted linearly, resulting in a dD/dT value of −72.2 ± 1.3 kHz/K.
The ten different NV− fluorescence spots have an average dD/dT
value of −71.2 kHz/K, which closely agrees with the commonly
reported dD/dT values commonly reported for other diamond
samples.2,5,17,41,42 The dD/dT values of the ten spots can be found in
supplementary material Fig. S4.

The temperature sensitivity of the NV− ensemble is propor-
tional to 1/

√

tint, where tint is the integration time. All 10 NV− spots
investigated are further examined to find the temperature sensitivity.
The concept of the measurement is inspired by alternating current
magnetic field sensitivity measurements.2 A working point of maxi-
mum gradient is chosen from the double Lorentzian fitting and used
for temperature sensitivity evaluation. The fluorescence intensity
trace under continuous-wave microwave irradiation at the steepest
slope frequency is then recorded at different tint from 0.003 to 2 s
using a single photon detector. Next, the standard deviation of the
fluorescence intensity fluctuation is divided by the obtained max-
imum gradient, translating into the fluctuation in the microwave
resonance frequency. This standard deviation is further divided

FIG. 2. Spectra of a representative NV− spot found inside the Si-DND aggregate.
(a) PL spectrum of the spot used for temperature sensing. (b) ODMR spectra
recorded at 295 K (blue circles) and 313 K (orange circles) and fit with double
Lorentzian functions (blue and orange lines). (c) The zero-field splitting center
(D) of ODMR as a function of sample temperature, calculated as the average of
the peaks of the two Lorentzian functions. The peak sensitivity to temperature
(dD/dT) is obtained by a linear fit (orange line) to the calculated D data (blue cir-
cles with error bars). The individual error bar is the combined standard error from
the two Lorentzian fittings on the corresponding ODMR spectrum. (d) Standard
deviation of temperature uncertainty (σT ) vs time of integration (tint) measured
at room temperature 295 K (blue circles), fit with σT = η/

√
tint, where η is the

temperature sensitivity, giving a η of 0.55 ± 0.01 K/
√

Hz. (e) Rabi oscillation of

the mS = 0 → mS = −1 transition. (f) Hahn echo (T2) measurement ( S0−S1

S0+S1
)

of the representative spot. The collected fluorescence signal is plotted and fitted

with e
−( τ

T2
)n

. The resulting T2 value is determined to be 1.84 μs. All spectra are
collected from the same fluorescence spot. Spectra from (a) to (d) are collected
under a zero magnetic field, whereas spectra from (e) to (f) are collected under
an external static magnetic field. The sequences above the plots (e) and (f) show
the applied pulse sequences. Green, blue, and red blocks symbolize optical exci-
tation pulses (laser pulses), microwave radiation pulses, and fluorescence readout
pulses, respectively.
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by the corresponding dD/dT value from ODMR measurements
[Fig. 2(c)], giving the uncertainty in temperature (σT) [Fig. 2(d)].
The data points are fitted with σT = ηT/

√

tint, where η is the tem-
perature sensitivity, giving a sensitivity ηT of 1.74 ± 0.04 K/

√

Hz for
the spot in Fig. 2. To mitigate saturation of the avalanche photo-
diode (APD) during data acquisition, a neutral density filter with
an optical density of 1.0 is employed before the APD, reducing the
fluorescence intensity by a factor of 10. Within the short accumu-
lation time, the measurement accuracy is limited by the shot-noise
(1/
√

Nph), thus the sensitivity without a neutral density filter is
estimated to be 0.55 ± 0.01 K/

√

Hz for the NV− ensemble within
the Si-DND aggregate [Fig. 2(d)]. To estimate the sensitivity of a
single NV−, the equation ηensemble = ηsingle/

√

N is applied, where
ηensemble is the sensitivity of NV− ensembles, ηsingle is the sensitiv-
ity of a single NV−, and N is the estimated number of NV− centers
within the confocal volume. This estimated number of NVs− is
derived from the fluorescence intensity of a single NV− in bulk dia-
mond measured using the same setup. The spot depicted in Fig. 2
is estimated to contain 23 NVs−. Hence, the sensitivity of a single
NV− is determined to be 0.55 ± 0.01 ×

√

23 = 2.64 ± 0.06 K/
√

Hz.
All single NV− estimations can be found in supplementary
material Fig. S5.

To investigate the spin properties of NV−, Rabi oscillation and
spin Hahn echo measurements are conducted in the presence of an
external magnetic field applied by a permanent magnet. The results
of these measurements are presented in Figs. 2(e) and 2(f). The
spin coherence time (T2) measured from Hahn echo experiments
is found to be 1.84 μs, which is consistent with those commonly
reported for DND.18 According to a previous study, T2 of an ensem-
ble of NV− scales with the NS concentration; thus, the observed
T2 in Si-DND may suggest a local NS concentration of 100 ppm
in the vicinity of the NV−.43 This NS concentration estimation
contradicts the ∼1000 ppm of NS estimated by ESR.21 However,
it is important to note that the high concentration of paramag-
netic defects (NS and dangling bonds) in DND may lead to a
different interaction mechanism between the NV− and a param-
agnetic spin bath than that in bulk diamond. The small particle
size of the Si-DND (11.2 nm) also suggests the near-surface NV−

exposed to air is not subjected to the NS decoherence factor, which
we attribute to the differences between the two NS concentration
estimations.

The experimental procedures depicted in Figs. 2(b)–2(d) are
replicated across ten distinct spots dominated by NV−. The resul-
tant data yield an average ensemble NV− sensitivity of 0.74 K/

√

Hz.
Similarly, the average estimated sensitivity for a single NV− is deter-
mined to be 4.14 K/

√

Hz. Among these measurements, the highest
temperature sensitivity for an NV− ensemble in a Si-DND aggre-
gate is 0.36 ± 0.01 K/

√

Hz. For the estimated single NV− sensitivity,
the highest sensitivity observed is 2.64 ± 0.06 K/

√

Hz (obtained
from Fig. 2). These values, however, have yet to reach the sensi-
tivity level of 0.13 K/

√

Hz reported for 50 nm single-crystalline
high-pressure-high temperature (HPHT) nanodiamonds,4 due to
the reasons described below.

It is critical to recognize that the sensitivity values reported
for Si-DND represent a basic level of performance. Substantially

higher sensitivity could potentially be achieved using sophisti-
cated sequences such as D-Ramsey to mitigate quasistatic noise.4
Nonetheless, these techniques often necessitate the separation of
mS = ±1 states using an external magnetic field or strain.4,44 In our
case, multiple Si-DND particles are randomly aggregated on the
surface of a cover glass, resulting in NV− centers with random ori-
entations, as opposed to the four possible orientations observed in
larger diamond structures. Therefore, the aggregated Si-DND often
encompasses multiple NVs− with more than four orientations, lead-
ing to the emergence of multiple low-contrast peaks in the spectrum
upon the application of an external magnetic field. Although it has
been demonstrated that the thermal echo can be applied at zero
magnetic field,44 this technique relies heavily on a resolvable Rabi
oscillation, whereas the multiple NV− with random orientation in
Si-DND often leads to unresolvable Rabi oscillations at zero mag-
netic field. These complexities hinder the effective implementation
of the D-Ramsey sequence or thermal echo sequence in the cur-
rent experiment.4,44 In common biological measurements involving
NV−, in particular, the resonance frequencies and π pulse durations
can drastically change as a result of the movement and rotation of
the nanodiamond in the dynamic environment.6 Meanwhile, the
cw-ODMR is generally less affected by these parameters, providing
reliable measurements without the complexity of maintaining pre-
cise control. The cw-ODMR is, therefore, chosen as the method of
study in the present work.

Nevertheless, the specific fluorescence spot depicted in Fig. 2
is estimated to contain ∼23 NVs−. This estimation, when com-
bined with the average number of NV− per particle as deter-
mined from ESR data (1 NV− per 22 Si-DND particles) presented
in Figs. 1(a) and 1(d), suggests that the Si-DND aggregate (0.55
± 0.01 K/

√

Hz) depicted in Fig. 2(d) is ∼90 nm in size. In addi-
tion, the sensitivity of the NV− is fundamentally linked to the
T2
∗ coherence time, which exhibits an inverse relationship with

the ODMR linewidth. From the perspective of material engineer-
ing, DND exhibits distinct material properties in comparison to
conventional HPHT diamonds. Notably, during the dynamic det-
onation synthesis process, a large number of impurities are incor-
porated into DND particles,22,23 leading to the formation of a high
concentration of paramagnetic defects, including neutral NS

21 and
divacancies [Fig. 1(a)]. Such substantially reduces the coherence
time of the NV−, thereby constraining their individual tempera-
ture sensitivity. Moreover, the ultrasmall particle size of DND, as
depicted in Figs. 1(c) and 1(d), implies that the observed NV−

are proximal to the particle surface. This proximity likely sub-
jects them to additional decoherence factors, further limiting their
sensitivity.45–47 These surface-related effects, combined with the
intrinsic noisy environment of the DND core, collectively contribute
to the reduced coherence time and, hence, to the decreased sen-
sitivity of individual NV− centers. Despite these challenges, DND
offers a unique advantage in that the substantial ten-fold increase
in the NS content within DND serves as an abundant source for
the formation of NV− in ultrasmall nanodiamonds. Consequently,
this heightened density of NV− might effectively counterbalance
the reduced sensitivity observed in individual NV−, thereby con-
ferring a considerable advantage in terms of overall sensitivity
per particle.

APL Mater. 12, 051102 (2024); doi: 10.1063/5.0201154 12, 051102-5

© Author(s) 2024

 14 June 2024 01:56:10

https://pubs.aip.org/aip/apm


APL Materials ARTICLE pubs.aip.org/aip/apm

C. Temperature sensing with NV− and SiV−

The NV− has diverse sensing applications but requires spin
manipulation with microwaves at a frequency of ∼2.87 GHz. On the
contrary, SiV− requires only laser excitation and PL spectroscopy to
read out the ZPL position. The application of microwaves in bio-
logical measurements can be difficult because of the absorption by
water in biological samples, which introduces artifacts in temper-
ature sensing in cells over time during long-term measurements.29

Hence, it would be ideal to have both color centers inside these
ultrasmall diamond sensors to accommodate different needs under
various circumstances, such as switching between only temperature
sensing mode with SiV− and quantum sensing mode with NV−’s
ODMR-based technique. This can be realized in two potential cases:
the first involves the co-localization of the two types of defects within
a single crystal, while the second case concerns an aggregated DND
configuration, where different defects are present across multiple
crystals. The occurrence of the first case depends on the proba-
bility of defect formation, whereas the second case, an aggregated
DND with varied defects, is more likely in our current experimen-
tal setup. To realize such a multimodal measurement, temperature
sensing with both SiV− and NV− is demonstrated in Fig. 3. A spot
containing a balanced NV− and SiV− fluorescence ratio is used for
demonstration, illustrated by its PL spectrum in Fig. 3(b), with the
ZPLs of NV− (∼637 nm) and SiV− (∼737 nm) visible in the spec-
trum. In Fig. 3(c), the cw-ODMR spectra at 295 and 313 K are
plotted and fitted with double Lorentzian curves, showing a dis-
tinctive temperature-dependent shift. In Fig. 3(d), the D values are
plotted against the sample temperature between 295 and 313 K, and
the linear fitting of the data point displays a dD/dT value of −81.4
± 9.1 kHz/K. Meanwhile, the ZPL of SiV− also displays a shift in
the same temperature range; the ZPL at 300 and 313 K are plotted
in Fig. 3(e) and fitted with the Lorentzian function and Gaussian
function. Apart from the ZPL peak shifting, the fluorescence inten-
sity also substantially decreases when the temperature increases.
The peak position of the fitting at different temperatures is plot-
ted in Fig. 3(f) and displays a linear shift of 0.014 ± 0.002 nm/K.
Both shifts agree with the reported values found for NV4,17,29 and
SiV30,32,48 in bulk diamond and DNDs, demonstrating that the tem-
perature is indeed detected by the two different types of color centers
in the same confocal volume. However, it is not possible to deter-
mine whether these two color centers coexist in a single particle. It is
unclear because the particle size (11.2 nm) is much smaller than the
resolution (full-width at half-maximum of ∼300 nm) of the confocal
microscope.

This simultaneous presence of NV− and SiV− centers dedicated
to temperature sensing within the same confocal volume potentially
expands the versatility of the NV− toolbox. The zero-field split-
ting parameter D in NV− is influenced by both the temperature
T and the axial electric field. The NV− is incapable of distin-
guishing the shifts from the axial electric field7 and temperature
from the environment because they shift the zero-field splitting
in the same manner. The existence of SiV− solely detecting the
temperature in the same location provides an invaluable tool for
distinguishing between temperature-induced shifts and axial elec-
tric field-induced shifts using the combined data from both SiV− and
NV− centers. Notably, the ODMR contrast increases with increasing
temperature, contradicting previous reports of reduced ODMR con-

FIG. 3. (a) Confocal image of a spot in Si-DND aggregates containing both NV−
and SiV− (indicated by a white circle). (b) The PL spectrum of the highlighted spot
in (a), with the NV− (∼637 nm) and SiV− (∼737 nm) zero phonon lines (ZPL)
visible in the spectrum. (c) cw-ODMR spectrum of the NV−, fitted using double
Lorentzian curves. The spectrum in blue is recorded at 300 K, whereas that in
orange is recorded at 313 K; the orange spectrum displays an increase in contrast
upon the increase in temperature. (d) The ODMR center as a function of temper-
ature, with the D values calculated using the average of the two centers in double
Lorentzian fitting and the error bar from combining the standard error of the two
centers from fitting; a linear regression is applied to experimental data to determine
the dD/dT coefficient, which is −84.4 ± 9.1 kHz/K. (e) Comparative PL spectra of
the SiV− ZPL at two temperatures: 300 K (blue dots) and 313 K (orange dots). The
spectra are modeled using a Lorentzian function for the SiV− ZPL and a Gaussian
function for the associated SiV− phonon sideband. (f) ZPL peak wavelengths (λP,
blue circles) and their standard errors (blue error bars) of SiV− as a function of
sample temperature. The peak sensitivity to temperature (ΔλP/ΔT) is obtained by
a line fit (orange line) to the experimental data (blue circles).

trast with increasing temperature.49,50 This increase of the ODMR
contrast is, however, attributable to the reduced fluorescence inten-
sity of SiV− at elevated temperatures,30,48,50 as shown in Fig. 3(e).
The SiV− fluorescence serves as background fluorescence during
the ODMR measurement. As the temperature increases, this back-
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FIG. 4. Plots of diamond core sizes and temperature sensitivities using data
acquired in the present study and data from the literature. Red markers are the
sensitivity values reported previously by our group, and the purple markers are the
sensitivity values obtained in the present work. The hollow purple square shows
the best cw-ODMR temperature sensitivity obtained from an ensemble of NV− in
our Si-DND aggregate, while the filled purple square shows the best cw-ODMR
temperature sensitivity from a single NV− (estimated) in our Si-DND, and the filled
purple square shows the result of the best cw-ODMR temperature sensitivity from
a single NV− (estimated) in our Si-DND. The red hollow circle shows the result of
GeV− in GeV-DND, and the filled red circle is the corresponding estimated single
GeV− in GeV-DND.25 The red hollow triangle shows the corresponding tempera-
ture sensitivity of SiV− in SiV-DND, and the red filled triangle is the corresponding
estimated single SiV in Si-DND.30 The blue crosses show NV− thermome-
tries based on ODMR techniques (cw-ODMR29,57 and pulsed-ODMR).4,5,44,55 The
black diamonds show NV-center all-optical thermometries.58–61 The black circles
show GeV−-center all-optical thermometries.52–54 The black triangles show SiV−
all-optical thermometries.48,51,56 The black down-pointing triangle shows the tin-
vacancy center in all-optical thermometry.51 The black double triangle shows the
all-optical thermometry of an SiV−–GeV− hybrid system.62 The red-filled circles
show the estimated sensitivities of single GeV− centers in DND.25 The red-filled
triangle shows the estimated sensitivity of a single SiV− in a single SiV-DND.30

The black-filled circle (triangle) shows the sensitivity of a single GeV− (SiV−) cen-
ter, as estimated from the result for a GeV− (Ref. 53) [SiV− (Ref. 48)] ensemble in
bulk diamond.

ground fluorescence from SiV− diminishes, thereby augmenting the
relative fluorescence ratio of NV− and, consequently, enhancing the
ODMR contrast. This phenomenon suggests that the ODMR con-
trast could be further improved using a short-pass filter near the
ZPL of SiV−, effectively reducing the SiV− fluorescence during the
cw-ODMR measurements and further enhancing the sensitivity of
ODMR-based techniques.

D. Temperature sensitivity
Here, we present an analysis of the correlation between the

recently identified temperature sensitivity ηT and the size of dia-
mond sensors (Fig. 4).4,5,25,29,30,44,48,51–62 Two major methodologies
are employed in temperature sensing: ODMR-based techniques and
all-optical approaches. The former utilizes the quantum characteris-
tics of NV− at room temperature, whereas the latter relies on the
ZPL of color centers. In both methodologies, an increase in sen-
sor size typically results in enhanced sensitivity. This enhancement
in sensitivity is attributable to the increased number of color cen-
ters and the improved quality of these defects in larger sensors.
Among the ODMR techniques, laser and microwave-pulsed ODMR
methods typically demonstrate an enhancement in temperature sen-
sitivity, with ηT = 0.13 K/

√

Hz for single 50-nm NV−-containing
nanodiamonds4 and ∼0.01 K/

√

Hz for bulk diamonds.4,5,44,55 Con-
cerning all-optical techniques, the sensitivities for sensors rang-
ing from NDs to bulk diamonds mostly lie within the range of
1 ≥ ηT ≥ 0.1 K/

√

Hz. Nonetheless, certain studies have demonstrated
a high sensitivity close to 0.01 K/

√

Hz through unique measure-
ment methodologies54 or data analysis approaches.56 In our case of
NV− in Si-DND, it is the smallest NV− sensor investigated with tem-
perature sensitivity, and it is the only hybrid SiV−-NV− sensor to be
applied to temperature sensing ever reported. Given that the par-
ticle size of the Si-DND is small and the average number of NVs−

per particle is substantially less than 1, the probability of multiple
NV− centers co-existing in a single DND particle is sufficiently low.
Therefore, the estimated single NV− sensitivity in Si-DND can be
considered the sensitivity of a single DND particle.

IV. CONCLUSION
To conclude, we report on temperature sensing using the

directly silicon-doped DNDs, which contain both temperature-
responsive NV− and SiV−. They are created efficiently during the
dynamic detonation synthesis without the need for electron or ion
irradiation. The ODMR signal is found to be strongly enhanced
after intensive surface cleaning with boiling acid, with ∼50% of the
fluorescence spots display clear ODMR signals. The NV− concen-
tration and the particle core size are estimated to be 0.35 ppm using
ESR spectroscopy and 11.2 nm using TEM, averaging 1 NV− for
every 22 DND particles. The temperature-dependent shifts in the
cw-ODMR spectrum of NV− and in the ZPL of SiV− are consis-
tent with the values reported in the literature, leading to the smallest
multi-color nanodiamond thermometry ever reported. The average
temperature sensitivity of the Si-DND aggregates is estimated to
be 0.74 ± 0.09 K/

√

Hz, and the highest temperature sensitivity is
estimated to be 0.36 ± 0.01 K/

√

Hz. Nonetheless, the sensitivity is
expected to be further improved through optimization of measure-
ment protocols such as using the D-Ramsey or further increasing
the number of NVs− with electron irradiation21,63 and annealing,64,65

because the sensitivity and precision of the single DND will further
improve in proportion to the square root of the number of color
centers. The improvement in temperature sensitivity to sub-kelvin
precision is critical for living-cell measurements, including distin-
guishing temperature distribution differences between a nucleus and

APL Mater. 12, 051102 (2024); doi: 10.1063/5.0201154 12, 051102-7

© Author(s) 2024

 14 June 2024 01:56:10

https://pubs.aip.org/aip/apm


APL Materials ARTICLE pubs.aip.org/aip/apm

cytoplasm13 and monitoring temperature changes in mitochondria
after activation (∼10 K increase in 20 min).66 Finally, we demon-
strate multimodal temperature sensing using both NV− and SiV−

in the same confocal volume, suggesting their high compatibility
and the potential expansion of the diamond’s quantum sensing tool-
box, including recently developed GeV− in DND.25 We believe these
findings are important for the future development of brighter and
more versatile ultrasmall diamond sensors.

SUPPLEMENTARY MATERIAL

The supplementary material accompanying this article pro-
vides detailed material characterization, including the methodology
for particle size determination via TEM, and extensive confocal
images of NV− centers as shown in Fig. 2. It also includes their
fluorescence intensity, individual PL and ODMR spectra, analyzes
of individual temperature-induced spectral shifts, and the estimated
temperature sensitivity of single NV− centers. This comprehensive
set of additional data supports and enriches the findings presented
in the main paper.
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