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The superior properties of diamond have made it a versatile platform
for many promising applications in a wide range of areas. Thus, various
methods, like chemical vapor deposition (CVD), have been developed
to fabricate diamond materials with desired properties. However, the
CVD-grown diamond that employs conventional detonation nanodia-
monds (DNDs) as seeds is hot suitable for many demanding applications
that require diamond with high crystallinity, stable color centers, highly
emissive features, etc. Here, we propose to use our previously
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developed salt-assisted air-oxidized (SAAO) nanodiamonds (NDs) as
CVD seeds to grow high-quality diamond microparticles that contain
silicon vacancy (SiV) centers. The resulting SiV centers hosted in
diamond microparticles show superior properties, i.e., significantly
increased photoluminescence (PL), narrow PL linewidths, and small
inhomogeneous distributions, enabling a wide range of practical appli-
cations. We further demonstrate ultrasensitive all-optical thermometry
measurement by utilizing the fabricated high-quality microparticle
sample.

Introduction

The diamond material has demonstrated copious applications in
material science, engineering, physics, chemistry, biology, and
other fields due to its extraordinary features, such as excellent
optical and spectroscopic properties, high thermal conductivity,
exceptional biocompatibility, flexible surface properties, etc.™ In
particular, several luminescent color centers hosted in the dia-
mond lattice, such as nitrogen vacancy (NV) centers,® silicon
vacancy (SiV) centers,” etc., have attracted considerable attention
for the development of next-generation quantum technologies
because of their unique spin characteristics. Therefore, the great
potential of this diamond gemstone has been widely explored and
given rise to significant scientific and commercial value. Most of
the early applications of diamond were mainly satisfied by natural
diamond, detonation nanodiamonds (DNDs), and high pressure
high temperature (HPHT) synthesized diamonds.” However, these
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detonation and HPHT synthesized ones contain a considerable
amount of unwanted impurities,>® limiting their practical appli-
cations in diverse fields.

With the development of chemical vapor deposition (CVD)
techniques, it is feasible to grow high-quality and large-scale
diamond materials on various substrates at a relatively low cost,
which gives rise to an extended range of applications of diamond
materials.””® Moreover, the practical applications can be further
enhanced by tuning the surface, thermal, electrical and optical
properties of the diamond materials.”'® However, the quality of
the CvD-grown diamond is highly dependent on various para-
meters of the CVD techniques, such as the pretreatment, seeding,
and nucleation procedures.”™ The DNDs are generally used as
seeds for the conventional CVD growth of diamond, but they
would probably grow into defective products due to the contam-
ination and agglomeration from the DND seeds.'* Thus, before
running CVD growth, additional pretreatment of the corres-
ponding seeds is required, such as purification (e.g., air oxidation
and centrifugation) and deagglomeration (e.g., bead milling and
hydrogenation)."*™*?

It has been reported that when a silicon wafer is used as the
substrate, Si atoms can enter the diamond lattice to form the SiV
centers during the CVD growth process by etching the Si substrate,
which is an effective method to fabricate SiV-containing dia-
monds."*™"” These in situ produced SiV centers during CVD growth
seem to possess superior fluorescence properties compared to the
SiV centers produced by ion implantation."” Moreover, the intrinsic
advantages of the SiV centers in diamond, e.g.,, narrow bandwidth
with zero phonon line (ZPL) at around 737 nm and very weak
vibrational sidebands, enable them to have various potential
applications, such as biological imaging, solid-state single-photon
source, and all-optical thermometry."” ™ Nevertheless, the conven-
tional CVD-grown diamond usually contains non-diamond phases
and imperfections in the diamond lattice, which could damage the
performance of SiV centers significantly, e.g., weak fluorescence
intensity, uncontrollable shifting, and broadening of the ZPL,
appearance of sidebands, and fluorescence quenching.>** There-
fore, the reliable fabrication of high-quality diamond containing
SiV centers with superior performance remains a pressing issue
and challenge for implementing various practical applications.

As the quality of seeds is of pivotal importance for the CVD
synthesis of diamond, we propose to solve the aforementioned
problems from the root causes, i.e., using our previously devel-
oped round and clean salt-assisted air-oxidized (SAAO) HPHT
NDs>? as seeds to grow high-quality diamonds with SiV centers
on the Si substrate. The SAAO ND-grown sample displays
improved crystallinity with less non-diamond phase contam-
ination than the DND-grown one. At the same time, the SiV
centers in the SAAO ND-grown diamond microparticles show
superior performance, including significantly increased photo-
luminescence (PL) intensity, narrow PL linewidth, and absence
of impurity sidebands, which are of great importance for
various practical applications. Furthermore, we demonstrate
ultrasensitive all-optical temperature measurements using SiV
centers in the SAAO ND-grown diamond with an intrinsic noise
floor of about 0.24 °C Hz /2.

This journal is © The Royal Society of Chemistry 2022
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Results and discussion

Characterizations of grown diamond microparticles with
different seeds

Recently, we have demonstrated the manufacturing of clean
and rounded HPHT NDs using the SAAO treatment,” ie.,
mixing NDs with a proper amount of salt crystals (e.g., sodium
chloride) prior to conventional oxidation. With the clean NDs
in hand, we thought that they could be used as the CVD seeds
to grow high-quality diamond due to a much cleaner surface
compared with the conventionally used DND seeds. As shown
in Fig. 1, we propose to use ~50 nm SAAO HPHT NDs as CVD
seeds to grow high-quality diamond microparticles (details can
be found in the ESIt). As illustrated in Fig. 1a, the diamond
microparticles are grown on a Si substrate by high microwave
power plasma-assisted CVD using different seeds (i.e., SAAO
HPHT NDs and DNDs) in a H,/CH, gas mixture (94/6).

Fig. 1b-e shows the detailed electron microscopy character-
izations of the DND and SAAO ND seeds as well as their
corresponding CVD-grown diamond microparticles on Si sub-
strates. Both DND and SAAO ND seeds show pure diamond
crystal nature (from the selected area electron diffraction
(SAED) patterns, the measured interspacings of about 2.09 A,
1.28 A and 1.09 A correspond to the (111), (220) and (311)
planes of diamond, respectively). The transmission electron
microscopy (TEM) image (Fig. 1d) indicates that the SAAO ND
seeds have a clean surface with a rounded shape. The as-grown
diamond microparticles clearly display crystalline facets from
the scanning electron microscopy (SEM) images, and the SAAO
ND-grown diamond microparticles have a larger particle size
(~1 pm) compared with that of the DND-grown ones
(~500 nm). In fact, the grown microparticles detached from
the original Si substrate are quite similar in morphology (TEM
images in Fig. 1c and e) and size distribution (Fig. S1, ESIt).
Both the DND and SAAO ND seed-grown sample produce
particles from ~few hundred nanometers to ~1 micrometer
in size with a highly irregular shape. The X-ray diffraction (XRD)
results (Fig. 1f) indicate the pure crystalline nature of both
seed-grown diamonds, i.e., only the characteristic peaks of the
diamond (111) plane (at 43.9°) and silicon substrate are found
in the XRD spectra. Raman analysis as shown in Fig. 1g
presents a well-defined diamond Raman peak at 1333 cm ™"
of the SAAO ND-grown diamond microparticles without any
obvious graphitic or amorphous contribution. Still, some non-
diamond impurities (1500 ~ 1800 cm™') are observed in the
DND-grown ones apart from the diamond peak. These results
highlight that our SAAO NDs could be used as the CVD seeds to
mass-fabricate diamond microparticles on the Si substrate with
high crystalline quality.

The superior SiV centers in SAAO ND-grown diamond
microparticles

As illustrated in Fig. 2a, a SiV center is modelled with a silicon
atom located between adjacent vacancies in the diamond
lattice.”* At cryogenic temperatures, the SiV ZPL reveals a
characteristic fine structure composed of four optically allowed
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Fig. 1 (a) Schematic illustration of the CVD process. (b) TEM (inset: SAED pattern) image of the DND seeds and (c) corresponding SEM, cross-section
SEM and TEM images of the DND-grown diamond microparticles. (d) TEM (inset: SAED pattern) image of the SAAO HPHT ND seeds and
(e) corresponding SEM, cross-section SEM and TEM images of the SAAO ND-grown diamond microparticles. (ff XRD and (g) Raman spectra of the
CVD-grown diamond microparticles.

transitions between doublet ground and excited states around image and corresponding electron energy loss spectroscopy
737 nm (Fig. 2b).**® Fig. 2c shows the scanning TEM (STEM) (EELS) elemental maps of a selected area of a SAAO ND-grown

13736 | J Mater. Chem. C, 2022, 10, 13734-13740 This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Representative atomistic diagram of a SiV center with interstitial silicon (red), vacancies (gray), and carbon (black) atoms shown within a
diamond unit cell. (b) The energy level scheme of the SiV center at cryogenic temperatures, showing the four optical transitions between the doublet
ground and excited states. (c) STEM image and corresponding EELS elemental maps of a selected area of a SAAO ND-grown diamond microparticle.
(d) The PL spectra of the DND- and SAAO ND-grown diamond microparticles containing SiV centers (532 nm as the excitation wavelength) at 25 °C.

diamond microparticle. The EELS elemental mapping results con-
firm the uniform presence of the dopant Si atoms in the diamond
microparticles. It is undeniable that the Si substrate is the primary
Si source,” but some other Si-containing components (e.g., silica
walls and windows of the reactor) in the CVD chamber might also
contribute to the incorporation of Si into the grown diamond
microparticles.”>*® Then, we investigated the room temperature
PL properties of the CVD-grown diamond (Fig. 2d). Before the PL
measurements, we performed the air oxidation treatment (600 °C,
1 hour) of the diamond sample to improve the PL intensity of the
SiV centers.””*® The SAAO ND-grown diamond exhibits a signifi-
cant and well-defined SiV center ZPL peak at 737 nm without any
other impurity sidebands, as shown in Fig. 2d. However, the DND-
grown diamond shows relatively weak PL intensity and uncontrol-
lable sidebands, which is not applicable for its practical applica-
tions. Specifically, the measured SiV ZPL full width at half
maximum (FWHM) of SAAO ND-grown diamond (~7 nm at
25 °C) is smaller than that of DND-grown diamond (~9.8 nm at
25 °C), indicating the improved quality of the CVD-grown diamond
using SAAO HPHT NDs as seeds. Therefore, the SiV centers in the
SAAO ND-grown diamond offers superior performance, which is an
ideal candidate for various applications such as all-optical tem-
perature measurements.

All-optical thermometry based on as-grown diamond
microparticles with SiV centers

Performing high-resolution thermometry with nanoscale spa-
tial resolution is crucial in studying multiple physiological

This journal is © The Royal Society of Chemistry 2022

processes in cell biology and material science.>**° While the
NV centers in diamond remain the most-studied and well
adopted high-sensitive nanothermometers,>'* most of the
protocols require the involvement of microwave signals, which
lead to considerable heating effects and are not suitable for a
large variety of biological samples.’ Due to these measurement
issues, several microwave-free all-optical temperature measure-
ment methods based on a wide variety of diamond-based
defects have been demonstrated in the last few years.**™” As
compared to other defects, SiV centers offer multiple advan-
tages such as emission in the near-infrared (NIR) range, high
Debye-Waller factor (DWF), narrow bandwidth, and high
photo- and chemical stability.">*”*® Moreover, SiV emission
is linearly polarized,*® which can be used to filter out its signal
from background noise, increasing the signal-to-noise ratio and
contrast in fluorescence images. These factors render the SiV
center a promising candidate for thermometry and bioimaging-
related applications in life sciences.

Recently, high sensitivity all-optical SiV based thermometry
has been achieved by multiple groups.'®?”*® And the above
demonstrated superior features, e.g., high crystallinity, excel-
lent SiV property and low inhomogeneity, of the SAAO
ND-grown diamond microparticles also facilitate highly sensi-
tive, and calibration-free all-optical thermometry to be
performed.

Based on previous studies, we performed SiV-based
thermometry using the SAAO ND-grown diamond microparti-
cles by measuring the ZPL position, linewidth (FWHM), and

19,37
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Fig. 3 Temperature measurement using the SAAO ND-grown diamond microparticles to demonstrate ultrasensitive all-optical thermometry. A laser
power of 60 mW was used, with integration time = 2.5 seconds. (a) SiV ZPL Position vs. Temperature. A sensitivity of 0.0124 nm/°C is extracted. (b) SiV ZPL
FWHM vs. Temperature. A sensitivity of 0.03 nm/°C is extracted. (c) SiV DWF vs. Temperature. A sensitivity of —0.04/°C is extracted. (d) Temperature

precision (g) of the thermometer as a function of integration time (t). The solid line is a fit to the equation ¢ = 5/(

t'/2) 33 The temperature uncertainty/noise

floor () is 0.24 °C Hz~Y/2 for the SAAO ND-grown diamond. The inset shows the result of the DND-grown diamond with a temperature uncertainty/noise
floor () of 3.42 °C Hz 2. (e) Repeatability and long-term stability of temperature measurements. The laser power periodically shifted from 155 mW to

215 mW in a step-wise fashion, and the time trace of the fitted SiV ZPL

parameters is shown. The integration time for each datapoint is 250 ms.

(f) Photostability test of the SAAO ND-grown diamond. Photon counts monitored by an Andor EMCCD Camera for 1 hour, and its time trace is shown.

DWEF, as a function of temperature (Fig. 3a-c). These parameters
are extracted by performing the appropriate Lorentzian fitting to
the PL spectrum'® (see Data Analysis, ESIf). Since the SiV ZPL
frequency shift deviates by less than 1% from the linear approxi-
mation at room temperature,’” we performed the measurement in
a small temperature range (25-35 °C). The thermal susceptibilities
of the SiV ZPL position (0.0124 nm/°C) and ZPL FWHM (0.03 nm/°C)
are extracted from the linear fitting of the plots in Fig. 3a and b.
These values perfectly match the previously reported values
measured using ultrapure bulk diamond samples,®” indicating
the high crystal quality of our sample. Moreover, our measure-
ment was performed on a large number of diamond micro-
particles (details can be found in the ESIt), which also suggests
the low inhomogeneity among different particles.

To quantitatively evaluate the sensitivity of our thermo-
meter, we extracted the temperature uncertainty for different
integration times (¢) at a fixed temperature and performed the
appropriate shot-noise fitting (¢7), as shown in Fig. 3d.
A sensitivity/noise floor () of 0.24 °C Hz '? is extracted,
comparable to the previously reported values for all-optical
ND-based measurements.*® Since the measurement uncertainty
follows the shot-noise limit (¢*/?),%” the sensitivity can be
further improved by increasing the photon collection rates
from the sample. In fact, the sensitivity can be simply enhanced
by performing a multiparametric analysis, following Choi
et al.’s reported novel data analysis method."’

13738 | J. Mater. Chem. C, 2022,10, 13734-13740

As a comparison, we performed temperature measurements
using the DND-grown diamond as well (see ESIt). The experi-
mental conditions (laser power, integration time) were kept the
same to perform a fair comparison. A significantly higher noise
floor (3.42 °C Hz */?, shown as the inset of Fig. 3d) is observed,
resulting in longer acquisition times to achieve the same
temperature resolution. Moreover, higher ZPL linewidths
and different thermal susceptibilities indicate inhomogenous
properties among different particles, requiring separate cali-
bration for each particle.

To further benchmark our sample and explore the scope of
its applications, we measured the repeatability (Fig. 3e) and
photostability (Fig. 3f) of our SAAO ND-grown diamond ther-
mometer. To measure the temperature dynamics for our sam-
ple, we used our excitation laser as a local heat source, which
offers excellent stability and efficiency. Due to the interaction
between the silicon substrate and its impurities with the laser,
the local temperature of the diamond is proportional to the
excitation laser power applied. This allows us to use our sample
as a 2-in-1 system, allowing simultaneous temperature readout
and control. The excitation laser power is periodically modu-
lated from 155 mW to 215 mW in a step-wise manner. The SiV
PL spectrum is continuously measured to obtain a time trace of
the fitted parameters, as shown in Fig. 3e. The ZPL position and
FWHM perfectly follow the step-wise modulation of the excita-
tion laser power, demonstrating the excellent repeatability and

This journal is © The Royal Society of Chemistry 2022
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long-term stability of our SAAO ND-grown diamond thermo-
meter. Furthermore, it displays excellent photostability. As
shown in Fig. 3f, the photon counts are measured for 1 hour
and deviate by less than 0.88% during the measurement.

Conclusion

Here, we report the fabrication of high-quality diamond micro-
particles on the Si substrate by CVD. Our method enables the
mass production of diamond microparticles containing SiV
centers with superior properties using the clean and rounded
SAAO NDs as the CVD seeds. Using the fabricated high-
quality sample, we have demonstrated ultrasensitive all-
optical thermometry measurements with a noise floor of about
0.24 °C Hz 2. These findings have significant value for realiz-
ing various practical applications of high-quality diamond
microparticles.
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