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ABSTRACT
Si-doped nanodiamonds are emerging as highly promising materials for luminescent thermometry in the physiological
temperature range (300–325K) due to their excellent biocompatibility, chemical inertness, and optical transparency, aswell as their
ability to host negative charged silicon-vacancy (SiV−) centers with sharp, photostable emissionwithin the biological transparency
windows. In this work, Si-doped nanocrystalline diamond thin films were synthesized on silicon substrates via microwave
plasma-enhanced chemical vapor deposition (MPECVD) under various growth pressures andmethane flow conditions, aiming to
obtain the practical boundary limit of the photoluminescence intensity. The temperature dependence of key photoluminescence
parameters, including intensity, full width at half maximum (FWHM), and area of the zero-phonon line emission, was investigated
in the physiological range (300–325 K). The experimental photoluminescence results were interpreted with the support of first-
principles density functional theory calculations, linking the defect electronic structure and electron–phonon coupling to the
observed optical response. By employing multiparametric analysis, combining these thermally sensitive luminescence features
in a single model, a self-calibrated approach for robust thermometry was demonstrated, optimizing the thermal sensitivity of
the SiV− centers-based emission of the MPECVD diamond. A maximum relative thermal sensitivity of 2.3% K−1 was achieved,
highlighting the potential of Si-doped nanodiamonds for accurate and minimally invasive temperature monitoring in complex
biological environments.
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Introduction

recise temperature monitoring at the nanoscale is essential
or unveiling the role of thermal fluctuations in cellular pro-
esses, regulating metabolic activity [1], and guiding advanced
iomedical therapies such as hyperthermia, photothermal ther-
py, and controlled drug release [2, 3]. Among the different
pproaches developed for nanoscale thermometry, luminescent
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nanothermometry has emerged as a powerful technique due to its
non-invasive nature, high spatial resolution, and ability to operate
in complex biological environments [4].

To be effective in vivo, nanothermometers must combine
high thermal sensitivity with biocompatibility, chemical stabil-
ity, and long-term photostability, while operating within the
optical transparency windows of biological tissue [5]. These
ommercial-NoDerivs License, which permits use and distribution in any medium,
ons or adaptations are made.
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equirements have motivated the exploration of a wide range
f luminescent nanothermometers, including organic dyes,
olymeric nanogels, semiconductor quantum dots, perovskite
anocrystals, and lanthanide-based nanoparticles. However,
espite significant progress, each of these platforms presents
ritical limitations that restrict their clinical translation. Organic
yes and nanogels, for instance, exhibit high thermal sensitivity
ut are susceptible to photobleaching, local environmental fluc-
uations, and typically emit outside the biological transparency
indows, reducing light penetration in tissue [6, 7]. Quantum
ots and perovskite nanocrystals can be tuned into the near-
nfrared range [8], but their chemical and photonic instability in
he physiological temperature range remains a major challenge.
anthanide-based up-conversion nanoparticles, while offering
nvironment-independent emission, suffer from intrinsically
eak absorption and low quantum yields, which ultimately limit
rightness and temperature resolution [9, 10].

i-doped nanodiamonds provide a promising solution to these
hallenges. Luminescence thermometry based on SiV− (negative
harged silicon-vacancy) centers in diamond exploits the temper-
ture dependence of their optical emission properties. Temper-
ture variations induce changes in the electronic structure and
lectron–phonon interactions of the SiV− centers, resulting in
easurable shifts of the zero-phonon line, spectral broadening,
nd modifications of the luminescence intensity. By optically
onitoring these temperature-dependent spectral features, the
ocal temperature can be determined in a non-contact and highly
ensitivemanner. This approach combines the exceptional photo-
tability of diamond color centerswith high spatial resolution and
ccuracy for temperature sensing. Also, diamond is a chemically
nert, highly biocompatible, and optically transparent host mate-
ial, with negligible cytotoxicity and exceptional stability under
he physiological temperature range. Embedded within this
obust lattice, SiV− centers exhibit sharp, stable, and photostable
mission dominated by a zero phonon line (ZPL) at about 738
m, located within the first biological transparency window. This
nables deep-tissue optical access with reduced scattering, low
utofluorescence, andminimal photodamage compared to visible
mitters. Furthermore, the inversion symmetry of the SiV− defect
rovides remarkable spectral stability against environmental
erturbations, while its high Debye–Waller factor ensures a large
raction of the emission is concentrated in the ZPL [11, 12]. These
roperties make SiV− centers as one of the most suitable optical
robes for luminescent nanothermometry in complex biological
nvironments.

ecently, the reliability of luminescent nanothermometers
as been significantly enhanced through multiparametric
pproaches, where temperature simultaneously affects
istinct luminescent properties, such as spectral position,
inewidth, or intensity. By combining multiple thermometric
arameters, these nanothermometers provide self-calibrated
eadouts that minimize the influence of fluctuations in probe
oncentration, excitation power, or detection conditions,
ltimately improving both sensitivity and accuracy. In this
ontext, multiple linear regression (MLR) emerges as a powerful
nalytical framework to fully exploit the information contained
n multiparametric luminescence. MLR enables the integration
f several temperature-dependent parameters into a single
redictive model [13]. This statistical approach can markedly
of 14
enhance performance, providing more precise and robust
temperature measurements in the physiological temperature
range in biomedical scenarios where experimental variability is
inevitable [14].

While SiV-based thermometry has been extensively demon-
strated in bulk single-crystal diamond (SCD) and top-down
fabricated nanostructures [15–17]. the translation of this technol-
ogy to the physiological temperature range remains hindered by
the scalability, cost, and geometric limitations of SCD. This study
addresses this critical materials challenge by using nanocrys-
talline diamond (NCD) thin films. NCD offers a highly scalable,
conformal alternative that can be directly integrated into bio-
sensing platforms, provided the thermal sensitivity of the SiV
centers can be maintained amidst the higher grain boundary
density. In addition, while our previous work demonstrated the
feasibility of luminescence thermometry in N-/Si-co-doped NCD
films utilizing dual NV/SiV emissions [18], the presence of nitro-
gen inherently alters the CVD growth kinetics, increasing grain
boundary density and introducing broad NV phonon sidebands
that can convolute spectral readout in biological tissues. The
present study eliminates nitrogen to focus exclusively on pure Si-
doped NCD. By isolating the SiV defect within a higher-purity
sp3 matrix, we achieve a high-contrast, background-free ZPL at
∼738 nm, strategically optimizing the spectral purity and thermal
sensitivity specifically for the narrow-window (300–325 K) phys-
iological temperature range. Therefore, in this study, Si-doped
nanocrystalline diamonds were grown on silicon substrates
using microwave plasma-enhanced chemical vapor deposition
(MWPECVD). The synthesis was carried out under a range of
growth conditions to evaluate the influence of growth pressure
and methane flow on the photoluminescence (PL) behavior of
the nanodiamonds, as well as to identify the conditions that
maximize emission intensity. The temperature dependence of
key photoluminescence parameters, including intensity, FWHM,
and the area of the ZPL of SiV− centers, was studied within
the physiological temperature range (300–325 K) to assess their
potential formultiparametric photoluminescent thermometry. In
addition, first-principles simulations of PL line-shapes for SiV−

and SiV0 point defects were performed to gain insight into the
electronic structure, the charge-dependency, and the electron–
phonon coupling underlying optical transitions of these centers.
If experiments prove such simulations can be predictive, these
could become a key tool to screen candidate point defects and
host materials for temperature sensing applications in biological
contexts.

2 Results and Discussion

2.1 Diamond Characterization

2.1.1 Varying Growth Pressure

As was described previously, diamond films were grown at
different pressures (40, 45, 55, 65, and 80 Torr) to evaluate
the influence of this parameter on both the crystallinity of the
diamond and the incorporation of Si. The crystalline structure
of the films was analyzed by x-ray diffraction (XRD). Figure 1a
presents the diffractograms of all samples in the 40◦–80◦ range to
highlight the diamond peaks: two prominent peaks are observed
Advanced Functional Materials, 2026
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FIGURE 1 (a) Diffractograms obtained from XRD; (b) Raman spectra; high-resolution XP spectra for (c) C 1s, and (d) Si 2p regions; and (e) steady-
state PL spectra of the samples grown at different pressures.
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n all cases at 2θ values about 43.8◦ and 75.2◦, corresponding
o the (111) and (220) diffraction planes of cubic diamond,
espectively [19, 20]. No signals corresponding to amorphous
arbon (typically at 26.3◦ and 68.9◦) or graphite (29.3◦ and 47.3◦)
re detected in any sample [21], as is observed in Figure S1,
hich shows the complete XRD patterns. Additionally, the char-
cteristic peak of the (004) plane of the silicon <100> substrate,
ocated at 68.8◦, is present in all diffractograms [22]. As the
rowth pressure increases, the intensity of the diamond (111) peak
ecomes progressively stronger, indicating an improvement in
rystallinity.

o confirm the successful synthesis of diamond and to inves-
igate the possible presence of other carbon allotropes in the
amples, Raman spectroscopy was performed. Figure 1b displays
he Raman spectra of the Si-doped diamond films. All spectra
xhibit the characteristic sharp peak of crystalline diamond at
pproximately 1333 cm−1, which corresponds to the first-order
ptical phonon mode of T2g symmetry [23]. Raman spectroscopy
lso enables the identification of other carbon phases, par-
icularly graphite. For simplicity in describing its vibrational
roperties, graphite is often considered a multilayer form of
raphene, given the weak interlayer interactions. Among the
ix phonon modes of graphene at the Brillouin zone center,
nly the E2g optical phonon mode is Raman active. The so-
alled G band originates from this E2g mode and is typically
ocated at 1583 cm−1. This mode involves in-plane vibrations
dvanced Functional Materials, 2026
of the carbon atoms [24]. This band is present in all our
spectra and becomesmore pronounced as the deposition pressure
decreases. In addition, a weak shoulder close to the diamond
peak at ∼1370 cm−1 is only barely discernible in our spectra.
This signal corresponds to the disorder-induced D band [25],
thus, the low intensity observed indicates a low concentration
of structural disorder in the samples. Additionally, a broadband
centered around 1490 cm−1 is observed in all samples, which is
associated with the ν3 trans-polyacetylene (TPA) mode located at
grain boundaries. The ν1 TPA band, typically appearing between
1100 and 1200 cm−1, is detected only in the samples grown at
lower deposition pressures [26]. Overall, the non-diamond bands
(G, D, and TPA) are significantly more pronounced at lower
deposition pressures, while the characteristic diamond band is
more intense at higher pressures, which is consistent with XRD
results. These observations suggest that deposition pressure plays
a significant role in the incorporation of sp2-carbon phases and
in the development of boundary-related vibrational features in
the films, as discussed from XPS results next. Thus, while the
bulk volume is highly crystalline, as discussed from XRD, Raman
spectroscopy reveals the expected presence of non-diamond (sp2)
carbon phases. Due to the nanocrystalline morphology of the
films, the high density of grain boundaries intrinsically intro-
duces sp2-bonded carbon. Because visible Raman spectroscopy is
highly sensitive to sp2 carbon, more than 50 times higher than for
sp3 diamond [27], these non-diamond features are prominently
visible in the spectra, accurately reflecting the complex composite
3 of 14
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ature (sp3 grains surrounded by sp2 boundaries) characteristic
f NCD films. In addition, measurements by FTIR spectroscopy
ere performed to confirm the diamond growth. Figure S2
hows the spectra obtained, where typical C–H stretch peaks for
iamond grown by CVD at about 2850 and 2920 cm−1 are clearly
bserved [15].

o gain further insight into the chemical composition and
hemical state bonding of the Si-doped diamond films, x-ray pho-
oelectron spectroscopy (XPS) measurements were performed.
urvey spectra registered are shown in Figure S3. The expected
resence of C and O is confirmed in all the grown diamonds.
igh-resolution C 1s core-level spectra were analyzed to quantify
he sp3 content of the films. Figure 1c shows the high-resolution
1s spectra of the diamond films. The C 1s spectra of all samples
ere deconvoluted into distinct components corresponding to
p2 and sp3 carbons and C─O bonds, typically observed at
inding energies of ∼284.4, 285.2, and 286.3 eV, respectively [28].
s the deposition pressure increases, a progressive increase in
he sp3 fraction is observed, indicating a higher proportion of
etrahedrally bonded carbon in the films. This trend is consistent
ith Raman results, where higher pressures yielded weaker sp2-
elated bands. Although variations in the sp3 content are evident
cross the samples, all films exhibit a relatively high sp3 fraction,
anging between 80% and 90%.

he systematic increase in non-diamond components (such as sp2
nd amorphous carbon) observed in the XRD, Raman, and XPS
nalyses as the deposition pressure decreases can be attributed
o the fundamental plasma dynamics of the CVD process. In dia-
ond CVD, reactive atomic hydrogen is critical for maintaining
hase purity, as it preferentially etches graphitic (sp2) carbon at
much higher rate than the diamond (sp3) phase [29]. As the
eposition pressure is reduced, the plasma density decreases,
eading to a lower thermal dissociation rate of H2 and, conse-
uently, a reduced flux of H* to the growth [30]. This diminished
upply of atomic hydrogen severely reduces the etching efficiency
f non-diamond carbon. Furthermore, the increased mean free
ath of gas species at lower pressures can alter the kinetic energy
f impinging radicals, promoting secondary nucleation and the
ormation of sp2-rich grain boundaries [31]. Consequently, the
uppression of the H* etching mechanism at lower pressures
eads to the gradual accumulation of the non-diamond phases
bserved in our spectroscopic data, which in turn influences the
ost matrix quality for SiV center formation.

n the other hand, high-resolution Si 2p spectra reveal the
resence of silicon in some samples Figure 1d, mainly in those
rown at lower deposition pressures. Notably, the Si 2p peak
ppears at around 102 eV, consistent with Si─O─C bonding
32], rather than the elemental Si from the <100> substrate,
hich would be expected around 99 eV [33]. This indicates that
he observed Si signal corresponds to silicon incorporated into
he diamond lattice or in associated chemical environments.
nterestingly, in the films grown at the highest pressures (65
nd 80 Torr), the Si signal is no longer detectable. Overall, the
PS analysis confirms the successful growth of diamond films
ith a predominantly sp3 bonding character and provides further
vidence that higher deposition pressures promote improved
rystallinity, while lower pressures lead to higher Si content in
he diamonds.
of 14

iv
The emission features of the Si-doped diamond films were
further investigated through photoluminescence spectroscopy.
All spectra were recorded at room temperature using a 633 nm
excitation laser with an acquisition time of 7 s, 7 accumulations,
and a 10%ND filter. To accurately analyze the emission associated
with the negatively charged silicon-vacancy centers (SiV−), all
spectra were post-processed by removing the baseline, thereby
isolating the signal corresponding to the SiV− center and its
phonon sideband (PSB). Figure 1e shows the PL spectra of the
samples. TheZPL of the SiV− center is observed at 739.4 nm,while
the associated phonon side band (PSB) appears at 755.6 nm [34].
A clear trend is evident: as the deposition pressure increases, the
emission intensity of the SiV− centers decreases. This behavior
can be directly related to the chemical and structural character-
istics of the films discussed earlier. XPS analysis showed that the
silicon content in the films is reduced at higher pressures, with
the Si signal becoming negligible in the samples grown at 65
and 80 Torr. Similarly, XRD results indicate that higher-pressure
growth produces NCD films with less structural defects. These
observations suggest that crystal quality is worse when more
Si is incorporated, while highly ordered diamond networks are
obtained with less Si.

Consequently, the decrease in SiV− emission with increasing
pressure is consistent with the reduced incorporation of silicon
into the diamond lattice. In addition, the increase in sp3 content
and overall crystallinity at higher pressures, as revealed by XPS
and Raman spectroscopy, indicates that high-quality NCD films
were obtained and less accommodating for the formation of SiV−

centers. In other words, higher-pressure growth promotes high-
quality diamond films with fewer Si-related centers, resulting
in lower PL intensity from SiV− centers despite the improved
structural properties.

Therefore, based on the PL results, the lowest deposition pressure
of 40 Torr was selected, as it exhibits the highest SiV− emis-
sion intensity. Although structural characterization indicates
that films grown at higher pressures display slightly improved
crystallinity and higher sp3 content, the sample grown at 40 Torr
still presents excellent diamond quality, with a high sp3 fraction
(83%) and minimal non-diamond carbon phases. In addition, the
PL emission was also measured by using a 473 nm excitation
laser (see Figure S4). Again, the highest emission intensity was
observed for the sample grown at 40 Torr. Other emission features
were observed between 550 and 700 nm, which is typical in
diamond grown by CVD.

It is important to note that the highest SiV− ZPL intensity was
observed at 40 Torr Figure 1e, the lowest pressure investigated
in this series. The 40 Torr represents a practical lower boundary
for functional NCD growth in our specific clam-shell reactor
configuration. This boundarywas established to balance the com-
peting kinetic requirements of the system: exploiting the lower
pressure to enhance Si-radical transport, while preventing the
severe drop-in growth rate associated with low-pressure regimes.
Furthermore, compensating for this rate drop by increasing
the CH4 concentration was deliberately avoided to preserve the
high sp3/sp2 phase purity required for optical sensing. Thus, the
40 Torr and 1% CH4 regime serves as a functional optimum that
maximizes Si incorporation without compromising the structural
integrity of the diamond matrix. Thus, 40 Torr was the pressure
Advanced Functional Materials, 2026
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FIGURE 2 (a) Diffractograms obtained from XRD; (b) Raman spectra; high-resolution XPS spectra for (c) C 1s, and (d) Si 2p regions; and
(e) steady-state PL spectra of the samples grown at 40 Torr and different methane concentrations.
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hosen for further investigations focused on the influence of
ethane concentration. For this, a set of samples was grownwith
he pressure fixed at 40 Torr while varying the CH4 content (0.5%,
.0%, and 1.5%). These samples were characterized using the same
RD, Raman, XPS, and PL techniques to systematically evaluate
he effect ofmethane concentration on both structural and optical
roperties.

.1.2 Varying Methane Concentration

RD patterns confirm the formation of crystalline diamond
nder all conditions (Figure 2a). However, clear differences are
bserved in the relative intensities of the diffraction peaks. At
.5% CH4, the diamond (111) peak at 43.8◦ is present but shows
ery low intensity, and the (220) reflection at 75.2◦ is not detected,
ndicating limited crystalline quality and/or weak preferential
rientation. In contrast, at 1.0% and 1.5% CH4, both the (111)
nd (220) reflections are clearly observed, revealing a better-
eveloped crystalline structure and a higher degree of orientation
n the films grown under more carbon-rich CVD conditions.

aman spectroscopy reveals the characteristic sharp peak of
iamond at 1333 cm−1 in all samples. As the methane fraction
ncreases, disorder-related bands become more prominent, par-
icularly the G band at 1583 cm−1 and the broad TPA feature
round 1490 cm−1, as shown in Figure 2b. This indicates that
xcess methane promotes a higher degree of disorder compared
o samples grown with lower CH4 concentrations, which leads to
he incorporation of sp2 phases at grain boundaries.

nterestingly, XPS provides complementary information that
elps reconcile these observations. As shown in Figure 2c, the rel-
tive sp3 fraction increases withmethane concentration, reaching
ts maximum at 1.5% CH4. This trend appears opposite to Raman,
dvanced Functional Materials, 2026
but it can be rationalized by considering the different probing
depths and sensitivities of the techniques. The surface, with large,
well-facetted grains and less grain boundaries, is of higher quality
than deeper in the film. Thus, although additional methane
increases surface disorder detected by Raman, corresponding
more to the subsurface, while leading to a higher average sp3
content in XPS, which is related to the surface. But we have
to note the variations of the sp3 content are slight. In addition,
high-resolution Si 2p spectra (Figure 2d) further support this
interpretation. A Si 2p component centered around ∼102 eV is
detected in all samples, consistent with oxidized or Si─O─C
environments rather than substrate silicon. Importantly, the Si 2p
intensity is lowest at 0.5% CH4 and increases for 1.0% and 1.5%
CH4, indicating a higher incorporation of silicon-related species
within the films as the methane concentration rises.

Finally, PL was employed to evaluate the optical properties of the
films Figure 2e. All spectra were acquired and processed under
the same conditions as the previousmeasurements, with baseline
correction applied to isolate the signal of the SiV−. The character-
istic ZPL of the SiV− centers is observed at 739.4 nm, along with
its PSB at approximately 755 nm. A clear dependence onmethane
concentration is found: the lowest CH4 content (0.5%) yields the
weakest emission, while the PL intensity progressively increases
with higher methane concentration, reaching a maximum at
1.5%. This behavior is consistent with the XPS results, indicating
that carbon-rich growth conditions promote the incorporation
of silicon into the diamond lattice, favoring the formation of
optically active SiV− centers. Again, FTIR, the XPS survey spectra
and luminescence emission by using a 473 nm excitation laser
are included in the (Figures S2–S4) as complementary evidence
of this discussion.

Overall, these results show that increasing methane concentra-
tion enhances diamond crystallinity, which is unexpected, but in
5 of 14
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TABLE 1 Growth conditions of samples.

p [Torr]a CH4 [%] t b T [◦C] c h [nm] d size [mm ×mm]

40 1.0 3 h 37 min 740 1215 5.03 × 5.04
45 1.0 2 h 43 min 775 1080 5.05 × 5.06
55 1.0 2 h 56 min 790 1125 5.04 × 5.06
65 1.0 3 h 15 min 820 1170 5.04 × 5.06
80 1.0 3 h 17 min 880 1080 5.04 × 5.05
40 0.5 5 h 15 min 735 1080 5.03 × 5.06
40 1.5 2 h 59 min 750 1395 5.04 × 5.06

ap: pressure.
bt: time.
cT: temperature.
dh: thickness.
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his case, this increase in crystallinity can be explained by the
reater thickness of the diamond grown with a higher methane
oncentration (Table 1). Also, increasing methane concentration
nhances the orientation on the microscale (as revealed by
RD), while simultaneously increasing surface disorder and
rain-boundary sp2 phases (as detected by Raman). At the same
ime, XPS demonstrates an overall increase in sp3 bonding and
igher Si incorporation within the near-surface region, which is
eflected in the stronger SiV− photoluminescence. Considering
ll structural and optical indicators, the film grown at 1.0%
H4 represents an optimal compromise: it exhibits well-defined
iamond diffraction peaks, moderate surface disorder, a high
p3 fraction, and intense SiV− emission. Therefore, the sample
ynthesized at 40 Torr and 1.0% CH4 was selected for further
nalysis.

.1.3 Electronic Structure and Simulated PL
ine-Shapes

otivated by the experimental results, we employed first-
rinciples density functional theory (DFT) simulations to under-
tand the robust SiV− emission observed in our diamond samples
n terms of the electronic structure, the charge-dependency and
he electron-phonon coupling underlying optical transitions of
his center, thereby providing a microscopic interpretation of the
bserved luminescence.

he introduction of the SiV center into the diamond lattice
enerates well-defined electronic states within the band gap for
oth SiV− and SiV0 charge states, as illustrated in Figure 3a,b.
otably, the defect bands exhibit minimal dispersion along the
igh-symmetry k-path, indicating that the associated electronic
tates are strongly localized around the SiV center. This strong
ocalization naturally explains the narrow ZPLs observed exper-
mentally for SiV centers. The corresponding DOS and PDOS
iagrams, provided in Figure S5, confirm that the wide diamond
and gap is preserved and demonstrate that these localized in-gap
evels originate from the hybridization of s- and p-type orbitals of
he Si atom and its nearest-neighbor C atoms in the split-vacancy
onfiguration, based on the partial contributions of these orbitals
o the total DOS.
of 14

i

The featured excited-state configurations for the SiV− and SiV0

centers are a doublet and a triplet state, respectively. The cal-
culated ZPL energies are 1.70 eV (729 nm) for SiV− and 1.52 eV
(816 nm) for SiV0. The energy value for the SiV− center is
in excellent agreement with respect to the experimental result
(1.68 eV for SiV−) and previous ab initio studies [36], although
the one for the SiV0 center differs by ca 0.2 eV (1.31 eV reported
in experimental literature) [37]. This is beyond the intrinsic
limitations of the exchange-correlation approximations in DFT,
finite-size effects or charge corrections inherent to defect cal-
culations in periodic frameworks [38]. The SiV0 center has an
unusually complex electronic structure in which orbital reorder-
ing occurs (the emptied eg states shift above the valence band) and
the degeneracy between eu states and eg states requires precise
constraints on the desired orbitals [39]. We have considered
all that in our CDFT simulations and found a 1.52 eV ZPL,
in agreement with previously reported values at this level of
theory [40, 41].

To probe the optical transitions associated with the SiV− and
SiV0 centers, we used the PyPhotonics workflow, based on the
generating function approach. The simulated PL line shapes are
shown in Figure 3c. The Huang-Rhys factor values, 0.167 and
0.170 for SiV− and SiV0 centers, respectively, inform of a relatively
weak electron-phonon coupling for both, resulting in a prominent
ZPL accompanied by a weak PSB in both charge states.

The simulations reproduce the spectral line shape and the relative
intensities remarkably well, in agreement with our experimental
observations for SiV− centers, where under 633 nm laser excita-
tion only SiV− emission is detected, and any contribution from
SiV0 remains effectively undetectable due to the low excitation
efficiency of its optical transition at this wavelength. Overall, the
consistency between simulations and experiments validates the
present computational framework for the purpose of screening
point defects and host materials based on relative comparisons.
If absolute predictions are required, more sophisticated methods
like hybrid functionals or the GW approximation should be used,
computational resources permitting. Other authors have made
efforts in that way to accurately describe the electronic structures
and PL spectral features of NV− centers in diamond [42–44]. We
aimed for a streamlined, robust approach for preliminarymaterial
Advanced Functional Materials, 2026
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FIGURE 3 Band structures and density of states of (a) SiV− and (b) SiV◦ centers, where blue corresponds to the spin-down channel and red to the
spin-up channel, (c) their simulated PL line-shapes, and (d) the geometry of the SiV center (split-vacancy) with D3d symmetry. Supercell visualization
made with OVITO Basic (version 3.10.3) [35].
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creening, achieving reliable results with reduced computational
verhead.

.2 Luminescent Thermometry

s described previously, the sample synthesized at 40 Torr and
.0% CH4 was selected for analyzing its application in lumines-
ent thermometry. To gain a more comprehensive understanding
f the selected 40 Torr, 1.0% CH4 diamond film, scanning electron
icroscopy (SEM), and cathodoluminescence (CL) analyseswere
erformed. The SEM images confirmed a homogeneous film
omposed of well-faceted diamond crystals, while CL spectra,
ecorded at 83 K, revealed the characteristic SiV− ZPL and its PSB,
onsistent with the PL measurements. These results, provided in
etail in the (Figure S6), reinforce the high crystallinity of the
ample and the robustness of the SiV− emission under differ-
nt excitation conditions, supporting its potential as a reliable
ptically active center.

verall, the comprehensive physicochemical characterization
ndicates that the 40 Torr, 1.0% CH4 Si-doped diamond sample
as successfully grown by MWPECVD, exhibiting good crys-
allinity and promising SiV− emission features. This sample
ill be further investigated in the following section through
emperature-dependent PL to assess its potential for luminescent
hermometry.

.2.1 Single Parametric Approach

i-doped diamonds are now tested as luminescent thermome-
ers. PL spectra of the selected sample were acquired using a
33 nm laser as the excitation source and recorded at different
dvanced Functional Materials, 2026

iv
temperatures within the physiological range, between 300 and
325 K. To ensure reproducibility and statistical reliability, three
independentmeasurementswere performed at each temperature,
and each measurement consisted of a scan of 100 individual
spectra. Each spectrum shown in Figure 4a results from the
average of these hundred scans at the relevant target temperature,
providing a robust representation of the emission. As previously
described in the characterization section, all PL spectra were
post-processed by subtracting the baseline to isolate the emission
signal corresponding to the SiV− center and its associated PSB.
This careful procedure allowed for a precise analysis of the
temperature-dependent behavior of the SiV− emission, as shown
in Figure 4a, where both the ZPL and the PSB are clearly
identified.

With increasing temperature, a noticeable decrease in the PL
intensity of the SiV− ZPL is observed, reflecting the expected
thermal quenching of the optical center, despite the very short
temperature range analyzed. To quantitatively extract the rel-
evant thermometric parameters, namely, the peak intensity,
FWHM, and integrated area of the ZPL, a Gaussian fitting
procedure was applied to the SiV− ZPL at each temperature,
as shown in Figure 4b. This fitting provided precise values for
each parameter, enabling a systematic analysis of the emission
behavior as a function of temperature.Detailed fitting procedures,
fitting curves, and statistical parameters are provided in Figure S7
in the (section S4).

Figure 5a shows these values for SiV− emission centers as a
function of temperature. In general, the intensity and integrated
area of the photoluminescence peak are expected to decreasewith
increasing temperature, as thermal energy promotes electrons
into non-radiative relaxation pathways. Irrespective of the spe-
cific mechanism involved, the FWHM is anticipated to broaden
7 of 14
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FIGURE 4 (a) Temperature-resolved PL spectra, each spectrum resulting from the average of 100 spectra acquired in one spatial scan at a target
temperature. (b) Gaussian fitting of the ZPL emission of SiV− centers, from which luminescence descriptors are extracted.
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ith temperature due to the progressive population of higher
ibrational states, which also contributes to the reduction of both
he intensity and the area of the ZPL emission [18]. As shown
n Figure 5a, the FWHM of the SiV− ZPL peak increases as the
emperature rises, while the corresponding intensity and area
xhibit a marked decrease, consistent with the expected ther-
al behavior. To evaluate the suitability of each luminescence
escriptor (Δ) for thermometric applications, the relative thermal
ensitivity (Sr) was calculated according to

𝑆r
(
% K−1) = 1

Δ𝑇

||||
𝜕Δ

𝜕𝑇

|||| ⋅ 100% (1)

igure 5b displays the relative thermal sensitivities obtained
or each parameter. Linear fitting of the experimental data
rovides the thermal calibration models that enable temperature
etermination from PL measurements. The extracted relative
ensitivities range from 0.64 to 0.76%⋅K−1 for the area, 0.94–
.23%⋅K−1 for the intensity, and 0.35–0.39%⋅K−1 for the FWHM.
ince a Gaussian function was used to fit the experimental
ata, the area of each Gaussian could be calculated from the
mplitude and the FWHM, so the sensitivity of the area is
xpected to be between the sensitivity of the intensity and the
WHM. Also, these results demonstrate that the intensity of
he SiV− ZPL emission exhibits the highest relative sensitivity
mong the evaluated descriptors, highlighting its relevance as the
ost reliable parameter for luminescent thermometry for these
amples.

.2.2 Multiparametric Approach

iven the linear temperature dependence exhibited by the inten-
ity, FWHM and integrated area of the SiV− ZPL (see Figure 5a),
t is attractive to implement a strategy that simultaneously
xploits these descriptors to maximize Sr and enhance the overall
of 14
thermometric performance of the material. One of the most
effective approaches for this purpose is multiparametric linear
regression (MLR), a statistical method that combines several
independent variables to predict a dependent variablewith higher
accuracy.

In the context of luminescent thermometry, MLR allows the
estimation of temperature (T) as a weighted linear combina-
tion of multiple thermometric parameters (Δi). For an effec-
tive application of MLR, the experimental data should sat-
isfy the following statistical requirements: linear relationships
between dependent and independent variables, low correla-
tion among the independent variables, constant variance of
residuals, independence of observations, and multivariate nor-
mality of the variables involved. Additionally, although not
strictly necessary, feature scaling of the independent variables
is recommended to ensure that all descriptors have compara-
ble magnitudes, facilitating the interpretation of the regression
coefficients [45].

Even though all three analyzed parameters exhibited linear
behavior with temperature, to optimize the MLR model while
minimizing interdependence between variables, the analysis was
performed using the intensity and FWHM of the SiV− ZPL
emission only, because these two showed distinct temperature
dependencies and complementary sensitivities. Therefore, our
MLR model is able to obtain T values according to

𝑇 = 𝛽0 +
2∑
𝑖=1

𝛽𝑖Δ𝑖 + 𝜀 (2)

where β0 is the intercept, Δi are the two thermometric parameters
chosen, the intensity and FWHMof the SiV− ZPL emission, βi are
the weighting coefficients associated with these two parameters,
and ε is the residual error.
Advanced Functional Materials, 2026
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FIGURE 5 (a) Evolution of the luminescence descriptors, area, intensity, and FWHM, extracted from ZPL peak of the SiV− center, (b) relative
thermal sensitivity obtained for the thermometric descriptors, area, intensity and FWHM and (c) MLR model prediction.
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igure 5c presents the comparison between the temperatures
redicted by the MLR model and the experimental values. The
eighting coefficients of the regression model are also included
n the Figure 5c. As observed, only minor deviations are found
hroughout the entire temperature range analyzed, indicating the
igh accuracy of the regression model designed.

aturi et al. [13] reported the general expression of the relative
hermal sensitivity for MLR thermometry, which can be adapted
or our MLR model as:

𝑆MLRr =

√√√√ 2∑
𝑖=1

(
1

Δ𝑖

||||
𝜕Δ𝑖
𝜕𝑇

||||
)2

=

√√√√ 2∑
𝑖=1

(
Δ𝑖

||||
𝜕𝑇

𝜕Δ𝑖

||||
)−2

=

√√√√ 2∑
𝑖=1

(Δ𝑖𝛽𝑖)
−2

(3)
here, again, the two thermometric parameters in the sum
re the intensity and FWHM of the SiV− ZPL emission. The
mplementation of the MLR strategy significantly enhanced the
dvanced Functional Materials, 2026
thermometric response of the Si-doped diamond samples. By
combining the intensity, which previously exhibited the highest
individual sensitivity, with the FWHM, the maximum relative
sensitivity reached a value of 2.3%⋅K−1, nearly twice the sensi-
tivity obtained using the intensity alone (see Figure 5b). This
substantial improvement demonstrates the effectiveness of the
multiparametric approach in increasing temperature resolution
and overall sensing performance, confirming its suitability for
precise luminescent thermometry within the physiological tem-
perature range using the diamonds with SiV− centers designed in
this work.

While the MLR analysis demonstrates a highly sensitive and
robust thermal response within the 300–325 K window, these
measurements evaluate the fundamental physical response of
thematerial. True biological environments possess complex ionic
strengths, dynamic pH levels, and protein coronas that could
induce surface band-bending and influence the SiV charge-state
9 of 14
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tability. Although the chemically inert diamond lattice provides
ntrinsic shielding for deeper color centers, empirical valida-
ion of this MLR thermometry model in biologically relevant
edia (e.g., physiological buffers and cellular microenviron-
ents) remains a critical next step before drawing definitive
onclusions regarding its in vivo applicability. In addition, it
s now important to distinguish the NCD thin-film platform
rom free-floating fluorescent nanodiamond (FND) particle ther-
ometry. The optical measurements presented herein represent
n ensemble response from multiple SiV-containing nanograins
ithin the excitation volume, rather than isolated single-particle
mission. While single FNDs offer ultimate spatial resolution,
hey suffer from dynamic instability and migration in flu-
dic biological environments. In contrast, the NCD thin-film
rchitecture is specifically advantageous for integration into
olid-state biomedical devices. Conformally coating structural
robes, such as optical fiber tips or implantable micro-needles,
nables highly stable, localized thermal sensing where the spa-
ial resolution is dictated by the probe geometry, completely
ircumventing the tracking challenges associated with dispersed
anoparticles.

Conclusion

i-doped nanocrystalline diamond films were successfully syn-
hesized by MWPECVD under varying methane concentrations
nd pressure conditions, aiming to maximize PL intensity. The
iamond phase was confirmed by XRD, Raman spectroscopy,
nd XPS. PL and CL analyses verified the existence of SiV−

olor centers responsible for the optical emission. The emission
f SiV− centers is maximized at lower deposition pressures, in
he range tested, where the sp3 content is slightly lower, but
aintaining the quality of the diamond structure, and Si doping
s achieved. Also, intermediate CH4 concentration represents an
ptimal compromise: it exhibits well-defined diamond diffraction
eaks, moderate surface disorder, a high sp3 fraction, and intense
iV− emission.

he sample exhibiting the highest PL intensitywas selected for an
n-depth study of its luminescent thermometric behavior. Several
hermometric descriptors, including the integrated area, inten-
ity, and FWHMof the ZPL, were evaluated. Themultiparametric
nalysis demonstrated that Si-doped nanocrystalline diamonds
an effectively operate as luminescent thermometers. Notably, a
igh thermal sensitivity of up to 2.3%⋅K−1 was achieved using both
he intensity and the FWHM of the SiV− ZPL, highlighting the
trong potential of these nanodiamonds for temperature sensing
pplications in the physiological temperature range in biological
nvironments.

hese experimental findings are further supported by first-
rinciples DFT calculations, which modelled the electronic
tructure, optical transitions, and phonon-assisted PL spectra
f SiV− and SiV◦ centers. The theoretical results provide a
igorous microscopic understanding of the observed emission,
onfirm the dominance of the SiV− charge state, and rationalize
he exceptional optical stability and reproducibility of the PL
ignals, establishing a solid link between the center properties
nd luminescent performance.
0 of 14
Therefore, the present work should be regarded as a proof of
concept demonstrating the feasibility of temperature sensing
based on the temperature-dependent luminescence intensity of
SiV− centers in CVD-grown diamond. But the performance
under application-specific conditions (e.g., biological media,
surface functionalization, or nanostructured geometries) should
be experimentally assessed in future studies.

4 Methods

4.1 Si-Doped Diamond Growth

Silicon wafers (<100> orientation) supplied by Ted Pella Inc.
were diced into 5 × 5 mm2 substrates. Two types of Si substrates
were prepared: (a) nanodiamond seeded [46] substrates for
nanocrystalline diamond (NCD) growth and (b) non-seeded Si
pieces used as sacrificial silicon sources for Si doping, placed near
the seeded samples during CVD. The diamond growth process
consisted of three main steps: (i) cleaning, (ii) nanodiamond
seeding of the Si substrates, and (iii) growth of NCD films. A
detailed description of each step is provided below.

Prior to deposition, all substrates underwent a degreasing process
followed by plasma cleaning [46]. Degreasing was carried out
by sequential immersion of the substrates in acetone and iso-
propanol, each for 15 min in an ultrasonic bath (Elma Transonic
Tl-H-5, 80 kHz, 150 W). After cleaning, the substrates were dried
under a nitrogen gas flow. To remove residual hydrocarbon con-
taminants and promote surface oxidation, an additional cleaning
step using an oxygen plasma discharge was performed. The O2
plasma treatment was carried out for 3 min in a home-built
vacuum system,with anO2 flow rate of 50 sccm,working pressure
of 5 mTorr, and power of 200 W.

The seeding step is crucial to achieve uniform NCD films, as it
significantly reduces the incubation time required for diamond
nucleation [47]. The silicon substrates were seeded using a nan-
odiamond colloidal suspension, prepared by diluting a detonation
nanodiamond slurry in deionized water to a concentration of
0.33 g l−1. The colloid was deposited by spin coating, following
the next procedure: (i) 500 rpm for 5 s, (ii) rinsed with deionized
water for 15 s at 4000 rpm, and (iii) dried at 4000 rpm for 25 s.
Thismethod provides a high seeding density (ca. 1011 seeds⋅cm−2),
essential for obtaining smooth nanocrystalline diamond films.

The Si-doped nanodiamond films were synthesized in an ASTeX
6500 series MWPECVD system. The seeded Si substrates were
positioned at the center of the substrate holder, while the non-
seeded Si pieces were placed around them to act as sacrificial
sources of silicon for in situ doping. The temperature was
monitored using aWilliamson Pro92 dual-wavelength pyrometer.
Finally, film thickness was monitored in situ during deposition
using a 405 nm laser interferometer. The specific growth condi-
tions for each sample are summarized in Table 1. Also, the power
for all growths was set at 2.5 kW. The growth quality was analyzed
according to two parameters, the pressure and the percentage
of methane. The pressure was varied from 40 to 80 Torr. Next,
three different percentages of methane in the CVD plasma, i.e.
0.5%, 1.0%, and 1.5%, were tested at 40 Torr. This pressure was
selected because it produces the best results according to the
Advanced Functional Materials, 2026
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hotoluminescence emission, as discussed below. In addition,
igure S8 shows optical photographs of the grown diamonds,
hile Table 1 includes their size.

.2 Characterization of Si-Doped Diamonds

he synthesized diamond filmswere characterized to confirm the
ormation of the diamond structure under the different growth
onditions. X-Ray diffraction (XRD) patternswere collected using
Bruker D8 Advance A-25 diffractometer equipped with a
ynxeye detector and a Cu-Kα radiation source. Measurements
ere performed over a 2θ range of 40◦–80◦ with a step size
f 0.030◦, at 40 kV, and 40 mA, allowing the identification of
he crystalline phase and assessment of the structural quality
f the films. Raman spectroscopy was employed to detect the
resence of different carbon allotropes. Spectra were recorded
sing a Horiba LabRAM HR Evolution modular spectrometer
quipped with a Sincerity visible detector, using a 532 nm diode-
umped solid-state (DPSS) laser for excitation. In addition, X-ray
hotoelectron spectroscopy (XPS) was used for analyzing the
hemical state bonding of the elements in the samples. XPS
pectra were registered by using a Kratos Axis Ultra DLD spec-
rophotometer. This technique enabled detailed characterization
f the different C atoms present in the samples, which led to
n analysis of the quality of the diamonds grown. Steady-state
hotoluminescence (PL) spectra were acquired at room temper-
ture to evaluate Si-doping and to study the emission features of
he samples. PL measurements were performed using a He-Ne
aser emitting at 633 nm (Pacific LasertecTM). Also, the sample
xhibiting the most promising photoluminescence properties
as further analyzed by cathodoluminescence (CL) spectroscopy.
L measurements were performed using a TESCAN Solaris
ual-beam focused ion beam/field emission scanning electron
icroscope (FIB/FE-SEM) coupled to a Horiba iHR320 spec-
rometer. The luminescence was collected through a retractable
arabolic mirror and analyzed with a monochromator equipped
ith a 600 grooves/mm grating and a Synapse CCD detector.
ow-temperature measurements were conducted at 83 K using
liquid nitrogen-cooled stage (Quorum Technologies PP-3005),
ith SEM excitation set at 20 keV and 20 nA.

o evaluate the suitability of Si-doped diamonds for luminescent
hermometry, temperature-dependent PL spectra were recorded
sing the Horiba LabRAM HR Evolution spectrometer coupled
o a Cryotherm cryostat with a LakeShore 335 temperature con-
roller, under vacuum. The system configuration is in backscat-
ering mode by using a confocal microscope. The objective lens
sed is a long focal length lens with a magnification of 50x, and
numerical aperture of 0.50. A 633 nm laser was used for these
easurements, enabling the study of the thermal response of
he emission features. The estimated laser focus spot size is ∼2
m. For the quantitative analysis of temperature-dependent PL
ata, including multi-parameter correlations and multiple linear
egression, R Commander [48] was employed, providing a robust
tatistical treatment of the experimental results.

urthermore, this characterization was completed with Fourier
ransform infrared (FTIR) spectroscopy measurements in diffuse
eflectance mode, using a Bruker Tensor37 spectrophotometer,
ecording reflectance spectra in the range between 4000 and
dvanced Functional Materials, 2026
400 cm−1, with a resolution of 1 cm−1. In turn, using the same
equipment described above, luminescence spectra were obtained
using a 473 nm laser as the excitation source, recording the
emission spectra in the range between 500 and 800 nm.

4.3 DFT Simulation of PL Line-Shapes

First-principles simulations of PL line-shapes for point defects
pose a challenge due to the mathematical treatment of the
electron-phonon coupling. The evaluation of the overlap integrals
in the optical spectral function requires the solution of a many-
body Schrödinger equation with 3N ionic degrees of freedom,
in addition to the electronic degrees of freedom. The pioneering
work of Alkauskas et al. [49] established a framework based on
the generating function approach of Lax [50] and Kubo and Toy-
ozawa [51], where they adopt the Franck-Condon principle and
the displaced harmonic oscillator approximation. Subsequent
work by Jin et al. [42] validated this approach in a theoretical and
experimental study focusing on the negatively charged nitrogen-
vacancy centers in diamond and the neutral divacancy centers in
hexagonal SiC.

More recently, Tawfik and Russo [52] have translated this
framework into PyPhotonics, an open-source Python code that
streamlines PL line-shape simulations from density functional
theory (DFT) calculations. PyPhotonics (version 0.2.0) workflow
requires three inputs from VASP (version 6.4.3) [53–56] and
phonopy (version 2.20) [57, 58]: the ground-state equilibrium
structure and vibrational modes, and the excited-state equilib-
rium structure.

Here, we operate with diamond supercells containing a single
SiV defect, which is created by removing two carbon atoms and
placing a silicon atom in a split-vacancy configuration. Electronic
structure calculations were performed using 3 × 3 × 3 supercells
(and a 3 × 3 × 3 Γ-centred k-point mesh), whereas vibrational
modes were computed using smaller 2 × 2 × 2 supercells (and a
5 × 5 × 5 Γ-centred k-point mesh). This choice represents a com-
promise between computational efficiency and accuracy for each
relevant purpose. All VASP calculations were performed using
the Perdew-Burke-Ernzerhof (PBE) functional [59] to describe the
exchange-correlation term in the Kohn-Sham equations. Valence
wave functions were described by sets of plane waves with kinetic
energies up to 520 eV. Interactions between valence electrons
and ionic cores were described using the projector-augmented
wave (PAW) pseudopotentials [60, 61], where electron states up
to 1s in C and 2p in Si are frozen to atomic reference states.
Spin polarization was considered. The negatively charged center
(SiV−) includes an extra electron in the supercell, compensated
by a positive background charge. Monopole corrections were
added to address long-range electrostatics between the point
defect in the charged supercell and its periodic images due to
finite size.

Supercells were first optimized to their ground-state equilib-
rium structure using the conjugate gradient algorithm, with
electronic and ionic convergence criteria set to 10−6 eV and
10−5 eV Å−1, respectively. After relaxation, the ground-state
electronic structurewas characterized through calculations of the
total density of states (DOS), the projected DOS (PDOS), and
11 of 14
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he band structure. For DOS calculations, a denser 6 × 6 × 6 Γ-
entered k-point mesh was used. Band structure was computed
long the Γ−X−W−K−L−U−W−L−K|U−X k-path, generated
ith VASPKIT (version 1.5.1) [62], with 10 points per line.

ibrational modes were obtained using the finite-displacements
ethod implemented in phonopy [57, 58]. Force constants are
btained from forces on atoms in a series of structures generated
y symmetry-consistent atomic displacements. A single-point
ASP calculation was performed for each structure.

xcited state configurations were investigated using constrained
onfigurations DFT (cDFT, also named delta-consistent field,
SCF). The occupation of spin-up and spin-down components
as specified and kept fixed during the ionic relaxation. We
et occupied states with integral occupation only. State energies
ere updated but the order was preserved to prevent inconsistent
ccupations [40, 63]. The relevant excited state results from
romoting an electron from one of eu states of the point-defect
elow the valence band edge to one of its eg states within
he gap.
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