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Fluorescence nanothermometers—widely used from microelectronics to cell biology—face a critical yet often
overlooked challenge: both their calibration and actual temperature readout can be significantly distorted by
laser-induced heating on substrates with poor thermal conductivity or surface contamination. Here, we report a
systematic investigation of how substrate thermal conductivity and interfacial polymer layers influence laser-
induced heating of silicon-vacancy (SiV™) diamonds used as fluorescence-based secondary thermometers.
Using substrates spanning several orders of magnitude in thermal conductivity and different thickness polymer
layers between the sensor and the surface, we quantify the temperature rise of the diamonds relative to room
temperature. Results reveal that under identical excitation conditions, bulk diamond—the highest-conductivity
substrate exhibits only a negligible temperature rise (AT ~ 0.95 °C), whereas thin amorphous holey carbon—the
lowest-conductivity substrate studied induces an extreme increase of AT ~530 °C. Furthermore, the presence of
an interfacial polymer layer leads to a substantial temperature rise of ~60 °C, in stark contrast to the near-zero
heating observed on clean substrates (AT & 0.02 °C). Experimental findings are further validated using COMSOL
Multiphysics simulations with a steady-state 3D heat transfer model. Our work provides practical guidelines for
substrate selection, surface preparation, and calibration methodology for nanoscale thermometry.

1. Introduction may introduce large uncertainties through thermalization of the sample

within the scanning device. In contrast, optical thermometry overcomes

Nanoscale optical thermometry [1-4], also known as luminescence
thermometry, enables precise measurement of temperature variations at
the nanometer scale. Over the past decade, it has rapidly emerged as a
multifaceted and impactful research frontier with broad implications for
fields ranging from advanced materials science to biomedicine [5].
Breakthroughs in materials science alongside the continuous evolution
of nanotechnologies—including nanoelectronics [6], nanophotonics [7]
and cell imaging [8] have significantly driven progress in this research
area. The key advantage of optical thermometry lies in its ability to
detect temperature remotely. Although scanning thermal microscopy
(SThM) [9-11], a widely used thermometry technique, provides high
spatial resolution, it suffers from complex heat-transfer challenges that

* Corresponding author.
E-mail address: trongtoan.tran@uts.edu.au (T.T. Tran).

https://doi.org/10.1016/j.diamond.2026.113411

this limitation, enabling remote and minimally invasive nanoscale
temperature measurements with a more straightforward calibration
process for improved accuracy.

Theoretically, optical thermometry relies on external optical exci-
tation to induce luminescence from a specific phosphor [12], such as
color centers in nanodiamonds [13-20], quantum dots [21], organic
dyes [22], or upconversion nanoparticles [23]. Phosphor emission
properties—such as signal intensity, line shape, emission wavelength,
polarization state, excited-state lifetime, and full width at half maximum
(FWHM)—vary with temperature [24]. Quantifying these dependencies
enables mapping of the local temperature of the underlying surface in
contact with the phosphor. This method falls into the category of semi-
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contact thermometry, as the sensor probe is directly placed on the
sample while the optical emission is collected in the far field.

Among various phosphors, color centers (optically active defects
point) in the diamond lattice stand out as promising thermal sensors
owing to diamond's small size, wide bandgap, ultra-high thermal con-
ductivity, exceptional photophysical properties, mechanical and chem-
ical stability [25,26], and compatibility with both delicate biological
applications and harsh environments. Several all-optical thermometry
techniques have already been reported [19,27,28], leveraging the
properties of color centers embedded within the diamond crystal lattice.
However, an often-overlooked aspect of all-optical thermometry is laser-
induced self-heating: diamonds with impurities and surface graphitic
layers absorb part of the incident light and dissipate it non-radiatively,
resulting in optical heating that can affect the spectral properties of
the emission due to the elevated temperature. The extent of laser-
induced heating depends on how efficiently heat can dissipate through
the diamond-substrate interface, and is exacerbated by substrates with
low thermal conductivity [29] or by residual polymer interlayers be-
tween the thermal sensor and the substrate, which hinder effective
thermal transport. As a result, the same excitation power can yield
different measured temperatures, governed by the substrate's thermal
conductivity and the cleanliness of the diamond-substrate interface.
Acknowledging this phenomenon is essential for obtaining reliable
measurements when deploying pre-calibrated, transferable thermal
sensors on platforms that differ from the calibration substrate in terms of
thermal conductivity or surface cleanliness. Undetected interlayers,
such as the residual polymer films commonly left after electron-beam
lithography in the fabrication of thermal sensors, or substrates with
low thermal conductivity, can induce significant optical heating and
thereby lead to discrepancies between the measured and actual tem-
peratures. Such deviations contribute to increased thermal-equivalent
noise (TEN) [30], thereby compromising measurement accuracy. To
the best of our knowledge, a systematic study quantifying how substrate
thermal conductivity and interfacial polymer residues influence laser-
induced heating in color-center diamonds has not yet been reported.

To address this gap, we present a comprehensive study of laser-
induced heating in silicon-vacancy (SiV™) diamonds, focusing on the
roles of underlying substrate thermal conductivity and interfacial
polymer layer thickness. To further elucidate the underlying thermal
response, we employed finite element method (FEM) simulations in
COMSOL Multiphysics software to model the spatial temperature dis-
tribution of SiV™ diamonds on the experimentally investigated sub-
strates. The motivation of this work is thus threefold: first, to quantify
the laser power required to induce significant heating on substrates of
varying thermal conductivities; second, to determine the minimum
polymer layer thickness at which interfacial effects begin to produce
measurable heating; and third, to use simulations to validate the accu-
racy of our experimental findings. Thus, this work establishes design
principles for minimizing thermal artifacts in diamond-based nanoscale
thermometry and quantum devices.

2. Methods
2.1. Sample preparation

SiV™ diamonds used in this work were synthesized in C-H-Si (0.19%
atom) growth system using the high-pressure and high-temperature
(HPHT) method described elsewhere [31]. Briefly, a powder mixture
consisting of 300 mg of adamantane (CyoHi, >99% purity, Sigma-
Aldrich) and 18 mg of tetraphenylsilane (Co4H20Si, 96% purity,
Sigma-Aldrich) was manually ground for 5 min using a jasper mortar
and pestle. Next, the mixture is compressed into a 65 mg pellet and
placed inside a titanium capsule. A toroid-type high-pressure chamber is
employed to generate the required high pressure and temperature (8
GPa/~2000 °C) in the reaction cell for 60s [32]. After the reaction, the
sample is rapidly cooled to room temperature while maintaining the
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pressure. Finally, the microdiamonds were dispersed in isopropyl
alcohol (IPA) for storage.

The prepared SiV diamonds were drop-cast onto various substrates
with differing thermal conductivities—including bulk diamond, silicon,
glass, PDMS Gel-Pak, and thin amorphous holey carbon film (TEM grid:
TedPella_GYCU200) for optical characterization. To remove residual
solvent and improve microdiamond-substrate adhesion, all substrates
were heated on a hotplate at 200 °C for 20 min. The morphology and size
of the microdiamonds were characterized using scanning electron mi-
croscopy (SEM; Zeiss EVO LS15). Representative low- and high-
magnification SEM images of the drop-cast microdiamonds are shown
in Fig. S1 (cf. Supplementary Material), confirming uniform spatial
dispersion and well-defined faceted geometries. Twelve representative
diamonds with accompanying scale bars are included to illustrate
typical morphology. Diamond dimensions were quantified by extracting
the equivalent diameter of twenty microdiamonds from SEM measure-
ments. The resulting size distribution (Fig. S2, Supplementary Material)
shows characteristic diameters in the range of approximately 4-9 pm.
For all subsequent optical measurements, only isolated (standalone)
microdiamonds that were not in physical contact with neighboring
particles were selected to avoid thermal crosstalk and ensure indepen-
dent heat dissipation. Selection was further guided by visual inspection
to confirm uniform faceted morphology and clear optical contrast.

To prepare silicon substrates with various PMMA (polymethyl
methacrylate) thicknesses, PMMA (A5, 950k) layers were deposited
using dip coating techniques. PMMA films were deposited using a dip
coater (Ossila L2006A2-US). Withdrawal speeds were adjusted to con-
trol the PMMA thickness: a speed of 0.5 mm/s produced the thickest
coating of 16 pm, while 1 mm/s yielded 5.2 pm, 5 mm/s produced 2.2
pm, and 10 mm/s resulted in a 590 nm-thick layer. After coating, all
samples were baked on a hotplate at 180 °C for 5 min to evaporate re-
sidual solvent and stabilize the PMMA layer. The thickness of the coated
PMMA layer was measured using a profilometer (Dektak stylus), which
provides high-resolution surface profiling through contact-based
scanning.

2.2. Optical measurement

Fluorescence and Raman signals from SiV diamonds were collected
and analyzed using our custom optical setup, shown in Fig. 1a. A 532 nm
continuous-wave laser (Cobolt Samba) served as the excitation source.
The laser beam was first guided from the source using a single-mode
fiber (SM fiber) and two fiber couplers (FC), ensuring spatial mode
quality and beam stability. The excitation beam was focused onto the
sample surface using a 4f optical system and a 100 x air objective (NA =
0.70; Thorlabs, MY100X-806), resulting in a laser spot diameter of
approximately 0.93 pm, calculated as djpser = 1.224/NA. The sample
was placed on a three-dimensional micro-positioning stage. In this
confocal setup, the laser beam was guided through some mirrors before
being reflected by a dichroic mirror (Semrock FF649-Di01-25 x 36). The
SiV emission collected from the sample by the same objective was
transmitted through the dichroic mirror, directed by mirrors, and then
split by a 50/50 beamsplitter between a spectrometer (Andor SR-5001i)
and an APD (Excelitas SPCM-AQRH-14-FC). Laser power was adjusted
using a tunable neutral density (ND) filter placed in the excitation path.
In the collection path, a notch filter (Semrock, NP-01-532RU-25) was
placed to further filter out the 532 nm laser signal. The APD detected all
incoming photons from the collection path, while a scanning mirror
(Newport SFM-CD300B) was used to steer the laser beam across the
sample. A confocal map of the scanning area was generated using Lab-
VIEW software. The spectrometer recorded emission spectra from en-
sembles of emitters within the microdiamond, and the data were
analyzed using Andor Solis software. In the first part of experiment, the
laser power was gradually increased from 1 pW to 8 mW in fine steps
(10 uW, 50 pW, 100 pW, 250 pW, 500 pW, 750 pW, 1 mW, 1.25 mW, 1.5
mW, 2 mW, 4 mW, and 6 mW) using a tunable neutral density (ND)
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Fig. 1. Overview of the experimental setup and the conceptual illustration of laser-induced heating on different substrates studied. (a) Schematic of the experimental
setup. Green and red lines represent the excitation beam and the fluorescence beam, respectively. Abbreviations: APD (avalanche photodiode); FC (fiber coupler); SM
(single mode); BS (beam splitter); NF (notch filter). (b) Conceptual illustration of laser-induced heating in diamonds, comparing temperature distributions on low and
high-thermal-conductivity (k) substrates. The same excitation power produces a higher heating on low-k substrates. (c) Schematic illustrating how an interfacial layer
alters heat flow: a microdiamond on a clean substrate (left) versus on a PMMA layer (right), with the latter exhibiting a higher temperature profile for the same
excitation power. (d) PL spectra of a representative SiV™ microdiamond, fitted with a double-Lorentzian function, under the same 8 mW excitation on high and low
thermal conductivity substrates—bulk diamond (blue) and an amorphous holey carbon (red). On the low-conductivity, thin, amorphous, holey carbon, the emission
red-shifts and broadens, indicating greater laser-induced heating than on diamond. (e) PL spectra of a representative SiV~ diamond, fitted with a double-Lorentzian
function, under the same 8 mW excitation on a clean substrate (blue) and on a substrate coated with the highest thickness of PMMA layer (16 pm) (red). The interface
PMMA layer also causes the emission to red-shift and broaden, indicating a higher temperature readout than on a clean substrate. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

filter. This allowed us to resolve changes in emission intensity across
both the low- and high-power regimes. In the second part of the study,
the laser power was varied over a reduced range (100 pW to 8 mW) with
coarser increments (250 pW, 500 pW, 1 mW, 2 mW, and 4 mW),
enabling faster acquisition while still capturing the key power-
dependent behavior.

2.3. Comsol simulation

Three-dimensional, steady-state heat transfer simulations were car-
ried out using the Heat Transfer in Solids module of COMSOL Multi-
physics (v.5.5) to model the temperature distribution in
microdiamonds on different substrates under laser excitation. This
module applies the finite element method (FEM) to numerically solve
the stationary heat conduction equation, enabling spatially resolved
temperature mapping under laser excitation. The SiV™ diamond was

modeled with an octahedral geometry with an edge-to-edge dimension
of 5 pm and was thermally coupled to the underlying substrate. In
COMSOL, the general heat transport equation is given as

p.CuVT+V.g=Q @

where p is the material density, u is the velocity field for convective
transport, C, is the specific heat capacity, q is the heat flux (¢ = —
k.VT), T is the temperature, and Q is the heat source. For steady state
analysis, temperature does not change with time meaning the transient
term C,.2L is considered zero. Here, the laser served as a heat source
which is material specific according the following equation [33]

Qr) = i%.e(*’z/ ") @)

where P is the laser excitation power, A is the absorption coefficient of
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the microdiamond, w is the laser spot radius, and r is the radial distance
from the beam center. The laser spot radius w was calculated using the
diffraction-limited formula: w= %22X1 where ) = 532 nm is the laser
wavelength and NA = 0.7 is the numerical aperture of the objective used

in our setup. The microdiamond absorptance A was estimated using the
(—ad

Beer—Lambert law: A = 1 — e(-%9 where a = Ny, X ¢ is the absorption
coefficient, d = 5 pm is the optical path length, Ng;y is the SiV center
concentration, and o is the absorption cross-section at 532 nm. A value
of 6=1 x 10~ '® was used for SiV centers under 532 nm excitation [34].
The SiV concentration was assumed to be Ng, = 1.24 x 10'8 crn’3, in
close agreement with the experimentally synthesized concentration. For
the simulation, the thermal conductivity of the microdiamond and
substrates used in the experiments was obtained from the literature
while the heat capacity and density of all materials—including the
diamond, substrate, and any intermediate layers—were taken directly
from the COMSOL material library. An Extremely Fine element size
setting was applied to the diamond and its immediate contact region
with the substrate to resolve fine temperature gradients induced by the
laser, as seen from Fig. S10 (cf. Supplementary Material). The initial
temperature was set to 298.15 K, corresponding to room temperature.

3. Results and discussion

In this work, the SiV™ diamond was employed as the active
temperature-sensing element due to its easily detectable narrow zero-
phonon line (ZPL) bandwidth at room temperature and the higher
concentration of emission power in its photoluminescence (PL) spec-
trum. To establish a temperature-dependent spectral reference, di-
amonds containing a high concentration of SiV™ color centers (~1.9 x
10'® cm~3) were used. These diamonds were synthesized via the high-
pressure high-temperature (HPHT) method (cf. 2.1 Sample Prepara-
tion). They were calibrated on a bulk diamond substrate, chosen for its
exceptionally high thermal conductivity (~2400 W m 1 K1) [35]. The
diamond substrate has a high thermal conductivity, which helps to
minimize laser-induced heating. It rapidly dissipates heat through the
diamond-substrate interface. As a result, the observed spectral shifts
represent the actual external temperature rather than photoinduced
thermal effects. Thus, the bulk diamond substrate serves as a reliable
thermal reference for -calibrating temperature-dependent photo-
luminescence spectrum.

For calibration, diamonds were first drop-cast onto a pre-cleaned
bulk diamond substrate and annealed at 200 °C for 20 min to remove
surface residues and enhance particle-substrate adhesion. Fig. S3 (cf.
Supplementary Material) presents the Raman spectrum of a represen-
tative microdiamond after annealing at 200 °C. The sharp and sym-
metric first-order Raman mode observed at ~1335 cm™! confirms the
presence of crystalline sp3—bonded carbon, indicative of the diamond
phase and high crystal quality. Furthermore, the absence of a G-band
around 1580 cm ™! indicates that no graphitic or amorphous carbon is
present on the microdiamond surface. The bulk diamond substrate was
then glued on a high-precision temperature controller (Microoptik
MHCS600) using silver conductive paste to improve thermal coupling
between the substrate and the controller. The temperature gradually
increased from 25 °C to 85 °Cin 10 °C increments using the temperature
controller. At each temperature point, photoluminescence spectra of the
SiV™ diamond were captured using a custom-built confocal microscopy
setup. The PL spectrum corresponding to each controller-measured
temperature set point was considered the ‘true’ value for subsequent
analysis. Fig. S4a (cf. Supplementary Material) shows the PL spectra of a
representative diamond recorded at various temperatures, revealing a
clear red shift of the zero-phonon line, along with linewidth broadening
and a decrease in PL intensity as the temperature increases. This redshift
is primarily attributed to enhanced electron-phonon coupling at
elevated temperatures, which leads to a reduction in the ZPL energy and
thus shifts the emission to longer wavelengths [36]. Concurrently, at
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higher temperature, phonon-induced dephasing broadens the linewidth,
while phonon interactions promote non-radiative relaxation, reducing
radiative recombination and thus decreasing the SiV™~ emission intensity
[34]. For this study, the ZPL value was tracked as the spectral feature
representing temperature, as it exhibits a significant linear red shift with
increasing temperature. Fig. S4b (cf. Supplementary Material) illustrates
the temperature-dependent shift of the ZPL, fitted with a linear function
to serve as the calibration curve. The calibration was performed using
five microdiamonds of comparable size and morphology, as shown in
Fig. S1 (cf. Supplementary Material). The error bars in Fig. S4b represent
the standard deviation of the ZPL position at each temperature. The data
points show excellent agreement with the linear fit, yielding an R* value
of approximately 0.99, and the small error bars further support the
consistency and reliability of the calibration.

Fig. 1a shows the schematic diagram of our custom-built confocal
setup (cf. 2.2 Optical Measurement). Under continuous-wave 532 nm
excitation, a well-defined laser spot (~0.93 pm in diameter) enables
localized excitation of individual diamonds. The collected emission is
dominated by the SiV™ zero-phonon line centered at ~739 nm, whose
spectral position and linewidth exhibit a clear temperature dependence,
thereby enabling optical thermometry with high signal-to-noise ratio.
Fig. 1b and c illustrate the conceptual framework of this work, high-
lighting how laser-induced heating of the SiV™ diamond is influenced by
the thermal conductivity of the substrate and the presence of an inter-
facial layer between substrate and diamond. Hypothetically, when a
532 nm green laser is focused on a SiV™ containing diamond, a portion of
the optical energy is absorbed and converted into heat. The amount of
absorption depends on several factors, including the concentration of
SiV™ centers, the quality of the diamond crystal (e.g., presence of defects
or impurities), and the size of the diamond. This heat must dissipate into
the underlying substrate, in accordance with the principles of diffusive
heat transport [37]. The rate and extent of this thermal diffusion are
governed by the thermal conductivity of the substrate material, which
plays a crucial role in determining the local temperature rise of the
diamond. If the substrate has low thermal conductivity (low k), it cannot
efficiently dissipate heat, leading to a temperature rise in the diamond.
In contrast, a high thermal conductivity (high k) substrate enables faster
heat diffusion, resulting in negligible laser-induced heating of the dia-
mond. On the other hand, even in the presence of a highly conductive
substrate, an interfacial polymer layer can modify heat flow by intro-
ducing additional thermal resistance. Here, PMMA was employed to
replicate the polymer-like residue commonly encountered after transfer
or fabrication processes. This added resistance reduces the efficiency of
heat transfer from the diamond to the substrate, resulting in an elevated
local temperature within the diamond. The thickness of the PMMA layer
also plays a key role in modulating this thermal decoupling effect, with
thicker layers resulting in greater temperature rise. Fig. 1d and e show
the PL spectra of a representative SiV~ diamond under different exper-
imental conditions, measured at the same excitation power (11.8 mW/
um?). Fig. 1d compares normalized PL spectra on substrates with the
highest (bulk diamond) and lowest (thin amorphous holey carbon)
thermal conductivity. In contrast, Fig. le presents PL spectra on sub-
strates with minimal and maximal PMMA residue. The implications of
these results will be discussed in detail later.

In the first part of this experiment, we systematically studied the
relationship between laser power and the induced heating of SiV™ di-
amonds deposited on five substrates with thermal conductivities (k)
spanning from very high to very low: bulk diamond, silicon (Si), glass
(SiO2), PDMS, and thin amorphous holey carbon (TEM grid). Five bright
diamonds with diameters of (5.0 &+ 1.5) pm were measured on each
substrate to ensure statistical reliability and represent the variability in
the photoluminescence response. Throughout the experiment, the laser
spot on the samples was kept constant, with an area of 0.68 pm?, while
the microdiamonds used were significantly larger than the spot, result-
ing in localized irradiation of only a portion of each diamond. The laser
excitation power was initially set to 1 pW (1.48 pW/pm?) and then



M.S. Hossain et al.

increased stepwise to a maximum of 8 mW (11.8 rnW/prnz). A variable
neutral density filter was used to adjust the laser power, which was
measured at the back aperture of the objective.

Fig. 2a presents the ZPL heat map of an SiV™ diamond on a bulk
diamond substrate, with the x-axis representing wavelength, the y-axis
laser power, and the color bar denoting PL intensity. Fig. 2b shows the
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average ZPL position and the corresponding estimated temperature,
obtained from the calibration curve, for five SiV™ microdiamonds on a
bulk diamond substrate as a function of laser power. Owing to the
exceptionally high thermal conductivity of bulk diamond (k ~ 2400 W
m ! KD [35], no measurable ZPL shift is observed even at the
maximum excitation power, indicating negligible laser-induced heating.
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Fig. 2. Laser-induced heating response of SiV~ diamonds on substrates with different thermal conductivities. (a, b) Bulk diamond, (c, d) silicon, (e, f) glass, (g, h)
PDMS, and (i, j) thin amorphous holey carbon. Heat maps (a, c, e, g, i) show the ZPL spectral region of a representative SiV~ diamond, with photoluminescence (PL)
intensity plotted as a function of laser excitation power (y-axis) and wavelength (x-axis); color denotes PL intensity. Corresponding plots (b, d, f, h, j) display the
average ZPL peak position and the estimated temperature as a function of laser power for five different diamonds on each substrate, calculated from the calibration
curve. The error bars reflect the variability (standard deviation) across measurements from five distinct microdiamonds at each laser power. The x-axis of the right

panels is presented on a logarithmic scale.
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A similarly weak temperature response is observed for silicon (k ~ 150
Wm ! K! [38]; (Fig. 2c and d), demonstrating that substrates with
relatively moderate thermal conductivity efficiently dissipate the
absorbed laser heat and suppress local temperature rise. However, glass
(k~1.4Wm ' K!) [39] and PDMS (k ~ 0.35 W m~' K~1) [40], both of
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which are significantly less thermally conductive than bulk diamond
and silicon, exhibit pronounced ZPL shifts when the laser power exceeds
2 mW, suggesting significant laser-induced heating. At the highest laser
power of 8 mW (11.8 mW/um?), the absolute temperature rises to
approximately 50 °C for glass and 95 °C for PDMS, as shown in Fig. 2f
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and h. Remarkably, the thin amorphous holey carbon substrate exhibits
a significant ZPL shift even at 500 pW (737 pW/um?), and the absolute
temperature rises nearly ~560 °C at 8 mW, reflecting significant local
heating caused by its low thermal conductivity (k ~ 0.2 W m~* K1)
[41], as illustrated in Fig. 2i and j. At an excitation power of 8 mW, the
temperature rise increases sharply with decreasing substrate thermal
conductivity. For substrates with moderate thermal conductivity (k ~
1.4 W m~! K1), AT reaches approximately 27 °C, while a further
reduction of k ~ 0.35 W m~! K™! results in AT ~ 70 °C. For the lowest
thermal conductivity investigated (k =~ 0.2 W m! K’l), AT increases
dramatically to ~530 °C. In contrast, for a highly thermally conductive
substrate (k ~ 2400 W m ™~ K1), the temperature rise remains negligible
(AT = 0.95 °C). These values correspond to approximately 28-fold, 74-
fold, and 558-fold higher heating, respectively, compared to the high-k
reference, where AT is defined as the difference between the absolute
temperature of the diamond and room temperature. Fig. 1d shows the
spectra acquired from a bulk diamond and a thin amorphous holey
carbon sample under the same excitation power of 8 mW. A main peak is
observed at ~738 nm for the bulk diamond substrate and ~ 745 nm for
the thin amorphous holey carbon substrate, corresponding to the lumi-
nescence of the SiV™ center. Interestingly, the ZPL wavelength, FWHM,
and corresponding temperature of SiV™ centers observed on the thin
amorphous holey carbon substrate at 8 mW laser power are in excellent
agreement with the values reported by Lagomarsino et al. [42] Lumi-
nescence from the thin amorphous holey carbon exhibits significant
broadening, with a full width at half maximum (FWHM) of ~20 nm
compared to ~5 nm for the bulk diamond, indicating substantial local
heating. Fig. S5a-e (cf. Supplementary Material) shows the measured
temperatures of five different SiV™ diamonds on five different sub-
strates. Some temperature variations are observed between micro-
diamonds on the same substrate, which can be attributed to differences
in structural defect concentration and distribution, particle size, shape,
orientation, and local thermal contact with the substrate — all factors
that can influence heat dissipation efficiency. These temperature de-
viations become more pronounced at higher laser powers, particularly
on substrates with low thermal conductivity, due to instability and
increased uncertainty at elevated temperatures.

The second part of the project focused on investigating how the
thickness of the interfacial residue between the thermal sensor and the
substrate influences laser-induced heating. This is particularly impor-
tant because, in many micro- and nanofabrication workflows, thin
polymer films or residual photoresist layers often remain at the thermal
sensor-substrate junction, introducing additional thermal boundary
resistance of poorly understood magnitude. For this part of the experi-
ment, silicon was chosen as the base substrate since it exhibits negligible
laser-induced heating, as verified in our first part of the experiment. Five
silicon-based samples were chosen: a clean silicon substrate without
PMMA residue, and substrates coated with PMMA layers of 590 nm, 2.2
pm, 5.2 pm, and 16 pm thickness. Different PMMA thicknesses were
prepared using a dip-coating process by varying the withdrawal speed
(cf. 2.1 Sample Preparation). Fig. S6 (cf. Supplementary Material) pre-
sents profilometer measurements of PMMA layers with varying thick-
nesses. Consistent with the methodology outlined in the first part of this
study, five diamonds were measured on each substrate. Laser excitation
power was incrementally increased from an initial value of 100 pW
(147.5 pW/pm?) to a maximum of 8 mW (11.8 mW/pm?). Fig. 3a—j
present the ZPL heat maps and the corresponding temperature versus
laser power plots for SiV™ microdiamonds on five different substrates: a
bare silicon substrate (no PMMA), and silicon substrates coated with
PMMA layers of 590 nm, 2.2 pm, 5.2 pm, and 16 pm thickness. Fig. 3b
shows that no significant laser-induced heating is observed for sub-
strates without PMMA. Fig. 3d illustrates a 590 nm PMMA interlayer
results in a temperature rise of approximately AT ~ 7 °C at 8 mW
excitation. However, for PMMA thicknesses above 2.2 pm, laser heating
becomes evident beyond 2 mW (2.95 mW/pm?) excitation power. As the
PMMA thickness increases, the extent of laser-induced heating also

Diamond & Related Materials 163 (2026) 113411

increases, as illustrated in Fig. 3f, h, and j. For PMMA interlayers, the
temperature rise increases with thickness, reaching AT ~15 °C for 2.2
pm, ~32 °C for 5.2 pm, and ~60 °C for 16 pm. This can be clearly un-
derstood as thicker PMMA reduces heat dissipation to the underlying
high-conductivity substrate, resulting in a higher local temperature in
the microdiamond under the same laser power. Notably, for the thickest
PMMA layer (16 pm), heating is observed even with 500 pW (737 pW/
um?) laser power, with absolute temperature increase of approximately
85 °C at 8 mW laser power. Fig. S7a—e (cf. Supplementary Material)
shows the measured temperatures of five different SiV™ diamonds on
substrates described above. Consistent with the first part of the experi-
ment, some inter-diamond temperature variations were observed. This
variability likely arises from nonuniform PMMA thickness, differences in
diamond defect concentration, size, and variations in local thermal
contact.

To better understand and validate the accuracy of our thermal
measurements, we performed finite element method (FEM) simulations
to predict the temperature rise in the three-dimensional heating geom-
etry used experimentally. Specifically, 3D heat distribution simulations
were carried out in COMSOL Multiphysics (v.5.5), replicating the
experimental conditions for SiV™ diamonds on substrates of different
thermal conductivity and with different PMMA layer thicknesses. A
focused 532 nm Gaussian laser beam was modeled as a heat source
applied to the top surface of an SiV™ microdiamond placed on a different
substrate (cf. 2.3 Comsol Simulation).

In the first part of the simulation, the steady-state temperature dis-
tribution of the diamond was evaluated on substrates with different
thermal conductivities under 8 mW laser excitation, which was the
highest laser power used in the experiment. The laser spot area (~0.68
pmz) is much smaller than the top surface of the microdiamond (~10.8
pm? for a 5 pm edge-length octahedron), so only a small portion of the
diamond is illuminated relative to its overall size. The substrates were
modeled with dimensions of 200 pm x 200 pm to ensure uniformity.
Fig. 4(a—e) presents the simulation results for diamonds on substrates
with different thermal conductivities, highlighting the influence of
substrate conductivity on the steady-state temperature distribution. In
high thermal conductivity substrates, heat was efficiently dissipated
from the laser focal point, resulting in negligible temperature rise. In
contrast, low thermal conductivity substrates retained heat near the
laser focus, leading to pronounced localized heating. These findings
agree with the experimental PL shifts and ZPL heating trends observed in
the earlier sections of this work. Fig. 4(f) compares the simulated and
experimental temperature increases (AT) across substrates with
different thermal conductivities, highlighting the ability of the model to
capture substrate-dependent heating behavior. AT is defined as the
difference between the simulated temperature and room temperature.
The simulated temperature was calculated as the average temperature at
the top surface of the diamond, whereas the experimental temperature
was obtained by averaging the measurements from five diamonds at 8
mW, as described in the experimental section. The substrate thermal
conductivity values used in the figure were obtained from literature
sources. To quantitatively compare experiment and simulation, Fig. S8a
(cf. Supplementary Material) presents both the absolute deviation |
ATexp — ATsim| and the relative deviation (|ATexp — ATsim|/ATexp) %
100% for each substrate. For high-thermal-conductivity substrates, the
deviations remain within a few degrees Celsius (<1 °C) and below 3%. In
contrast, for low-thermal-conductivity substrates, the deviations can
increase substantially, reaching up to ~36 °C or ~38%. These discrep-
ancies indicate that the present model does not provide quantitatively
accurate temperature values for all substrates. They partly arise from
experimental averaging over multiple microdiamonds with inherent
variations in size and morphology, whereas the simulations consider a
single, idealized microdiamond geometry, as well as from uncertainties
in material parameters and interfacial heat transfer. Nevertheless, the
simulations consistently reproduce the experimentally observed
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substrate-dependent trends in laser-induced heating, demonstrating
their usefulness for comparative and trend-based analysis, while high-
lighting the need for further refinement of the simulation model to
achieve quantitatively predictive temperature estimation.

In the second part of the simulation, the temperature distribution of
the diamond was analyzed on a silicon substrate with varying PMMA
thicknesses under 8 mW laser excitation. The thermal conductivity, heat
capacity, and density of PMMA were taken directly from the COMSOL
materials library. Fig. 5(a—e) illustrates the simulation results for
microdiamonds on a silicon substrate with different PMMA thicknesses,
highlighting the influence of PMMA thickness on laser-induced heating
of the microdiamonds. The simulation results show that increasing the
PMMA thickness enhances laser-induced heating at the top surface of the
diamond, due to reduced heat dissipation into the underlying silicon
substrate, in agreement with the experimental observations discussed
earlier. Fig. 5(f) compares the simulated and experimental temperature
increases (AT) for substrates with varying PMMA thicknesses. While
Fig. 5f illustrates the overall trend in AT for different PMMA thicknesses,
it is insufficient to quantitatively assess the deviation between experi-
ment and simulation. Therefore, Fig. S8b (cf. Supplementary Material)
reports the absolute and relative deviations as a function of polymer
thickness. For all PMMA thicknesses investigated, the relative deviation
remains below 15% and the absolute deviation below 8 °C, indicating
that the simulations provide a qualitative to semi-quantitative descrip-
tion of the experimentally observed heating behavior. While this level of
agreement does not imply quantitative accuracy, it suggests that the
FEM model captures the overall thickness-dependent trends in laser-
induced heating, while also indicating that further refinement of the

simulation approach is required to achieve accurate estimation of the
experimental temperature values. The comparison across different
PMMA thicknesses highlights the influence of interfacial polymer layers
on nanoscale heat dissipation. Even sub-micron PMMA films noticeably
suppress heat dissipation into silicon, while several micron thick layers
produce large temperature rises consistent with the trends observed in
our optical thermometry measurements. These findings emphasize that
without accounting for polymer residues—common in electron-beam
lithography, spin-coating, or transfer processes—temperature readouts
obtained from the thermal probes can be substantially underestimated
due to unintended local heating.

Before concluding, it is essential to note that the thermal conduc-
tivity of the thin amorphous holey carbon was estimated from literature
values for amorphous carbon thin films [41]. The actual thermal con-
ductivity of the holey TEM grid used in the experiments could not be
directly measured, which may introduce some uncertainty in the AT
versus thermal conductivity plot as shown in Fig. 4(f). Laser-induced
heating on low-thermal-conductivity substrates is significant, leading
to temperature rises of several hundred degrees within a very short time.
To evaluate the timescale of this heating process, we recorded time-
resolved PL spectra from a SiV™ microdiamond placed on a thin amor-
phous holey carbon substrate under 1 mW excitation power, a regime
where moderate heating had been observed in our previous experi-
ments. Measurements taken at 10 ms intervals showed no observable
shift in the ZPL, as further confirmed by 2D heat map analysis illustrated
in Fig. S9 (cf. Supplementary Material). This indicates that the effect of
laser power on heating is instantaneous within our experimental reso-
lution, and no waiting time is necessary when adjusting the excitation
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power. In the COMSOL simulation, to reduce computational load and
improve visualization of the simulation results while maintaining
physical accuracy, the substrate lateral dimensions and thickness were
reduced to 200 pm and 50 pm, respectively, for bulk diamond, silicon,
glass, and PDMS. For the thin amorphous holey carbon substrate, di-
mensions were set to 100 pm laterally and 100 nm in thickness. This
reduction was verified not to influence the temperature profile.

4. Conclusions

This work demonstrates that measurement reliability in SiV™
diamond-based optical thermometers is fundamentally constrained by
laser-induced localized heating, which is governed by the thermal
properties of the supporting substrate and interfacial heat-transport
conditions. High-thermal-conductivity substrates such as bulk dia-
mond and clean silicon suppress self-heating across the investigated
power range, whereas low-thermal-conductivity substrates induce pro-
nounced localized temperature rises even under modest excitation.
Moreover, polymer interlayers on silicon impede heat dissipation, with
laser-induced self-heating increasing monotonically with polymer
thickness and temperature offsets emerging at the sub-micrometer to
nanometer scale. This phenomenon is critically important during the
calibration process, particularly when performed on low-thermal-
conductivity substrates or substrates with polymer contamination
layers, where AT can rise rapidly and distort the intrinsic temperature
response of the thermometric observable. Such calibration-induced ar-
tifacts propagate into real applications, altering the true temperature
readout and compromising measurement accuracy. These findings
indicate that accurate and reliable nanoscale temperature readout

requires careful consideration of both substrate thermal conductivity
and interfacial thermal resistance; neglecting these factors introduces
systematic errors and laser-induced temperature offsets. These are
particularly relevant for micro- and nanoscale device integration and
intracellular thermometry, where even nominal excitation can
compromise measurement fidelity and sample integrity.
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