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ABSTRACT: Temperature measurements at the nanoscale are vital for the
application of plasmonic structures in medical photothermal therapy and
materials science but very challenging to realize in practice. In this work, we
exploit a combination of surface-enhanced Raman spectroscopy together with
the characteristic temperature dependence of the Raman peak maxima
observed in ff-phase copper phthalocyanine (-CuPc) to measure the surface
temperature of plasmonic gold nanoparticles under laser irradiation. We
begin by measuring the temperature-dependent Raman shifts of the three
most prominent modes of #-CuPc films coated on an array of Au nanodisks
over a temperature range of 100—500 K. We then use these calibration curves
to determine the temperature of an array of Au nanodisks irradiated with varying laser powers. The extracted temperatures agree
quantitatively with the ones obtained via numerical modeling of electromagnetic and thermodynamic properties of the irradiated
array. Thin films of f-CuPc display low extinction coefficients in the blue-green region of the visible spectrum as well as exceptional
thermal stability, allowing a wide temperature range of operation of our Raman thermometer, with minimal optical distortion of the
underlying structures. Thanks to the strong thermal response of the Raman shifts in -CuPc, our work opens the opportunity to
investigate photothermal effects at the nanoscale in real time.

H INTRODUCTION and easy surface functionalization with different (bio)-
chemicals."' "7

The plasmonic conversion of light into heat and the
resulting temperature at the surface of the NPs depend on a
variety of factors, including the intensity, wavelength, and
polarization of the excitation;'® the geometry, material, and
surface structure of the metal NPs;'” and the temperature
dependence of the refractive index, heat capacity, and thermal
conductivity of the materials involved.”” The contribution of

Thermal plasmonics is an emerging, active research field that
exploits the localized surface plasmon resonance (LSPR) of
nanoparticles (NPs) of coinage metals such as Au, Ag, and Cu
to generate heat at the nanoscale.' The resonant excitation of
metallic NPs leads to the confinement of electromagnetic
energy close to their surface and below the diffraction limit of
light,z’3 resulting in the enhancement of light absorption and

scattering in the visible and near-infrared (NIR) regions.1’4’5 all these factors complicates the prediction of photothermal
The light energy is absorbed by the gas of free electrons in heating effects at the nanoscale and calls for the development
metallic NPs, producing a nonequilibrium electronic distribu- of strategies to accurately measure the temperature exper-
tion. Subsequently, the electronic gas relaxes through internal imentally at the surface of irradiated plasmonic NPs.
electron—phonon interactions and results in heating of the NP A variety of optical techniques have been developed to
lattice via Joule heating.” This process occurs within several determine the local temperature of plasmonic nanostructures,
picoseconds.””® Heat is then transferred from the NP lattice to which can be mainly categorized as either (1) near-field
the surface and then to the environment in a process that thermometry, such as scanning thermal microscopy,21 or (2)
typically takes place within nanoseconds,” leading to a far-field thermometry, such as refractive index change,””
temperature gradient extending away from the NP surface. interferometry,”* Raman spectroscopy,””* fluorescence spec-
This effect has been exploited in many areas where optically

triggered, point-like nanosources of heat can be used, such as Received: March 7, 2023

photothermal cancer therapy,'”"" drug delivery,"”” micro- Revised:  May 1, 2023

fluidics,"*** and chemical reactions.* Published: May 11, 2023

Most photothermal applications are based on the use of gold
NPs, thanks to their tunable resonance frequency from the
visible to the NIR, long-term stability, weak biological toxicity,
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troscopy,”® and the anti-Stokes emission of the NDPs
themselves.”” These techniques differ in thermal resolution
and reliability, as well as suitability for monitoring temperature
gradients in different environments and materials. Scanning
thermal microscopy can measure the surface temperature of
plasmonic NPs with a spatial resolution lower than 100 nm but
is invasive due to the proximity of the tip to the sample, which
perturbs the local distribution of electromagnetic fields and
may impact the surface temperature of the plasmonic
nanostructure. On the other hand, far-field thermometry
techniques are less invasive. Raman spectroscopy is contactless,
nondestructive, and, when coupled to confocal microscopy, is
able to identify and analyze chemical substances with high
spatial resolution. Raman spectroscopy has been successfully
applied for temperature sensing at the nanoscale, by
monitoring the intensity ratio of pairs of Stokes and anti-
Stokes lines.”® Additionally, the intensity of weak Raman
signals of molecules closest to the plasmonic NPs may be
enhanced by several orders of magnitudes,'” allowing detection
limits down to the single molecule via surface-enhanced
Raman spectroscopy (SERS). The Stokes/anti-Stokes ap-
proach to Raman thermometry relies on the ratio of the
intensity between these two lines that, in turn, depends on the
temperature-dependent population of vibrational states of
different modes, according to the Boltzmann distribution.
‘When temperature rises, the anti-Stokes intensity increases due
to the progressively larger population of excited vibrational
levels, while the Stokes intensity decreases. Despite the
elegance of this technique, detecting the weak intensity of
low-mode Raman scattering requires expensive (Bragg-type)
laser rejection filters, and the Stokes/anti-Stokes intensity ratio
can be sensitive to other non-Raman effects such as
fluorescence.”® Additionally, when combining Stokes/anti-
Stokes thermometry with SERS measurements, the selective
enhancement of Raman modes from molecules closest to the
plasmonic resonance maxima makes it difficult to disentangle
the influence of SERS and temperature on the Raman peak
intensit)7.24’29’30

Using the Raman peak position to determine nanoscale
temperatures avoids many of these drawbacks, as Raman shifts
are not influenced by the excitation wavelength, the excitation
intensity fluctuations, the refractive index of the medium, or
the optical properties of the sample. The thermal response of
the Raman peak shifts is related to the change in vibrational
frequency of the Raman-active molecules, amplified by the
typical anharmonicity of their potential energy surfaces.”’ Until
now, the temperature-dependent Raman shift has been
observed in many materials, such as inorganic and organic
semiconductors.”**> ™’

Copper phthalocyanine (CuPc) is a well-studied small-
molecule organic semiconducting material. Traditionally, it has
been used as an industrial dye or pigment, but over the last
decades it has also been studied as an active material in light-
emitting diodes,”® photovoltaic cells,”” and temperature
sensors.”’ As with other phthalocyanine complexes, CuPc
has multiple crystalline polymorphs, including the a-, f-, y-,
and y-polymorphs. The most commonly studied are the a- and
P-phases. The a-phase is metastable and has a parallel
molecular packing, whereas the f-phase is thermally stable
with a herringbone-type molecular packing.""** The f-phase
can be directly deposited by evaporating onto a substrate
heated around 240 °C** or by annealing an @-CuPc film in a
N, atmosphere.”’
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Films of B-CuPc present excellent thermal and optical
stability">*® as well as high chemical stability, thanks to their
poor solubility in common organic solvents and strong acids or
bases.”” In addition, f-CuPc films exhibit a transparency
window in the blue and green regions of the visible
spectrum,”*® making them ideally suited for use in
combination with plasmonic gold and silver NPs.

In this work, we exploit the temperature-dependent Raman
shifts of f-CuPc films to accurately measure the temperature at
the surface of Au nanodisks irradiated with varying laser
intensities. We begin by studying the temperature-dependent
Raman spectra of f-CuPc films over the temperature range of
100—500 K. We use these data to determine the relationship
between the temperature of f-CuPc films and the shift in the
position of the major Raman modes. We then apply this
relationship to determine the temperature of Au NP arrays as a
function of laser power. Finally, we demonstrate that the
measured photothermal effects can be quantitatively repro-
duced, both using analytical expressions and via numerical
modeling of the electrodynamic and heat diffusion properties
of our samples.

B EXPERIMENTAL DETAILS

Electron-Beam Lithography Fabrication of the SERS
Substrate. Hexamethyldisilazane was used as an adhesion
layer for the resist and was spin-coated on a precleaned 24 mm
X 24 mm glass substrate to form a monolayer. Then, a 200 nm
thick positive resist CSAR 62 (AR-P 6200) from Allresist
GmbH and a 60 nm thick anticharging layer of Elektra 92 (AR-
PC 5090.2) conductive polymer were subsequently spin-
coated on the sample. Next, electron-beam lithography was
performed to generate periodic square arrays of nanoholes in
the resist employing a Raith e-LiNE lithography system.
Samples were exposed to 50 kV accelerating voltage and 1.23
nA beam current. The exposed samples were developed in
deionized water, pentyl acetate, o-xylene, and a 9:1 mixture of
methyl isobutyl ketone and isopropanol at room temperature.
Thin films of chromium (Kurt J. Lesker) and gold (IAM
Drijthout) were deposited using conventional thermal
evaporation. A ~5 nm thick chromium layer was used to
improve the adhesion of gold on glass, deposited at a rate of
~0.01 nm/s. The gold layer thickness was 30 nm, deposited at
a rate of ~0.05 nm/s. After evaporation, a lift-off process was
used to remove the resist from the substrate and obtain 2 mm
X 2 mm areas on the glass substrate covered with periodic
square arrays of gold nanodisks with a diameter of 90 nm and
an interparticle distance of 160 nm. The quality of the
fabricated SERS substrate consisting of the Au nanodisk array
was checked by atomic force microscopy (AFM) using a
Bruker Veeco Dimension 3100.

Evaporation of f-CuPc Films. CuPc powder (99.9%)
from Sigma-Aldrich was used without further purification prior
to deposition and loaded into a tungsten crucible. The CuPc
films were grown by thermal evaporation in a vacuum chamber
onto both the surface of the sample with Au nanodisks and the
bare glass substrate until a desired thickness of 20 nm was
reached. The pressure in the vacuum chamber during the
evaporation process was kept constant at about 6 X 10~ mbar.
The substrate was left at ambient temperature during
deposition, and the evaporation rate varied between 0.05 and
0.1 nm/s. Film thickness and deposition rate were monitored
by a quartz crystal oscillator coupled to an Inficon SQC-310
deposition controller. To induce the @ — f transition, after

https://doi.org/10.1021/acs.jpcc.3c01561
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deposition, the CuPc film was annealed at 300 °C for 3hin a
dry N, atmosphere.

UV-Vis Spectra, Raman Spectra, and X-ray Diffrac-
tion Results. UV—vis spectra were measured using a
commercial UV—vis spectrophotometer (Agilent Cary 5S000).
Raman spectra were obtained using a Renishaw InVia confocal
Raman microscope and WIRE software. We used a 532 nm
solid-state laser excitation with a 20X magnification micro-
scope objective (N, = 0.40) and a laser spot size of 2.46 pm in
diameter, as shown in Figure SI. All Raman spectra in this
work were acquired using a 1800 lines/mm grating,
corresponding to a spectral resolution of 1.6 cm™'. The
measurements were carried out with the laser light
perpendicular to the sample surface in a 180° backscattering
configuration. The characteristic Raman band of silicon at 520
cm™ was used to calibrate the spectrometer before each
measurement session. The crystal phase of the annealed CuPc
film was determined via X-ray diffraction (XRD) using a
Bruker D8 diffractometer with Cu Ka (4 = 1.54178 A) at 40
mA and 40 kV.

Characterization of f-CuPc Films. UV—vis and vibra-
tional spectroscopies are well-documented tools for identifying
crystal-phase transitions and structure distortion in a wide
range of materials."”***” The a- and f-phases of CuPc films
can be distinguished on the basis of relative intensities of the
two absorption peaks in the Q-band (see Section S2). The 20
nm thick CuPc film deposited on the SERS substrate was too
thin for low-mode Raman and XRD characterizations. To
confirm that our thermal treatment was sufficient to convert
the as-deposited a-phase to the f-phase, we therefore
deposited thicker CuPc films on glass substrates by thermal
evaporation and annealed them at 300 °C on a hotplate. A 60
nm thick film was used to discern the a-phase and f-phase
from the low-mode and high-mode Raman spectra (see
Section S3). A 300 nm thick film was used to characterize
the f-phase by XRD (see Section S4).

Temperature-Dependent Absorbance Spectra. To
confirm the thermal stability of the -CuPc films, we measured
the temperature-dependent absorption spectra of a 60 nm
thick f-CuPc film at varying temperatures (see Section SS).
The measurements were carried out using a setup consisting of
a halogen-deuterium lamp (DH2000-DUV, OceanOptics)
connected to a USB spectrometer (34000-UV—vis-ES, Ocean-
Optics). The samples were mounted in a continuous flow N,
cryostat (Optistat CF-V2, Oxford), equipped with a temper-
ature controller (Mercury iTC, Oxford), and measured under a
dynamic vacuum of 10™* to 107> mbar.

Calibration of the Raman Thermometer. Temperature-
dependent Raman spectra of the Au nanodisk array coated by a
20 nmthick f-CuPc film were acquired with a Microstat HiRes
cryostat heating/freezing stage fitted to the microscope stage.
The sample was placed on the copper block inside the closed
chamber of the cryostat, which was evacuated to a base
pressure of ~6 X 107> mbar by a turbo-molecular pump to
limit convection losses. The laser was focused through the
quartz optical window of the cryostat onto the sample. The
temperature was controlled by a MercuryiTC temperature
controller operated via a LabView software. The sample was
cooled with a continuous flow of liquid nitrogen. To reduce
perturbation of the sample temperature by heat conduction to
the objective and mist generation on the outer surface of the
cryostat, dry nitrogen gas was constantly flown between the
objective and the top cryostat window. The temperature-
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dependent Raman spectra were measured at increasing
temperatures from 100 to 500 K, waiting 15 min between
each temperature to allow the sample to thermally equilibrate.
The temperature measurements have an accuracy of 0.5 K. To
minimize optical heating during calibration measurements,
Raman spectra were collected using a 532 nm cw laser, with a
low power of 0.2 mW reaching the sample (see Section S6).
The laser power was modulated using a variable neutral density
filter. At each temperature, 10 consecutive spectra were
collected, each spectrum consisting of 8 accumulations of 10
s. The measured peaks were fitted with Lorentzian functions to
determine their Raman shift.

B RESULTS AND DISCUSSION

Sample Design. The molecular structure of CuPc is given
in Figure la. The CuPc molecule, consisting of 57 atoms and
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Figure 1. (a) Chemical structure of the CuPc molecule. (b) Room-
temperature Raman spectrum of a -CuPc thin film deposited on an
Au nanodisk array. (c) AFM image of an array of Au nanodisks with a
diameter of 90 nm, a thickness of 30 nm, and a period of 160 nm. (d)
Extinction spectra of (black) a bare Au nanodisk array, (red) an Au
nanodisk array coated by a 20 nm thick S-CuPc film, and (blue) a
bare #-CuPc film on a glass substrate. The discontinuity at 800 nm is
an artifact due to the change of the grating in the spectrometer.

possessing D, point group symmetry, has a 4-membered
phthaloimino group surrounding a central Cu atom. The
central symmetric planar structure with an extended -
conjugated system gives rise to its unique optical properties
and excellent thermal and chemical stability. As with other
highly conjugated molecules, the Raman “fingerprint” of -
CuPc is found in the range 1300—1600 cm™' with three
prominent peaks,so’51 as shown in Figure 1b. These three peaks
have shown a strong spectral dependence on the temper-
ature,”® and their assignment, based on experimental and
theoretical investigations of single-crystal f-CuPc,”' is
presented in Table S1 of the Supporting Information.

An AFM image of our Au nanodisk array is shown in Figure
Ic. The interparticle distance in our sample is set at ~160 nm
to exclude any near-field coupling. The extinction spectrum of
our sample (Figure 1d) is therefore similar to the one
predicted for a single Au nanodisk. To maximize the SERS
effect and reduce the Lorentzian fitting error of our measured
Raman peaks, the LSPR position of the plasmonic substrate
should ideally lie between the laser excitation wavelength 4,
and the Raman wavelength A of interest.”>>* In our
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Figure 2. (a) Raman calibration spectra of f-CuPc deposited on Au nanodisks measured at 20 K increments (shown every 80 K for clarity) at
temperatures ranging between 100 and 500 K. Each spectrum is the fifth of 10 consecutive acquisitions, each consisting of 80 s integration. The red
curves indicate Lorentzian fitting of the individual Raman peaks. (b) Temperature dependence of the change in the Raman shift, Aw = o(T) —
(100 K), for the three major Raman modes at 1530, 1453, and 1341 cm™". The red lines represent fits to the experimental data using eqs 1 and 2.

experiments, we focus on the Raman peaks at 1530, 1453, and
1341 cm™ that, for 532 nm laser excitation, correspond to the
wavelengths of 579, 577, and 573 nm, respectively. Our Au
nanodisk array exhibits a relatively broad plasmon resonance
peak centered around 590 nm and spanning the entire range of
interest, hence acting as a good SERS substrate for our
experiments. The extinction spectra of the Au nanodisk array
coated by a 20 nm thick #-CuPc film and of a bare #-CuPc film
on a glass substrate are also shown in Figure 1d.

Temperature Calibration of the Raman Modes of a -
CuPc Film. We determine the temperature dependence of the
three major Raman modes of a 20 nm $-CuPc film deposited
on Au nanodisks by measuring the Raman spectra between 100
and 500 K in vacuum (Figure 2). A low laser power of 0.2 mW
was used to minimize any direct heating effects. We find that
all three Raman modes significantly shift to lower energies
(mode softening) at increasing temperatures. At each temper-
ature, the peak position @(T) for the three modes at 1530,
1453, and 1341 cm™ is taken from the average of 10 Raman
acquisitions. In Figure 2b, we plot the temperature-dependent
change in the Raman peak position, Aw(T), defined as the
difference between the averaged peak positions at a given
temperature and the one at 100 K according to

Aw(T) = o(T) — w(100 K) (1)

The error bars in Figure 2b represent the standard deviation
of the peak position for the 10 Raman acquisitions at each
temperature. We observe that the three Raman modes display
a different temperature-dependent response. The intense
Raman peak centered at 1530 cm™ is the most temperature-
sensitive, with a maximum shift of up to 7.1 cm™ over a
temperature range of 400 K.

The three Raman modes all soften with increased temper-
ature, which can be ascribed to the anharmonicity of the
vibrational potential related to thermal expansion of the lattice
and phonon—phonon interactions.>**>*° However, many
publications have reported that the temperature dependence
of Raman frequency can also be described perfectly by only
considering phonon—phonon coupling without the thermal
expansion.””® Cui et al. proposed an empirical formula to
interpret the temperature dependence of Raman shift in
diamond based on phonon—phonon interactions.”’ Later, the
formula was also extended to analyze the temperature
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dependence of the E, phonon frequency of GaN>’ and the
G band phonon frequency of single-walled carbon nano-
tubes,*® showing good agreement between the theoretical
predictions and the experimental results. Using this approach,
we can model the temperature dependence of the Raman shift
@(T) for the f-CuPc film as

A

o(T) = wy = oBheog/ kT _ |

)

where @, is the Raman frequency at 0 K, kg is the Boltzmann
constant, & is the Planck constant, ¢ is the speed of light in
vacuum in cm/s, T is the sample temperature, and A and B are
fitting parameters unique to each vibrational mode and
material. The red lines in Figure 2b represent fits to the
experimental data using the combination of eqs 1 and 2. The
fitting parameters are shown in Table S2 of the Supporting
Information.

To verify the sample stability throughout the calibration
process, we measured Raman spectra at room temperature
before and after the temperature sweep. The two Raman
spectra are essentially identical, indicating that the sample does
not suffer from structural changes or degradation upon heating
and cooling (see Section S7).

Photothermal Heating of Au NPs. With our calibration
at hand, we set out to investigate the photothermal heating
induced by laser irradiation of an Au nanodisk array coated
with a 20 nm thick f-CuPc layer. In our measurements, a
single 532 nm focused laser was used for both optical heating
and Raman thermometry. We therefore measured the Raman
spectra of our sample at various laser powers in both ascending
and random orders. The complete set of peak positions for the
P-CuPc/Au nanodisk sample at varying laser powers is
presented in Figure S8. The Raman peak position is stable
upon repeated measurements under the majority of laser
powers, except for some transient shifts at the highest
irradiation intensity, most likely due to the buildup of
collective photothermal heating effects.

The laser power dependence of the average peak position of
all 30 scans is also shown in Figure S8d,h,l. All three peaks
show a red shift with increasing excitation power. Such average
peak positions, together with the calibration curves of Figure
2b and the fit constants of Table S2, are used to extract the
temperature of the array under irradiation, as shown in Figure
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S9. To ensure that the temperature of the Au nanodisks is
unaffected by the weak intrinsic absorption of the B-CuPc
overlayer at 532 nm, we also measured the Raman spectra of -
CuPc on bare glass without Au nanodisks at different laser
powers (see Figure S10). In the absence of a plasmonic
photothermal structure underneath, the spectral positions of
the three main Raman peaks were virtually constant for all laser
powers tested, confirming that the photothermal contribution
of the f-CuPc layer is negligible.

By inverting eqs 1 and 2, the SERS substrate temperature is
obtained from the Raman line position @(T) and the fitted
parameters @,, A, and B according to the empirical relationship
shown in eq 3 as follows

= Bhew,
kg In[1 + A/ (@, — o(T))]

©)

The temperature of the Au nanodisks as a function of laser
power extracted from the three measured peak shifts is shown
in Figure 3. The experimentally measured temperature scales

—&— 1530 cm”’
—@— 1453 cm™’
—A— 1341 cm™’

o

[

=)
T

n

o

o
T

350

Extracted temperature (K)

300

1 L 1

0 1 2 3 4 5
Laser power (mW)

Figure 3. Temperature of the irradiated f-CuPc/Au nanodisk array
sample under varying laser powers, extracted from eq 3 for the three
major Raman modes. The measurements are conducted at room
temperature (296 K).

linearly with laser power, apart from a slight kink in the data
between 375 and 400 K. This effect was systematically
observed in three individual data sets, where the laser power
was either varied gradually or at random. Based on this
observation, we can rule out the random measurement errors,
memory, or degradation effects. Furthermore, the CuPc layer
had already been annealed at 573 K, which rules out phase
transition influences around this temperature range. The
physical origin of the temperature-dependent Raman shifts of
CuPc is still unknown, and something we are planning to
address in a subsequent publication. The slight offset between
the three data sets might originate from the error introduced
by our calibration procedure, based on fitting the entire data
set in the 100—500 K range (Figure 2b) with eq 3.

To verify the accuracy of our Raman thermometer, in the
next section, we compare our experimentally derived temper-
atures against the ones predicted by electrodynamic and heat
dissipation numerical models and by analytical expressions.

Theoretical Prediction by Optical Simulations. The
experimentally determined temperature is not measured at a
single point in the array, but it is a convolution of the spatial
temperature distribution and the spatial Raman intensity,
where the latter is proportional to the electric field inside the
CuPc layer to the fourth power (xE*, see Figure 4e). To
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properly reproduce this measured temperature in our model,
we numerically calculate the spatial electric-field and optical-
heating maps of our sample using finite-difference time domain
(FDTD) in combination with heat-transfer finite-element
method (FEM) simulations (Figure 4). FDTD simulations
were performed for plane-wave excitation of a single
nanostructure with periodic boundary conditions (Figure
4a,b) and for Gaussian-beam illumination on a 32 X 32
particle array (~25 pum? see Supporting Information Figures
S11 and S13). As can be seen in Figure 4b, the majority of
optical absorption takes place inside the Cr adhesion layer
below the Au nanostructure. Figure S13 shows that the electric
field is mainly concentrated in the CuPc layer around the
nanodisks, with no strong interaction between individual
particles. Negligible absorption takes place in the CuPc layer,
due to the low absorption coefficient at 4 = 532 nm (Figure
1d), which is also confirmed through the laser heating
experiments of the bare f-CuPc film, as shown in Figure
S10. The Gaussian-beam illumination results mirror these
initial observations, and the corresponding absorbed power
map (Figure S13) was used as a heat source in FEM heat-
transfer simulations (Section S12), yielding spatial heat
distribution data (Figure 4c,d).

It was observed that the majority of heating stems from
collective heating effects represented as a Gaussian-shaped
background (Figure 4e). Finally, to properly compare with the
experimentally measured temperature, the obtained temper-
ature distribution was weighted by the Raman intensity
distribution within the CuPc domains. Specifically, for each
laser intensity, the fraction of Raman intensity at each location
within the CuPc layer, Fpman(%,9,2), was calculated according

to
()
n (””};7?”)4@ dy dz (4)

This fraction is then multiplied by the temperature
distribution, T(x,y,z), spatially integrated within the CuPc
layer, and divided by the integrated volume of CuPc, Vp,

/]fT(x’ e Z)Elaman(x) Y Z)dx dy dz

VéuPc

E(x,y,2)
EO

Fkaman(‘x) b z) =

TFEM(P) = (s)

The resulting power-dependent temperature curve matched
well with the experimentally determined temperatures (Figure
4f), particularly considering that no free fitting parameter was
used. The experimental and calculated data agree particularly
well for the peak at 1530 cm™, which displays the strongest
temperature dependence and is therefore the most reliable
peak for thermometry. Minor discrepancies between calcu-
lations and experimental data can be attributed to measure-
ment errors in the beam diameter, laser power, absorption, and
thermal conductivity of the glass support and CuPc. In
conclusion, theoretical and simulation data confirmed that the
temperatures measured by our CuPc Raman thermometer are
accurate.

Theoretical Calculations by Analytical Expressions. In
steady state, the local temperature of each NP is the sum of
ambient temperature, T, heating by the NP itself, AT, and
collective heating by adjacent particles, AT ">’

coll
T = T + AT + ATy (6)
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Figure 4. FDTD, FEM, and theoretical modeling of light-to-heat conversion of Au-CuPc NPs. (a,b) FDTD modeling of the electric field (a) and
the absorbed optical power (b, unit: m™>) of the array unit cell (160 X 160 nm) in the xy plane (top, at z = 15 nm) and in the xz plane (bottom, at
y = 80 nm, center of the particle). (c) FEM-simulated steady-state surface temperature of the NP array under Gaussian-beam microscope
illumination (2.4 ygm FWHM) at 532 nm and 4.6 mW optical power. One quarter of the simulated array is shown, with the laser beam located at
the bottom corner. (d) xz plane temperature crosscut (x X z = 5.12 X 2 um) for 4.6 mW optical power for the row of particles closest to the beam
center; NPs are outlined in black. (e) Temperature profile at z = 15 nm (red) and spatial Raman intensity (E/Ey)* (blue) for the row of particles
closest to the beam center under 4.6 mW laser. The spikes originate from the dipole resonance of individual NPs (see Figure S13). (f) Experimental
(squares), FEM-simulated (red line), and theoretical temperature at the center-most particle (black line) as a function of illumination intensity.

Self-heating is proportional to the experimentally deter-
mined absorption cross section of each nanodisk (6, = 6.3 X
107" m?) and the laser power (P, in W), and inversely
proportional to the laser beam’s full-width at half-maximum
(FWHM) diameter (H = 2.4 um, see Figure S1), the effective

ass+ uPc -_— —
thermal conductivity (K = SmTHOr _ 0,67 Wm™ K 1), and

the NP radius (r = 45 nm), according to™”

ln(Z)GabSP

Al = 2 HRr

)

For these experimental conditions, self-heating is only ~6 K
at 4.6 mW illumination. On the other hand, for Gaussian-beam
illumination, the collective heating contribution at the center
of the array is given by”’

AT, =GP Q) 1] A

collective — 4r HA H

< (8)
where A is the array unit cell area (2.56 X 10™'* m*) and
amounts to 153 K at 4.6 mW. Thus, in our experimental
conditions, heating of the array is dominated by collective
effects. The calculated final temperatures of the most central
NPs as a function of illumination power are shown in Figure 4f
(black line) and correspond well with the derived temperatures
from CuPc Raman measurements.
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B CONCLUSIONS

We demonstrated a temperature sensor based on Raman peak
shifts of a f-CuPc thin film with excellent thermal, chemical,
and optical stability that is capable of detecting local
temperature over a wide temperature range (100—500 K).
Even though the Raman laser spot is much larger than the
nanodisks, the SERS effect means that the obtained spectra are
strongly dominated by those CuPc molecules in the immediate
vicinity of the metal. We demonstrate its use by measuring the
photothermal effects originating from an array of plasmonic
gold nanodisks under varying laser power irradiation. The
extracted temperatures fit quantitatively with the ones
predicted theoretically. Our demonstration is so far limited
to photothermal effects originating from collective heating
effects from several tens of NPs. However, we envision that the
use of a tailored SERS substrate, such as silver nanodisks of
proper aspect ratios, together with a higher spatial resolution of
our Raman microscope, could lead to the detection of
photothermal effects on single NPs, with potential applications
in nanochemistry, nanomedicine, nanolithography, and opto-
electronics. The use of such a stable Raman probe molecule as
CuPc opens exciting opportunities for the detection of
temperature gradients under extreme or otherwise inaccessible
conditions. Finally, in this study, we have focused on f-CuPc,
thanks to its high thermal and chemical stability and ideal
optical properties, but we envision that other thermally
responsive and Raman-active materials will be designed and
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implemented in the future, depending on the specific
nanoscale thermometry application.
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