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ABSTRACT: An asymmetrical spectral continuum is observed in low- -10 0 10 (THz)
frequency surface-enhanced Raman spectroscopy (LF-SERS) in the terahertz 1 L
(THz) region. This background continuum appears as a flat baseline in the
Stokes side and a slope in the anti-Stokes side. Analysis shows this asymmetry
originates from the different scaling of anti-Stokes and Stokes scattering with
respect to the Bose—Einstein distribution. Such asymmetry is readily visible,
under room temperature, in the low-frequency THz spectral range. Accounting
for this spectral intensity asymmetry reveals the intrinsic continuum
background of electronic origin, differing from local normal modes and - . - : "
collective relaxational motions. We also describe a numerical method, -500 -250 O 250 500 (cm )
independent of line shape models, to determine sample temperatures while

simultaneously accounting for this asymmetrical background continuum. Finally, we show that such asymmetrical spectral
continuum is generally observable in low-frequency Raman scattering.

THz-SERS continuum

Bose-Einstein factor

Bl INTRODUCTION tural dynamics in the THz range in electrolytes underlie the
elementary steps of ionic transport.” In solid-state semi-
conductors, THz framework phonons control the dynamic
dielectric responses that couple to band edge charge carriers
strongly.'”"!

To push the spectral boundary of SERS and to increase the
sensitivity limit of monitoring collective structural dynamics, it
is desirable to develop low-frequency surface-enhanced Raman
spectroscopy in the THz region (LF-SERS or THz-SERS), to
combine the technical advantages of both approaches. In our
development of the LF-SERS, we have observed a prominent
asymmetrical spectral continuum background. The appearance
of a broad background continuum has been a topic of
sustained interest, especially regarding its relation to the near-
field enhancement in SERS.'”"® The observations of the LF-
SERS background continuum have both opened a new spectral
window and raised questions on its physical origin and
implications. Understanding the origin and implications of this

Surface-enhanced Raman spectroscopy (SERS) has developed
into a magor hub for contemporary analytical and physical
research.”” The enhancement of otherwise weak Raman
scattering signal enables sensitive detection and identification
of chemical and biological analytes, and also provides spectral
access to chemical events with exceedingly high temporal® or
spatial* resolution. Local bond vibrations from molecules of
interest have been the focus of most SERS studies. These
vibrations reside in the fingerprint region. Their vibrational
frequencies allow specific identifications of the chemical
components and the systematic frequency shifts have been
used to report on the variations of local chemical environ-
ments. This in turn enables one to resolve dynamic molecular
events temporally or spatially.”

Much of the chemical processes at the molecular level are
impacted by rich details of intermolecular interactions
involving collective motions and noncovalent secondary
bonding. These structural dynamics typically reside in the
low frequency, terahertz (THz) region, and often impact or
impart functionalities to the materials of interest.” For example,
THz lattice modes in molecular crystals govern the charge
transport in organic optoelectronic materials’ and control
polymorphic transformations that are important for pharma-
ceutical formulations.® Intermolecular interactions and struc-
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Figure 1. Observations of the asymmetrical spectral continuum in LF-SERS of aggregates of silver nanoparticles (AgNPs) and gold nanoparticles
(AuNPs). (A) Solution phase UV—vis extinction spectra of the AgNPs and AuNPs. (B) LF-SERS of dried aggregates of AgNPs and AuNPs. Stokes
scattering is plotted using positive wavenumbers to the right. Anti-Stokes scattering is plotted using negative wavenumbers to the left. The sharp dip
near 0 cm™ results from the sharp spectral notch that removes the Rayleigh line.

asymmetrical spectral continuum holds the key to establishing
LF-SERS as a new tool for fundamental and analytical
investigations in the THz region.

Here we report the observation of an asymmetrical spectral
continuum background in LF-SERS and provide an analysis of
its origin from the asymmetry in the Bose—Einstein factor.
Accounting for this asymmetrical scaling factor reveals the
underlying electronic Raman scattering continuum. Our
analysis also leads to the recognition of the Bose—Einstein
factor as a material-independent signal enhancement mecha-
nism uniquely present in the THz region. The explicit
asymmetry in the Bose—Einstein factor can be utilized to
yield local temperature information from a spectral continuum,
in place of the Boltzmann factor scaled peak intensity ratio.
The explicit asymmetry can also be leveraged to distinguish
signal photons of different origins. Furthermore, we show that
our analysis has broader applications in understanding the
spectral background of bulk materials.

B METHODS

Synthesis of Colloidal Au Nanoparticles. Turkevich’s
method"*'® was used to reduce gold chloride (gold chloride
trihydrate, Sigma-Aldrich) with sodium citrate (Sigma-Aldrich)
in an aqueous solution. A volume of 50 mL of 0.00025 M
HAuCl,-3H,0 solution was heated to boil and a volume of
about 0.5 mL of 0.034 M sodium citrate solution was added.
After approximately 5 min, colloidal gold nanoparticles were
formed. The volume of sodium citrate solution was used to
tune the size of the product gold nanoparticles.

Synthesis of Colloidal Ag Nanoparticles. A modified
Turkevich’s method was used to reduce silver nitrate with
sodium citrate aqueous solution.'® A volume of 25 mL of 0.005
M silver nitrate solution was diluted to 125 mL and heated to a
boil under stirring. Then a volume of S mL of 1% sodium
citrate was added. Heating and stirring continued until the
solution color change was evident. Subsequently, the heating
was stopped, and the solution was allowed to rest to cool down
to room temperature.

Low-Frequency Surface-Enhanced Raman Spectros-
copy. These studies were carried out using home-built
confocal micro-Raman setups.

Raman excitation at 532 nm is provided by a single
frequency laser (Coherent Verdi V2). The excitation laser is
coupled into a home-built microscope using the band-pass
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filter of a volume Bragg grating filter set (OptiGrate, 532 nm).
The excitation laser is focused on the sample surface using a
microscope objective and the Raman signal is collected in the
backscattering geometry using the same objective. A Nikon
60x 0.7 NA objective was used to collect Raman spectra from
AgNPs, AuNPs, and bulk gold. A Nikon 20X 0.45 NA
objective was used to collect Raman spectra from the sapphire.
The volume Bragg grating band-pass filter also serves as a
dichroic to reject the laser line from entering into the detection
path. Three volume Bragg grating notch filters follow the band-
pass filter to suppress the laser line with a full width at half-
maximum optical density at about 7 cm™' above and below 0
cm™". The filtered signal is sent into a spectrometer (IsoPlane-
320), dispersed by a 1800 grooves/mm grating, and captured
by a thermoelectrically cooled CCD (PIXIS-BRX400).

Raman excitation at 830 nm is provided by a volume
holographic grating stabilized diode laser module (Ondax),
preassembled with the volume holographic grating notch filter
module. The excitation laser is coupled into the same home-
built microscope and focused on the sample using a
microscope objective. The retro-reflected light is sent back
into the volume holographic grating filter module, after which
coupled into the spectrometer using a multimode optical fiber.
The filtered signal is dispersed by a 1200 grooves/mm grating,
and the spectra are captured by the thermoelectrically cooled
CCD.

B RESULTS AND DISCUSSION

Figure 1 shows our observation of the asymmetrical spectral
continuum background in low frequency surface-enhanced
Raman spectroscopy. Colloidal gold and silver nanoparticle
assemblies (AuNPs and AgNPs), common substrates for
standard SERS measurements, were synthesized following a
modified Turkevich method.'*"> The solution phase optical
extinction spectra of the colloidal nanoparticles are shown in
Figure 1A. The nanoparticles were then drop-casted onto
silicon wafer substrates. It is worth noting that once
aggregated, plasmonic resonances from individual particles
couple with each other and both their near-field response and
far-field scattering spectra change consequently. Furthermore,
the frequency dependence of near-field enhancement differs
from the far-field observable dark-field scattering spectra.'”
The LE-SERS spectra were measured from AuNPs and AgNPs
using 532 nm excitation with volume Bragg grating filters and
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Figure 2. LF-SERS spectra after normalization with respect to the Bose—Einstein factor. (A) Log scale plots of the LF-SERS spectra of AgNPs and
AuNPs and the Bose—Einstein factor, showing the correspondence between the spectral continuum background and frequency-dependent
magnitude of the Bose—Einstein factor. (B) LE-SERS spectra of AgNPs and AuNPs after normalization with respect to the Bose—Einstein factor at
the optimal temperatures accounting for the asymmetry, AgNPs at 567 K and AuNPs at 598 K. (C) Log scale plots of the LF Raman spectra of
cyclohexane (CHX) and dimethyl sulfoxide (DMSO) and the Bose—Einstein factor at 300 K. (D) LFR spectra of CHX and DMSO normalized

with respect to the Bose—Einstein factor at 300 K.

the results are shown in Figure 1B. In both cases, we observed
a spectral continuum background, whose intensity decreases as
the probe frequency moves away from the Rayleigh line. The
spectral background is asymmetrical in that its intensity
approaches zero in the anti-Stokes scattering and converge to a
finite constant value in the Stokes scattering.

To explore the physical origin of such spectral asymmetry,
we first examine factors that impact the Raman scattering
intensity. For a general Raman process, the scattering intensity
scales with a thermal population factor fpz, and the intrinsic
Raman susceptibility y”, where y = ¥’ + y'' with '’ being the
Raman resonant part of the full susceptibility. This is described
in eq .Y

For a typical first-order Raman process, the thermal
population factor fpg is expressed as eq 2, which is largely
determined by the Bose—Einstein distribution ny; as defined in
eq 3. Hence, we refer to fp; as the Bose—Einstein factor. It
should be noted that this Bose—Einstein factor differs between
the Stokes and anti-Stokes scattering by the +1 term. The
physical origin of this asymmetrical +1 term in fp; can be
described as follows. In anti-Stokes scattering, a vibrational
excitation in the material is annihilated and transfers its energy
to the scattered light, producing a blue-shifted photon. The
probability of the anti-Stokes scattering process is proportional
to the available population of the vibrational excited state. In
Stokes scattering, energy is transferred from the incident light
to the material and a vibrational excitation is created,
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producing a red-shifted scattered photon. The Stokes
scattering process can always occur regardless of the available
vibrational population.

I fBE 1" W
e+ 1 (Stokes scattering)
BE g (anti-Stokes scattering) @)
1
nBE(w; T) = T
eXP(kTT) -1 3)

Next we explore the spectral implications of the asym-
metrical +1 term in the Bose—Einstein factor. The Bose—
Einstein factor is plotted along with observed LE-SERS spectra
in Figure 2A. The asymmetrical +1 term in the Bose—Einstein
factor produces an asymmetrical frequency-dependent inten-
sity profile, which correlates with the observed asymmetrical
spectral continuum. Such asymmetry is intrinsic to all Raman
processes that originate from excitations that follow the Bose—
Einstein statistics.

One common manifestation of the Bose—Einstein factor in
conventional Raman measurements (v > 200 cm™ or
fingerprint region) is that the anti-Stokes scattering intensity
significantly weakens as the vibrational frequency increases.
This behavior is not usually considered as noteworthy since
often Stokes scattering of discrete modes from local bond
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vibrations are of interest mainly for chemical analysis purposes.
In the fingerprint spectral region, ngzE is small and the Bose—
Einstein factor f; becomes essentially a unity factor. However,
in the low frequency THz region, spectral continuum features
arise in various solids and liquids often when the damping is
strong or the restoration forces are weak.”'" In the presence of
an underlying spectral continuum, the asymmetry in the Bose—
Einstein factor becomes prominent and visible in the Raman
scattering in the low frequency THz spectral range.

Accounting for the asymmetrical scaling with respect to the
Bose—Einstein factor symmetrizes the anti-Stokes and Stokes
sides and reveals the underlying intrinsic spectral features.
Figure 2B shows the susceptibility representation of THz-
SERS from AgNPs and AuNPs after normalization with respect
to the Bose—Einstein factor under optimal temperature
(temperature optimization discussed later). To understand
the normalized spectra, we compare and contrast them with
well-known model systems that also exhibit spectral continuum
in the THz region. We measured the Raman scattering from
dimethyl sulfoxide and cyclohexane, examples of typical polar
and nonpolar liquids, respectively. Parts C and D of Figure 2
show their Raman scattering intensity before and after the
normalization with respect to the optimal Bose—Einstein
factor. The spectral continuum from the liquids results from
relaxational motions of their molecules.”"’

The THz-SERS continuum and the relaxational continuum
have several distinctions in the following aspects. First, their
frequency dependence is qualitatively different. The molecular
liquid relaxational continuum has a pronounced frequency
dependence, whose intensity decreases rapidly as frequency
increases beyond the THz region. The THz-SERS continuum,
on the other hand, shows relatively weaker and opposite
frequency dependence. That is, the THz-SERS continuum
intensity slowly increases as frequency increases. Second, the
baseline intensity levels of the two types of continua differ by
orders of magnitude. The baseline intensities are proportional
to the actual number of signal photons collected in the
measurements. The baseline level of the molecular liquid
relaxational continuum is virtually zero. The baseline of the
THz-SERS continuum is of finite intensity and orders of
magnitude higher than that of the relaxational continuum.
Third, the optimal temperatures, at which the spectra become
symmetrized, are drastically different between the THz-SERS
continuum and the molecular liquid relaxational continuum.
For both molecular liquids and colloidal nanoparticles, Raman
measurements were done under ambient conditions using the
same excitation wavelength at 532 nm and similar excitation
power at a few milliwatts. For the THz-SERS continuum, the
optimal temperatures fall between 500 and 600 K. For the
relaxational continuum, however, the optimal temperatures
match well with room temperature at about 300 K.

All three characteristic differences suggest that the relaxa-
tional continuum and THz-SERS continuum are produced by
qualitatively different mechanisms. Anharmonic motions with
little or no restoration forces often produce spectral continuum
features that extend toward zero frequency. Relaxational
motions in liquids are prototypical examples of such
processes.””” The relaxational dynamics are also present in
solid-state materials such as polymers and other dielectrics."
These relaxations exhibit pronounced frequency dependence
well described by a variety of dielectric models, among which
the Debye relaxation is one of the simplest."” On the other
hand, AgNPs and AuNPs support plasmonic and electronic

resonances at the excitation wavelength. The high baseline
level and its weak frequency dependence indicate an electronic
Raman scattering origin for the THz-SERS continuum.”"**
The high temperature inferred from the THz-SERS continuum
is consistent with the strong resonance, finite losses, and
limited interfacial thermal conductivities of the nanoparticle
;1ggregates.23”24

After recognizing the strong contribution of electronic
Raman scattering component, we compare the THz-SERS
continuum between AgNPs and AuNPs. In AgNPs, discrete
peaks were observed around 67 cm™ with a narrow line width,
which indicates vibrational features overlaid on top of the
electronic Raman scattering background. In AuNPs, no such
spectrally sharp feature was visible, and the continuum
background dominates. In addition, AgNPs exhibit significantly
stronger and flatter background continuum than that of the
AuNPs. These spectral differences originate from the electronic
structures of silver and gold. AgNPs have good localized
surface plasmon response with low losses at the excitation
wavelength of 532 nm or 2.33 eV, well described by a Drude
response.”> For AuNPs, however, their optical response to
excitation light is largely determined by interband transitions
from the filled d bands to the partially filled sp band.*® As a
result the optical response of AuNPs become lossier at the
excitation wavelength.

Accounting for the Bose—Einstein factor with the asym-
metrical +1 term inherently distinguishes the Bosonic from
non-Bosonic signals. By the term Bosonic, we refer to physical
processes that obey the Bose—Einstein distribution, such as
molecular bond vibrations, optical and acoustical phonons in a
crystalline lattice, relaxational motions in liquids, etc. It is
worth noting that elementary excitations of an electron gas and
plasmons can also be described as a harmonic oscillator and
thus follow the Bose—Einstein scaling factor as well.'”"® In an
inelastic light scattering experiment, signals from these
processes all scale with the asymmetrical Bose—Einstein factor,
namely Iy o« n + 1 for Stokes scattering and I,5 & n for anti-
Stokes scattering in first-order processes. Non-Bosonic signals,
however, do not originate from these processes and are not
scaled by the Bose—Einstein factor. Photoluminescence
background is a prototypical example of a non-Bosonic signal
with distinct physical origin. In practice, both types of signal
photons, if present, are collected together. It is difficult to
distinguish them without additional information such as
spectral line width or polarization. Understanding the nature
of the SERS background has been a topic of continued
interest.”’

The existence of non-Bosonic processes within the observed
spectral continuum can be readily revealed by its different
scaling behavior through the normalization of the Bose—
Einstein factor. The THz-SERS spectra, shown in Figure 2,
exhibit asymmetrical spectral continuum backgrounds in the
low frequency region for both colloidal AuNPs and AgNPs.
After the normalization of the Bose—Einstein factor, the AgNP
spectrum shows virtually flat baseline with broad bands, which
indicates that the observed continuum originates from bosonic
processes and has been fully accounted for. The normalized
AuNP LE-SERS spectrum, however, shows a baseline that
drastically decreases when approaching the Rayleigh line.
Numerically, this behavior results from dividing a flat (or
slowly varying) spectral response by the diverging Bose—
Einstein factor as iw approaches zero. Physically, this behavior
is indicative of the existence of a spectrally smooth, non-

https://doi.org/10.1021/acs.jpcc.2c02486
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Figure 3. Bose—Einstein factor in Stokes and anti-Stokes Raman scattering. (A) Line plot of the Bose—Einstein factor at 300 K over the THz
region. Horizontal dashed lines show fz; > 1 in the THz region resulting in signal enhancement compared with the fingerprint region. (B) 2D
colorplot of the Bose—Einstein factor over temperature and frequency, showing the asymmetry between anti-Stokes and Stokes processes. The

white dashed line corresponds to the line plot in part A.
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Figure 4. Temperature determination via a one-parameter optimization process leveraging the asymmetry of the Bose—Einstein factor between
Stokes and anti-Stokes Raman scattering. (A) low frequency Raman scattering from AgNPs scaled by the Bose—Einstein factor at high (900 K),
optimal (567 K), and low (300 K) temperatures. (B) Error function for the optimization process reaching its only global minimum point when
anti-Stokes and Stokes spectra are symmetrized. The error function is always positive and minimizes toward zero.

Bosonic component in the collected signals. Our data suggest
the electronic interband transitions in AuNPs introduce losses
to the optical response and produce signal photons of non-
Bosonic origin. The existence of such a non-Bosonic
component is difficult to distinguish otherwise, but is readily
revealed through the analysis using the Bose—Einstein factor
leveraging its asymmetry from the +1 term.

In addition to spectral symmetrization and distinction of
signal origins, the Bose—Einstein factor can be viewed as a
signal enhancement mechanism inherently available in the low
frequency THz region. Parts A and B of Figure 3 plot the
Bose—Einstein factor as a function of w and T. At T = 300 K,
the Bose—Einstein factor becomes greater than 2 for the
spectral region below 140 cm™, and greater than 10 for the
spectral region below 20 cm™, as shown in Figure 3A. The
magnitude and asymmetry of the Bose—Einstein factor over
broad ranges of w and T are shown in Figure 3B. The Raman
scattering process generally has low cross sections compared
with other forms of spectroscopy such as photoluminescence.
Over the past few decades, various enhancement mechanisms
have been identified and studied,*® such as resonance with
electronic transitions of molecules and materials,””*" plas-
monic response of noble metal nanoparticles,”® chemical
enhancement via molecular charge transfer,”’ as well as optical
interferences.””*® Here we note that the Bose—Einstein factor
comprises a universal signal enhancement mechanism for
Raman scattering uniquely significant in the THz spectral
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region. Although of limited magnitude compared with other
enhancement mechanisms listed above, this enhancement
factor is independent of materials properties and substrate
structure, and depends only on temperature and frequency as
dictated by eq 3.

We now turn to the determination of the optimal
temperatures used in the previous discussion. Our analysis of
the Bose—Einstein factor in Raman scattering provides a
single-variable method of temperature measurement, inde-
pendent of spectral line shape models. This temperature
measurement process is demonstrated in Figure 4. In this
method, a spectral region between @, and w, is first selected
for analysis. The signal intensities measured over the selected
spectral region, proportional to signal photons emitted, will be
first scaled by the Bose—Einstein factor using temperature as
its input parameter, and then numerically integrated. When the
input parameter T matches with the sample temperature, the
anti-Stokes side integral becomes equal to the Stokes side
integral. The difference between the integrals of the two sides
then serves as the error function for the optimization
procedure, and can be written as eq 4. Figure 4A shows a
LF-SERS spectrum scaled by the Bose—Einstein factor at a
range of temperature values. After normalization by the Bose—
Einstein factor, the anti-Stokes intensity will be scaled to be
higher than the Stokes side, if the input temperature is too low
(300 K). Conversely, the Stokes side will be emphasized more
than the anti-Stokes side, if the input temperature is too high
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optimization process is shown in Figure 4B, showing a single
minimal point that guarantees easy convergence. This Bose—
Einstein normalization method formulates temperature meas-
urement in Raman spectroscopy into a single-variable
numerical optimization problem that does not make any
assumption of the spectral lineshapes.
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A common practice to determine temperature in Raman
spectroscopy is to fit the anti-Stokes/Stokes peak pair of the
chosen Raman mode and calculate temperature based the
intensity ratio. The ratio relates to the effective temperature
following eq S, where C is a numerical factor accounting for
intrinsic and instrumental wavelength dependencies.””** This
peak pair intensity ratio method requires the presence of
individual discrete Raman mode well described by standard
spectral line shape models. In our Bose—Einstein factorization
method, if one chooses the integration interval to cover an
individual discrete Raman mode, it reduces back to be the
equivalent of the peak pair intensity ratio method, but without
the need to fit the spectral line shape. When no well-defined
peak is observable, the intensity ratio method is not directly
applicable, whereas the Bose—Einstein factorization method
can still be straightforwardly applied. Since the Bose—Einstein
factor is independent of spectral line shape models, it has the
advantage over the peak intensity ratio method in that the
Bose—Einstein factorization method handles spectral continu-
um, ill-defined broad peaks, and dense peak groups equally
well.

Ianti—Stokes =C n

= = Cexp|———
IStokzs n+1 kBT (5)

Finally, we show that a similar asymmetrical spectral
continuum can also be observed in other bulk systems beyond
colloidal AuNPs. Figure S shows that the low frequency Raman
scattering from bulk gold metal surface displays an asym-
metrical continuum background that follows the Bose—
Einstein factor. For bulk gold, electronic processes similar to
the AuNPs case are responsible for producing this continuum
background. The spectral line shape differs between the bulk
and nanoparticle cases likely due to the additional confinement
in AuNPs that renders more electronic states optically
accessible. Furthermore, the asymmetrical continuum back-
ground is also observable from crystalline dielectric materials,
for example from sapphire substrates shown in Figure S. The
cluster of densely spaced low-frequency modes in the sapphire
Raman spectrum originate from molecular rotations from the
air. The rotational modes from air serve as a qualitative internal
reference on the magnitude of Raman scattering cross sections.
These air rotational modes, present in the sapphire spectrum
and invisible in the gold spectrum, indicate the Raman
scattering cross sections of sapphire Raman features are small.
As discussed above, the appearance of spectral background
tracking the asymmetry of the Bose—Einstein factor indicates

)
N
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Figure 5. Observations of the Bose—Einstein asymmetrical spectral
continuum in bulk dielectric sapphire and bulk metal gold. Asterisk:
spectral artifact due to ghost reflections from a strong Rayleigh line.
Region under solid black bracket contains rotational modes from the
air. Region under the double blue line bracket contains phonon
modes of sapphire. Both show flat spectral continuum background
tracking the asymmetry of the Bose—Einstein factor.

the existence of an underlying spectrally smooth continuum
response. For bulk sapphire, however, the exact nature of the
underlying spectral continuum is not clear and will be the
subject of future investigations. We note that parasitic
photoluminescence processes have been observed in sapphires
used in solid-state lighting applications under intensive
illumination.”> Optically active electronic states exist in
undoped sapphire originating possibly from lattice defects
and produce broadband emissions.*®

B CONCLUSIONS

In summary, we have observed the appearance of an
asymmetrical spectral continuum background in the THz-
SERS of AuNPs and AgNPs. The asymmetrical spectral
continuum originates from the intrinsic asymmetry of the
Bose—Einstein factor that scales the Stokes (15 + 1) and anti-
Stokes (npg) scattering intensities differently. After accounting
for the Bose—Einstein factor, one obtains the underlying broad
symmetrical THz-SERS continuum, having electronic origins
and showing a weak frequency dependence. The asymmetry in
the Bose—Einstein factor can be leveraged to distinguish signal
photons of Bosonic and non-Bosonic origins. The Bose—
Einstein factor can be viewed as a universal Raman
enhancement mechanism in the THz region that is distinct
from, and independent of, molecular and plasmonic
resonances. We have utilized the asymmetry in the Bose—
Einstein factor to formulate Raman thermometry into a single-
variable optimization problem. This allows one to implement a
simple and effective numerical method for temperature
measurement via Raman spectroscopy that is independent of
spectral line shape models and handles spectral continuum
well. Finally, we note the asymmetrical spectral continuum
background exists beyond colloidal plasmonic systems and
appears in solid dielectric and metallic materials, broadening
the useful scope of our analysis.
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