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ABSTRACT

Recent studies have established that the anti-Stokes Raman signal from plasmonic metal nanostructures can be used to determine the two
separate temperatures that characterize carriers inside the metal—the temperature of photoexcited “hot carriers” and carriers that are ther-
malized with the metal lattice. However, the related signal in the Stokes spectral region has historically impeded surface enhanced Raman
spectroscopy, as the vibrational peaks of adsorbed molecules are always accompanied by the broad background of the metal substrate. The
fundamental source of the metal signal, and hence its contribution to the spectrum, has been unclear. Here, we outline a unified theoretical
model that describes both the temperature-dependent behavior and the broad spectral distribution. We suggest that the majority of the
Raman signal is from inelastic scattering directly with carriers in a non-thermal energy distribution that have been excited via damping of
surface plasmon. In addition, a significant spectral component (~1%) is due to a sub-population of hot carriers with an energy distribution
that is well approximated by an elevated temperature distribution, about 2000 K greater than the lattice temperature of the metal. We have
performed temperature- and power-dependent Raman experiments to show how a simple fitting procedure reveals the plasmon dephasing
time as well as the temperatures of the hot carriers and the metal lattice, in order to correlate these parameters with the quantitative Raman
analysis of chemical species adsorbed on the metal surface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0032763

I. INTRODUCTION

Recent advances in the study of plasmonic metal nanostruc-
tures are enabling new applications in chemical sensing,l’2 bio-
. . 3,4 1. . 5,6 .
imaging,™ light harvesting,”” and non-linear phenomena, such as
plasmon-induced magnetism.” The primary benefits provided by
metal nanostructures are due to the strong subwavelength optical
field concentration that results from the coupling of resonant oscil-

sensing applications and, in particular, for surface enhanced
Raman spectroscopy (SERS),>” with plasmonic behavior also
enabling related tip-enhanced Raman spectroscopy (TERS)
techniques. Although SERS has been studied extensively for over
30 years,'” the origin of SERS signals continues to be debated, and
a variety of mechanisms associated with the SERS effect have been
proposed.’'™?

lations of free electrons in the metal, termed plasmons, with the
incident light field. The strongest field concentration is manifest at
“hot spots” in nanostructures. Therefore, dimers or aggregates of
metal nanoparticles are commonly used as plasmonic substrates in

While it is well established that the signal enhancement
(scaling as |E|*) is due to the excitation of plasmonic resonances on
the metal substrate,'” the mechanism underlying light emission or
inelastic scattering from plasmonic metals is still unclear.*”"”
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On the one hand, it is commonly observed that a bi-exponential
decay of the anti-Stokes (aS) signal from plasmonic metals is
strongly temperature dependent.”””" Several studies have proposed
that the aS spectrum of plasmonic metals can be fitted to extract
the lattice temperature of the metal, T}, and the elevated electronic
temperature, T,, in the steady state.”>”*

these highly energetic carriers at T, was probed experimentally”*~*
and was connected to the plasmon-mediated chemistry.””** On the
other hand, the Raman peaks from molecular vibrational modes
observed in SERS spectra are always accompanied by a spectrally
broad background on the Stokes side.”'°™'® This background
signal is present even in the absence of chemical adsorbates [blue
trace, Fig. 1(d)]. The physical origin of the broad background has
been the subject of much debate, and its presence inhibits quantita-
tive interpretation of SERS molecular spectra.””””" Methods to
understand and subtract the background are thus important in
analytical SERS applications, and there is little consensus on the
best strategy.

Recently, Barnett et al.'® attributed the SERS background to the
interaction of molecular dipoles on metal surfaces with their own
image charge. Although this “molecules in the mirror” approach is
able to produce the broad background in the Stokes spectral region,
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FIG. 1. (a) Calculated non-thermal electron (blue bars) and hole (red bars)
populations in @ 10 nm gold slab during excitation with 532 nm radiation. This
energy distribution can be approximated using a Lorentzian function with energy
width determined by plasmon dephasing time, zqepnase (dotted line), as in Eq. (2).
(b) Thermal occupation probability for electrons (blue) and holes (red).
Multiplication of (a) and (b) yields (c) the joint density of states. (d) Experimentally
measured Raman scattering from an array of gold nanodisks. The joint density of
states (yellow dotted line) deviates from the Raman spectrum at higher aS
scattering energy, unless hot carriers at a separate temperature distribution T, are
also accounted for (red dashed line), as in Eq. (4).

Recently, the presence of
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it provides only a partial explanation, since the signal is observed on
clean Au without molecular adsorbates.'” Furthermore, the well-
established and pronounced temperature dependence, especially in
the anti-Stokes region of the spectrum, is not accounted for.
Alternatively, Lin et al."” proposed that the SERS background is due
to photoluminescence (PL) from the metal. Similarly, Cai et al'"®
attributed the spectrum from gold nanorods to PL that is enhanced
by a Purcell effect. This enhancement is well documented'’ and
implicit in the method of Lin et al'’ as well. However, the SERS
background is still observed during excitation with infrared radiation
that is not sufficiently energetic to drive vertical interband transitions
that preserve momentum during PL, complicating a mechanistic
interpretation.”””" Nonetheless, several studies suggest that the back-
ground signal is, at least partially, the result of an inelastic electronic
scattering process intrinsic to the plasmonic substrate itself.””"”

In addition to strong field concentration relevant for sensing
applications, resonant plasmonic geometries also produce highly
energetic hot carriers that can enable remarkable photocatalytic
processes and new strategies for optoelectronic energy genera-
tion.'"***** Here, we refer to hot carriers as energetic electrons or
holes that are not in thermal equilibrium with the lattice phonons
of the metal, but that have an energy distribution that can be
approximated accurately as thermal distribution with temperature,
T,. The dynamics of hot carriers have been studied extensively
using time-resolved ultrafast pump-probe spectroscopy, and experi-
ments have established the following timeline summarized in the
well-known two-temperature model (TTM):*™° (1) After optical
excitation, a coherent plasmon dephases non-radiatively (10 fs time
scale)””*® to generate a non-thermal distribution of excited
electron-hole pairs [Fig. 1(a)]. The dephasing time, Tgephase> iS
related to materials’ parameters such as the composition and
morphology of the nanostructure, among other factors. Notably,
chemical adsorbates and surface chemical reactions couple with
plasmon resonances, modifying the dephasing time in a process
termed chemical interface damping (CID).>*="' (2) Non-thermal
carriers then begin to relax through electron-electron scattering
(100 fs time scale) to establish an energetic distribution with a
characteristic “hot electron” temperature, T, that is significantly
elevated compared with the lattice temperature, T, of the metal.
(3) On the longest time scale, electron-phonon scattering
(1-5ps)’”**** results in photothermal heating that increases T; or
is dissipated in the environment. Fundamentally, T, and T; depend
on the relative magnitude of the electronic and lattice heat capaci-
ties of the metal, respectively, so that commonly employed excita-
tion conditions that increase T; by 10-100’s degrees can cause
increases in T, by several thousands of degrees, due to the much
smaller electronic heat capacity. Furthermore, the rate of relaxation
from the distribution T, to T; is proportional to their temperature
difference and the electron—phonon coupling constant.

In a series of recent papers,”” ' we showed that there is a
clear relationship between the aS Raman spectrum from bare
plasmonic substrates and the photoexcited carriers described by the
TTM. Specifically, we established how the aS spectrum can be fit
quantitatively to determine, T,, T, and the size of the sub-
population of hot carriers, ¢, in the elevated temperature distribu-
tion T, that results during steady-state photoexcitation. Based on
the magnitude of ¢, other dynamic information contained in the
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TTM can also be learned, such as the hot carrier lifetime, 7._pp, as
well as the rate of coupling to dissipation pathways, e.g., the elec-
tron—-phonon coupling constant.

In this study, we significantly expand that the dynamic infor-
mation can be learned from quantitative analysis and fitting to the
steady-state electronic Raman scattering spectrum of plasmonic
nanostructures, while additionally providing new insight into
the photochemical surface reactions in which they participate.
Our primary hypothesis is that the Raman signal across the entire
Stokes and anti-Stokes spectral region may be attributed to the rela-
tive contribution of inelastic scattering from (1) non-thermal carri-
ers with an energetic distribution dependent on both the plasmon
dephasing time, Tgephase» and the temperature distribution, T;, from
which the electrons are photoexcited, and (2) a separate contribu-
tion from a subpopulation of hot carriers described by the tempera-
ture distribution T, and population size . Our proposed analysis
can subtract the continuum background in SERS studies and corre-
late the plasmon dephasing behavior with hot carrier-induced
chemical reactions, due to the clear signature of CID and molecular
Raman modes in the spectra. Simultaneously, fitting to our model
provides measure of both temperature distributions T, and T}, and
thereby the dynamic information summarized in the TTM, as in
our previous reports.

Il. METHODS
A. Sample

For our Raman spectroscopy experiments, we fabricated
samples of 50 x 50 um” square arrays of gold nanodisks on a silicon
substrate. The detailed fabrication method can be found in Ref. 24.
In brief, gold nanodisk arrays were prepared with top-down
electron-beam lithography (EBL). The gold nanodisk has a diame-
ter of 400 nm and a height of 100 nm at a pitch of 500 nm on a
150 nm thick gold film. Figure 2 shows a scanning electron micro-
scope (SEM) image and optical image of the fabricated sample, as
well as the corresponding reflection spectrum.

B. Raman measurement

Raman spectra and reflection spectra were taken using a con-
focal microscope (Witec RA300), 50x objective (NA =0.55,
WD =8.7mm) and spectrometer (UHTS300, grating =300 g/mm).
For Raman spectra acquisitions, the excitation source is a 532 nm
continuous wave (CW) Nd:YAG laser with a spot size of 0.55 um?.
The Raman spectrum was normalized to the reflection spectrum,
which is proportional to the photonic density of states in our
fitting routine. For temperature-dependent measurements, the
Raman spectra were collected on the same microscope system with
a heating stage (Linkam TS1500VE).

C. Non-thermal carrier generation in plasmonic
nhanostructures

The generation of non-thermal carriers from photoexcitation
in plasmonic nanostructures and the corresponding energy distri-
bution, I'., has been analyzed in several recent theoretical and
computational studies.”*”™”" Our calculations are based on an
adaptation of the theoretical framework (Fermi-Golden rule
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FIG. 2. (a) SEM image and (b) optical image of EBL-fabricated gold nanostruc-
tures and (c) measured reflection spectrum.

approach) previously developed by Manjavacas et al.,”” Liu et al.,”
and Forno et al.,”*

Ter @) = 3 fel1 ~ feo)]
ephase g
|Mz()|?
(how — &5 + &) + hZTEezphase

. 2

(o + & — £)* + hzrgezphase

Here, f is the Fermi-Dirac distribution function, which for
simplicity is commonly assumed to be at zero temperature
(see below for a discussion of how temperature information is
incorporated into our calculations), Zgephase is the plasmon dephas-
ing time, and My = jdrV(r, m)pg(r) is the transition matrix
element. Furthermore, p;(r) = e‘I’;(r)‘I’;(r), where e is the elemen-
tary charge, subscripts i and f stand for initial and final states, and
V(r, ) is the plasmon-induced potential. It is important here to
distinguish the plasmon dephasing time in Eq. (1) with any carrier
relaxation time, such as electron-electron or electron-phonon
scattering. The dephasing time 7qephase defines the natural linewidth
of excited plasmon, which is on the femtosecond scale.””° In
Fig. 1(a), we plot the calculated non-thermal energy distribution of
carriers generated inside a 10 nm thick gold slab that results from
dephasing of surface plasmon. For simplicity, the distribution of
non-thermal holes (red bars) is shown with the opposite sign.
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We note that this energy distribution [Fig. 1(a), blue and red bars]
can be approximated well using a Lorentzian function [Fig. 1(a),
solid line], with

Ir
L= 2 )

2)
(E— Eo) + G r)

where I' = —t— and E is the Fermi energy of gold. The calculated

. qephase I . .
energy distribution is in good agreement with other computational
studies of plasmonic decay phenomena,****"!

h

D. The joint density of states

The electronic Raman signal from nanostructured metals at
Raman shifted energy, fiw, has been observed to scale with a joint
density of states calculation, J (ha)),b’32

J(h) = [ @Y Bg(E+ o)1~ fE+ BN, )

Here, g(E) is an empirically fitted Lorentzian function and f(E) is the
Fermi-Dirac distribution at energy E, accounting for the thermal acti-
vation of carriers in the metal. Equation (3) provides a description of
the intensity across the entire Raman spectrum, since the anti-Stokes
signal corresponds to the annihilation of excited carriers separated
in energy by hw (as opposed to electron-hole pair generation).
Figures 1(a)-1(c) provide a diagram depicting the electronic Raman
signal as being due to inelastic scattering according to J(fiw) mediated
via virtual transition. We note that this expression does not distinguish
if carriers excited at the pump wavelength relax through real or virtual

ARTICLE scitation.org/journalljap

transitions, so that energetic broadening of PL from the metal (ie.,
relaxation through real transitions) is also consistent with this model.
Furthermore, it should be noted that the physical interpretation of
the Lorentzian function g(E) is also unclear. Otto et al** claim that
g(E) represents the inhomogeneous electron gas of the metal surface,
associated with surface roughness, while Szczerbinski et al.”” assume
that g(E) is the density of states of surface carriers. Thus, g(E) is con-
sidered to be related to materials’ properties of the metal.

In contrast, based on our calculation of the non-thermal
carriers [Eq. (1)] and the comparison with Eq. (2) [Fig. 1(a)],
we hypothesize that g(E), in fact, corresponds to the energy
distribution of non-thermal carriers, L(E, Tdephase)> generated by
non-radiative dephasing of the plasmon. According to our
proposed microscopic picture, the electronic Raman signal from
plasmonic metals is primarily due to inelastic scattering with non-
thermal carriers [Fig. 1(c)] that are generated during plasmon
dephasing. This hypothesis naturally solves a puzzle regarding why
the broad background has not been seen from bulk, smooth metal
films: nanoscale field localization provides the momentum relaxa-
tion required for free space excitation of localized plasmons that
then decay into non-thermal carriers.'”

However, we also emphasize that the proposed scattering
mechanism [Eq. (3)] is not sufficient to explain Raman signals at
more energetic scattering energies in the anti-Stokes region
between —4000 and —1500 cm™'. In Fig. 1(d), we plot the experi-
mental Raman spectrum (blue trace) from arrays of gold nanodisks
along with the fit according to Eq. (3) (yellow dotted line), and the
deviation is clear. Therefore, as discussed in our previous reports,
we also account for the contribution from the sub-population of
hot carriers with a characteristic temperature T,. The overall
Raman spectrum is then described according to

J(ho)=D-R U LE: Taopnase)f (Es TLE + o, Taeppae) (L — F(E + o, TH)E + a Jf(E, (1 — f(E + ho, T))E|, )

where D is a scaling factor that accounts for the collection efficiency
of our microscope setup, and R is the reflection spectrum of the
sample that is proportional to the density of photonic states.
Analogous scaling factors have been used to fit photoluminescence
and anti-Stokes Raman spectra in studies of individual nanostruc-
tures.' " L(E, Tdephase) 18 the energy distribution of non-thermal
carriers, which is approximated as a simple Lorentzian function
[Eq. (2)] in order to simplify the fitting process. The quantity f(E, Tj)
is the Fermi-Dirac distribution of carriers thermalized at lattice
temperature, T), while f(E, T,) is the Fermi-Dirac distribution of the
sub-population of hot carriers at the elevated temperature, T,. The
variable o is a free fit parameter that accounts for different signal
intensities, i.e., the relative size, of population in the hot carrier distri-
bution compared to the population of non-thermal carriers.

To summarize, the majority of the steady-state Raman signal
is due to inelastic scattering by non-thermal carriers that have been
excited via plasmon dephasing from the bath distribution with

temperature T, while about ~1% of the signal (scaled by «) is due
to a sub-population of carriers at the elevated thermal distribution
T,. The fit to Eq. (4) is excellent and is displayed in Fig. 1(d)
(red dashed line). A more detailed analysis of the fitted trends
follows below. For clarity, it is important to note that Eq. (4) ana-
lyzes three electronic populations: non-thermal carriers, hot carri-
ers, and carriers thermalized with lattice. These populations are
present simultaneously in steady state. Thus, Eq. (4) is comparable
to an extended TTM model.**”’

lll. RESULTS AND DISCUSSION

To demonstrate the validity of our physical model, a series of
Raman spectra were collected with samples on a temperature-
controlled microscope stage during heating from 298 to 448K
[Fig. 3(a)]. A 532nm continuous wave (CW) laser at an optical
power density of 2.5x 10° W/m?> was used to excite the Raman
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slope. We and other authors have previously attributed the region
of steeper slope (=700 to —1200 cm™) to scattering from carriers
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FIG. 3. (a) Raman spectra of gold nanodisks at different stage temperatures 210 1 ]
(dots) and the fit to Eq. (4) (solid lines), (b) Stokes spectrum, and (c) b B
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CZWstauge (K)
signal from gold nanostructures depicted in Fig. 2. In these experi- ~ FT T T T T T T T T T T T TR S
ments, we estimate the time interval between two incident photons ey & 5 |
(~1fs) to be much faster than the time scale of electron relaxation 2 15 L ]
processes (~100sfs). Thus, consecutive photons first excite and < C x ]
then probe the electronic distribution during CW experiments PP ‘ ‘ |
. . . . . = 10 | | | | | | | 1 | | |
(see SI in the supplementary material for details). It is also impor-
/ . L 2 300 350 400 450
tant to note that our previous experiments indicate a negligible
morphology change within the temperature range studied,”* and in Titage (K)
these experiments, reproducible Raman spectra, fitted trends,
and SEM images before and after the Raman studies rule out FIG. 4. (a) The lattice temperature (blue dots) is systematically higher than the
the possibility that the major findings illustrated below are due to stage temperature (blue dashed line) due to photothermal heating at the laser
irreversible structural changes of nanostructures (see SI in the spot. (b) The hot carrier temperature (red dots) is comparable to previous
studies”**%? and (c) the hot carrier contribution, . (d) The electron-phonon

supplementary material for details).
On a logarithmic scale, the experimental anti-Stokes trend
appears as a bent line, with each region displaying a well-defined

relaxation time, ze_on. (€) The plasmon dephasing time, 7gephase- The error
bars indicate the 95% confidence interval.
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graphite-like material that forms on the sample surface during
measurement.”>” This signal is very likely the result of highly
energetic hot carriers reducing adsorbed carbon-containing mole-
cules during measurement, and this signal has been observed ubiq-
uitously in SERS.”” It should be noted that direct coupling between
excited plasmons and the molecular orbitals of adsorbates can
affect the surface plasmon lifetime (i.e., the dephasing time),
depending on the coverage and molecular structure of adsor-
bates.””""" Therefore, we used Eq. (4) to fit our experimental
signal across the entire collected spectral range from —4000 to
3000 cm™', omitting the Rayleigh line (—200 to 200 cm™") and the
graphitic carbon signal (1200 to 2000 cm™). The quality of the fit
is highlighted for the Stokes side [Fig. 3(b)] and the anti-Stokes
side [Fig. 3(c)]. The fitting expression captures not only the broad
signal throughout the Stokes region, but also the two separately
sloped regions characteristic of the anti-Stokes signal.

The quantified physical parameters based on these fits are dis-
played in Fig. 4. The lattice temperature [blue dots, Fig. 4(a)] is
slightly higher than the set stage temperature (blue dashed line)
likely due to photothermal heating induced by the laser at the focal
spot. The electronic temperature [red dots, Fig. 4(b)] corroborates
well with our previously determined value from thermionic

emission measurements”* as well as other experimental and com-
putational studies.”” We note that the contribution from hot carri-
ers (o) also increases with stage temperature [Fig. 4(b)]. We
previously established a relationship between the size of the hot
carrier sub-population and the electron-phonon relaxation time
with 7._pn = apV/No, where p is the electron density of gold, V' is
the interacting volume of the laser and the metal surface (we
assume an optical penetration depth of ~30 nm in these experi-
ments),”’ N is the number of photons reaching the surface per unit
time, and o is the experimentally measured absorptivity. That is, in
the steady state, the size of the population of hot carriers is deter-
mined by the ratio of the rate at which carriers are excited and the
rate at which they relax. Therefore, the increase in o suggests a
slower electron-phonon coupling process with increased tempera-
ture [Fig. 4(c)]. A slower rate of hot electron relaxation is consistent
with the phonon bath being at an elevated temperature, in accor-
dance with the TTM.

Another important feature extracted from fitting is the
plasmon dephasing time [Fig. 4(e)]. The fitted dephasing time,
Tdephase> 18 around 15 fs and consistent with the reported value for
gold.”* The dephasing time is largely responsible for the spectral
shape on the Stokes side of the spectrum, with shorter dephasing
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FIG. 5. Raman spectra of gold nanodisk arrays recorded at (a)—(c) different stage temperatures or (d)—(f) varying incident optical power. (d) Agreement between experi-
ment (dots) and theory (solid lines) across the entire spectral range is highlighted for (b) and (e) the Stokes region and (c) and (f) the anti-Stokes region. During fitting,
the 1200-2000 cm™~" region containing the vibrational peak of the surface carbon species was neglected.
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time giving rise to a broader energy distribution. We hypothesize
that the monotonic increase in the plasmon dephasing time is
likely related to the formation of graphitic carbon species on the
sample surface during our measurements. Surface chemical species
can modify the plasmon dephasing process through CID, which
could result in a decrease or increase in the dephasing time based
on the nature of the chemical interaction. Based on other reports,
our expectation is that CID would cause the plasmon to dephase
more quickly,"”"" so the opposite trend here could also indicate
thermal desorption or chemical transformation of the surface
species that caused plasmon damping. The relative contribution of
the graphitic carbon signal increased during the course of this
experiment.

We performed an additional experiment to provide more
insight into the behavior of the dephasing time and its relationship
with the observed surface chemical reactions. A separate gold nano-
disk array was prepared (200 nm diameter at a pitch of 300 nm),
and Raman spectra from the sample were collected using a 532 nm
CW laser. The dependence of the Raman signal on dephasing time
is more pronounced in the Stokes-shifted spectrum, so our analysis
is focused on the spectral region from —1200 to 3000 cm™'. We
first performed a temperature-dependent study by heating the
sample stage using the same procedure reported above but with
much lower optical power density (6.4 x 10’ W/m?) in order to
minimize photothermal heating effects. Next, with the sample stage
heater turned off, we analyzed the Raman spectra as a function of
incident optical power density. The dependence on stage tempera-
ture or optical power is shown in Fig. 5.

Since the optical power used to collect the temperature-
dependent Raman spectra [Fig. 5(a)] is much weaker than the
optical power used in Fig. 5(d), we observed no evidence of the for-
mation of graphitic carbon species located at 1350 cm™ (D band)
and 1580 cm™! (G band) as shown in Fig. 5(b). In contrast, the
formation of carbon species during the power-dependent study
[Fig. 5(e)] indicates the important role of transiently excited hot
carriers for performing surface chemical reactions. Similar behavior
is observed by Szczerbifiski et al”” and in our previous reports.
Using the same fitting equation but excluding the contribution
from surface carbon, we observed a good agreement between the
theory and the experiment [Figs. 5(b)-5(f)].

A summary of the fitted parameters is provided in Fig. 6.
At low optical power, and thus minimal laser heating, there is very
good correlation between the fitted lattice temperature (blue dots)
and the heated stage temperature [black dashed line, Fig. 6(a)],
further validating our model. We observed a monotonic increase in
lattice temperature when incident optical power was increased
[Fig. 6(b)]. For comparisons between experiments, the optical
power was modulated so that samples obtained similar lattice tem-
peratures via laser heating or when using the stage heater. The
extracted plasmon dephasing time is depicted in Fig. 6(c) and is
relatively shorter under laser heating. We conclude that the contri-
bution of hot carriers is significant in the optical power-dependent
study, since the appearance of the D and G bands from graphitic
carbon is only observed in those spectra [Fig. 5(e)]. The adsorbed
carbon species may promote CID and cause the reduced plasmon
dephasing time. Although the specific chemistry observed here may
be complex, we emphasize that our analysis provides clear
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FIG. 6. (a) Correlation between the fitted lattice temperature (blue dots) and the
heated stage temperature (black solid line). (b) Extracted lattice temperature
(red dots) due to laser heating, while the stage was held at room temperature.
(c) Comparison of the plasmon dephasing time zgephase during stage heating
(blue dots) or during laser heating (red dots). The error bar represents the 95%
confidence interval.

spectroscopic signatures that can help distinguish effects due pri-
marily to thermal heating vs chemical interactions that involve
plasmonic phenomena.

Besides resolving the plasmon dephasing information con-
tained in the steady-state Raman signal, this fitting technique can
also quantitatively subtract the continuum background on the
Stokes side to reveal the vibrational fingerprint of adsorbed chemi-
cal species. This strategy may be useful for monitoring chemical
reactions in situ during SERS experiments. For instance, by sub-
tracting the fitted curve [solid line, Fig. 5(e)], the vibrational peaks
of the D and G bands of the surface carbon species are easily
resolved [Fig. 7(a)]. Based on multi-peak fitting to the molecular
vibrations [solid line in Fig. 7(a)], including the analysis of the
signal due to sp> carbon at 1530 cm™, the integrated signal inten-
sity of the carbon vibrational modes with respect to optical power
is shown in Fig. 7(b) (see SI in the supplementary material for
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FIG. 7. (a) Background-subtracted vibrational peaks of amorphous carbon species on the plasmonic substrate. (b) Integrated signal intensity [solid line in (a)] vs optical

power. The fitted power-law exponent, p = 0.7119, is less than one.

details). The power-law exponent is less than one, which means the
coupling between the carbon vibrational modes and surface
plasmon field enhancement decreases with optical power. This
decreased coupling, observed by tracking the molecular Raman
signal intensity, is corroborated by the observed increase in the
dephasing time of the surface plasmon [red dots, Fig. 6(f)] that is
indicated by the spectral shape of the broad Stokes background.

IV. CONCLUSION

In conclusion, we have developed a theoretical model that
hypothesizes that Raman signals from plasmonic nanostructures are
due to inelastic scattering with non-thermal carriers generated
during plasmon dephasing, and additionally, hot carriers at an ele-
vated temperature greatly in excess of the temperature of the metal
lattice. The characteristic temperatures of the TTM and correspond-
ing dynamic information as well as the surface plasmon dephasing
time can be determined quantitatively by fitting a Raman spectrum
using our model. We showed excellent correspondence between the
fitted lattice temperature of an array of Au nanodisks and the stage
temperature on which the sample was heated. Furthermore, a power-
dependent laser heating study revealed the insights provided by
using our model to correlate the plasmon dephasing information
with chemical species adsorbed on the metal surface. We believe
these results will inform strategies to monitor chemical reactions
using SERS and advance the analysis of plasmon-mediated photoca-
talytic reactions and other hot carrier effects.

SUPPLEMENTARY MATERIAL

See the supplementary material for an analysis of the time
interval between consecutive photons in our experiments, an
extended discussion of the multipeak fitting analysis in Fig. 7(a),
and several experiments establishing the sample stability and rever-
sibility of the Raman signal during the course of the temperature
studies.
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