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ABSTRACT: Significant recent interest in plasmonic nanomaterials is based on the ability to use
the strong resonant absorption to produce large transient populations of photoexcited non-
equilibrium “hot” carriers that can then be employed in novel classes of photochemical reactions
and more general optoelectronic detection schemes and power cycles. In this Feature Article, we
outline nanoscale design features that allow for systematic control over photothermalization in
plasmonic materials, connecting the microscopic mechanism of absorption, photoexcitation,
relaxation, and thermal emission with the electronic temperature and lattice temperature of a
metal during steady state illumination. Further, we show how anti-Stokes Raman spectroscopy can provide a quantitative
measure of the energy distribution of the hot electrons and the surrounding lattice temperature, as well as indicate the electron−
phonon coupling constant of hot electrons, all under optical conditions relevant to emerging hot electron devices, i.e., relatively
low fluence, continuous wave (CW) excitation. A major insight from our experiments is the presence of a sustained
subpopulation of hot electrons at an elevated temperature in comparison with the majority of the conduction electrons in the
metal. In conjunction, we show what features of nanoscopic geometries give rise to the largest population and longest-lived hot
electrons, as required for the goals of optimizing electron dynamics in developing applications of plasmonic hot electrons.

■ INTRODUCTION

Plasmonic resonances, the coherent mechanical oscillation of
free charge carriers at optical frequencies inside nanoscale
conductors, have now been studied for decades by chemists,
starting with some of the earliest analyses of surface enhanced
Raman spectroscopy (SERS) on nanostructured metals.1

Because these resonances support extreme optical confinement
into subwavelength volumes at hot spots near the nanostruc-
ture’s surface, several classes of subwavelength optical imaging,
detection, and single molecule sensing have been developed.2−4

More broadly, researchers across disciplines have refined
understanding of the design space of plasmonic materials for
more systematic control of light−matter interactions, culminat-
ing today in macroscopic “metamaterials” composed of
plasmonic subunits that support exotic optical responses, such
as unity absorption or transmission, negative index of refraction,
pronounced circular dichroism, or enhancement of a variety of
nonlinear phenomena.5−7

As we describe in more detail below, such control over the
optical response also enables unique opportunities for defining
the wavelength dependent and angle dependent absorption
cross section of metals across a broad spectral range, fromUV to
mid-IR, and thereby resonant photothermal energy concen-
tration from optically induced heating. Because metals exhibit a
very low efficiency for photoluminescence (<10−6 %),8 nearly all
optical energy absorbed is thermalized as vibrational energy in
the metal. Indeed, one of the most intriguing developments in
plasmonics is the use of the materials to provide extreme
localized heating for use in cancer therapy.9 In addition,
researchers have used the tailorabilty of the optical response for
several classes of nanoscale heat engines that leverage optically
induced heating in power cycles, such as solar-powered water
heating, distillation, or thermoelectric power generation.10−12

However, before optical absorption dissipates as vibrational
heating in the surrounding environment, there are several
microscopic steps that characterize the relaxation of the short-
lived subpopulation of photoexcited carriers. As established by a
wealth of recent ab initio calculations and confirmed in ultrafast
transient absorption (TA) studies, optical absorption in
plasmonic nanostructures occurs primarily via Landau damping
and bulk losses such as interband absorption.13 Which
mechanism dominates is dependent on the size of the
nanostructure, with bulk losses dominating in nanostructures
with lateral dimensions larger than ∼10 nm.14,15 Optical
excitation instantaneously provides an excited state distribution
of electrons and holes that depends on the frequency of
excitation, optical power, and the characteristic transition
dipoles of the absorber. Within femtoseconds, this nonthermal
subpopulation of excited carriers undergoes electron−electron
scattering to achieve a distribution of “hot” electrons with a
characteristic temperature that, during intense ultrashort pulsed
excitation, can be several 1000 K greater than the ambient
temperature of the metal lattice.16 Within picoseconds, the
carriers further relax via phonon coupling to induce vibrational
excitations of the metal lattice. Depending on the thermal
impedance with the environment and the absorbed optical
power, the lattice temperature of the plasmonic absorber can
also be significantly increased. However, given the large
difference in the heat capacity of the electron gas compared
with the metal lattice, the vibrational temperature increase is
usually significantly lower than the electronic temperature
increase, with reports of lattice temperature increases of∼1 K to
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hundreds of K, depending on optical fluence.17,18 Notably, solar-
induced vaporization of water around colloidal SiO2/Au
nanoparticles has been reported.19 In general, increases in
lattice temperature also allow for the metal to reach higher
electronic temperatures, as we describe below.20

The physical picture of the dynamics of the hot carriers
observed in TA studies is summarized in the well-established
two-temperature model (TTM), where the time dependence of
energy transfer between the excited electrons and the metal
lattice is defined by the electron−phonon coupling constant, G,
the thermal transport of energy away from the absorbing region,
depending on the electronic thermal conductivity, ke, and the
electronic and lattice heat capacities, Ce and Cl, respectively.
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These equations show that the rate at which the thermal energy
in the electron gas is converted to vibrational energy is
proportional to the temperature difference between the lattice,
Tl, and the electrons, Te (eq 2). Note that nanoscale
subwavelength metal absorbers may have no significant thermal
gradients in electronic temperature if the absorber is on the scale
of the optical penetration depth into themetal (∼10−20 nm), so
that the term dependent on ke often can be neglected. Often, this
TTM is extended into the so-called “expanded TTM” which
accounts for not only electrons thermalized to Te and Tl but also
the short-lived nonthermalized portion of the electrons before
electron−electron scattering has occurred.20−22

Some of the most fast-developing recent research in
plasmonics explores the opportunities for using the photo-
excited carriers for photochemistry or optoelectronic devices in
the short period of time before they thermalize with the lattice.
Reports of solar-powered water splitting and CO2 reduction as
well as photoactivated plasmonic antenna-reactor systems
illustrate the vast interest in these non-equilibrium elec-
trons.23−25 Major challenges are twofold. First, given the short
fs lifetime before electron−electron scattering establishes a
thermal distribution, Te, the mean-free path for a photoexcited,
nonthermal electron or hole is ∼100 nm or less. Thus, carriers
with the highest kinetic energy are very short-lived, compared
with the “hot” electrons in the thermal distribution Te. Even still,
the lifetime of hot carriers is also short, thermalizing with the
lattice within∼ps. Additionally, there is a limited escape cone of
electron or hole trajectories with suitable momentum to exit the
metal. Notably, nanoscopic confinement increases the proba-
bility that a hot electron will both reach a surface and have
appropriate momentum for collection in an external device or
chemical reaction.
To date, TA studies of the relaxation of the electron gas after

optical excitation using ultrafast pump−probe geometries have
been a primary tool for understanding plasmonic photo-
dynamics. In combination with the expanded TTM, it is
possible to gain a significant amount of information about the
time scales of thermalization, both on the femtosecond scale of
electron−electron scattering and on the longer picosecond time
scale that encapsulates electron−phonon interactions.20,22,26

These studies have provided a quantitative measure of the
lifetime of electrons in the non-equilibrium distribution and the
electron−phonon coupling constant, G in eqs 1 and 2, which
connects the lifetime to microscopic loss pathways in the

metal.27 This research has also provided several other insights,
including evidence for direct excitation into charge-transfer
states at the interface of the metal with a semiconductor or
molecule28 and the observation of coherent excitation of
vibrational modes in plasmonic nanoparticles after pulsed
excitation.13

In addition to what can be understood by the dynamics
observed in pump−probe studies, there is also much interest in
the hot electron response during CW optical excitation, such as
what can be achieved with devices or photochemical systems
under solar illumination. Under these steady state conditions,
there will always be a subpopulation of electrical carriers present
with greater kinetic energy than electrons that have relaxed and
equilibrated with the lattice. Moreover, the dynamics of hot
carriers in this prolonged time regime, and at significantly lower
optical intensity than in ultrafast pump−probe studies, is much
less understood. In this Feature Article, we outline how the
emission and absorption properties of plasmonic materials can
be optimized in order to obtain the highest possible temper-
atures during photothermalization. Building from this frame-
work, we then provide new insight into the steady state behavior
of hot electrons under CW illumination. We have recently
refined an anti-Stokes Raman spectroscopy technique that
probes the energetic distribution of electrons in plasmonic
nanostructures during CW excitation.29 We show how the
technique provides a quantitative measure of a sustained
subpopulation of hot electrons at an elevated temperature
distribution, Te, in addition to electrons that are in equilibrium
with the lattice temperature, Tl. The physical picture is that, in
the steady state, photoexcited electrons thermalize very quickly
with other hot electrons via electron−electron scattering (∼fs),
well before relaxing to the bath electron distribution that is
equilibrated with the lattice (∼ps). Because these dynamics
result from the distinct time scales that give rise to the TTM
described above, this Raman technique additionally gives
information about the electron−phonon coupling constant,
for comparison with more-established TA methods, while at
much lower CW optical excitation intensity. Just as the design
rules for maximizing photothermal energy concentration for
lattice heating have been well established in the plasmonics
literature, this report provides new insights into how the non-
equilibrium hot electron temperature can also be understood
and controlled in the steady state, for emerging applications of
plasmonic hot electrons.

■ METHODS
Fabrication. To prepare plasmonic nanostructures, a 5 nm

Cr sticking layer was thermally evaporated onto a Si wafer
followed by a 150 nm gold film (Lesker PVD e-beam
evaporator). Nanoscale patterns were deposited on these
substrates using electron beam lithography. A resist layer of
PMMA/MMA 9% in ethyl lactate (MicroChem) followed by a
layer of 2% 950k PMMA in anisole (MicroChem) were spin
coated. Exposure of the resist to an electron beam for
lithography was performed using a Tescan FE-SEM instrument.
A 100 nm gold layer was evaporated on top before the resist was
removed in acetone.

Spectroscopy. Reflection spectra were taken using a
confocal microscope (Witec RA300) with a 100× objective
(0.9 NA) and a white light illumination source. Reflection
measurements were normalized to the source spectra to
calculate absorptivity. Anti-Stokes Raman spectra were collected
on the same instrument with a vacuum heating stage attached to
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a vacuum pump (Linkam TS1500VE). Vacuum measurements
were performed at a pressure of 0.010 mbar. Samples were
illuminated with a 532 nm CWNd:Yag laser which was focused
on the sample with a 20× objective (0.4 NA).
Electrical Measurements. The nanostructured gold

patterns and an ITO coated glass slide were secured together
in a parallel plate geometry with a 200 μm bilayer spacer
composed of Kapton tape (on the ITO side) and copper tape
(attached to the gold film surrounding the nanostructures). The
sample was placed in the same microscope stage (Linkam
TS1500VE) and brought to a pressure of 0.010 mbar. A 532 nm
CW diode laser was focused on the surface with a 50× objective
(0.55 NA), and electrodes were connected to a source-measure
unit (Keithley 2450) to vary the bias while measuring current.
The laser light was chopped at 47 Hz, and current was measured
using a lock-in amplifier (Stanford Research Systems, SR830).
Bias voltage was modulated between −0.2 V (accelerating bias)
and 1 V (retarding bias) for each optical power.

■ PHOTOTHERMALIZATION AND LATTICE
TEMPERATURE IN THE STEADY STATE

Researchers in plasmonics, and nano-optics more broadly, have
developed design rules for maximizing the lattice temperature of
an optical absorber due to photothermalization bymodifying the
spectrally dependent and angle dependent absorptivity, α(λ, θ,
ϕ). This parameter is highly tunable due to the dependence of
the plasmon resonance on the size, shape, and surrounding
dielectric environment of a subwavelength metal. Thermal
emissivity, ε(λ, θ, ϕ), is the parameter that describes how a
material emits thermal radiation into the surrounding environ-
ment. For a material at a given temperature, ε corresponds to the
scaling factor for emission according to a Planck distribution.
Ideal blackbodies absorb light from all angles and at all
wavelengths with α(λ, θ, ϕ) = 1, and similarly, blackbodies
emit radiation into all angles uniformly with a spectral profile
based on temperature as described by the Plank distribution.
Real materials, or gray bodies, take values of α(λ, θ, ϕ) < 1 and
ε(λ, θ, ϕ) < 1. According to Kirchhoff’s law of radiation, α(λ, θ,
ϕ) and ε(λ, θ,ϕ) are equivalent. Due to the original derivation of

Kirchoff’s law as a consequence of thermal equilibrium, there has
been some debate about its validity for plasmonic systems,
especially when there may be a significant population of non-
equilibrium hot electrons. However, recent reports have
provided arguments to justify the local equivalence of absorption
rate and emission rate in plasmonic systems.30 Thus, defining
the absorption properties of a material also controls how the
material emits thermal radiation, and therefore how it radiatively
equilibrates the energy it absorbs with the surrounding
environment.
Intuitively, to maximize the temperature of an absorber, the

goal is to maximize the cross section for absorption at incident
optical frequencies but minimize the efficiency of thermal
emission, while also minimizing thermal energy transfer through
conduction or convection. This strategy has been well
established, for example, for use in thermophotovoltaic schemes,
or in other applications of solar-thermal heating.31 For these
applications, so-called “selective absorbers” are designed that
maximize the absorption of the incident solar spectrum while
maintaining very low radiative emission in the infrared (IR).
Because of the low efficiency for IR emission, in the steady state,
selective absorbers must reach much higher internal temper-
atures in order to radiate the same power that is absorbed from
the sun, as depicted schematically in Figure 1.
We can better understand the desired properties for

photothermal heating by examining the basic relations that
account for this power balance between optical absorption and
thermal emission. Here we consider an absorber that is in direct
sunlight. As shown in eq 3, the radiative power absorbed, Pabs,
must equal the power emitted, Pemit, though not necessarily in
the same spectral range.

=P Pabs emit (3)

The power absorbed is related to the fraction of energy from
sunlight that is absorbed, Psun, and depends on the absorptivity
of the material, α(λ, θ, ϕ), as well as the spectral and angular
profile of sunlight, Isolar(λ, θ, ϕ). In addition to sunlight, the
absorber will take in radiative energy from the ambient

Figure 1. (a) Schematic of a selective absorber optimized for solar heating along with (b) the emissivity function (red trace) compared to a blackbody
(black trace) and (c) the relative spectral emission intensity compared with a blackbody when both absorbers are in direct sunlight. The blackbody
reaches T = 410 K, and the depicted selective absorber with δ1 = δ2 = 0.1 and λcutoff = 7100 nm reaches T = 643 K. Parts d and e show the possible
temperatures that can be obtained by modifying emission in either the high or low wavelength region of the spectrum as a function of λcutoff.
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environment, Pamb, described by a Plank distribution at
temperature Tamb.

= +P P Pabs sun amb (4)
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In the following calculations, integration over the zenith angle,
θ, is limited to a hemispherical area to account for a surface that
is only absorbing and emitting from the top face, a situation that
is realized when a mirror is on the underside of the structure. We
integrate the power absorbed over the solid angle subtended by
the sun, 0.26°.32 The absorber will emit energy according to its
emissivity function and internal temperature, T, as indicated by
Pradiative. In addition to radiative emission, the absorber may lose
power through conduction, convection, or other nonradiative
pathways, Pnonradiative.

= +P P Pemit radiative nonradiative (7)

∫ ∫ ∫ ε λ θ ϕ
λ

θ θ λ θ ϕ

=
−λ°

°

°

° ∞
P

hc
( , , )

2 1
e 1

cos sin d d d

hc kTamb
0

360

0

90

0

2

5 ( / )

(8)

If the incident spectrum is known and power losses due to
nonradiative pathways are understood or eliminated, the
temperature, T, that an absorber reaches in the steady state is
a unique function of the spectral absorptivity, α(λ, θ, ϕ), given
the equality ε(λ, θ, ϕ) = α(λ, θ, ϕ). Based on this framework, an
ideal blackbody with ε(λ, θ, ϕ) = α(λ, θ, ϕ) = 1 under the Air
Mass 1.5 solar spectrum in an ambient environment at room
temperature (Tamb = 298 K) is expected to reach a temperature
of 410 K, if nonradiative power losses are negligible. In general,

the highest possible temperatures are obtained when the power
balance is dominated by radiative effects.
Before discussing the specific geometries we have fabricated

that maximize photothermal heating, it is helpful to analyze how
systematic control over ε can lead to very dramatic increases in
temperature, according to the behavior modeled in eqs 3−8
above and assuming negligible Pnonradiative. As shown schemati-
cally in Figure 1a, we consider a generalized absorber for which
the surface has been modified through nanostrucuturing to
provide a step function in the spectral absorptivity, or emissivity
equivalently. The surface provides strong absorption for
wavelengths below some cutoff, λcutoff, and weak absorption at
longer wavelengths (Figure 1b). Our analysis also considers how
deviations from an ideal step function impact temperature, with
δ1 accounting for deviations at short wavelengths and δ2
accounting for deviations at long wavelengths. To date,
plasmonic materials have been fabricated that demonstrate
near unity absorptivity in the visible spectral region33,34 and
noble metal films intrinsically exhibit ε ∼ 0.01 in the IR spectral
region. For comparison, the spectral emissivity of an ideal
blackbody is also depicted (Figure 1b, black line).
As can be clearly seen in Figure 1c, the presence of the step

function in the emissivity profoundly impacts the spectral
distribution of the emitted radiation, in comparison with the
emission from a blackbody. Both the red and black trace in
Figure 1c show thermal emission due to solar absorption. This
change in the emission profile, with more photons emitted at
higher energy, entails that the selective absorber is at a higher
temperature due to the dependence on temperature in the Plank
distribution and the requirement that both surfaces emit the
same total power that they absorb. In this figure, the blackbody
has reached a temperature of 410 K, while the selective absorber
has reached a temperature of 643 K.
In Figure 1d and e, we consider how temperature is impacted

by the spectral position of λcutoff, as well as the dependence on
the magnitude of δ1 and δ2. First, as summarized in Figure 1d, it
is clear that the highest possible temperatures are obtained when
the long wavelength emissivity is kept as close as possible to zero.

Figure 2. (a) Schematic of an angle selective surface along with (b) the emissivity function (blue trace) compared to a blackbody (black trace) and (c)
the relative emission intensity compared to a blackbody when both absorbers are under full sun at normal incidence. The blackbody reachesT = 410 K,
and the angle selective surface depicted here, with γ1 = γ2 = 0.2 and αcutoff = 40°, reaches T = 653 K. Parts d and e show the possible temperatures that
can be obtained by modifying emission in either the high or low angle range as a function of αcutoff.
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The maximum temperature obtained is highly sensitive to very
small changes as δ2 approaches zero. This indicates that the
temperature is more sensitive to small decreases in thermal
emission, rather than increases in solar absorption. Decreasing
emissivity at long wavelengths also blue shifts the λcutoff that
provides the maximum temperature, until λcutoff is shifted so far
to the blue that it impedes solar absorption. If however the long
wavelength emissivity is fixed at a value comparable to the
intrinsic emissivity of a noble metal film, ε = 0.01 (Figure 1e),
then the dependence on deviations from perfect absorption at
short wavelengths is less pronounced. Across the entire range of
values for δ1, the spectral postion of λcutoff that provides the
highest temperature is maintained between 1000 and 2000 nm
and the maximum temperature is between 600 and 1200 K.
Nonetheless, this is still a significant increase in temperature
compared with the temperature of 410 K that a blackbody
obtains in full sun.
Another powerful way to affect the thermal energy balance of

an optical absorber and increase temperature is to constrain the
angular range of thermal emission, as depicted in Figure 2a. In
analogy with the analysis of modifications to spectral emissivity
discussed above, we consider a nanostructured surface that has
been designed to strongly absorb and emit radiation only within
a specific solid angle range around normal incidence. This solid
angle range is defined by αcutoff with absorption or emission into
larger angles prohibited. In the analysis that follows, we assume
that the sun is at normal incidence, so that the radius of the solid
angle subtended by the solar disk extends to 0.26° from the
surface normal.35 The emissivity function is depicted in profile in
polar coordinates in Figure 2b, assuming radial symmetry
around the normal axis in all calculations. The cos(θ)
dependence that characterizes the Lambertian emission of
radiation from a point on the surface of a blackbody is also
depicted (black trace). Further, deviations from a perfect step
function in the angle dependent emissivity are represented by γ1
at low angles around normal incidence and γ2 at high angles.
Figure 2c shows how the emission intensity from a surface with
αcutoff = 42° is increased at small angles compared with a
blackbody, due to the change in the angle dependent emissivity.
As above, in accordance with eqs 3−8, this increase in emission
intensity into some angles entails that this angle selective
absorber is at a higher temperature (653 K) compared with a
blackbody (410 K) when absorbing light from the sun.
We also analyze how temperature is impacted by the choice of

αcutoff, including the dependence on γ1 and γ2 (Figure 2d,e). As γ1
and γ2 both approach zero, the temperature that can be reached
by the surface is increased, with higher temperatures obtained as
αcutoff is decreased. The maximum temperature obtained for any
combination of γ1 and γ2 is reached when αcutoff = 0.26°, or when
thermal emission is limited to the same solid angle that light is
received from the sun. Here also, we see that the temperature
response is more sensitive to decreases in thermal emission into
large angles, as opposed to increases in solar absorption near
normal; hence, temperature depends more strongly on γ2 than
γ1. We note that in the ideal limiting case with γ2 = 0 the
dependence on αcutoff corresponding to the darkest blue trace in
Figure 2d is obtained for any value γ1 ≠ 1.
Unlike the wavelength selective absorber described above,

increasing temperature using only angle selective absorption and
emission requires that the correct orientation with respect to the
optical source is maintained. For structures heated by sunlight,
this can be achieved with mechanical solar trackers that move
the absorber to follow the sun over the course of the day and

year. Similar strategies are employed in solar-thermal power
converters and photovoltaic schemes that use external lenses or
optical concentrators to increase the intensity of sunlight on the
converter, since lenses also require correct orientation. Indeed,
restricting angle dependent emission as described here provides
the same temperature increases that can be achieved using
optical concentrators, because concentrator lenses effectively
increase the solid angle of radiation received from the sun,
increasing the angle range of the integral describing the power
balance in eq 5. The net effect is equivalent to decreasing the
angle dependent emission in eqs 6 and 8. Note that lenses also
increase the apparent power from sunlight hitting the absorber,
based on the concentration factor of the lens. This dependence
on angle range is why the two strategies, concentrator optics or
angle restrictive emission, have little theoretical benefit if used in
conjunction. However, unlike conventional concentrator lenses,
selective absorbers can be designed to have high absorption of
sunlight at all angles but low emission of thermal radiation into
any angle, as we outline below. Thus, nanostructured surfaces
can provide many advantages in comparison with conventional
tracking optics used in solar-thermal concentrator applications.

■ PLASMONIC ABSORBER DESIGN
With knowledge of the ideal absorption and emission properties
that can give rise to the largest temperature increases during
photothermalization of direct sunlight, we next show how the
spectral and angle dependent emissivity of plasmonic surfaces
can be engineered to approximate this ideal response. We are
particularly interested in what temperatures can be reached
under direct sunlight, for potential application in a variety of
solar energy conversion schemes that take advantage of
plasmonic heating.19,23 Further, we show below howmaximizing
the lattice temperature of the metal is a crucial step for also
increasing the temperature of the non-equilibrium hot electrons
during steady state absorption.
Several design motifs among researchers in plasmonics and

nanophotonics have been established that use periodic
subwavelength arrays to provide desirable optical attributes,
such as strong broadband absorptivity, restricted angular
emission, or thermal energy beaming.36−38 In our studies, we
assess a proposed absorber design and then model the optical
and thermal response iteratively, modifying design parameters
until the highest predicted temperature is obtained. Full wave
electromagnetic simulations (finite difference time domain
method) using commercially available software (Lumerical)
allow us to determine α(λ, θ, ϕ). Based on this emissivity
function and eqs 3−8, we then calculate the anticipated
temperature when the plasmonic array is placed in direct
sunlight, assuming negligible Pnonradiative. A simple but effective
example geometry of a cubic array of Au nanoscale cylinders on a
Au substrate is depicted in Figure 3a. Here, the periodicity and
cylinder dimensions were varied systematically to identify the
geometry that provided the highest predicted temperature
during solar absorption, giving T = 1119 K. For reference, the
melting temperature of bulk Au is 1336 K.39 We observe several
features in the emissivity function that provide this large
temperature, as summarized in Figure 3b,c. Near-unity broad-
band emissivity is maintained throughout the visible spectrum
for wavelengths below λcutoff = 590 nm. Further, this strong
emissivity is largely insensitive to incident angle, as indicated by
the integrated emissivity over the entire hemisphere of incident
angles, Figure 3b. Finally, low emissivity is maintained over all
angles for wavelengths larger than λcutoff, thus approximating
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many of the desirable features outlined in Figures 1 and 2. As
discussed in more detail below, a structure with a lattice
temperature that is as close as possible but below the melting
point also allows for the maximum possible increase to the
electronic temperature, without destruction of the absorber due
to melting.

■ MEASURING LATTICE TEMPERATURE AND
ELECTRONIC TEMPERATURE IN THE STEADY
STATE

In order to quantify the actual temperatures that are obtained via
photothermalization, gold nanostructures were fabricated using
electron beam lithography, as outlined in theMethods section. A
schematic and SEM image of a fabricated array of nanoscale

cylinders deposited on a 100 nm thick Au film, with features
comparable to the modeled structure in Figure 3, are depicted in
Figure 4a,b. The temperature of the metal during optical
absorption was determined by an analysis of an anti-Stokes
Raman signal that resulted from optical excitation of the pure
metal sample. Full details of the fitting routine employed for the
temperature analysis and a discussion of the physical origin of
this Raman signal are described below. The Raman signal was
collected during illumination with a 532 nm continuous wave
(CW) laser across incident powers spanning 8 × 108 to 9 × 109

W/m−2. This laser also served as the optical source that heated
the nanostructure via absorption and photothermalization. A
representative data set is shown in Figure 4c. As incident optical
power increases, the anti-Stokes signal increases monotonically.
At higher fluences, greater than 4 × 109 W/m−2, there is the
appearance of two peaks in the spectra at −1350 and −1580
which indicate the formation of amorphous carbon on the
surface of the gold. This amorphous carbon signal is commonly
observed at high optical fluences in SERS and in tip-enhanced
Raman spectroscopy (TERS) experiments, and it likely results
from the photodegradation of trace amounts of organic
contaminants that are adsorbed to the metal surface during
measurement.40,41 Data in this wavenumber range is excluded
during analysis to prevent artifacts that are not attributed to the
gold surface from interfering with the fitting routine. The signal
collected from a gold film control sample was∼10×weaker than
the signal from a nanostructure at equivalent incident optical
power, consistent with enhancements commonly seen in SERS
measurements.1

Scattering by phonons does not contribute to the Raman
signal observed from pure metals.42 Rather, the broad signal is
due to a direct interaction with the electron gas and therefore
provides information about the energetic distribution of the
electrons.18 Recent studies suggest this signal may be due to
anti-Stokes photoluminescence from the recombination of the
short-lived photoexcited electron−hole pairs in the metal, rather
than a coherent scattering process, as with conventional Raman
spectroscopy of vibrational modes,18,43 However, the exact
physical origin of the anti-Stokes signal is still under debate and
may be dependent on the specific metal or nanoscale geometry
under study.43 Despite uncertainty about the physical
mechanism, it has been well established that this anti-Stokes
signal is a reliable reporter of the lattice temperature of the

Figure 3. (a) Schematic geometry of a Au nanostructure with the
corresponding simulated emissivity function (b) integrated over the
entire hemisphere of surface emission to show the wavelength cutoff at
590 nm, as well as (c) the explicit dependence on zenith angle (θ).

Figure 4. (a) Schematic of a Au nanostructure with dimensions h = 100 nm, p = 500 nm, and d = 273 nm and (b) the corresponding SEM image. (c)
The power dependent anti-Stokes Raman signal, with the growth of amorphous carbon peaks around−1500 cm−1 at higher powers. The power range
spanned is 8× 108 to 9× 109W/m−2. (d) A one-temperature fit (T = 505 K, green dotted) and the two-temperature fit (Tl = 456 K,Te = 5523 K, and χ
= 1.01%, blue dashed) for an incident optical power of 4.2 × 108 W m−2. The weaker signal (light gray dots) is from a smooth Au film.
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metal.17,18,44 Thus, the Bose−Einstein distribution of the
phonon excitations describes the spectral trend:

ω ωΔ = × Δ ×
−ωΔ
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k
jjjj

y
{
zzzzI C D( ) ( )

1
e 1hc kT( / )l (9)

Here, I is the anti-Stokes signal normalized by power and
integration time as a function of the energy difference from the
Rayleigh line, Δω, and the lattice temperature, Tl. To account
for the experimental collection efficiency, a scaling factor, C, is
included that is calibrated for each measurement. The density of
states of the material, D(Δω), is obtained experimentally from a
reflection spectrum.
When fitting our data to eq 9, as plotted in Figure 4d (green

dotted line), we find that the spectrum is described very
accurately near the Rayleigh line but deviates significantly at
Raman shifts greater than −2000 cm−1. This deviation at high
energy shifts has been observed throughout SERS and TERS
studies during CW excitation.18,40,45 Recent reports, including a
study from our lab, attribute this high energy signal to the
presence of a sustained subpopulation of hot electrons in the
metal that are at an elevated temperature in comparison with the
majority electron bath.29,40 Importantly, as we show below, this
interpretation can be verified independently in a thermionic
device geometry that measures the temperature and size of the
hot electron subpopulation based on the electrical signal of
vacuum emitted electrons. A consistent physical picture that
explains the Raman signal is as follows. First, after optical
absorption, photoexcited electrons quickly exchange energy
with other hot electrons via electron−electron scattering (∼fs)
to establish a distinct electronic subpopulation with a well-
defined temperature,Te. Then, on a longer time scale (∼ps), hot
electrons within the subpopulation equilibrate with the rest of
the electron bath at a rate determined by electron−phonon
scattering, to achieve a distribution at temperature Tl. During
illumination, some steady state population of hot electrons will
always be present that is defined by the optical absorption rate as
well as the magnitude of the electron−phonon coupling.
Adapting the fitting method of Szczerbinśki et al., we find that
the additional signal at higher wavenumbers can be accounted
for by including an additional term to describe the relative size of
the subpopulation of hot electrons, χ, with temperature Te.
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Carriers in equilibrium probe the phonon distribution and
therefore show the Bose−Einstein statistics of lattice excitations,
while the hot electron subpopulation is described by Fermi−
Dirac statistics.46 We note that spectra can also be well described
assuming that the hot electron population obeys Boltzmann
statistics, and both distributions provide similar values for the
fitted parameters. The fit to eq 10 is also plotted in Figure 4d
(blue dashed) and shows excellent agreement with the data over
the entire spectral range. Moreover, this analysis accurately
describes spectra measured over a wide range of optical powers
from 106 to 1011 W m−2 in our experiments.29 We also
emphasize that the Raman signal we attribute to the hot
electrons is very weak compared to the signal from the
thermalized electron bath, especially for thin film samples
without SERS enhancement. As understood in an expanded
TTM model, it is also expected that some contribution to the
signal is from nonthermalized electrons. However, based on the
optical power densities probed in our experiments, we believe
that the average time between photon absorption events is
greater than the time scale of electron−electron scattering.
Thus, there is not a significant fraction of the electron population
corresponding to the nonthermal component prevalent in our
spectra, or ≪1%. In experiments, it is crucial to eliminate
sources of error and other artifacts such as stray lights or
unwanted scattering. Additionally, long integration times of
several minutes and a rigorous procedure for assessing the
spectral baseline are required to obtain data that can be fitted
robustly. We also cannot fully discount other small effects
contributing to the signal, such as shifts in the plasmon
resonances of the nanostructures due to volume expansion
during heating. Nevertheless, the electrical device data we report
below confirms major trends in the behavior of the hot electrons
that are also consistent with the interpretation of the Raman
spectra in accordance with eq 10.
The large increase in Raman signal from the nanostructured

film compared to a smooth Au film in Figure 4d is due to the
large optical field enhancement provided by the plasmon
resonance of the nanoscale cylinders. Given the importance for

Figure 5. (a) Schematic of a periodic structure with strong optical field enhancement for enhancing Raman signal, with l = 225 nm, p = 500 nm, and h =
100 nm on a 150 nm thick gold film. (b) SEM and (d) optical image of the fabricated nanostructure. (c) The absorptivity at normal incidence of the
nanostructure (black) compared to a smooth gold thin film with a thickness of 150 nm (red). (e) The calculated optical field enhancement on a side
face of a nanocube, as depicted in part a. A maximum field enhancement of 47× at the corners is predicted.
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maximizing the Raman signal to aid interpretation of the
electronic and lattice temperature in systematic temperature
studies, we turn to a substrate design that will maximize local
field enhancements, similar to the design of SERS substrates. It is
well established that optical field concentration is strongest at
corners and sharp tips in plasmonic absorbers.47 Indeed, a
nanocube array shows very high field enhancement at corners, as
shown in schematically in Figure 5a along with corresponding
optical and SEM images (Figure 5b,d). With proper tailoring of
this geometry, highly absorbing structures can be made that also
approximate the selective absorber behavior observed in the
pillar geometry in Figure 3. Again, using full wave optical
simulations (FDTD method), we determine an optimized
periodic structure that provides strong broadband absorption
and high local field enhancement. As depicted along one face
(Figure 5e), the nanocube shows nearly 50× field enhancement
at the sharp corner compared with the incident optical intensity.
The fabricated structure also exhibits strong, broadband
absorption in the visible (Figure 5c).
Using fits to the anti-Stokes Raman signal, we track the

dependence of Tl, Te, and χ on optical power for the optimized
absorber in Figure 5 and compare the response with a smooth
150 nm thick Au film. Both samples were fabricated on a silicon
wafer substrate. The results from the study of the Au film, with
the fittedTl,Te, and χ, are displayed in Figure 6a−c, respectively.
Due to the weaker Raman signal compared with the
nanostructure array, temperatures can only be robustly fitted
for spectra obtained at a minimum incident laser power of 5 ×
108 W m−2, corresponding to a significant temperature increase
in both Tl and Te. Note that above a measured Tl of 600 K we
observe the onset of thermal degradation of samples, further
limiting the power range that can be measured. Based on eq 7,
the highest lattice temperature an absorber can reach is limited
by the magnitude of the Pnonradiative term, due to effects such as
convection or conduction. In order to understand the role of
convection, we performed anti-Stokes Raman measurements
both in the atmosphere and at a vacuum pressure of 0.010 mbar.
Indeed, placing the gold film in a vacuum significantly increases
the Tl that was obtained during absorption, though the sample
substrate also provided a conduction pathway of thermal energy

away from the sample, significantly limiting the photothermal
response. Perhaps more striking is the very large dependence of
Te on the vacuum pressure, with electronic temperatures in the
vacuum exceeding those in the atmosphere by as much as a
factor of 4. This suggests that electronic temperature is also
highly dependent on nonradiative loss pathways. It has been well
established that gold nanostructures can interact with surface
adsorbed molecular species in a process known as chemical
interface damping (CID) .48,49 During CID, direct photo-
excitation into adsorbate states decreases the plasmon lifetime
by introducing another pathway by which it can decay. Given
that we see the formation of amorphous carbon under high
illumination, there is strong evidence that photoexcited
electrons are interacting with absorbed molecules from the
atmosphere either through CID or hot electron injection.
Further, an observed decrease in Te and χ is consistent with
plasmon damping due to CID. A more detailed analysis of both
the hot electron lifetime and electron−phonon coupling is
provided below, giving more insight into the nature of electron
relaxation pathways.
Moreover, there is a monotonic increase in temperature with

increasing laser power, with the magnitude of electronic
temperature in both the atmosphere and the vacuum exceeding
the lattice temperature by well over an order of magnitude. This
is expected due to the ∼100× smaller heat capacity of the
electron gas compared to the lattice,16 and this difference
between electronic and lattice temperature has also been
observed in TA studies.40,45,50 Interestingly, we find that in
both environments there is an inverse relationship between the
trend in Te and χ as the optical intensity is increased, though the
trend is more pronounced when the thin film is in a vacuum. It
has also been established in TA studies and computational
studies that there is an increase in electron−phonon coupling as
electronic temperature increases, resulting in faster rates of
electron relaxation.51 We similarly interpret the observed trend
in χ as resulting from an increase in the rate of hot electron
relaxation with temperature that outcompetes the increase in the
excitation rate of hot electrons at higher laser fluences.
An analysis of the nanostructure array described in Figure 5

with the fitted values of Tl, Te, and χ is displayed in Figure 6d−f,

Figure 6. (a−c) The fitted values of Tl, Te, and χ, respectively, for a 150 nm thick gold film measured in the atmosphere (red squares) and in a vacuum
(purple stars) as a function of incident optical power. (d−f) The fitted Tl, Te, and χ, respectively, for the gold nanostructure in Figure 5d, measured in
the atmosphere (green circles) and in a vacuum (blue diamonds).
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respectively. A benefit of measurements performed on
nanostructures is that the field enhancement provides an
increase in signal, allowing more reliable spectra at lower optical
powers and decreased noise. Both in the atmosphere and under a
vacuum, Tl and Te are larger in comparison with the gold film at
equivalent optical power, due to the increase in absorbance.
However, the onset of thermal degradation occurred at
somewhat lower lattice temperatures in a vacuum compared
with the gold film, limiting the high power range of the study.
Even still, the electronic temperatures reached are nearly twice
as high as the gold film at the highest optical powers.
Additionally, the nanostructure array shows the same inverse
relationship between Te and χ. The much higher electronic
temperatures entail that the nanostructures exhibit a relatively
smaller subpopulation of hot electrons at the same optical
powers compared with the film. However, for equivalent values
of Te, the nanostructure exhibits a larger χ than the thin film,
when the samples are in the atmosphere. Again, this can be
interpreted as resulting from changes in the electron−phonon
coupling that depend on environmental factors and geometry
and is described in detail in the discussion below.
With the insight provided by the anti-Stokes Raman analysis,

it is possible to adapt the traditional two-temperature model
given in eq 1 in order to account for the steady state behavior of
the metal when it is absorbing optical power, Pabs. Crucially, the
expression now includes a specific dependence on the size of the
hot electron subpopulation, χ. In eq 1, both ∂

∂
C T

t
e e andG(Te− Tl)

refer to heat-transfer rates between different subpopulations in
the material, and both are extensive quantities that are scaled by
χ in order to accurately describe the amount of electrons
participating in the thermalization process. Further, Te refers
only to the temperature of electrons within the hot electron
subpopulation:

χ χ
∂
∂

= ∇[ ∇ ] − − +C
T
t

k T G T T P( )e
e

e e e l abs (11)

In the steady state, the time derivative goes to zero,, allowing a
description for Te in terms of the lattice temperature of the
system, Tl, as can be obtained from eqs 3−8 above. If we neglect
local thermal gradients, then

χ
= +T T

P
Ge l

abs

(12)

We see that the electronic temperature is greater than the lattice
temperature by an additional term that accounts for the power
absorbed and the electron−phonon coupling constant, G.
Further, increases in electronic temperature are expected to
correlate with decreases in χ, as observed in Raman measure-
ments. If the electron−phonon coupling observed in ultrafast
TA studies is also representative of electron dynamics in this
regime of steady state absorption, we can make specific
predictions about how electronic temperature depends on
lattice temperature. Assuming χ of 1%, a conservative estimate
based on the data measured in Figure 6, and assuming a G value
of 1013 W m−3 K−1, based on calculated and reported values for
nanoscale gold,46 when a Au thin film is absorbing solar
illumination, eq 12 predicts that the steady state temperature
difference between lattice and electronic temperature is only a
few degrees. However, all three terms that define the increase in
electronic temperature with respect to lattice temperature, χ, G,
and Pabs, appear to be modified by the geometry of the nanoscale
absorber in our studies. In the first half of this report, we

demonstrated how to design a nanostructure that has optimized
absorption for maximizing Tl and Pabs which leads to an increase
in Te, as calculated by eq 12. Another consequence of a careful
choice of geometry is that optical absorption can be strongly
enhanced at electromagnetic hot spots, thus effectively
increasing Pabs locally even further in the structure, sometimes
by orders of magnitude compared with the incident optical
intensity, depending on the nanoscale geometry. Further, in
addition to the trends in χ, that depend on optical power and
environment as reported above, we will show how structural
features in the nanoscale absorber relate to the size of χ and the
electron−phonon coupling constant, G, as determined by
Raman measurements, thereby also providing new insight into
the factors that determine the rate at which electrons thermalize
with the bath. Therefore, the hot electron temperature than can
be sustained in the steady state is informed by systematic
analysis of the anti-Stokes Raman signal, in combination with
more well-established design considerations for locally enhanc-
ing optical fields.

■ VERIFICATION OF THE HOT ELECTRON
SUBPOPULATION: THERMIONIC DEVICES

It is important to emphasize the distinct features of the steady
state TTM model and the corresponding physical picture
provided by the anti-Stokes Raman analysis, in comparison with
the traditional TTM from TA studies. In particular, it is not
usually suggested in TA studies that the electron population in
the metal can be separated into two separate populations, each
with well-defined temperatures. Rather, in time-resolved
experiments, it is believed that after an optical pulse all
conduction electrons in the metal thermalize through
electron−electron scattering to reach a uniform elevated
temperature, before thermalizing with the lattice via electron−
phonon scattering. Second, the Raman signal indicates a
fractional size of the population of hot electrons that seems
incredibly large, especially in light of the very short (∼ps)
lifetime of photoexcited electrons. That said, the high energy tail
of the anti-Stokes Raman spectra is clear in many other
reports,18,40 and our lab and others have consistently presented
evidence for sustained hot electron populations on the order of
∼1%, with temperatures >1000 K during optical pumping across
similar intensities.29,40 Given the ongoing debate in the field
about the fundamental physical mechanism that gives rise to the
anti-Stokes Raman signal from metal, clearly it will be necessary
for many more studies to shed light on the full dynamics of the
electron gas that connect these disparate regimes of CW and
time-resolved experiments.
However, we provide a distinct physical characterization

method that indicates the existence of the hot electrons, their
temperature, and other power dependent trends lending
credence to the steady state TTM summarized in eq 10. We
have developed a technique tomeasure the hot electrons directly
by constructing a thermionic converter device.29 A thermionic
converter is an electrical device in which a metal cathode is
heated to a high temperature (greater than thousands of K) so
that some electrons in the cathode have kinetic energy in excess
of the work function, W. These electrons are emitted across a
vacuum gap and collected at an anode. Instead of conventional
heating, we fabricate a cathode that is plasmonically structured
to be highly absorbing, so that optical excitation induces heating
via photothermalization. If the incident radiation has insufficient
energy to promote direct photoemission via the photoelectric
effect, i.e., hν < W, then the electrical signal due to vacuum
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emission provides information about the energetic distribution
of the electrons in the cathode. Importantly, the electrons need
to be at extremely elevated temperature to observe any
thermionic signal, and neither our anti-Stokes Raman analysis
or other experiments52 suggest that optical excitation can
provide increases in the lattice temperatures of metals that
would support thermionic emission, especially without inducing
melting or vaporization of the metal.
We constructed a thermionic device using the Au

nanostructure depicted in Figure 5 as the cathode with an
ITO anode separated by 200 μm and placed the device under a
vacuum (0.010mbar). The sample was excited with 532 nmCW
laser excitation, and the electrical signal was measured using
lock-in amplification, as depicted in Figure 7a. The current−
voltage (J−V) response of the device is shown in Figure 7b. As
laser power is increased, there is an increase in both the
measured short circuit current, JSC, as well as the open circuit
voltage, VOC. Note that, because the ITO anode provides no
reverse thermionic current in the experiment, the current
exponentially approaches zero against an increasing bias.
Therefore, the reported VOC corresponds to the maximum
applied voltage that still allowed lock-in detection of the current.
Given that the lattice temperature of the metal is too low to
provide any electrons with kinetic energy sufficient for vacuum
emission, we interpret the electrical signal as resulting only from
the hot electrons in the cathode. The electrical signal can be
understood in terms of the Richardson equation for thermionic
emission, which we have adapted to account for the steady state
TTM model.29

χ= ϕ ϕ− + +J AT e W kT
e

2 ( )/bias sc e (13)

This equation relates the thermionic current density, J, to a
retarding applied voltage, ϕbias, taking into account the work
function of Au,W = 5.1 eV,53 and the Richardson constant, A. It
is also necessary to include a term to account for the space
charge potential in the vacuum gap,ϕSC, which we estimate from
Langmuir’s space charge theory for a parallel plate geometry.54

We assume that only the fraction of electrons in the metal, χ, at

the hot electron temperature, Te, give rise to the vacuum
emission. Removing the dependence on χ and assuming that all
electrons and the lattice are at one uniform temperature, T,
reproduces the standard Richardson equation.
This expression connects the J−V characteristics of the device

with the temperature and population of the hot electrons in the
cathode, and an analysis of the trends in VOC and JSC indicates
that a TTM is required to accurately describe the electrical data.
As summarized in Figure 7c, there is a discrepancy in the fitted
temperature based on the JSC compared with the temperature fit
by analysis of the VOC, if it is assumed that the entire electron gas
is at a uniform temperature. However, for any incident optical
power, there is a unique combination of χ and Te that
consistently reproduces the trends in JSC and VOC when input
into eq 13. In Figure 7d, we report these values and see that the
electrical data shows the same inverse relationship between Te

and χ, in agreement with the trends observed during the anti-
Stokes Raman analysis of the same nanostructure array.
Additionally, both χ and Te are approximately the same order
of magnitude as that measured by the different techniques,
though the fitted electrical data indicates a somewhat lower
value of Te than the Raman studies at comparable optical power.
We believe that difficulties in accurately modeling the more
complex space charge field of the nanostructure array may be the
largest source of the discrepancy between the fitted values for Te

in the separate experiments. A more detailed discussion of the
design, characterization, error analysis, and use of similar
thermionic devices, especially for application in solar energy
conversion, is provided in a separate report from our lab.29

Moreover, the fundamental features of the steady state TTM
consistent with the Raman data, relating the size and the
temperature of a sustained subpopulation of hot electrons, are
also indicated by the behavior of the plasmonic thermionic
devices.

Figure 7. (a) A schematic of the thermionic device composed of a Au nanostructure and ITO-coated glass slide. (b) The measured J−V curves as a
function of incident optical power. (c) The fitted temperatures calculated assuming a one-temperature model based on VOC (top) or based on JSC
(bottom). (d) The fitted trend in Te and χ solved using a two-temperature model.
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■ ELECTRON−PHONON COUPLING AND THE HOT
ELECTRON LIFETIME

With greater confidence that the anti-Stokes Raman spectra
provide information that is descriptive of the steady state
behavior of the hot electrons, we show how the Raman data
summarized in Figure 6 can be further analyzed to provide
detailed information about both the electron−phonon coupling
constant, G, and a quantity, τ, that indicates the average lifetime
an excited electron resides in the hot electron subpopulation.
The average lifetime of hot electrons within the elevated
temperature distribution can be understood by comparing the
size of the steady state subpopulation of hot electrons with the
rate of hot electron generation. If it is assumed that every
absorbed photon produces a transiently excited electron, then

τ χρ
α

= V
N (14)

where ρ is the electron density of gold,55 V is the volume of the
metal interacting with the light, N is the incident number of
photons per second, α is the experimentally measured
absorptivity at normal incidence at 532 nm, and χ is the
fractional hot electron population from the anti-Stokes Raman
fit. The interaction volume in our calculations is based on an
estimate of where the absorption is localized in the
nanostructures, as determined from optical simulations, similar
to the depiction in Figure 5e. However, the actual interaction
volume in the nanostructures is a complicated function of the
local field concentration provided by the plasmonic resonances,
and this may be a source of a systematic offset in the reported
values for τ below. As can be seen in Figure 8a, for all four data
sets, there is a monotonic decrease in τ as the incident optical
power is increased. This decrease in the lifetime with optical
power can be interpreted as resulting from thermal activation of
the rate of coupling between the hot electrons and the lattice, as
discussed above. This interpretation is further supported by the
analysis of the electron−phonon coupling constant that follows.
Further, samples under a vacuum show significantly longer τ
than those at atmospheric pressure. We hypothesize that this
difference may be due to surface collisions with gas molecules or
adsorbed contaminants in the atmosphere. The observation of
the formation of amorphous carbon at higher optical power
provides further evidence that electrons interact with surface
species during illumination. With careful experimental design,
trends in lifetime and hot electron population may allow these
measurements to further distinguish mechanisms of hot electron
injection or CID.40,48,49

However, what is very striking is the large range of τ observed,
spanning 3 orders of magnitude. Remarkably, our data suggests
that at the lowest optical powers studied the hot electrons have
high kinetic energy for nearly a nanosecond before thermalizing
to the lattice temperature. At the highest optical powers, more
directly comparable to the optical intensities employed in
ultrafast TA studies, we see values for τ that are very similar to
the lifetime values of 1−10 ps that are standardly reported for
Au.56,57 While the comparison between the separate experi-
ments is interesting, we caution that more insight is required to
fully interpret this data. In particular, the strong field
concentration at electromagnetic hot spots may entail that hot
electrons absorb photons multiple times before relaxing, thereby
increasing their average lifetime during steady state excitation.
As confirmed in the electrical measurements above, the large,
sustained population of energetic hot electrons provided by the
prolonged lifetime is advantageous for their application in
technology. However, if optical fluence is decreased further,
below our detection limits in this study, the time between
photon absorption events will begin to exceed the lifetime of hot
electrons established in TA measurements, and therefore, the
lifetime may show a more complex dependence on decreasing
power.
Further analysis of χ allows us to determine the electron−

phonon coupling constant, G, independently from the lifetime,
shown in Figure 8b. As described in eq 12, all of the fit
parameters from the anti-Stokes Raman analysis allow unique
determination ofG, based on the absorbed power into volume of
the metal interacting with the incident light. Unlike the analysis
for lifetime, calculation of G requires quantification of the
volumetric power absorbed, PV,abs, in terms of the incident

power, Pincident. Thus, = α×P P
VV,abs

(normal, 532 nm)incident . We have

shown that at atmospheric pressure there are significant
environmental contributions to the hot electron lifetime,
implying thatG accounts for coupling to all relaxation pathways.
However, in a vacuum, it is expected that electron−phonon
coupling will dominate relaxation. For all samples, there is an
increase in G as a function of the electronic temperature, in
agreement with ab initio calculations and experimental studies.51

Notably, in the atmosphere, the gold thin film exhibits a largerG
than the nanostructure at the same optical power. In a vacuum,
the environmental influences are minimized, and within the
spread of the data, the nanostructure and thin film show an
equivalent coupling constant that agrees with calculated values
for gold.57−59We hypothesize this trend inG is due to a decrease

Figure 8. (a) Calculated lifetime and (b) coupling constant for the nanostructure under a vacuum (blue diamonds), the nanostructure in the
atmosphere (green circles), a gold thin film under a vacuum (purple stars), and a gold thin film in the atmosphere (red squares).
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in the active surface area with hot electrons, likely localized near
electromagnetic hot spots, and that only molecule collisions in
these locations contribute to relaxation. The net result is that the
nanostructure achieves much greaterTe under equivalent optical
power, and further, hot electrons have longer lifetimes compared
with thin films at the same Te in the atmosphere. Both behaviors
may be desirable in devices that take advantage of hot electrons,
and our results suggest optical designs that decrease the relative
volume in which hot electrons are generated can further
optimize this response.
Given this observed dependence on the geometry of the

nanostructure, we have also performed a systematic analysis of
the parameters Tl, Te, χ, G, and τ, as a function of the surface to
volume ratio of periodic arrays of gold nanocubes, shown in
SEM in Figure 9a−e and optically in Figure 9j−f, illuminated in
the atmosphere. The period was maintained across samples, and
the incident power on each sample was modulated by the
relative absorption cross section, so that 2.1× 108Wm−2 optical
power was equivalently absorbed by all arrays during steady state
excitation. Because the same optical power was absorbed by each
array, the trends observed give clear insight into how geometry
alone affects hot electron behavior. The fit to parameters Tl, Te,
χ, G, and τ are depicted in Figure 9k−o, respectively. We find an
increase in Tl and Te with increasing surface to volume ratio.
Equivalently, smaller nanostructures reach higher temperatures
when absorbing the same optical power. As above, Te is
systematically larger than Tl. Increases in the electronic
temperature may also be correlated with a decrease in the hot
electron population, χ, as reported above. However, as with the

trend in lifetime, τ, interpretation of the signals in Figure 9m and
o is difficult due to the spread in the data and may be effectively
constant across the size range of samples studied. As predicted,
we also find that the coupling constant, G, decreases with
increasing surface to volume ratio. This indicates that smaller
nanostructures provide better isolation from environmental
factors that accelerate the relaxation of hot electrons. In
combination with the increase in Te, these results suggest that
applications taking advantage of hot electrons may need to trade
off the higher electronic temperature provided by the more
localized hot spots in smaller structures, against better access to
hot electrons produced in larger structures with less localization.

■ SUMMARY AND OUTLOOK

Our report has given comprehensive information about the
factors that control both the lattice and electronic temperature,
as well as the availability of non-equilibrium hot electrons during
steady state illumination. Optical excitation with CW, low
intensity light is especially of interest as applications of hot
electrons expand to broad classes of energy conversion devices
and chemical reactions that may be powered by dilute or
concentrated sunlight. Building from a comprehensive dis-
cussion of how nanostructured plasmonic materials can be
engineered to reach the highest possible lattice temperatures,
and therefore the highest possible electronic temperatures when
exposed to sunlight, our results also inform how the hot
electrons inside these materials can be understood and

Figure 9. (a−e) SEM images of gold nanostructures with a constant pitch of 700 nm, a height of 100 nm, and an edge length of 470, 400, 340, 280, and
200 nm, respectively. The scale bar is 700 nm in each SEM image. (f−j) Optical images of each nanostructure in parts a−e; all scale bars are 15 μm. As a
function of surface:volume ratio, for the five nanostructures, we show Tl (k), Te (l), χ (m), G (n), and τ (o).
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controlled with increasing sophistication through modifications

of nanostructure geometry.
Specifically, our experiments offer a new, detailed picture of

the hot electron dynamics that characterize absorption in the

steady state, based on careful analysis of anti-Stokes Raman

spectra collected during photothermalization. Providing a

complementary perspective of the hot electron dynamics that

have been established from years of ultrafast time-resolved

transient absorption studies, we find that plasmonic absorbers

sustain a subpopulation of hot electrons at a significantly

elevated temperature compared with the majority electron

population that is thermalized with the metal lattice. Addition-

ally, information about electron relaxation due to electron−
phonon coupling and the remarkably long lifetime of hot

electrons in the elevated temperature distribution can be learned

from analysis of the Raman spectra. Importantly, we show how

Raman measurements give predictive information for when hot

electrons are employed in applications. We outline the specific

case study of a thermionic converter based on hot electron

emission. Finally, we also show how the geometry and the

environment of a plasmonic absorber dictate the behavior of hot

electrons, and thereby what may be an optimal application.
We believe that anti-Stokes Raman spectroscopy may become

a powerful tool in the plasmonics and nanophotonics

community for refining understanding of the photophysics

and photochemistry that define applications of hot electrons.

This is especially true, as the electron dynamics that the

technique uncovers are fully reconciled with time-resolved

experiments, and the next generation of computational studies

further elucidates this remarkable behavior. We also believe that

our experiments help further outline opportunities that will

sustain interest in plasmonic hot electrons for years to come.
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M. Anisotropic Metal Nanoparticles for Surface Enhanced Raman
Scattering. Chem. Soc. Rev. 2017, 46, 3866−3885.
(48) Foerster, B.; Joplin, A.; Kaefer, K.; Celiksoy, S.; Link, S.;
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