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Surface plasmon mediated hot-carrier generation is utilized widely for the manipulation of electron–photon interactions in many types of optoelectronic devices including solar cells, photodiodes, and optical modulators. A diversity
of plasmonic systems such as nanoparticles, resonators, and waveguides has been introduced to enhance hot-carrier
generation; however, the impact of propagating surface plasmons on hot-carrier lifetime has not been clearly demonstrated. Here, we systematically study the hot-carrier relaxation in thin film gold (Au) samples under surface plasmon
coupling with the Kretschmann configuration. We observe that the locally confined electric field at the surface of the
metal significantly affects the hot-carrier distribution and electron temperature, which results in a slowing of the hot
electrons’ relaxation time, regardless of the average value of the absorbed power in the Au thin film. This result could
be extended to other plasmonic nanostructures, enabling the control of hot-carrier lifetimes throughout the optical
frequency range. © 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
https://doi.org/10.1364/OPTICA.385959

1. INTRODUCTION
Recently, the optical generation of hot carriers in metallic components has attracted interest for applications such as solar energy
conversion [1–5], nonlinear optics [6–8], sensitive photodetectors
[9–12], nanoscale heat sources [13], photochemical reactions in
biomolecular studies [14–16], and biosensors [17,18]. For the
excitation of hot carriers in metals, the incident photon energy is
typically lower than the energy of the band-to-band transition, and
thus the efficiency of hot-carrier generation is reduced as a result
of the poor absorption of light within the metals. To overcome
this limitation, surface plasmons have been broadly utilized to
enhance absorption through the use of metallic nanostructures
[19–23], which increases the measurement sensitivity because of
the increased absorption [24]. Furthermore, the epsilon-near-zero
(ENZ) mode in metallic semiconductors has also recently been
used to improve the photon–electron interaction for enhancement
of hot-carrier generation [25,26]. Hot carriers relax to equilibrium
through plasmon dephasing via Landau damping, electron–
electron (e-e) scattering, electron–phonon (e-ph) scattering,
and lattice heat dissipation through phonon–phonon (ph-ph)
interactions [27]. Throughout these processes, hot carriers can
distribute their energy to the surrounding environment and in turn
thermalize from their excited state to equilibrium. The temporal
duration of hot-carrier relaxation is the key factor to determine
2334-2536/20/060608-05 Journal © 2020 Optical Society of America

the performance of hot-carrier devices. For example, the efficiency
of hot-carrier injection in energy conversion systems [5,28] and
the operating speed in optical modulation systems [29,30] are
both strongly linked to hot-carriers’ lifetime. Depending on the
geometry of metal nanostructures, the materials’ band structure,
and the incident photons’ energy [21,31], the relaxation time can
vary from a few hundred femtoseconds up to a couple of picoseconds. In the case of gold (Au) and aluminum nanostructures,
relaxation times on the order of hundreds of picoseconds, due to
the acoustic vibrations of the lattice, have been reported [32–34].
The effect of enhanced absorption on hot-carrier relaxation time
has been studied extensively in the case of thin film and nanostructured plasmonic systems [35–37]; however, the importance
of the strongly confined field inside the metal thin film induced by
surface plasmon coupling on hot-carrier lifetimes is still elusive.
Transient reflectivity measurements using pump–probe spectroscopy are a common method to characterize carrier dynamics
under the intra-band or inter-band transitions. Typically, the measured transient signals for pump–probe spectroscopy are analyzed
with the two-temperature model (TTM), which describes the
spatiotemporal profile of the electron and the lattice temperature
from a coupled nonlinear partial differential equation [38–40].
This model is very useful in understanding relaxation dynamics,
but appropriate modification is needed for an accurate modeling
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of the unique internal electric field profile in metal films due to
its coupling to the propagating surface plasmon. In this work, we
experimentally investigate the relationship between the hot-carrier
relaxation time and the characteristics of surface plasmons on gold
(Au) thin films excited under the Kretschmann configuration.
For accurate theoretical modeling of the transient reflectivity data
resulting from the carrier dynamics in the conduction band of
Au thin film, we employ the free electron model to estimate the
elevated electron temperature due to intra-band optical pumping.
From the calculated electron temperature, we extract the carrier
relaxation time with the modified TTM to better describe the
localized electric field distribution inside the Au thin film. Under
fixed absorbed power in the Au film over the spectral range of
730 nm to 775 nm (resonance wavelength at 745 nm), we observe
that the hot-electron relaxation time in the Au film reaches its
maximum at the resonance wavelength, which indicates that the
modified intensity and profile of the internal electric field by the
excitation of surface plasmons play a significant role in hot-carrier
relaxation.
2. RESULTS AND DISCUSSION
To study the effect of surface plasmons on hot-electron relaxation
dynamics, we combine the prism coupling technique under the
Kretschmann configuration, schematically illustrated in Fig. 1(a),
with pump–probe optical spectroscopy.
A 10 mm N-BK7 right angle prism with an AR coating (wavelength range 650–1050 nm) on the face of the hypotenuse is used
for the prism coupling. An e-beam evaporator is employed for the
Au deposition at a starting pressure of 3 × 10−6 Torr. The permittivity of the Au film is characterized by a Woollam-M2000 spectroscopic ellipsometer and is applied for the optical simulation.

Fig. 1. (a) Schematic of light coupling to propagating surface plasmons
using the Kretschmann configuration. (b) Absorption measurement
(circles) and simulation (solid line) after surface plasmon coupling.
(c) Schematic diagram showing hot-electron excitation under resonance
and off-resonance wavelengths while keeping the absorbed power fixed
(120 mW) for both illuminations. (d) Schematic diagram showing a
second case where the hot-electron excitation occurs under the same
resonance wavelength (745 nm) but with different absorbed powers. τ1 ,
τ2 , and τ3 are the corresponding electron–phonon relaxation times for
these different cases.
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We use a precise motorized rotational mount with 25 arcsec
angular resolution for coupling to the propagating surface plasmon. The incident beam from the glass interface is focused on
the Au side of the prism using an off-axis parabolic mirror. Both
reflection and transmission of the incoming beam are recorded
while rotating the prism automatically. Transmission of the sample
is measured to be less than 1% and therefore is negligible for determination of the absorption (A = 1 − R). To incorporate possible
scattering effects from every interface of the prism, we optimize our
absorption measurement using a bare prism first, without any Au
coating, to measure the baseline of the reflection signal. The bare
prism is then replaced by the Au-coated prism on the rotational
stage for the surface plasmon coupling. The reflection signal is
recorded over the incident angle for different pump wavelengths.
The final signal is the ratio between the reflectivity measured using
coated and uncoated prisms.
The thickness of the Au film and the incident angle of light are
set to 44 nm and 44◦ , respectively. Under these conditions, surface
plasmon excitation occurs at 745 nm (1.66 eV), where the photon
energy is lower than the d-band transition of Au, at 2.4 eV [41].
Once the surface plasmon is excited in the Au film, the electric field
is strongly confined at the interface between the Au film and air.
Figure 1(b) shows absorption as a function of wavelength ranging
from 730 nm to 775 nm, with resonance wavelength at 745 nm
(see Fig. S1 of Supplement 1 for the broad range of absorption
spectrum).
For the time-resolved differential reflectivity measurements,
we employ a degenerate pump–probe technique. Transversemagnetic (TM) polarized pulses are produced from a femtosecond
Ti-sapphire laser with 80 MHZ repetition rate. Using a beam
splitter, the incoming pulses are then separated into pump and
probe paths. Both beams are directed to coincide on the Au surface
after reflecting off the off-axis parabolic mirror to a spot size of
approximately 40 µm. To optimize the signal, the overlap between
the two beams is monitored using an AmScope MU1000 digital
microscope camera. After spatially separating the two beams, the
probe beam is then directed to the Si photodetector for differential
reflectivity measurements. The time delay between the pump and
probe pulses is produced by passing the pump beam through the
mechanical delay stage.
To rule out the effect of absorbed light power in the control of
the hot-carrier relaxation temporal dynamics, we designed two different experimental conditions: (1) sweeping the wavelength (λ =
730 ∼ 775 nm) with fixed absorbed power (Pabs = 120 mW), and
(2) varying the absorbed laser power (Pabs = 50 ∼ 150 mW) with
a fixed wavelength (λ = 745 nm). Figures 1(c) and 1(d) schematically illustrate hot-electron excitation under these two conditions.
Transient reflectivity (1R/R 0 ) measurements as a function of
time delay (1t) between the pump and probe for both conditions
are shown in Figure 2. When the wavelength is varied, we adjust
the incident pump intensity according to the absorption spectra
[Fig. 1(b)] to ensure that the absorbed power remains the same over
the entire incident wavelength range. We observe that the transient
reflectivity (1R/R 0 ) reaches the maximum at resonance, and signal modulation is gradually reduced as the wavelengths tend away
from resonance. For the case of fixed wavelength illumination, the
input power is varied (59 mW, 105 mW, 141 mW, and 176 mW) at
the resonance wavelength.
Transient reflectivity (1R/R 0 ) can be converted to the
electron temperature under the intra-band optical pumping,
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Fig. 2. (a) Relative reflectivity change for different incident wavelengths ranging from 730 nm to 775 nm measured at fixed absorbed
power (120 mW). Resonance wavelength is distinguished by a green
frame from the rest of the wavelengths. (b) Relative reflectivity signals
under fixed 745 nm resonance wavelength measured with different
absorbed powers (50 mW, 90 mW, 120 mW, 150 mW).

which results in a nonequilibrium hot-electron distribution
that can modify the optical properties of the Au film. The Au
band structure is modeled using a simplified parabolic electron density of states [42]. Considering that the carrier density
is a temperature-independent quantity and the intra-band
excitation does not generate extra carriers in the conduction band (Ne pump = Ne nopump = 5.049 × 1022 cm−3 ), we can
calculate
p the chemical potential, Drude plasma frequency
(ω p = (e 2 Ne )/(0 ∞ m ∗e m 0 )), and damping coefficient
(0 p = ~e /(m ∗e m 0 µe )) as a function of the electron temperature, where Ne is the carrier concentration, m 0 is the mass of
electron, m ∗e is the dimensionless effective electron mass, and µe
is the electron mobility (see Supplement 1 for free electron model
details). Subsequently, the change in reflectivity with electron temperature over different incident wavelengths can be determined
from the transfer matrix method (TMM) calculation, as shown
in Fig. 3(a). Typically, in order to extract the relaxation time of a
nonequilibrium system, direct fitting of the TTM is applied to
the transient spectroscopic measurements [43,44]. However, it is
noted that the change in reflectivity is not linearly proportional to
the electron temperature; hence, for clear comparison and to better
estimate the hot-carrier relaxation dynamics, the direct fitting of
the TTM is performed on the electron temperature extracted from
the transient reflectivity measurements.
Figures 3(b) and 3(c) show the converted electron temperature
as a function of time delay for both fixed absorbed power with
varied wavelengths, and fixed resonance wavelength with varied
absorbed powers. The converted electron temperatures can be
modeled using the TTM as a function of depth from surface (z)
and time (t) as follows:
C e (Te )

∂Te
= K e ∇ 2 Te − G(Te − Tl ) + S(z, t),
∂t
Cl

∂Tl
= G(Te − Tl ),
∂t

(1)

Fig. 3. (a) Differential reflectivity contour plot computed from the free
electron model and transfer matrix methods. Hot-electron temperature
as a function of the delay time between pump and probe beams under
(b) fixed (120 mW) absorbed power and (c) fixed resonance wavelength
(745 nm). The solid lines are the calculated electron temperatures, and the
open circles are the electron temperatures obtained from our differential
reflectivity measurements.

where Te and Tl are electron and lattice temperature [45,46],
2
C e (Te ) = π N2e kb (kb Te /E f ) and C l = 2.5 × 106 J m−3 K−1 are the
electron and lattice heat capacities [45,47], E f and kb are the Fermi
level and Boltzmann constant, respectively, K e = 315 Wm−1 K−1
is the electron thermal conductivity, and G = C e (Te )/τe − ph is the
electron–phonon coupling coefficient within the weak perturbation approximation with τe − ph as the electron–phonon relaxation
time. Under the weak perturbation regime (Te  T f ∼ 104 ),
where T f is the Fermi temperature, the electrons’ heat capacity
is much smaller than the lattice heat capacity; this makes the lattice temperature relatively constant with respect to the electrons’
temperature.
In general, the skin depth of a material is simply applied to the
laser heating source term (S(z, t)) to model the laser interaction
with the material as a function of depth. Here, we modify the
source term (S(z, t)) by using the decaying length of the confined
electric field of the surface plasmon on both sides of the interface
instead of skin depth of the Au (see Fig. S2 of Supplement 1 for
the electrical field profile of Au thin film). Using the finite difference time domain (FDTD) simulation, the electric field profile is
numerically computed within the sample throughout the range
of the wavelengths. To keep the total absorbed power constant,
we vary the input power accordingly. The calculated field is fitted
with double exponential terms, including the decaying field at the
Au–prism interface and the decaying field at the Au–air interface.
The modified source term (S(z, t)) to incorporate the absorbed
power profile inside the Au film can be described as
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Fig. 4. Effect of field enhancement on relaxation time due to the
surface plasmon coupling under fixed (120 mW) and variable (50 mW,
90 mW, 120 mW, 150 W) absorbed powers. Experimentally measured
hot-electron relaxation time under (a) fixed and (b) variable absorbed
powers. Field enhancement computed from the FDTD simulation for
wavelengths ranging from 730 nm to 775 nm under (c) fixed and (d) variable absorbed powers. The electric field profiles are normalized by the
intensity of the input field.

β (1 − R)8
π
tp


a 1 −z/b1 a 2 (z−d )/b2 −β((t−2t p )/t p )2
e
+ e
e
,
×
b1
b2

r
S(z, t) =

(2)

where t p is the laser pulse width, 8 is the laser fluence, d is the
sample thickness, and β = 4ln(2) [46]. a 1 and a 2 correspond to
the intensity of electric field at Au–air and Au–prism, and b 1 and
b 2 correspond to the decaying length of electric field at Au–air and
Au–prism, respectively.
Using our experimental conditions with the modified TTM,
we numerically calculate the electron temperature as displayed
in Figs. 3(b) and 3(c). For the case of constant absorbed power,
we show four wavelengths and their corresponding best fits on
the relaxation time to preserve space. The complete set of 10
wavelengths is presented in Fig. S3 of Supplement 1. We also
incorporate the spatial dependence of the electron temperature by
averaging the temperature profiles along the z direction (Fig. S4 of
Supplement 1). The result of the fits is shown in Figs. 3(b) and 3(c)
based on the normalized minimum squared error (NMSE) calculation for the hot-electron relaxation time. The good agreement of
the calculated maximum temperature by TTM and the converted
maximum temperature by the free electron model indicates that
our free electron model is described well by electron temperature,
because the calculated temperature using the TTM depends solely
on the experimental conditions.
Figures 4(a) and 4(b) present the extracted hot-carrier relaxation time for cases of both fixed absorbed power and fixed
illumination wavelength. When the incident power is varied
while coupling to the surface plasmon [Fig. 4(b)], the hot-carrier
relaxation time increases linearly with increasing incident pump
power [Figs. 4(b) and 4(d)]. However, when the absorbed power
is held constant and the internal field intensity profile is varied
(i.e., the amount of surface plasmon coupling is varied), we find
that the hot-carrier relaxation time is strongly dependent on the
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intensity of the electric field [see the trend of hot-carrier relaxation
time in Fig. 4(a) and the normalized maximum intensity of electric
field in Fig. 4(c)]. This result confirms that the surface plasmon
coupling can enhance the hot-carrier relaxation time in the Au
film with high field confinement as well as the increase of the
light absorption in the Au film. Notably, we can more effectively
increase the hot-carrier relaxation time with the local electric field
enhancement than with increasing the input power. We achieve
approximately a doubling of the hot-carrier relaxation time with
only a ∼3.5% increase in electric field intensity (normalized to
the input field) at the metal–air interface through SP coupling.
Although the hot-electron relaxation time and the corresponding
e-ph coupling factor have been studied extensively as a function
of the elevated electrons’ temperature [48,49], the effect of electric field confinement on the relaxation time has not been fully
determined. Furthermore, we hypothesize that electric field confinement could affect the reabsorption rate of the nonequilibrium
phonon population due to a bottleneck effect. The increase in the
reabsorption rate leads to the reduction of the thermalization rate
and enhances the hot-electron’s relaxation time, which has also
been observed in the case of other high-density materials [50].
Consequently, this feature suggests that electric field confinement
helps to excite free electrons to higher energy states, and these
nonequilibrium hot electrons take longer to relax via a series of
e-ph scattering processes.
3. CONCLUSION
In summary, we have experimentally demonstrated the impact of
propagating surface plasmon excitation on the hot-carrier relaxation time through the use of a degenerate pump–probe technique
under the Kretschmann configuration. We introduce an approach
to analyze the unique internal field confinement in Au thin films
with surface plasmon coupling by modifying the TTM. From the
comparison study between the constant absorbed pump power
and the constant electric field, we determine that electric field
confinement results in the generation of long-lived hot electrons in
the Au thin film. Our results provide a foundation for the design of
efficient plasmonic systems to tailor hot-carrier lifetime with low
power consumption in hot-carrier-based optoelectronic devices.
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