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We study the electron relaxation processes in nanoporous Au structures using pump-probe
thermoreflectance. Using a modified two temperature model, we determine that the electron Fermi
relaxation time is unaffected by the ligament size and is an athermal process that is constant with
laser pulse excitation, yet the electron-phonon relaxation is affected by boundary scattering and is
dependent on electron temperature. The increased, temperature dependent electron-phonon coupling
measurements can be explained by electron-boundary scattering and electron-electron scattering that
alters the rate of electron equilibration with the surrounding media. These results lend insight into
electron relaxation processes in high surface area nanostructures. © 2011 American Institute of
Physics. 关doi:10.1063/1.3530866兴
I. INTRODUCTION

Porous materials are of increasing importance in the design and implementation of next generation nanodevices because of their novel mechanical, catalytic, and sensing
properties,1 with recent interest in nanoporous gold
共np-Au兲.2–6 While nonequilibrium electronic processes in
low dimensional structures are becoming critical parameters
in nanodevices,7 these processes are of even more importance in devices with nanoporous structures, since porosities
and ligament sizes will volumetrically restrict the electron
mean free path. As characteristic lengths decrease in these
structures and devices, power densities rise and boundary
scattering will dominate electronic relaxation and become a
major concern in development and design of future nanoelectronic systems.
In this work, we study the Fermi relaxation time and
electron-phonon thermalization time of np-Au structures
through pump-probe thermoreflectance. Using a modified
two temperature model 共TTM兲, we determine that the electron Fermi relaxation time is unaffected by the ligament size
and is an athermal process that is constant with laser pulse
excitation, yet the electron-phonon relaxation is affected by
boundary scattering and is dependent on electron temperature. Since the nanoporous samples are essentially a random
matrix of nanowires, these experimental results provide insight into the Fermi relaxation and electron thermalization
processes in metal nanostructures.

Si in the Au35Si65 films was electrochemically etched in a
3% HF aqueous solution with an applied potential of 0.8V at
room temperature. Four different samples, labeled as npAu-1 through np-Au-4, all with the same nominal composition were dealloyed leaving nanoporous structures similar to
that shown in Fig. 1. The porosity was estimated by measuring the area fraction of the pores from plan view SEM images. The porosities of each of the samples are listed in
Table I.
We measure the electron thermalization processes with
an ultrafast pump-probe experimental set operating at a repetition rate of 80 MHz, with a 90 fs pulse width, and a
central wavelength of 785 nm.8 The pump pulses are further
modulated with an electro-optic modulator 共EOM兲 operating
at 11 MHz and the probe pulses are time-delayed using a
mechanical delay stage. Due to dispersion introduced by the
EOM, the pump pulses are broadened to ⬃185 fs, as measured via autocorrelation at the sample surface. The coaxial
pump and probe pulses are focused onto the sample surface
to a spot radius of 15 m. The reflectance data collected
with a photodiode is locked into the pump modulation fre-

II. EXPERIMENTAL CONSIDERATIONS

The amorphous Au35Si65 films with a thickness of 600
nm were deposited on HF-cleaned Si substrate using a dual
electron beam deposition system. Prior to the Au–Si deposition, a 2 nm Ti layer was deposited to improve the filmsubstrate adhesion, followed by a 12 nm Au etch-stop layer.
a兲
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FIG. 1. Scanning electron microscopy micrograph showing the porous morphology of the dealloyed np-Au-1 sample.
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TABLE I. Summary of results from best fit of the thermoreflectance data.
G
Std. dev.
F
共J m−2兲 共1016 W m−3 K−1兲 共1016 W m−3 K−1兲

Sample
np-Au-1 porosity 26.70%

np-Au-2 porosity 37.30%

np-Au-3 porosity 38.50%

np-Au-4 porosity 27.30%

3.1
2.0
0.7
3.1
2.0
0.7
3.1
2.0
0.7
3.1
2.0
0.7

4.1
3.7
2.9
4.5
4.0
3.1
5.0
4.4
3.5
4.0
3.7
3.1

0.2
0.2
0.2
0.3
0.3
0.2
0.3
0.2
0.2
0.3
0.2
0.3

quency to give the thermoreflectance signal 共⌬R / R兲 as a
function of pump-probe delay time. The raw data were adjusted for electronic noise9 and thermal accumulation from
the pump pulses10 by monitoring the imaginary component
of the thermoreflectance response and the pump phase. The
temporal thermoreflectance responses of the four np-Au
samples are monitored after excitation with three different
incident laser fluences, F = 3.1, 2.0, and 0.7 J m−2. Figure 2
shows the thermoreflectance data after the 3.1 and 0.7 J m−2
pump excitation measured on the np-Au-1 sample along with
the data on a 20 nm Au/glass sample, which serves as our
calibration. The np-Au film gives a substantially different
thermoreflectance signal than the 20 nm Au films for the
same incident laser fluence indicating some additional electron scattering mechanism.
The Fermi relaxation time is related to the time it takes
for the electron system to reach the peak

FIG. 2. 共Color online兲 Temporal thermoreflectance data on the np-Au-1 and
20 nm Au/glass samples taken with 3.1 and 0.7 J m−2 incident pump fluence. The samples exhibit different thermoreflectance responses at the
equivalent incident fluences, indicating different electron scattering mechanisms. The difference in the response of the nanoporous sample is due to
electron scattering at the ligament boundaries. The TTM fit to the thermoreflectance data is also presented. G determined on the np-Au structure at the
two laser fluences indicates an influence of electron-ligament boundary scattering. This ligament boundary scattering processes is dependent on electron
temperature. The value for electron thermalization 共Fermi relaxation time兲 in
these Au samples is determined as tth ⬇ 1.0⫾ 0.1 ps for all the samples.
Only every third data point is shown for clarity.

thermoreflectances11,12 and the electron-phonon thermalization time is related to the decay of the thermoreflectance
signal after the peak.13,14 Among these three cases, the Fermi
relaxation times are all nearly identical, but the electronphonon thermalization times are all different. The np-Au
sample exhibits a different decay trend compared to the thin
film sample, indicating an electron scattering mechanisms in
the nanoporous samples that is affecting the electron-phonon
thermalization rate in a different manner than the scattering
processes in the thin film.
To quantify this, we model the temperature change in the
Au films with the standard TTM,15 only we modify the standard source term to account for a delayed electron
thermalization.16 The traditional source term in the TTM assumes that after pulse absorption, the electron system is fully
thermalized. This would mean the peak reflectance would
occur ⬃185 fs after the initial absorption process takes
place. As apparent from Fig. 2, this is clearly not the case, as
the rise time of the fast transient is ⬃2 ps. Therefore, we
assume the source term in the TTM is given by16
S共t兲 =

再 冋

0.94F共1 − R兲
t − 2共t p + tth兲
exp − 2.77
d共t p + tth兲
t p + tth

册冎
2

,

共1兲

where F is the incident laser fluence, d is the optical penetration depth in Au which at 785 nm is 13.6 nm, R is the surface
reflectivity, d is the thermal penetration depth, t p is the pulse
width of the pump pulse at the sample surface 共⬃185 fs兲,
and tth is the delay in the electron thermalization time after
pulse absorption. Therefore, the Fermi relaxation time of the
electron system can be estimated as F = t p + tth.
Once the temperature of the electron system is calculated
with the TTM, the electron temperature is related to the measured signal through a thermoreflectance model. Since Au
has a relatively low electronic heat capacity, the quadratic
dependence of the change in reflectance on electron temperature must be accounted for with an interband thermoreflectance model.17,18 The electron and phonon heat capacities of
thin Au films are assumed to be the bulk value.
The reflectivity of the thin Au/glass sample is calculated
from thin film optics19 as back reflections of the laser pulse
from the film substrate interface will affect the amount of
energy absorbed in the thin film. In the calculations, the components of the indices of refraction for Si and glass are taken
from tabulated values.20 Since the porous material is simply
solid ligaments of Au and pockets of nonabsorbing, nonreflecting air, we use a rule of mixing to calculate the reflectivities of the np-Au-1,⫺2, ⫺3, and ⫺4. The reflectivities are
calculated as 70.5%, 62.2%, 61.2%, and 70.0%, respectively.
We validate these calculations by examining the reflected
probe voltage from the np-Au samples as compared to a
bulk, Au sample with ⬃97% reflectivity at 785 nm. Taking
into account the nanoporous medium with air pockets, the
effective extinction coefficient—and hence the optical penetration depth—of the medium heated by the pump pulse
will also change based on the porosity of the structure. The
extinction coefficient, k, of air is k = 0, so the optical penetration depths of np-Au-1,⫺2,⫺3, and ⫺4 are 18.5 nm, 21.7
nm, 22.1 nm, and 18.7 nm, respectively. For Au, the temperature dependencies of the indices of refraction are calcu-
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lated from the Drude-based thermoreflectance model.17 In
the nanoporous samples, we assume that the thermoreflectance response comes solely from the change in temperature
of the solid Au ligaments, since the air pockets in the nanoporous structure are nonabsorbing. Therefore, the thermoreflectance response is dictated by the intraband reflectance
model17 with no further modification needed for the porosity
since reflectivity due to the increased porosity is accounted
for in the source absorption term of the TTM 共and, therefore,
the increased temperature rise is accounted for in the np-Au
samples兲.
The TTM fit to the data presented in Fig. 2. The best fit
G on the 20 nm Au/glass film agrees well with previously
determine electron-phonon coupling factor measurements on
bulk and thin film Au at low fluence.18,21,22 The best fit G on
the np-Au-1 data shows an increase from G measured on the
20 nm thin film sample when subjected to the 3.1 J m−2
incident fluence excitation. The increase in G is also apparent in the low fluence data on the np-Au-1 samples. The
nanoporous films are ⬃300 nm thick, such that it can be
considered semi-infinite since the thermal penetration depth
of the nonequilibrium electrons is ⬃100 nm,14 indicating
that electron-interface scattering at the np-Au/substrate interface is negligible in the np-Au samples. This increase could,
therefore, be due to electron-boundary scattering at the ligament boundaries in the nanoporous samples. In addition,
since the enhancement in the electron-phonon coupling factor decreases with decreasing incident fluence 共i.e., a decrease in electron temperature兲, this indicates that electronboundary scattering affects the electron scattering processes
in a thermal fashion, unlike the typically assumed boundary
scattering processes in nanostructures, which takes the temperature independent form of b = D / v, where D is the characteristic length of the structure and v is the carrier velocity.
In all the samples, the delay in electron thermalization is
relatively constant and independent of laser fluence. The
value for electron thermalization 共Fermi relaxation time兲 in
these Au samples is determined as tth ⬇ 1.0⫾ 0.1 ps. This
delayed thermalization is consistent with previously determined values in Au.16,23 This is also consistent with Fermi
liquid theory, which states that single particle lifetime above
the Fermi level is related to the energy above the Fermi level
关tth ⬀ 共E − EF兲−2 where E is the electron energy and EF is the
Fermi energy兴.
III. DISCUSSION

A summary of the best fit values for G of each sample at
the three incident laser fluences is presented in Table I. We
observe a dependency on boundary scattering in all the nanoporous Au samples, with a further temperature dependency
of this boundary scattering. This is apparent in Fig. 3, which
graphs the best fit G from the np-Au samples as a function of
maximum electron temperature after pulse absorption. We
estimate the maximum electron temperature by14 Te,max
= 冑2共1 − R兲F / 共d␥兲, where ␥ is the linear coefficient to the
electron heat capacity, which for Au is 62.9 J m−3 K−2.24 Although a less drastic temperature dependency was observed
in thin film samples at near IR wavelengths,21,22 this tem-

FIG. 3. 共Color online兲 Electron–phonon coupling factors as a function of
electron temperature for the np-Au samples and calculations of Eq. 共4兲 using
the average electron-boundary scattering time for 4 different values of Dmax
and assuming a phonon temperature at 300 K. The calculations of Eq. 共4兲
agree well with the nanoporous Au measurements, indicating that in nanoporous metals, increased electron-electron and electron-boundary scattering
mechanisms are affecting the overall rate of electron-phonon heat transfer.
The temperature dependency can be explained by accounting for electronelectron interaction and an additional temperature independent increase ascribed to electron-boundary scattering.

perature dependency is due to a different interaction mechanism. In thin film samples, electron-interface scattering at the
film/substrate interface can cause phonon emission into the
substrate, thereby increasing the rate of electron-phonon
interaction.21,25,26 However, electron scattering at the isolated
boundaries in the nanoporous sample would not emit
phonons into the adjacent materials, since the boundary of
the ligament is adjacent to air. This parallels the electronboundary scattering mechanism in an isolated/suspended
nanowire.
In metals with temperatures above the Debye temperature, electron-phonon scattering is given by27
G=

2
9nkB2 D
,
16T pEFep共T p兲

共2兲

where n is the electron number density, kB is the Boltzmann
constant, D is the Debye temperature, T p is the phonon temperature, and ep is the electron-phonon scattering time. The
electron-phonon scattering time is proportional to the phonon
−1
= BepT p, where Bep is the electrontemperature, T p 共ep
phonon interaction constant兲, leading to the temperature independent electron-phonon coupling factor in bulk materials,
as indicated by the horizontal line in Fig. 3. In thin films, a
high electron temperature means that the electrons and
phonons will stay out of equilibrium in the film for a longer
time assuming a constant electron-phonon coupling factor.
This leads to more electrons reaching the film/substrate interface without losing energy to the film phonons, thereby,
increasing the phonon emission into the substrate via film
electron scattering at the film/substrate interface. In nanoporous materials, high energy electrons that reach the ligament boundaries before losing energy to phonons in the ligaments do not emit phonons into the adjacent air, as
previously discussed. However, after scattering at the ligament boundaries, the redirected electrons will be more likely
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to interact with other electrons before completely thermalizing with the phonon system, thereby causing electronelectron scattering to play a greater role in high surface area
nanostructures than in bulk materials. Since the measured
thermoreflectance decay is related to all the electron relaxation mechanisms, we recast Eq. 共2兲 to account for electronelectron and electron-boundary scattering which could affect
the relaxation that is measured in the data. We define a total
electron relaxation rate as during electron-phonon nonequilibrium as

Gⴱ =

2
9nkB2 D
,
16T pEFt共Te,T p兲

共3兲

where t is the total electron scattering time and accounts for
electron-electron, electron-phonon, and electron-boundary
scattering. Through Matthiessen’s rule, this scattering time is
given by

2
−1
t = AeeTe + BepT p +

vF
,
D

共4兲

where Aee is the electron-electron scattering constant, which
can be deduced from low temperature electrical resistivity
measurements in bulk materials where electron-electron scattering dominates,24 Te is the electron temperature, and vF is
the Fermi velocity. In Au, Aee = 1.2⫻ 107 K−2 s−1 and Bep
= 1.23⫻ 1011 K−1 s−1 and are constant with temperature,28–31
and vF is 1.4⫻ 106 m s−1.24 Equation 共4兲 together with Eq.
共3兲 describes the total electronic relaxation measured in the
TTR data. The calculations of Eq. 共3兲 using only literature
values for the thermophysical properties of Au agree well
with the nanoporous Au measurements, indicating that in
nanoporous metals, increased electron-electron and electronboundary scattering mechanisms are affecting the electronic
thermal relaxation.
The idea that various electronic relaxation mechanisms,
such as electron-electron and electron-boundary scattering,
affect the overall rate of electron-phonon coupling is consistent with Kaganov et al.’s original theory on electron-phonon
coupling.32,33 The general conceptual idea behind this is that
electron-phonon coupling is related to the electronic temperature and energy. This is clear from the electron-electron
scattering time which is proportional to T2e . Although the
electron-boundary scattering rate does not affect the overall
electron temperature or energy, the electron-boundary interaction leads to an increase in phonon emission; this parallels
the idea of electron-surface phonon interactions assuming the
surface phonons are described by portions of the bulk phonon spectrum. Note that all of these processes also affect the
transient thermoreflectance response.17,34 Another electronic
scattering mechanism that is not considered in this analysis is
electron-defect scattering. However, it was previously shown
that for Au nanosystems of similar characteristic dimensions
as the np-samples in this study, when electrons are out of
equilibrium with the phonons, electron-boundary scattering
far out-weighs electron-defect scattering.17

IV. SUMMARY

In summary, we investigate electron-phonon heat transfer in nanoporous metals. We use a pump-probe thermoreflectance technique to measure the electron-phonon coupling
factor in np-Au films. The measured electron phonon coupling factor is higher than the bulk value for Au, and shows
a dependency with electron temperature. The increased,
temperature-dependent electron-phonon coupling factor can
be explained by electron-boundary scattering and electronelectron scattering that is altering the electron-phonon interaction. Similar phenomena are expected in electron-phonon
heat transfer in nanowires and other high surface area nanostructures.
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