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Time-Resolved Observation of Electron-Phonon Relaxation in Copper
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Amplified 150-300-fs laser pulses are applied to monitor the thermal modulation of the transmissivity
of thin copper films. Nonequilibrium electron and lattice temperatures are observed. The process of
electron-phonon energy transfer was time resolved and was observed to be 1-4 ps, increasing with the

laser fluence.

PACS numbers: 63.20.Kr, 79.20.Ds

The phenomenon of inequality between electron and
lattice temperatures in metals subjected to ultrafast
heating (laser pulse width < electron-phonon energy re-
laxation time) was postulated some time ago.' However,
very few experimental observations of such inequality
have been accomplished. Previously, the thermal modu-
lation of the reflectivity of copper was used to observe
nonequilibrium electron and lattice temperatures during
picosecond (~5 ps FWHM) laser heating.?? Although
nonequilibrium heating was demonstrated in these exper-
iments, the time resolution was insufficient to resolve
electron-phonon relaxation. In addition, as a result of
the low laser fluence, electrons were heated to only a few
degrees above the lattice temperature. In another report,
the phenomenon of thermally enhanced multiphoton
photoemission in tungsten heated by amplified 75-fs laser
pulses has provided evidence that electron-phonon relax-
ation is accomplished within a few hundred femtoseconds
in tungsten.* By use of such a technique it is possible to
determine the electron temperature experimentally and
to resolve in time the electron-lattice energy transfer.
However, experimental difficulties associated with
space-charge effects, due to the very short time scales
considered, hindered the determination of the electron
temperature and the accurate resolution of the electron-
phonon relaxation rate.

In this Letter we report results obtained using
amplified 150-300-fs laser pulses to resolve in time the
electron-phonon relaxation by monitoring of the laser-
heating—induced modulation of the transmissivity of thin
copper films. The time resolution was sufficient to
resolve electron-phonon coupling in copper. In addition,
the laser energy (up to 0.3 uJ per pulse) was sufficient to
produce up to a few thousand degrees difference between
electron and lattice temperatures. We expect that
difficulties associated with hot-electron diffusion were
minimal, which would not be the case for reflectivity ex-
periments from a thick sample.

The pump-probe experiments were performed with use
of a I1-kHz synchronously amplified, colliding-pulse
mode-locked laser (A==620 nm).> The excitation beam
was divided into a pump and a probe beam. The funda-
mental was directly used to heat the sample. Time-

resolved measurements of the transmissivity of the thin
copper films were made at the fundamental (A =620
nm) or by use of a 10-nm (FWHM) band from white
light generated by focusing of the probe beam into an
ethylene glycol cell. The pump and probe were collinear-
ly incident normal to the copper film (polarized perpen-
dicular to each other) and focused to —27- and ~ 14-
um-diam spots, respectively. The probe was positioned
near the center of the pump. The absolute value of the
thermal modulation of the transmissivity was sensitive to
the relative pump and probe positions. Thus, each exper-
imental data set was obtained with no modifications in
the alignment. The probe pulse intensity was attenuated
such that it was less than 55 th of the pump intensity.
The relative intensities of the pump and probe beams
were maintained constant and both the pump and the
probe beam intensities were varied by attenuation of the
excitation pulse. A portion of the probe beam was
directed to a reference photodiode. Both the reference
and signal probe pulses were digitized and recorded on a
shot-to-shot basis. The reference was used for normali-
zation of the signal and for selection of reference signals
with relatively small fluctuations (typically 5% for the
reported results).

The copper films were deposited on a 200-ugm-thick
glass slide by means of a conventional evaporation ap-
paratus. The film thickness was determined by a crys-
tal-thickness monitor with an estimated accuracy of
better than * 50 A. The unirradiated parts of the film
were typically exposed to air for several hours at room
temperature, thus subjecting it to oxide formation. With
reference to experimental data by Rhodin® on the rate of
low-temperature oxidation of copper, it is estimated that
an oxide layer =< 20 A is formed on the film prior to
laser irradiation.

The experimentally observed time-resolved transmis-
sivity of a 200 = 50-A copper film at A =620 nm during
laser heating (~300 fs FWHM) for a variable pump-
probe fluence is shown in Fig. 1. The initial response of
the transmissivity appears to be integration of the heat-
ing pulse. The rise time of the initial transient was
shorter for ~ 150-fs (FWHM) heating pulses, consistent
with the above-mentioned observation. The decay of the
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FIG. 1. Time-resolved transmissivity of ~200-A Cu film at
2==620 nm during laser heating (~300 fs FWHM) for
different laser-pulse energies: (a) 8, (b) 15, (c) 30, (d) 44, and
(e) 65 nJ. The heating laser was focused to ~27 um; the
probe laser to —14 um and positioned near the center of the
heating-laser spot.

fast transient was found to be 1-4 ps, increasing with the
heating-pulse fluence. This effect is due to larger
differences between electron and lattice temperatures for
higher fluences; thus, more electron-phonon collisions are
required for thermalization. A much slower decay of the
lattice temperature (mainly due to diffusion) was ob-
served following the initial fast transient. Possible
effects due to modulation of the optical properties of the
substrate during laser heating were checked by the per-
formance of the experiment with an uncoated glass slide.
For conditions used in Fig. 1 and for our resolution limit,
no modulation of the transmissivity of the substrate was
observed.

As shown in Fig. 1, the amplitude of the thermal
modulation of the transmissivity of the copper film is
directly proportional to the laser fluence. For conditions
shown in Fig. 1, sample transmissivity before and after
laser heating was unchanged. For higher laser fluences,
the amplitude of the thermal modulation was not linear
with the laser fluence (amplitude saturation was ob-
served). In addition, the film transmissivity was
enhanced by a few percent during laser heating and
reached an equilibrium value in a few minutes, indicat-
ing the possibility of fast oxidation during laser heating.

The heating-induced modulation of the optical proper-

ties of metals can result from many effects including
thermal expansion, broadening and shifting of the Fermi
level, and electron-phonon interaction.” The technique
of thermomodulation of the optical properties of metals
(with only a few degrees modulation in temperature) is a
well-developed technique to study the band structure of
metals.®  More recently, transient thermoreflectance
studies of copper have opened the possibility of separat-
ing (in time) the electronic and lattice contributions to
the thermomodulation spectra of metals.?> The ther-
momodulation spectrum of copper is well studied, and its
structure is relatively well understood.” A clear feature
of this structure is the sharp derivative peak at about
2.15 eV corresponding to an electronic transition from
the top of the d band to empty conduction-band (p-
band) states near the Fermi level. This structure was
previously attributed to the smearing of the Fermi distri-
bution.” Indeed, the observed fast transient in Fig. 1 is
thought to be mainly due to Fermi-distribution smearing.
The relatively small amount of modulation persisting
after the fast transient is attributed to lattice effects
which are caused by enhanced electron-phonon collisions
and, to a lesser extent, by the thermal-expansion effects.

For conditions used in the present work where the
laser pulse width was shorter than the electron-phonon
relaxation time, the time evolution of the electron and
lattice temperatures can be described by two coupled
nonlinear differential equations':

Ce(Tg)a;;e =xAT, —G(T,—T;)+Po(r,t), (1)
and
C[ aT,/at =G(Te - T[ ). (2)

The electronic heat capacity, C,(T,), is proportional to
the electron temperature [C,(T,)=96.67T, J/m3 K].°
The first term on the right-hand side of Eq. (1)
represents thermal-conductivity losses. As a result of the
thin-film geometry used in our work, thermal conductivi-
ty is thought to have a negligible contribution at the time
scales of interest (few picoseconds after the laser-heating
pulse) and can be ignored. The second term in Eq. (1)
represents electron-phonon coupling. The coefficient of
heat transfer between the electrons and the lattice, '° G,
is assumed to be constant for our experimental condi-
tions and is obtained by a comparison of the experimen-
tal data with the model. The third term in Eq. (1)
represents the laser-heating source. Measurements
showed that at A =620 nm, 5% of the normally incident
radiation is absorbed in the copper film at room tempera-
ture. Small deviations in this value due to laser heating
are ignored in the present model. In the present calcula-
tions, the lattice heat capacity, C;, had a value of
3.5%10%J/m3-K.°

Equations (1) and (2) were solved numerically. Time
evolution of the electron and the lattice temperatures for
different values of electron-phonon coupling constant, G,
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FIG. 2. Numerical modeling of the time evolution of electron and lattice temperatures for the experimental conditions in Figs.
1(b) and 1(e) [laser-pulse energy is (a) 15 nJ and (b) 65 nJ, with its peak at time =1 ps]. Simulations were conducted for different
values of the coefficient of heat transfer between the electrons and the lattice, G.

and for conditions used in Figs. 1(b) and 1(e) are shown
in Figs. 2(a) and 2(b). The laser-heating pulse was as-
sumed to be Gaussian with a FWHM =0.3 ps and peak-
ing at 1 ps. Clearly, the electron-phonon relaxation time
is strongly dependent on the value assigned to G and in-
creases with a decrease in the electron-phonon coupling
constant. In addition, the electron-phonon relaxation
time was found to increase with the applied heating-laser
fluence which is consistent with the experimentally ob-
served results. Since the electron-phonon relaxation
times considered in the analysis are larger than the
laser-heating pulse width, the peak electron temperature
had only a small dependence on the value of the
electron-phonon coupling constant. Although the equi-
librium electron and lattice temperatures predicted by
the model were directly proportional to the heating-laser
fluence, the peak electron temperature had nearly a
square-root dependence on the laser fluence. Indeed, de-
viation from this square-root dependence is due to the
fact that some electron-phonon energy transfer does take
place during the laser-heating pulse. Thus, this deviation
from square-root dependence is enhanced for larger
values of G.

Comparison of the time-resolved thermomodulation-
transmissivity measurements of the time required for the
electrons and the lattice to reach equilibrium with that
predicted by the model indicates that G has a value of
~1x10'7 W/m3- K. For a pulse energy of 65 nJ (peak
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fluence =3.8x10!° W/cm?), the model predicts a peak
electron temperature of 2200 K and an equilibrium
electron-phonon temperature (ignoring conduction
losses) of 385 K. Although this simple model seems to
be consistent with the experimental observations, more
accurate modeling can include the modulation of the de-
posited laser energy due to the thermal modulation of
the optical properties of the film, in addition to account-
ing for the small dependence of G and C; on tempera-

1.0 T T
L)
A
o
&
S % A =570 .
& o08F X A =580 N 1
< | A =590 .
>.§ LI
‘;*2 @ A = 600
22 061 a A =610 % B
L
E =
2 .
©c 04 —
=9
s *
= N . .
o * *
Y LR ek s | A
= ) .:...A‘.I a .. . : - aE *A.:.)‘:
= Veaita, ax® Lo o w Ea 8
TleahlnTh teel o SIS A
0.0 " *§ % "4.***:. « e bl f.': i

-10 -5 0 5 10

Delay Time between Pump
and Probe (ps)

FIG. 3. Time-resolved transmissivity of 200-A copper film
for varied wavelengths of the probe.
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ture.

Filtered white-light pulses in 10-nm steps from A =560
nm to 640 nm (A =590 nm corresponds to an electronic
transition from the top of the d band to the Fermi level)
were also used to probe the transmissivity modulation;
results, shown in Fig. 3, display no dependence of the de-
cay of the fast transient, attributed to electron-phonon
relaxation, on probe wavelength. This observation is
consistent with a thermalized hot-electron population.

In conclusion, we have used the thermal modulation of
the transmissivity of thin copper films to measure the
electron-phonon relaxation time in copper as a function
of pump-laser fluence at A =620 nm and as a function of
probe photon energy for A =560-640 nm. We have
demonstrated nonequilibrium heating with up to a few
thousand degrees difference between electron and lattice
temperatures. Additional studies are needed to actually
relate the modulation of the optical properties of metals
with electron and lattice temperatures.
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