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A h c t . It is shown that optically excited surface plasmons can k used for measurements of the
surface temperature of a metal with nanosecond t h e resolution. This method is closely related to
transient thermoreflectance, but its sensitivity is considerably higher. We give a survey on the
mechanisms involved, briefly discussing the dependence on the sample properties. Experimental
confirmation of the proposed sensitivity enhancement as well as the time resolution is presented.

PACS: 07.60,42.80, 61.80
Transient thermoreflectance is a well established technique for observing temperature changes at a metal
surfacewith high temporal resolution [I, 21. It employs as
a probe the thermally induced change in the optical
constants of the metal by measuring the intensity of a Iight
beam being reflected at the surface under consideration.
However, since the optical constants of the metal are not
very sensitive to the temperature, signals obtained are
usually small, and enhancement of the sensitivity of the
method would be desirable. In this paper we demonstrate
a modified transient thermoreflectance setup using an
attenuated total reflectance technique. When the conditions for optical excitation of surface plasmons are
fulfilled, the thermoreflectance signal becomes resonantly
enhanced, thus increasing the sensitivity of the measured
light intensity to changes of the surface temperature. We
elaborate on the feasibility of this effect for performing fast
high sensitivity measurements of temperature changes at
a metal surface.
1. Theory

Optical excitation of surface plasmons by means of the socalled Kretschmann setup has been described by many
authors [3-51: the sample is formed by a metal fdm with a
thickness of several tens of nanometers, evaporated onto
the base of a glass prism. The surface to be studed is the
interface between the metal and the vacuum. On illu-
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minathg the film with a light beam coming through the
prism at a certain angle of incidence, surface pIasmons are
resonantly excited by the evanescent wave on the metalvacuum interface. The measured quantity is the intensity
of the reflected light, I(B), which shows a pronounced
attenuation at the resonance angle due to conversion of
photons into surface plasmons. The depth of this resonance Uip depends strongly on the coupling between the
surface plasmons and the photons, and thus it depends on
the thickness of the metal film. For a given film material
and light wavelength, there exists a certain frlm thickness
which makes the reflected intensity drop to zero at the
resonanceangle, The resonance width depends on the film
materid; it is especially narrow on silver films, where it
amounts to less than 0.5".
When the fiIm is being heated (e.g. with a laser pulse),
the dielectric function of the fdm changes, affecting the
position and ~ d t of
h the surface plasmon resonance. In
order to discuss this detaiI, we first consider the temperature profile in the sample. Due to the high thermal
conductivity of the metal film and its small thickness, it
rapidly assumes a uniform temperature with respect to the
normal direction of its surface. A silver Eilm of about
50 nm thickness on a glass substrate, like the one used in
this work, becomes uniform in temperature across its
thickness within less than a nanosecond, as shown
recently [6j. Lateral temperature gradients can of course
occur, for instance as a consequence of an inhomogeneous
profiIe of the heating pulsed laser spot, on length scales
large compared to the film thickness. When the temperature profile in the helm is uniform, so is the thermally
induced change in the dielectric function, which therefore
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Fig. 1. Dispersion refation of the surfam plasmons. For k-.O the
curve approaches the light line (LL), and lor k-t m it approaches the
asymptotic value w, which depends w the conduction electron
density. T h e dashed curve corresponds to the case of an increased
temperature

angle

Fig. 2 Calculatd thermorefl&ance signal amplitudes as a function
of the angle of incidence. The arrows denote the surface plasmon
resonance angle. The dashed curve corresponds to a thickness of
50 nm, which enables complete conversion of photons into surface
plasmons at the resonance angle. The dotted and the solid c u m
comespond to film thicknesses of 60 nm and 40 nm, respectively.
Calculations were prfom& for a surface temperature rise of
dT= 100 R and a Iight wavelength of 6328 nm.The angle of total
reflectance is 41"

models the temperature in the film as weIl as at the film
surface.
This change in the dielectric function is based primarily on the foIlowing two effects: on the one hand, the
damping of the conduction electrons is enhanced dm to
the increased number of thermal phonons. This results in
an increase of the imaginary part of the dielectric function
and, consequently, in a broadening of the surface plasmon
resonance. On the other hand, the thermal expansion of
the f h will reduce the electron density, thus lowering the
plasma frequency of the metal, which is given by [7]
(n is the density, m the eflective mass of the conduction
electrons). This affects the dispersion relation of the
surface plasmons, which is depicted schematically in
Fig. I. Because the asymptotic frequency for k+ a,
denoted as EU,~
in Fig. 1, is directly propof onal to cup [fl,
it is also lowered, The dashed curve shows the situation
when the temperature is increased. The surface plasmon
-wave vector which corresponds to the frequency w, of the
detecting cw laser beam is shifted to a higher value, which
implies that the resonance dip is shifted to a larger angle of
incidence. It is obvious from the shape of the dispersion

curve that this effect strongly de&ds on the cw laser
frequency. Particularly large changes are expected near
mL=asp.
In addition to changing the dielectric function of
the film material, the thermal expansion affects the
resonance curve also by means of the strong dependence
of the plasmon-photon coupling on the thickness of the
metal film.
To evaluate the expected effects in more detail, we
performed a numerical calculation employing the transfer
matrix rqmsentation of Fresnel's formulae [8]. The
optical constants used for the silver were obtained by a
least-squares fit of the surface plasmon resonance which
had been measured using a Ne-Ne laser (A= 632.8 m).
Good agreement was found with values given in the
literature [9] (the imaginary part of the measured dielectric function was somewhat larger than the literature
value, which is likely to be due to contamination of the
film material during the evaporation process). The temperature dependence was obtained using the Drude
model of a free electron plasma, which has been shown to
describe well the optical properties of noble metals for
visible light [9]. It should be noted at this point that for
the calculation of the thermal expansion of the film one
must not use the h e a r thermal expansion coeficrcient cc of
the bulk material. Since the film may only expand into the
normal direction,one has to employ a corrected thermal
expansion coefficient u' for the expansion of the film
thickness, which is readily shown to be given by
where pis Poisson's number of the film material. Since p i s
usually close to 0.3 (depending on the material and its
morphology), a' is about twice the usual thermal expansion coefficient E, which shows the importance of this
correction. For the thermal expansion coefficient we used
u=1.87 x
[lo]; p has been set to 0.3 as a typicd
value for silver [10].
In Fig. 2, the transient thermoreflectance signal expected for a temperature rise of 100 K is shown. for three
daerent film thicknesses as a function of the angle of
incidence. Whereas for a thichess of 40 nm (solid curve)
the signal is negative for all angles,a "bipolar" behaviour
is present for 50 nm (the thickness of maximum coupling)
and 60nm. Outside the resonance, below the total
reflectance angle, one has just the usual thermoreflectance signal. Obviously, the resonance enhancement due
to the surface plasmons amounts to about one order of
magnitude. Perfomixlg smilar calculations for shorter
wavelengths, we found that the sensitivity could still be
increased: at a wavelength of m n r n instead of
632.8 m, the calculated signal amplitudes were found to
be another order of magnitude larger, codnning the
suggestions above. In this study, however, we want to
concentrate on the He-Ne laser radiation, since this is
the one used in our experiment for the excitation of the
surface plasmons.

Z Experiment
The experimental setup is depicted in Fig. 3. The sample
was prepared by evaporating a silver film with a thick-

S. Herming!naus and

352

7Is.t

from -

exclmer laser

He-Ne laser

-

fm

-

Ag - !ilm
I42 nml

detector

Fig. 3. Experimental setup. The He-Ne laser serves to excite the
surface plasmons which propagate on the metal-vacuum interface.
The excimer laser kam coming from the vacuum side accomplishes
the heating of the sample surface
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Fig.4% Intensity transient taken at the surface plasmon resonance
angle. The temporal laser pulse profile is shown by the dotted line far
comparison. The signal is obviously proportional to the integrated
incoming laser power. b Signal amplitude as a function of the pulse
enesgy. A linear behavior IS apparent, as expected for the surface
temperature

I
42

4.4

sented by the dotted curve. Obviously, the surface
plasmon signal is proportional to the integrated incomng
laser power. This is expected when rapid energy conversion (electron-phonon relaxation) from the laser light
into heat is assumed. Thus Fig. 4a demonstrates that the
signat is not noticeably affected by nonthermal electronic
exEitation by 'the tTV radiation of the excimet laser. In
Fig, 4b the signal amplitude (i.e., the peak valueof the
surface plasmon signal in Fig.4a) is plotted as a
function of the l&? pulse knergy, 'demonstrating the
linear reIationship between these two
Shce
the temperature rise is supposed to be proportional to
the laser pulse energy to a good approximation, we can
conclude that the beat induced changes in the shape of
the surface plasmon resonance curve (and thus the signal)
are still small enough to be considered linear-ifi
-.
the
temperature rise.
-. In order tamrnpare the measured signal amplitudes
with the theoretical prediction in more detail, we show
the peak values of the thermoreflectance signals as a
function of the angle of incidence in Fig. 5. The double
peak structure as suggested by cume c in Fig. 2 is dearly
reproduced by the data. The solid line is a numerical fit
consisting basically of a calcukation like those shown in
Fig. 2. However, since the actual energy deposition in the
sample (and thus the change in the dieIectric function)
may be slightly inhomogeneous due to the roughness of
the silver fim, we have to account for enhanced diffuse
scattering from the sample in the temporal vicinity of the
laser pulse. This results in an additional reduction of
light intensity at the detector, proportional to the light
intensity itself, i. e. to the reflqctiyity,R(0).%refo~e,~to fit
our data we dlowed for.3 srna1I correction .propoflional
to R(0);whieh wassubtracted from the calculated signal
amplitude. The result is given by the soIid Iine in Fig. 5.
The best fit has been obtained with a d f i s e scattering
correction of -0.0035- R(9) (dashed line), a value for
Poisson's number p=0.30 and a temperature rise
AT=117K.
We were not able to measure the excimer laser
fluence at the sample, but an estimate based on the laser
manufacturer's specifications and the experimental geometry yields a value of 4.5 k2 rnJ/cm2. This can be used
to estimate the temperature rise at the sample surface
from the optical and thermal properties of the saver f i h
and the glass substrate. We arrive: at an expected temperature rise of 171 k76 R, whch is consistent with the
value of 117 K obtained by the fit. The error bars in
Fig. 5 are due to the pulse-to-pulse variation of the
energy of the laser pulses. Thus, the resolution of the
measurement is better represented by the width of the
oscilloscope trace displayed in Fig. 3a than by the error
bars. This corresponds to about 2 K when the angle of
incidence corresponds to maximum signal. The possibdity of considerable improvement concerning the resolution is suggested by the apparent absence of noise in
the signal.
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Fig5 Peak values of the thermoreflectance signals for different
angles of incidence. The solid line consists of the calculated signal
amplitude for A T= 1 17 K, plus a small correction represented by the
dashed hne which amounts for the diffuse scattering from pulsed
laser induced inhomogeneities in the sample. The error bars
correspond to the statistid fluctuations in the laser pulse energy

ness of 42 nm (correspondingapproximately to curve c in
Fig. 2) onto the base of a glass prism. For heating the
sample we used an excimer lases with about 20 ns pulse
duration and a fluence of several mJ/cm2. Its radiation
with a wavelength of 248 rn incident onto the silver film
from the vacuum side, is strongly absorbed by the silver
[9], yielding short heat pulses. For the detection of the
surface plasmon resonance we used a B e i e laser,
whose spot was small compared to (and well w i t h ) the
area illuminated by the excimer laser. The reflected light
intensity was measured with a fast PIN photodiode and
recorded with an analog storage oscilloscope.
Figure 4a shows the signal obtained at the surface
plasmon resonance angle (minimum of the reflectance
curve). The temporal profile of the laser pulse is repre-

3. Conclusions
We have shown that optically excited surface plasmons
can be used for resonance enhanced transient thermore-
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flectancemeasurements of metal surface temperatures, and
we recently applied this method successfully in time
resolved studies of laser desorptjon processes [I 11. In the
vicinity of the surface plasmon resonance, the enhancement with respect to usual thermoreflectance amounts to
about an order of magnitude, and we mentioned that by
using light with a shorter wavelength, another order of
magnitude in enhancement could be achieved. The temporal resolution is limited by the thermal relaxation time
of temperature gradients in the film, whch is less than a
nanosecond. It should be noted that the spatial resoPution
of this technique is limited by the decay length of the
surface plasmons, whch is on the order of 10 pm if visible
light is used for their excitation. As in all experiments
employing optically excited sutface plasrnons, the sensitivity of the method is somewhat less for fdm materials
other than silver. However, an enhancement in sensitivity
with respect t o usual thennoreflectance is to be expected
in any case.
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