Abstract number 951 Program number PL-TuP3

Thermoplasmonic shift and dispersion in thin metal films

A. L. Lereu,**" A. Passian,"®¢ R. H. Farahi,*
N. F. van Hulst »¢, T. L. Ferrell®, and T. Thundat®*
9)ak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
%) ICFO - Institut de Ciencies Fotoniques,
08860 Castelldefels (Barcelona), Spain

°) Department of Physics and Astronomy,

University of Tennessee, Knoxville, TN 37996, USA

9 ICREA - Instituci6 Catalana de Recerca i Estudis Avancats,

08015 Barcelona, Spain

October 1, 2007

*Present address: Institut Fresnel, CNRS 6133, Campus St Jérome, 13397 Marseille, France

"Electronic mail: passianan@ornl.gov



Abstract

In 2004 we reported two coupling schemes based on the thermo-optic
properties of thin metallic films and their associated sub- and superstrates,
utilizing surface plasmons. These studies showed a potential for all-optical
modulation at low rates, that may be used for sensing purposes. In this pa-
per, we continue by investigating thermal processes involved in thin metallic
films with different approaches. We first experimentally, imaged the shift
of the surface plasmon dispersion relation in the visible spectrum, as the
thin film temperature is externally varied. We then reinforce the previous
observations by collecting the absorption curves at selected visible photon
energies of excitation, as the film temperature in the excitation region in-
creases. Utilizing the absorption measurements, we address how one may
obtain the real and imaginary parts of the index of refraction of the thin
film as a function of temperature for each involved wavelength. Finally,
we investigate the local physical state of the film by optically profiling the

surface plasmon excitation region.

1. Introduction

Thermal effects, encountered in thin metal films and nanostructures, induce changes

in a number of parameters of the material, that may be summarized by the varia-



tions of quantities such as the thermal expansion coefficient, and the thermo-optic
coefficient. The thermal expansion coefficient depends on the density of the ma-
terial (the thermal conductivity and the “geometry”, whereas the thermo-optic
coefficient takes into account the optical properties, as it represents the variation of
the index of refraction n as a function of temperature 7'. In our study, we attempt
to investigate the response of the thin film as well as the variation of n, employing
the surface plasmon (SP) dispersion relation, which for a simple dielectric-metal
interface takes the form xk = \/eje2/(e1 + €2), where € = n? and e(w) = n? are
the dielectric functions of the dielectric and metallic media, respectively. Temper-
ature variations have been considered in numerous studies, including those in the
context of scanning tunneling microscopy [1, 2] and in metallurgical operations
[3]. Surface plasmons [4] have been utilized in many applications by the means of
their extraordinary optical properties, such as surface characterization and imag-
ing [5, 6], or sensors [7, 8]. SP were first used in estimating surface temperature in
1990 by S. Herminghaus et al [9]. These measurements led thereafter, to explore
experimentally [10, 11] and theoretically [12] optical temperature sensors based
on SP. Chiang et al [13] have numerically investigated the high temperature effect

in the surface plasmon resonance (SPR) sensors.

More recently, we reported couplings between multiple SPs [14, 15, 16], or be-

tween a current and SPs [15, 17], as a tool for optical modulation. Several beams



of different photons energies were shown to be modulated via the excitation of SP
and their mutual couplings. In these interactions, thermal processes play an im-
portant role, and the frequency f dependence of modulation was experimentally
shown to follow a 1/f behavior fairly well, and that the highest achieved fre-
quency of modulation did not exceed 10 kHz. In this paper, we prospect thermal
aspects influencing the SP resonance conditions, by modifying the thin metal film
temperature, that may intervene in the couplings presented in our previous work
(14, 15, 16, 17, 18]. In Sec. 2, we first record the shift in the SP dispersion relation,
in the visible range, as the film temperature is externally increased. The SP dis-
persion relation was first imaged in 1985 by Ferrell et al [5], at room temperature,
using the Kretschmann configuration [19], and later, in 1996 by Kitson et al [20],
while they were exploring the band gap of the SP on a corrugated surface. Yoon
et al [21] highlighted the same measurements using gratings, as a support for the
SP excitation. In Sec. 2, we also present measurements of the absorption curves
that may be used to access the real (n) and imaginary (k) parts of the index of
refraction of the thin film, as a function of its temperature, at selected visible
wavelengths. Finally, in Sec. 3, we report the optical profile of the SP excita-
tion region from the superstrate (external side of the film) in the aim of studying
the film properties under the SP conditions. For analogy, this experimental ar-

rangement presents the capability for optical modulation with similar behavior as



reported in [14, 15, 16, 17, 18]. A conclusion ends the paper in Sec. 4.

2. Temperature influence on the SP resonance

conditions

a. SP dispersion relation

Schemes of the experimental arrangements, displaying the Kretschmann configu-
ration and the optical excitation path, are given in Fig. 1. In the setup described
in Fig. la), a beam from a white light source (150-watt Xenon lamp) passes
through a linear polarizer for p-polarization, a slit, and is then dispersed via a
grating. A collimator is used to focus the excited light onto a right angled prism
supporting a 40 nm silver film. A strong advantage of this arrangement is that
the film may be excited at different angles at the same time with no moving parts
and no change in excitation location. The thickness of the silver film is chosen
to be 40 nm in order to visualize the reflected beam in a range of wavelengths
from 450 nm to 700 nm. A Charged Coupled Device (CCD) camera is utilized to
record the reflected beam comprised of a simultaneous range of wavelengths and
angles. The CCD is optimized only for wavelengths from 450 nm to near infrared

(1.1 pum). A resistive heater designed for this experiment is then mechanically



brought close to the film (within 0.3 mm) to increase its temperature, as shown in
Fig. la. The resulting images, depicted in Figs. 2a) to d), show a shift of the en-
ergy loss from the excited photons to the SPs, in the direction of the higher angles
at lower wavelengths, accompanied with a slight widening as the temperature of
the film increases. In Fig. 2, the temperature is raised from room temperature Tg
(Fig. 2a)) to T1=100 °C in Fig. 2b), then to Ty=140 °C in Fig. 2c), and finally
up to T3=170 °C in Fig. 2d). As it can be observed, the higher the temperature
the larger the angular shift of the SP dispersion relation. A comparison between
the experimental dispersion relation, using the same silver film parameters as the
experiment, is carried out in Fig. 3 for Tx. The simulation is in good agreement
with the experimental results, showing for example for a wavelength of 700 nm
a measured angle of 44.4 degrees for a calculated angle of 44.7 degrees (see the
caption of Fig. 3). A larger difference is observed for the smaller wavelengths, but
stays below 1 degree. This may be explained by the broadening the dispersion
curve for smaller wavelengths. Also noteworthy is that for temperatures below
T, the resolution of the system does not permit the distinguishment of either the

shift or the broadening of the dispersion relation.



b. Reflectance measurements

For the second arrangement, described in Fig. 1b), selected wavelengths, in a range
of 440 nm to 700 nm, are used to excite SPs in a 55 nm gold film via a hemicylin-
drical quartz prism. A controlled rotation stage varies the incident angle from 40
to 70 degrees with an increment of 0.1 degree, and a photomultiplier tube (PMT)
measures the intensity of the corresponding reflected beam. Thus, we are able to
obtain the absorption curves for each wavelength (A =442, 514, 575, 600, 625 and
650 nm), as depicted in Fig. 4. The temperature of the illuminated region of the
gold film is then locally increased from room temperature Ty to T,=65 °C, and
then to T;,=100 °C. The same data measurements and processing are carried out
for each temperature and wavelength involved. The shift to higher values in the
SP resonance angle, and the widening of the absorption peak are once more ob-
served, as shown in Fig. 4, and confirm the previous experiments for temperatures
below 100 °C. A good agreement with the simulation is also given Fig. 4, where
the measured angle (6..,) equals 46.3 degrees against a calculated angle (6.q.) of
46.4 degrees for 650 nm, at 625 nm 0,,,=46.6 and 0.4,.=46.7, at 600 nm 0,,,=47.2
and 0.4,=46.9, and finally at 575 nm 0,,,=48.0 and 0.4,.=47.2. For the two exam-
ined lower wavelengths, the agreement remains, and no precise angle is observed,
as expected for the film thickness and material used. This technique allows the
extraction of the real (n) and imaginary (k) parts of the index of refraction from
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the experimental absorption curves as a function of temperature. A good agree-
ment is found with previous values published by Palik [22] for room temperature.
The configuration in Fig. 1b) allowed us to achieve higher accuracy measurements
and to observe more pronounced variations for lower temperatures than in the
first arrangement. We note also that this result is for a 40 nm silver film, the vari-
ations of the dispersion relation with the film thickness is displayed in Fig. 5. For
a thickness of d = 20 nm Fig. 5a), weak and broad absorptions are seen for lower
wavelengths. In Fig. 5b) and Fig. 5¢), d equals 35 nm and 50 nm respectively,
where absorption exists in the entire considered wavelengths interval; although
for 50 nm, the absorption at higher wavelengths is much weaker. For Fig. 5d), d

is taken at 65 nm, and no absorption is observed for higher wavelengths.

3. Profiling the device thermal response in the

SP excitation region

In this section we seek to provide qualitative evidence to link the thermal expan-
sion in the excitation region with the heat generated by the nonradiative decay of
surface plasmons. The thermal effect may be experimentally examined by profil-

ing the excitation region with an optical beam deflection technique that is highly



sensitive to surface height, especially with harmonic displacement using lock-in
detection. Similar approaches have been reported to detect deflections as small as
0.03 Angstroms when calibrating a scanning tunneling microscope tip [23]. The
resulting surface profiles exhibit a frequency response and a power response, both

strong indicators that thermal expansion is the responsible mechanism.

A pump-probe technique, schematically depicted in the inset of Fig. 6, is employed
to evaluate surface deformations of the SP excitation region [18, 24]. A 1 mW,
635 nm probe laser beam of ~3 pum spatial resolution and a position sensing
detector (PSD), aligned and fixed in relation to each other, are scanned as a rigid
unit over the metal surface. When the probe beam impinges the metal surface, the
change in the surface height and slope modifies the destination of its deflection,
which is discerned by the PSD. We note that slope changes will bring about more
deflection than height variations, so that the peripheries of a raised region will
be emphasized [24]. The SPs are excited by a 514 nm line of a Ar* laser that is
intensity modulated with a mechanical chopper. The resulting harmonic output
voltage of the PSD is measured by a lock-in amplifier operating with the chopper
frequency as its external reference. The probe is scanned over a 600 pm x 600 pm
area containing the SP excitation region with a uniform mesh of 3 um cell size
at a constant power of 61 mW and modulation frequency of 200 Hz. A change

in film height is clearly detected by the optical beam deflection arrangement, as



profiled in Fig. 6. Further analysis of the observed effect was performed by line
scans (see the continuous line I" in Fig. 6) across the region at various frequencies

and intensities.

The line scans across the center of the SP excitation region were performed at
a fixed power of 34 mW and variable chopper frequencies ranging from 50 to
3600 Hz, shown in Fig. 7a). The pump laser power at the metal film was measured
with a calibrated power meter, taking into account the 4 % loss through the
quartz prism. The normalized surface response is greatest at low frequencies and
drops nonlinearly with increasing frequency, which we believe to be due to the
thermal relaxation of the film, shown in Fig. 7a). As the frequency increases
and the oscillation period becomes closer to the thermal time constant of the
metal film, the film cannot react fast enough [25, 26]. This frequency dependence
is reinforced by investigating the behavior of the normalized maximum response
versus frequency. This latter is described by the function y = a x a°, where y is
the response, x is the frequency, a = 12.82+1.11 and b = —0.64074+0.0179. The
marked drop in thermal response of the gold film near the modulation of 3.5 kHz
is in agreement with results reported by Borca-Tasiuc et al [26] using a 2 um laser

beam width on a 150 nm gold thin film.

Similar lines scans across the same SP excitation region were executed at a fixed

chopper frequency of 200 Hz and variable calibrated power levels between 0 to
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69 mW, shown in Fig. 7b). As expected, increasing film expansion occurs with
increasing power intensity. It is shown that a linear behavior is observed at these
power levels. The linearity may be described by the function y = a 4+ bx, where
y is the response, x is the power, a = —0.0062279 4+ 0.00752 and b = 0.014089 +
0.000274. At increasingly higher power levels, assuming no film damage, we expect
the thermal response to eventually taper off, as the gold film becomes unable to

fully restore to room temperature before the next heating cycle.

In summary, the profiling of the SP excitation region has revealed frequency and
power dependence of thermal effects such as the volumetric expansion of the film,
proffering strong evidence that the decay of SPs is responsible for thermal pro-
cesses in the metal film that are manifested by thermal expansion, localized heat-

ing and localized thermal gradients.

4. Conclusions

Continuing and expanding on our recent work on thermo-plasmonic-based mod-
ulation, we investigated the influence of thermal effects on the SP dispersion
relation. Our experimental work demonstrated an increasing angular shift and
broadening in the SP dispersion relation. We employed two different experimen-

tal methods to measure the complex index of refraction as the temperature of the
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surface-plasmon supporting film is varied by an external device. The culmination
of the experiments cover a temperature range from 23 °C to 170 °C (Sec. 2). We
then explore the thermal effects of the thin film due to the optically-induced heat-
ing scheme furnished by the non-radiative decay of SPs. The profiling of the metal
surface with an optical probe revealed surface deformations within the excitation
region, which we believe to be due to thermal expansion of the film. The char-
acteristics of frequency and laser power dependent profiles provide evidence that
the topographical distortions are due to thermal expansion from thermo-plasmonic

processes (Sec. 3).

In a series of experiments, we have carried out measurements and reported results
that has introduced SP as an active agent in various photothermal processes. The
exploitation of SPs in this manner, can have a great impact in well-established as
well as emerging SP research, such as SPR sensors or integrated photonic compo-
nents. The capability of SPs to mediate absorption from a photon field and/or a
subsequent source of heat that is generated in individual nanoparticles could also
open up possible applications in the field of metamaterials, for example. Moreover,
altering the local value of the dielectric function via the thermo-optic coefficient
may be of a great interest in the development of micro-electronic or photonic
components based on thin solid films, such as filters or absorbers. Finally this

investigation may also bring interests in the numerous studies concerning surface
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plasmon and localized plasmon interactions with molecular entities positioned at

the proximity of resonant metallic structures.
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Figure 1: Experimental arrangements. In a), a collimated white source excites
SPs in the visible range. The light source is p-polarized and is guided through a
grating to disperse into the visible spectrum, before reaching a 40 nm silver film
via a right-angled prism in the Kretschmann configuration. An external heater,
brought close to the film (within 0.3 mm), is used to increase the film temperature
and perturbate the SP resonance conditions. A CCD camera is used to record the
changes in the reflected spectrum. In b), a 55 nm gold film, vacuum deposited
onto a hemicylindrical prism, is used to excite SP for selected wavelengths. The
prism-heater assembly is mounted on a computer controlled rotation stage, and
the reflectance mesurements are carried out with a PMT connected to a computer

data acquisition system. In this case only the SP region is heated.

17



0 [degrees]
DAD A
NAOOWO

500 600 700 600 700 600 700 600 700
A [nm] A [nm] A [nm] A [nm]
Figure 2: Highlight of the SPs excitation in a 40 nm thin silver film, in the visible
spectrum, while the film is externally heated (see Fig. 1a)). In (a), the dark
line shows the SPs excitation at room temperature Tg, (b) is obtained for a film
temperature increased to T;=100 °C. The figures (c) and (d) are taken for higher
temperatures of Ty,=140 °C and T3=170 °C, respectively. A large shift in the
dispersion relation is observed as the film temperature is raised from Tg (a) to

T, (d).
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Figure 3: Comparison between experimental and theoretical SP dispersion relation
at room temperature. In (a), we measure the SP dispersion relation in the visible
range, where the dark line shows the energy loss of the excited photons through
the SPs. We illustrate in (b) the complementary transmitted light through the
thin silver film, and give in (c) the simulated SP dispersion relation at room
temperature. A good agreement with the experimental measurement is clearly
observed. For example, at 700 nm, the measured angle (0,,) equals 44.4 degrees
against a 0O.q of 44.7 degrees, at 600 nm 0.,,=44.8 and 0.,.=45, and at 500 nm
Ocep=45.8 and 0.4.=46.8. The larger difference in the smaller wavelengths may

be attributed to the broadening of the absorption.
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Figure 4: Absorption curves of a temperature controlled 55 nm gold film, excited
at different wavelengths (see Fig. 1b)). The top figure show the simulation of the
SP dispersion relation in the entire visible spectrum at room temperature. The
continuous curves display the absorption curve at room temperature; the curves,
symbolized by (A) and (+4), represent the absorption curves at film temperatures
of T,=65 °C and Ty=100 °C, respectively. The experimentally measured wave-
lengths go from 650 nm (A) to 442 nm (F), passing by 625 nm (B), 600 nm (C),
575 nm (D), and 514 nm (E). A good agreement between the simulation and

experiment is shown.
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Figure 5: Computed SP dispersion relation for different silver film thicknesses
d. The jaggedness observed for higher wavelengths is due to variations in the

reported experimental values for the dielectric function of silver (see [22]).
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Figure 6: Normalized contour plot of the surface deformation created by SP exci-
tation in a thin gold film using the Kretschmann configuration (see inset). This
plot is resulting from the evaluation of the deflection of the probe laser beam (see
inset) locked on the modulation frequency of a 514 nm Ar™ laser line, while scan-
ning the SP excitation region. The continuous line illustrates the approximate

location where further investigation have been carried out see Fig. 7.
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Figure 7: Experimental measurements of the surface deformation as a function
of frequency and incident power. Line scans across the center of the region of
SP excitation (along the line I', see Fig. 6) at various chopper frequencies in (a)
and at fixed frequency and various excitation power levels in (b). In (a), we show
a nonlinear response of the surface profile, where a curve following the function
y = a x 2, may be fitted to the normalized maximum response at each frequency
measured. In (b), we observe a linear response of the surface profile as function of
power. The normalized maximum response at each power level behaves as a simple
function, y = a + bx, that describes this linearity. The laser power dependence is

23
an indication of thermal effects such as volumetric expansion.



