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Abstract

We present here a study of the possible local heating effects in surface plasmon
resonance sensors using low power lasers (~ mW/mm?). By measuring the
increase of electrical resistivity in an Au stripe while excitihng SPR and
performing numerical simulations we determine upper limits to the local heating
that result of the order of ~0.1 K and ~1 K for laser power densities of 1.5
mW/mm? and 15 mW/mm? respectively.
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1. Introduction

Surface plasmon resonance (SPR) consists in a collective oscillation of
conduction electrons at metal dielectric-interface [1,2,3,4]. For the case of noble
metals, this resonance is very weakly damped and consequently, very sensitive
to any modification of the external environment. Therefore, SPR is the base of
many sensors [5,6,7] . The most widely used configuration is the SPR on
metallic films, where the adsorption of chemical species on top of a
functionalized Au film yields measureable changes in the resonance conditions
[5,8].

The excitation of SPR in metallic films leads to a concentration and local
amplification of electromagnetic energy in very small regions above the
diffraction limit [9,10]. For the case of noble metal films, when SPR is excited,
the electromagnetic field at the metal/dielectric interface can be up to 80 times
that of the incident light [2]. This energy stored in form of surface plasmons can
be released via re-emission of light or heat dissipation. When the heat
dissipation is the main mechanism for energy release, this can lead to intense
local heating, due to the locally very high energy density [2,11,12 ].

Therefore, when SPR is used for sensing, local heating may alter processes
leading to erroneous results since the gas and molecular absorption/desorption
rates on a functionalized surface depend on the local temperature [13,14].
Consequently,in SPR based sensors, low-power density light sources (~
mW/mm?) are commonly used to minimize possible thermal effects.
Nevertheless, it is important to determine the local increase of temperature
upon SPR excitation when using low-power light sources in order to determine
to what extend it can affect to the resolution and sensitivity of the
measurements.

In this paper we study the local heating induced in Au films upon excitation of
SPR with low power lasers as those used for sensors (typically ~1-15mW/mm?).
To this purpose we measure the electrical resistivity of the film upon SPR
excitation and determine the local increase of temperature.This electrical
measurement seems the most appropriated one as it is highly non-invasive.

Since we are studying the heating in a small Au element with ~40 nm thickness,
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the mass of the thermocouple or other probe would be huge in comparison with
the mass of the Au film so it would modify the temperature distribution. In
addition, excitation of SPR requires from a very particular optic configuration
and any element in direct contact with the Au film surface alters and damps the
excitation of SPR. That is the reason why we choose measurement of resistivity
as the suitable probe to measure the local heating that has no effect on the
optical configuration of the system. We also present here simulations of the

local heating process that are compared with the experimental results.

2. Experimental

Sample consisted in a nominal 40 nm Au film deposited on sodalime glass
substrate by e-beam evaporation using a mask and subsequently patterned in
the shape of a strip 2 mm wide. The patterning was carried on using UV
photolithography to define a protective resist layer with the desired shape,
followed by a wet etching process in aqua regia solution for a few seconds then
rinsed in deionized water and acetone in order to stop the etching and clean the
remaining resist layer. Finally, silver colloid was used to attach four electrical
contacts aligned along the strip so that a bigger gap is left between the 2™ and

3" contact for the laser spot to be focused right there, as shown in Fig. 1b.
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Figurel (a) Scheme of the SPR device with 4-points resistance measurement system.

(b) Hlustration of the sample geometry with the four contacts.
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SPR were measured with a home-made device described elsewhere [15]. Two
different lasers where used. A solid diode laser with 543 nm wavelength and
HeNe laser operating at 632.8 nm. The power of the polarized laser beams
were 15 mW and 1.5 mW respectively and the spot exhibit a Gaussian profile
with 1 mm full-width-half maximum (FWHM).

This set-up was modified including the possibility to measure electrical
resistance using a four points configuration. Visual Basic codes were developed
to allow measurements of the electrical and SPR signals as a function of time

and incidence angle. Figure 1a shows a sketch of the device.

3. Results and Discussion

Figure 2 shows the SPR spectrum of the sample measured with a red HeNe

laser on the sample.
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Figure 2. SPR spectrum of the sample measured with a HeNe laser (632.8 nm) and

the best fit obtained with the parameters indicated in the figure.

The spectrum can be fitted assuming a thickness of 40.1 nm and refractive
index very close to those reported for Au in literature [16] that is indicated in the
figure.

In the first experiment, we measured the electrical resistance when illuminating
the sample at resonant conditions (44.2 deg incidence angle) and modulating

the illumination with pulses of 10 seconds and 10 seconds without illumination.
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In this way we can separate the effects of SPR excitation from other possible

experimental artifacts. Figure 3 shows the result of these measurements.
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Figure 3. (a) Resistivity of the sample illuminating with a 543 nm laser (15 mW/mm?) in
SPR conditions and modulating the light with 10 seconds intervals (b) Resistance

variations produced by laser illumination in SPR conditions for two different lasers.

The electrical resistance of the sample increases when it is illuminated in
conditions of SPR excitation. The increase of temperature follows the
modulation of the light and disappears when the illumination is removed. This
behavior demonstrates that the jumps observed on the resistance in figure 3a
are associated with the illumination. In figure 3b we present the value of the
jumps observed in the electrical resistance of the sample. Those changes are
about 6.3:10™Q and 2.7-10°Q for the red (1.5 mW) and green (15 mW) lasers

respectively.

We performed additional control experiments to check that the measured
resistance variation are associated with the excitation SPR and no other
process related to illumination, for instance optical absorption to promote
interband transition in the gold stripe [17] or absorption due to silica defects
[18,19,20].

The first one consisted on recording the electrical resistance when varying the
incidence angle of the laser as we do when measuring the SPR spectrum in

figure 1. In this experiment the light was also modulated with 10 seconds pulses
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in order to separate the effects of SPR excitation from other possible effects.

The results of this experiment are presented in Figure 4.
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Figure 4.Electrical resistance of the sample when illuminating with the laser as a

function of the incidence angle with modulated light. The SPR spectrum is also

presented for comparison purposes.

The electrical resistance of the sample exhibits time variations that match the
modulation of the light. Those variations are maxima at resonant conditions and
reduce up to disappear when we are totally out of the resonance. Additionally,
we repeated the measurement illuminating the sample with the laser with p-
polarization that is not able to excite SPR. In this case, no changes in the
resistance where observed upon light illumination irrespective of the incidence
angle. Consequently, we can associate the resistance variations measured here
to the excitation of SPR disregarding any other optical process.

In order to calculate the local temperature that the Au film reaches upon SPR
excitation we considered initially two extreme situations to get lower and upper
limits.

The first situation that provides a lower limit is to assume that the whole region
for which the electrical resistance is measured is heated homogeneously. The
tabulated electrical resistivity for Au is 2.44.10% Q ‘m and around room

temperature the thermal dependence of the resistivity is of 8.1.10™ Q -m-K*
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[21]. For a gold element with 2x3 mm area and 40 nm thickness the resistance
is 0.915 Q and its thermal dependence should be 6.03:10° Q ‘K. Therefore,
the increase of the resistance of 6.3-:10™ Q observed upon SPR excitation with
the red laser of 1.5 mW should correspond to an increase of temperature of the
spot region of AT=0.104 K. Similarly for the green laser with power of 15 mW,
the measured increase of resistance of 2.7-10° Q would correspond to an
increase of AT=0.43 K.

The second situation that provides an upper limit corresponds to assume that
just the region directly illuminated by the laser results heated. As the spot has a
Gaussian profile with a 1 mm FWHM, we assume that a region with 1 mm
radius (that receives 95.5% of the power) is heated while the rest of the material
remains unchanged. The calculation of the thermal dependence of the
resistance results complicated for this geometry and is detailed in Appendix 1.
According to the calculations, when exciting SRP with the 1.5 mw laser, the
local increase of temperature at the spot region results AT=0.39 K while for the

15 mW green laser the overheating is AT=1.69K.

Finally, we perfomed a simulation using COMSOL software. For this calculation
we considered an Au stripe with the dimensions of our system (2mm width, 40
nmthickness) over a soda-lime glass (1 mm thick) and a heat focus with power
1.5 mW and 15 mW that is dissipated on a disk with 1 mm radius and 40 nm
thickness (see figure 5a). We assumed room temperature to be 300 K and a
heat transfer coefficient Au/air of 30 W-K™*-m™. Figure 5 shows the temperature
distribution at the stationary state. For the 1.5 mW power the maximum
increase of temperature takes place at the center of the spot and results to be
AT=0.12 K, while in the case of the 15 mW laser this increase is AT=1.22 K.

The temperature distributions along a line parallel to the stripe (dashed line in
the figure 5a) are shown in figure 5c&5d. We found that the temperature
decreases from the center of the spot as expected. For the 1.5 mW laser the
temperature at a distance of 5 mm from the center of the spot increases about
AT=0.06 K while for the 15 mw laser it is AT=0.6 K.
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Figure 5. Simulation of the distribution of temperatures upon SPR excitation with (left)
1.5 mw laser and (right) 15 mw laser. (a,b) False color temperature images; (c,d),
temperature distribution along a central straight line parallel to the stripe direction
(dashed line in panel a); (e,f) temperature distribution along a vertical line at the center

of the spot (dotted line in panel a).
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These temperatures obtained from the simulation exhibit a reasonable
agreement with the experimental data, falling in between the upper and lower
limits above calculated from the electrical measurement.

The key difference between experimental and calculation theories is that
according to the simulation the increase of temperature is lineal with the laser
power while from the experimental data we found that by increasing a factor of
10 the laser power (from 1.5 mW to 15 mW), the temperature increases about a
factor 4. This difference may be due to the fact that upon excitation of SPR, a
part of the energy absorbed by the system is re-emitted as light [2], while in our
calculation we assumed all the laser power to be dissipated inform of heat. This
re-emission is not a linear effect and increases with the incident light intensity.
Thus, an increase of a factor 10 in the laser power do not yield the same
increase in the dissipated power, explaining the lower heating observed in the

experimental measurements.

While experimental data on electrical conductivity only provide information
about heating of the conductive Au film, the simulation also allows estimating
the heating of the glass substrate. From figures 5e & 5f we found that the
substrate results significantly heated up to a depth of 1 mm. The average
increase of temperature results of AT =0.11 K and AT =1.1 K for the 1.5 mw
and 15 mW laser respectively. Considering that about room temperature, the
refractive index of silica based glasses the refractive index is about 1.52 and
has a thermal dependence of ~10®° K™ [22], the modification of the refractive
index results of the order 10° — 10°. Such a modification can be considered as

negligible as concerns the excitation of SPR.

4. Conclusions

We estimated the local increase of temperature when exciting SPR on Au films
with low-power sources. From experimental data and simulations, we found that
local increase of temperature at the laser spot position are below ~0.1 K and ~1
K for laser power flux of the order of 1.5 mW/mm? and 15 mW/mm?

respectively, for sensors working in air. Lower values are expected for sensors
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in liquid media. Thus, when using SPR for sensing purposes, those values may
be used to provide limits to the possible thermal effects that could modify the

response of the system.
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Appendix A

Calculation of the resistivity of a thin film with a circular region heated.

Consider the situation described by the figure 6 with a film with length L, width

W and thickness T, in which a circular region of radius R=W/2 is heated

homogeneously.
L
(L-R)/2 (L-R)/2
wW P1
P4
T
R1 RS

Figure 6 Scheme of the analyzed element

The electrical resistance of the element can be obtained assuming an
inhomogeneous material with resistivity p; out of the circle and p, inside the
circle. The total of the element will be the sum of 3 resistances in series
corresponding to regions 1,2 and 3. For the regions 1 and 3 it is straightforward

that resistance will be:

(L-R)
2W-T

Ry =Rz =p;- (1)

As concerns R; it can be obtained as the sum of the resistance of thin films
sections with length dx as described in the figure 7. Actually each section
corresponds to the sum of three resistances in parallel, two of them identical

corresponding to the region with resistivity p; and one with resistivity p».
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Figure 7 Scheme and dimension of the finite elements considered to calculate the total

resistance of the section 2.

-1

R 2 1
RZ = f_R dx + dx

P1 T-(R-VRZ-x2) P2 I RVRZ—x2

-1
f_RR dx <2T-(R—\/R2—x2) + 2T-\/R2—X2) 2

P1 P2

If we set p; as the tabulated resistivity for Au at 300 K, T=40 nm, and R=1 mm,
and solve numerically this integral we obtain the linear relationship between R,

and p, shown in figure 8:
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Figure 8 Resistance R, as a function of the resistivity in the disk p, according to Eq.

(2).
From a linear fit we obtain the following relationship:
p, = (5.099 - R, — 0.67) - 1078

Since Ry is the only term of the total resistance that varies its value (assuming
just heating of the laser spot area) the increase of resistance experimentally
measured corresponds to this term. Therefore, the observed increase of
resistance upon illumination with the 1.5 mW laser of AR,=6.3:10* Q
correspond to an increase of resistivity of Ap,=3.2-0'Q-m. Since the thermal
dependence of the resistivity for Au is 8.1-10™* Q -m-K™, this corresponds to
an increase of the temperature of the disk of AT=0.39 K. Similarly, for the case
of the green 15 mW laser the increase of resistance of AR,=2.7-10° Q vyields
Ap»=1.3-10"°Q'm and AT=1.69 K.
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