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Heat management at the nanoscale is an issue of increasing importance. In optoelectronic devices the

transport and decay of plasmons contribute to the dissipation of heat. By comparison of experimental

data and simulations we demonstrate that it is possible to gain quantitative information about excitation,

propagation and decay of surface plasmon polaritons (SPPs) in a thin gold stripe supported by a silicon

membrane. The temperature-dependent optical transmissivity of the membrane is used to determine the

temperature distribution around the metal stripe with high spatial and temporal resolution. This method is

complementary to techniques where the propagation of SPPs is monitored optically, and provides

additional information which is not readily accessible by other means. In particular, we demonstrate that

the thermal conductivity of the membrane can also be derived from our analysis. The results presented
here show the high potential of this tool for heat management studies in nanoscale devices.

Introduction

Heat dissipation in integrated electronic circuits is an active
field of research, because of its importance for the further
miniaturisation in nano-electronics.™ The fundamental
aspects of heat flow cover, among others, the recently
observed quantum behaviour of thermal conductance,*® the
understanding of the conversion of electrical power via elec-
tron-vibron coupling into heat,”® heating because of scatter-
ing at atomic defects in graphene,® local cooling effects, the
definition of local temperatures in non-equilibrium
systems,'®*" non-conservative friction forces,'>** as well as
bias polarity-dependent and asymmetric heating in molecular
junctions.'®'® These issues are crucial for the application of
nanoscale electronic devices because local heating represents
a major source of failure of these devices by electromigration
or other thermal destruction.’®!” On the other hand, local
heating or cooling effects may lend themselves as local
energy sources and might give rise to manifold novel trans-
port phenomena. In recent years the conversion of electro-
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magnetic energy into electrical energy and vice versa in nano-
optoelectronic devices has been widely explored and has
revealed a palette of hitherto unexpected effects. As an
example we mention the observation of photon excitation
from nonlinear transport effects in scanning tunnelling
microscopy experiments.'®?* In many experiments metallic
nanoelectrodes act as optical antennae for the local enhance-
ment of the electrical field created by laser irradiation.?® ¢
Localised surface plasmons as well as propagating surface
plasmon polaritons (SPPs)*” ! represent coupled charge and
field effects, and their influence on the optical and charge
transport properties has been studied.*>” However, in most
cases, the heat transport that goes along with the propagation
of SPPs with finite lifetime has been ignored, mainly because
of lack of experimental access, although it might have a
major impact on the interpretation of nano-optoelectronic
experiments. Recently, indirect detection schemes based on
conductance changes of atomic contacts and nano-constric-
tions have been implemented to infer local temperature
changes.**?”
tion, they are time consuming and require a complex cali-

While these methods have a high spatial resolu-

bration for each individual contact under study. To under-
stand the nano- and mesoscale impact of SPPs it is manda-
tory to study the heat contribution by direct local thermome-
try, and in equilibrium between the electronic and phononic
system, such that a local temperature is well defined. In a pre-
vious publication we have shown that it is possible to detect
the presence of propagating SPPs by means of their decay into
phonons, measuring the resulting temperature increase
along the propagation path.*®
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In this article we show that the lateral heat flow and the
heat dissipation by SPPs in a micron size gold stripe can also
be quantitatively determined from an optical inspection of the
temperature distribution around the stripe combined with
computer simulations.?® A thin silicon membrane, used as a
substrate for the gold stripe, serves as a medium for obtaining
temperature maps with sub-um spatial and sub-ps temporal
resolution. The comparison between the experiment and simu-
lations yields the efficiency at which incident photons are con-
verted into SPPs and reveals the SPP decay along the propa-
gation path. Moreover, the analysis also provides the thermal
conductivity of the thin silicon membrane, which deviates
from the value of bulk silicon. These results demonstrate that
the technique applied here is a valuable tool for investigating
plasmon and heat management in nanostructures.

Results and discussion
Measurement principle

We investigate thin Au stripes on a Si membrane supported by
a massive Si wafer.’® The stripes are patterned with sets of
grooves forming line gratings for the excitation of surface plas-
mons see Fig. 1(a). The gratings are chosen to compensate the
momentum mismatch between the SPPs and the exciting
photons with wavelength 4 = 785 nm.>”*” The setup used for
our experiments is shown in Fig. 1(b) and consists of an
optical microscope to measure the optical transmissivity of the
Si membranes with a high spatial resolution and a pulsed
light emitting diode for illumination. Since the transmissivity
exhibits a pronounced temperature dependence,* the lateral
temperature distribution in the membrane can be inferred
from the transmitted light, recorded by a digital camera. An
example is shown in Fig. 1(c), which represents a temperature
map of the central part of a bare membrane when heated with
a focused laser beam. The temperature resolution is 0.1 K and
the spatial resolution is limited by the resolution of the micro-
scope to ~400 nm. Time-resolved measurements which show
the spreading of heat after pulsed laser excitation can be

realised using a pump-probe technique, where the sample is
illuminated by the probe light with some delay after the pump
laser pulse. With the present setup the time resolution in the
temperature measurement is about 100 ns, given by the rise
time of the pump heating laser diode and the LED probe light.
The details of the measurement procedure have been pub-
lished in ref. 38 and are given in the Experimental section and
the ESL.{

Steady-state measurements

We first describe the observations of the temperature distri-
bution in the Si membrane when the grating in the gold stripe
is illuminated continuously on a time scale of seconds or
longer. Since the characteristic thermal relaxation time of the
sample is in the range of a few microseconds, this setting
corresponds to a steady-state situation of the system. Fig. 2
shows the temperature increase around the grating for two
orientations of the light polarisation (in Fig. 2(a) parallel to
the grooves of the grating; in Fig. 2(b) perpendicular to the
grooves of the grating). We label the polarisation perpendicu-
lar to the grooves (i.e. parallel to the propagation direction of
the SPPs along the stripe) as p-polarisation, and the one per-
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Fig. 2 Temperature maps for p- and s-polarisation of the incident laser
light with the same intensity. In (a), the polarisation is perpendicular, and
in (b), the polarisation is parallel to the grating grooves. The area of the
gold film used for this sample appears here in black; the position of the
grating near the centre of the image is marked by a cross. The irregular
dots in the images are artefacts, caused by slight contaminations of the
Si membrane.
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Fig. 1 (a) Typical sample design: gold stripe on a silicon membrane with

{

a grating produced by focused ion beam (FIB) patterning. (b) Schematic

optical setup, details can be found in the ESL.T (c) Map of the temperature increase AT in a bare silicon membrane heated in the centre with a

focused laser beam.
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pendicular to the stripe as s-polarisation. It is obvious that the
temperature increase is distinctly higher for p-polarisation;
hence the absorption of the incident laser light by the grating
must be much more efficient in Fig. 2(a) than in Fig. 2(b). The
difference of nearly a factor of 4 of the temperature increase
can be ascribed to resonant plasmonic excitations, which
couple more efficiently to the p-polarised light.

We would like to mention that in spite of the clear effect of
the polarisation in Fig. 2, this observation is not a proof that
propagating SPPs are indeed generated in this case; it only
means that p-polarised light is more strongly absorbed by the
grating. The time-resolved measurements presented in the
next section, however, will provide clear evidence for the
propagation of SPPs in the gold stripe.

The temperature maps in Fig. 2 do not only illustrate the
big difference in the absorptivities for p- and s-polarised light,
but they also allow one to determine the total power dissipated
when the grating is illuminated. This can be done, e.g., by a
comparison with simulations like the one shown in Fig. 6.
However, we start here from a different, analytical approach,
using the fact that the temperature in a locally heated mem-
brane - as shown in Fig. 1(c) - varies as

T(r) = —(P/2nkd)In(r/ro) + To, (1)

where P is the absorbed input power, r the radial coordinate, d
the thickness of the membrane, x the thermal conductivity,
and r, and T, are the starting radius and temperature, respect-
ively.>® Eqn (1) is valid for distances larger than the size of the
heat source and for an isotropic sample.*’ While in our
samples the Si membrane itself is isotropic, some anisotropy
in the temperature distribution arises due to the presence of
the gold stripe. This is only a small effect, however, as was
shown for unpatterned films in ref. 38, and is confirmed in
the ESI in Fig. S4.f From the observed temperature gradients
in steady state one obtains, using eqn (1), the heat that is
flowing out of the irradiated volume through the Si membrane.
The Au stripe provides two additional channels for energy
transport out of the grating area, namely due to the stripe’s
thermal conductivity and due to SPPs. The first contribution
can be evaluated from the measured temperature gradients
and amounts to ~20% of the phonon transport through the Si
membrane. The SPP contribution, which is determined in the
next section as 5% of the incident power, is neglected at this
point for reasons of simplicity. In this way we find an absorp-
tivity (ratio of dissipated to incident power) of 19% and 5% for
the polarisations in Fig. 2(a) and (b), respectively. The number
for the p-polarisation is a lower limit because the energy trans-
port by SPPs is not taken into account here. These values for
the absorptivity are unaffected when the incident laser power
is varied between 1 and 20 mW. Such a behaviour is expected,
because nonlinear effects should be negligible in this intensity
range, as we demonstrate in Fig. S2 in the ESL7 In principle,
part of the SPP intensity is also out-coupled into the far field
as photons because the SPP modes are leaky. However, the
energy loss associated with this effect is smaller than 1% of

11896

(a) (b) = - — - —
25¢ —3— s-polarization|
i ~3¢— p-polarization
— 20} o | 1
9 :
start ;
" =
e
(=]
2
[

o 2 4 6 8
focus position [um]

Fig. 3 Absorptivity of the plasmon grating, derived from the tempera-
ture increase of the Si membrane when the laser focus is scanned
across the sample. (a) Path of the laser focus (red line), with the gold
stripe in black. (b) Absorptivity for p- and s-polarised light as a function
of the position of the laser spot. The dotted lines mark the edges of the
gold stripe.

the total energy for samples fabricated by the same
method®”*® and is therefore neglected in the current analysis.

The pronounced polarisation dependence of the coupling
of the incident light into the grating is further illustrated in
Fig. 3. In this case the laser focus was scanned across the
grating, including a few pm on both sides outside the gold
stripe. In Fig. 3(a) the path of the laser focus is sketched, and
Fig. 3(b) shows the resulting absorptivity, again for both p-
and s-polarisation. Apparently, the data for the relative power
dissipation agree outside of the grating. When the focus is on
the grating, however, one observes again the quite distinct
difference between the two polarisations.

How much of this additional optical power coupled into the
grating for p-polarisation is transferred into propagating SPPs?
- We first address this question from the theoretical side.
Using the program Lumerical FDTD,** which is based on a
Finite Difference in the Time Domain (FDTD) scheme, one can
determine the electric field distribution in and around objects
like our grating, and in addition the dissipated power per
volume element. Summing the latter over the whole volume
and normalizing by the incident power then provides the
absorptivity.

In Fig. 4 we show the spatial distribution of the normalised
dissipated power density P(x,y), locally averaged over the thick-
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Fig. 4 FDTD simulation of the normalised dissipated power density
with a monitor area extending over the whole gold stripe (width 4 pm).
(a) p-polarisation and (b) s-polarisation. To increase the contrast for
lower values, the colour code for the dissipated power density was
capped at a threshold (identical for (a) and (b)) and normalized to that
value. The uniform dark red regions in the centre of both (a) and (b)
denote areas that are above that threshold.



ness of the sample. Panel (a) was calculated for p-polarisation,
where one expects resonant plasmon excitation. The dissipa-
tion is clearly enhanced compared to the bare optical absorp-
tion in panel (b) for s-polarisation. Integration over the dissi-
pated power density in the upper panel gives a relative absorp-
tion of 18.2%, in good agreement with the experimental result
of 19 + 1% (Fig. 3(b), green curve). The same procedure leads
the non-resonant absorption in the lower panel to a calculated
absorptivity of 3.2%, which is - as expected - considerably
lower. The slight difference to the experimental value of 5 +
1% (Fig. 3(b), blue curve) can be ascribed to the roughness in
the grating structure, which leads to some enhancement of the
coupling to light compared to the ideal grating assumed in the
simulation. In the ESI we show (see Fig. S3t) that when limit-
ing the monitor area to the grating itself, in the case of s-polar-
isation, not much changes. However, for p-polarisation only
12.3% absorptivity is found inside this smaller frame. So,
according to the simulation, 68% of the absorbed power are
dissipated directly in the grating, and 32% outside of the
grating along the gold stripe. This part is carried by SPPs,
which are generated in the grating and propagate along the
gold stripe until they decay into phonons.

The additional heat dissipation outside the grating due to
SPPs gives rise to an anisotropy in the temperature pattern,
which, however, is weak under the steady-state conditions dis-
cussed so far, and is barely discernible in the experimental
temperature map of Fig. 2(a). Likewise, finite element simu-
lations (FE) with COMSOL Multiphysics,*® in which SPPs are
included, exhibit only a slight plasmon-induced anisotropy in
the steady state temperature landscape (Fig. 5 and S4 in the
ESIT). The propagating SPPs are implemented here as an
additional, quasi-instantaneous heat source, distributed con-
tinuously along the gold stripe, with an exponential decay
length of 12 pm, as known from other experiments on similar
samples.”””

The plasmon contribution should become much more
explicit, if one made use of the fact that SPPs propagate with a
velocity of nearly the speed of light, whereas thermal transport
is much slower. The propagation of phonons is limited by the
velocity of sound, and, moreover, for distances larger than the
mean free path of the thermal phonons (several ten to

(a) (b)

temperature [arb. u.]

Fig. 5 FE simulations for steady state heating, calculated for similar
conditions as in the experiment depicted in Fig. 2, (a) for p- and (b) for
s-polarisation. The slight anisotropy in the temperature distribution in (a)
is caused by SPPs propagating along the gold stripe (width 4 um, shown
in black).

temperature increase [K]

Fig. 6 Development of the temperature map for laser illumination with
SPP generation, i.e. p-polarised light. The sample is different from the
one in Fig. 2 and 3, but the dimensions of the gold stripe and the grating
are the same. The time interval between subsequent panels is 330 ns.
Panel (a): just before the laser was switched on; panel (f): briefly after
the laser was switched off, meaning that the centre is already cooling
down, whereas further away from the centre the temperature is still
rising. The size of each panel is 55 x 55 pm?.

hundred nanometres for our system at room temperature) the
transport is diffusive and follows a \/ t law. This difference in
the transport can be exploited in the dynamic measurements
to which we turn now.

Time-dependent measurements

In Fig. 6 we show the temporal development of the experi-
mental temperature map as the p-polarised laser pulse is
switched on for a duration of 1.2 ps. The time interval between
the panels is 330 ns (intermediate time frames taken at 110 ns
intervals are shown in the ESI{). In fact, not only can one see
in this sequence that the steady state is approached here at a
us scale, but also that the temperature pattern in this initial
phase exhibits a clear deviation from radial symmetry, indica-
tive of an additional heat source along the gold stripe, stem-
ming from decaying SPPs.

For comparison we show in Fig. 7 a similar set of data, but
this time for the sample rotated, such that the light polaris-
ation is along the grating grooves, i.e., s-polarisation. As antici-
pated for this configuration — where no SPPs are excited - the
temperature pattern is close to radially symmetric.

In Fig. 8 we have plotted the temperature development for
several regions of interest (ROIs) along and perpendicular to
the gold stripe, as they are marked in the schematic image in
the insets. The curves in Fig. 8 confirm that the thermal relax-
ation time at the distances of these ROIs is around 1 ps for our
sample, and they illustrate in Fig. 8(a) the contribution of the
SPPs to the thermal dissipation. This contribution manifests
itself in the difference for ROIs at the same distance from the
grating, but in one case parallel and in the other case perpen-
dicular to the gold stripe. Without the generation of SPPs
(Fig. 8(b)), the dissipation in the grating is the only heat
source, and therefore the curves for equivalent ROIs parallel
and perpendicular to the gold stripe nearly coincide. Graphs
complementary to Fig. 8, which show the spatial temperature
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temperature increase [K]

Fig. 7 Like Fig. 6, but for s-polarisation, i.e. without SPP generation.
The change in the polarisation compared to Fig. 6 was in this case
achieved by rotating the sample by 90° in contrast to Fig. 2 and 3,
where the polarisation of the incident light was rotated. The incident
laser intensity was increased here by a factor of 3 compared to Fig. 6, in
order to compensate partly for the smaller absorbance for this configur-
ation and thus improve the signal-to-noise ratio.
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Fig. 8 Time dependence of the temperature increase after the onset of
the laser pulse, for 5 positions on the Si membrane (ROIs). Graph (a) was
recorded for illumination with p-polarised laser light, and graph (b) was
for s-polarised light. The colours of the curves correspond to the
colours of the ROIs, whose positions are marked in the inset. The lines
are guides to the eye.

profiles parallel and perpendicular to the gold stripe at 1 s
after the beginning of the laser pulse, are presented in the ESI
Fig. S5.1

From the space and time dependence of the experimental
data, one can obtain additional information by comparing
them once again with FE simulations. The results are pre-
sented in Fig. 9 for both laser polarisations. In the simulations
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Fig. 9 Comparison with simulations: (a) p-polarised light and (b)
s-polarised light. The full lines show here the simulations for the
optimum parameters indicated in the text (x/kpux = 0.45, fraction of
SPPs = 25%); the crosses are the experimental data from Fig. 8. The fits
with other parameter combinations are presented in the ESI.{
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two quantities were used as free parameters and determined
for an optimal agreement with the experimental temperature
traces: (i) the effective thermal conductivity of the Si mem-
brane, which is known to be reduced compared to the bulk
thermal conductivity of Si due to the small thickness of
340 nm,* and (ii) the fraction of propagating SPPs with
respect to the total dissipated power. In Fig. 9 we show only
the results of the simulations for the optimum parameters; the
results for some parameter range can be found in the ESLf
The best fit for the data in Fig. 9(b) (without SPP generation) is
obtained for an effective conductivity x of our Si membrane
which is reduced to 45% of the bulk thermal conductivity of
Si, 148 W (m K)™' at room temperature. This observation
agrees well with the results in the literature.*

The same optimal value for « is found in Fig. 9(a), where in
addition SPPs contribute as a heat source. As a second para-
meter we have in this case the fraction of propagating SPPs. In
principle one could also use the decay length [ of the SPPs as
an additional parameter to fit, but in order to keep the
number of parameters as small as possible we have instead
used the result / = 12 pm measured independently for our type
of sample.”” The best fit for the fraction of SPPs yields 25
(£5)%, which is below the (ideal) value of 32% derived from
the FDTD simulations in Fig. 4, but still in reasonable agree-
ment. Combining this finding with the absorptivity obtained
in Fig. 3, one concludes that the overall efficiency for the gene-
ration of SPPs, propagating along one direction of the stripe, is
2.5% of the incident light intensity. This is lower than the best
efficiencies of SPP generation reported in the literature,*® but
one has to keep in mind that we have not systematically opti-
mised our gratings, and also the role of the depth and rough-
ness of the grating grooves, resulting from the FIB process as
seen in Fig. 1(a), has not been explored.

Conclusions

The investigation of localised plasmons and propagating
surface plasmon polaritons in nanoscopic and mesoscopic
structures so far has mostly relied on direct optical detection,
e.g. via evanescent or scattered light fields. We have presented
here a method which also is all optical, but allows one to
detect SPPs via their dissipation, utilizing the temperature
dependence of the optical transmissivity of the thin Si mem-
brane substrate. The generation of SPPs in a groove grating
and their propagation along a thin gold stripe cannot only be
traced, but the space- and time-dependent measurements of
the temperature increase in the Si membrane supporting the
stripe allow a quantitative comparison with simulations. From
this analysis we determine both the resonant optical absorptiv-
ity of the grating and the fraction of SPPs which leave the
grating area. The fraction of absorbed photons converted into
SPPs is 25%, and the intensity of SPPs travelling in one direc-
tion of the stripe is found to be 2.5% of the incident light
intensity for the gratings used here. As a by-product, the inves-
tigation provides independently a value for the thermal con-



ductivity of the Si membrane, which due to the small thick-
ness is reduced compared to the bulk value by a factor of 0.45.
The stripe geometry used here is relatively simple; however,
the technique is also applicable to more complex structures,
and has promising potential for the investigation of hotspots,
near-field enhancement, and general plasmon and heat man-
agement studies in nano-objects.

Experimental

The samples under study feature an Au stripe of 100 nm thick-
ness and 4 um width evaporated on a free-standing Si mem-
brane of thickness 340 nm and 700 pm x 700 um area sup-
ported by a massive Si wafer with a thickness of ~500 pm.>®
Finally, grooves were carved in the metal by FIB in order to
form line gratings for the excitation of surface plasmons. The
gratings are chosen to compensate the momentum mismatch
between the SPPs and the exciting photons with wavelength 4
=785 nm (ref. 27 and 37) and consist of 4 parallel grooves with
80 nm depth, 400 nm width and 3 pm length, perpendicular
to the stripe axis (see Fig. 1(a)). Furthermore, some of our
samples have narrow constrictions in the Au stripe for study-
ing the propagation of SPPs across nano-bridges, as described
in ref. 27 and 37. This aspect, however, is not investigated in
the present work.

The setup used for our experiments is shown in Fig. 1(b)
and has been described previously.***° It consists mainly of
an optical microscope which allows one to observe the optical
transmissivity of the Si membrane samples with a high
spatial resolution, a laser focused to 3 um diameter for the
excitation of SPPs, and a pulsed light emitting diode which
provides the illumination of the Si membrane. Since the
transmissivity exhibits a pronounced temperature depen-
dence,* the lateral temperature distribution in the mem-
brane can be inferred from the transmitted light, recorded by
a digital camera.
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