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Abstract.

Electron and lattice heat transport have been investigated in bilayer thin films
of gold and CoSbs after photo-excitation of the nanometric top gold layer through
picosecond x-ray scattering in a pump-probe setup. The unconventional observation of
a larger portion of the deposited heat being detected first in the underlying CoSbs layer
supports the picture of ballistic transport of the photo-excited electrons from gold
to the underlying layer. The lattice expansion recorded by x-ray scattering allows
accounting for the energy deposition and heat transport.
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1. Introduction

Charge and phonon transport in thin films and nanostructures is of central interest
in many functional materials. Among these are certainly microelectronics, but also
thermoelectrics, where electron mobility has to be maximized, while phonon heat
conduction should be suppressed. Hot-carrier solar cells promise to break the detailed-
balance limit [I] in quantum efficiency by selectively harvesting non-thermalized
photocarriers |2 8] 4]. The mobility of electrons is therefore of high importance.

A standard approach is to model the coupling of heat baths between electrons,
phonons and possibly spin degrees of freedom in coupled differential equations including
diffusive spatial transport. This approach is realized in the so-called two-temperature
model (TTM) that can be expanded to more degrees of freedom. In the TTM
electrons and phonons are considered as two individually thermalized ensembles that
exchange energy via electron-phonon coupling AE,; o« G(TI. — T,;) on a time scale
of few picoseconds or faster with the coupling parameter G and electron and phonon
temperatures T, and T, respectively. The coupling, or electron cooling time 7._,, =
v/G - (T. — T,p) is proportional to the difference in electron and phonon temperature
with + being the electron heat capacity prefactor, determining the slope of heat capacity
change with electron temperature. On such short time scales, both systems can also
undergo diffusion to transport energy away from a localized heat source. First, upon
photo-excitation, the electronic system requires a time duration related to electron-
electron coupling for reaching a local thermal equilibrium. Before that electrons
can propagate as well. While there is ample documentation of electron and phonon
interaction and transport in thin films or nanostructures, ballistic transport is less easy
to characterize. Non-thermal or ballistic electrons can move tens of nanometres at
speeds of 10° m/sec through condensed matter (given by the Fermi velocity) while
transporting energy faster and further than by thermal electron diffusion. Hohlfeld et al
[5] have studied the ballistic transport of laser-excited electrons in gold and found non-
thermal transport over 100 nm. The ballistic carriers were found to be localized in the
6s-p band without contributions from the 5d band of gold. Pudell et al [6] studied the
energy exchange between femtosecond excited gold and adjacent nickel films by using an
ultrafast x-ray diffraction probe. Due to the large difference in electron-phonon coupling
between the ultrathin layers (5 nm for gold and 5.6-12.4 nm for nickel, respectively) the
electrons in both layers quickly equilibrate to selectively heat nickel independent of
laser wavelength (400 nm or 800 nm). The importance of phonon heat transport and
thermal interface resistance is pointed out. Ballistic or ”superdiffusive” carrier motion
is inferred, but can not be distinguished from thermal electron diffusion due to the
ultralow thickness of the films.

Liu et al [7] find oscillatory features during femtosecond excitation of 30-45 nm
gold films excited from the glass substrate side, which is interpreted as evidence for
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ballistic electron motion and reflection at the free surface without prior thermalization.
The plasmon-polariton-type excitation at the Fermi edge in the d band is characterized
by long thermalization times of hundreds of femtoseconds. Ballistic electrons are as well
inferred from coherent phonon motion [§] or transport in nanostructures [9] 10, 11].

On the other hand, Cahill et al [12] 13| study the energy exchange between thin
metal layers of Au/Pt and Pt/Ru by front side and back side optical probing (time
domain thermal reflectivity). They are able to derive values for the electron interface
resistance. Furthermore, the TMM describes the thermal dynamics of the Au/Pt system
very well and highlights the importance of electron heat transport in systems with
dissimilar electron-phonon coupling [14] 12].

Skutterudites like CoSbgzrepresent an interesting material class due to their
thermoelectric properties [15, [16]. The crystal structure of CoSbzshows a void in
the cubic unit cell that can host guest atoms, which can modify the phonon thermal
transport through localized ratting modes [I7]. He et al. have seen that such a reduction
of thermal conductivity is manifested in a change of speed of sound of coherent vibrations
[18].

We investigate the picosecond optical excitation of bilayers of gold as photon
absorber and CoSbj by time-resolved x-ray scattering. The powder scattering of the
crystalline layers serves as a time-resolved thermometer [19], 20]. The time resolution of
the experiment of 80 ps only captures the thermal expansion, but not coherent phonon
motion. We show that the energy partitioning between these films is governed by heat
transport through electrons, which is aided by the low electron-phonon coupling factor
of gold. The wavelength dependence of energy partition at interband (5d to 6s-p) versus
intraband (6s-p) excitation suggests a contribution from non-thermal electrons.

2. Materials and Methods

Thin film growth The CoSbs films have been grown on thermally oxidized silicon (100)
in a molecular beam epitaxy chamber with Co supplied by an e-beam evaporator and Sb
from an effusion cell by co-deposition. The films have been annealed at 500 °C under
UHV conditions. More details can be found in [2I]. Gold films were sputter-deposited
on top of the grown films.

Static X-ray characterization The films were analysed on a six-circle
diffractometer at the KIT Light source (Karlsruhe). In brief, a Si(111) monochromatized
x-ray beam with a height perpendicular to the surface of 0.1 mm and a width of 1 mm
at 8.9 keV photon energy was reflected off the surface. The scattered radiation was
detected by a line detector (Mythen, Dectris) with 50 pum pixel size and 1280 pixels. At
grazing angles the true reflectivity was obtained after subtraction of the in-plane diffuse
scattering from the specularly reflected beam. The reflectivity data was modelled by
a multi-layer model using the Parratt algorithm and the software package GenX [22].
The x-ray reflectivity is shown in fig. [Il as normalized by the reflectivity of the silicon
substrate with a roughness of 3 A. The simulation reveals a CoSh; thickness of 37 nm
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and a gold thickness of 26 nm. The interfacial roughnesses were in the range of 7-8 A.
Powder scattering was recorded in the same geometry with the incidence angle fixed at
the nominal Bragg position of gold and CoSbs, respectively. In fig. [I] two peaks from
CoSbjs are discerned, the (310) reflection around 2.2 A=' and (321) reflection at 2.59 A1,
The gold (111) reflection is seen in the same detector exposure as the (321) reflection and
shows a strong texture in <111> direction perpendicular to the surface [20]. Although
the sputtering process produces a poly-crystalline film the crystallographic preferential
orientation produces a strong (111) texture of the gold layer. The vertical grain size
approaches the film thickness, which produces Laue oscillations, as seen in fig. Il By
heating the wafer steadily by an attached resistive heater (controller Lakeshore 320) and
a controlled temperature ramp the shift in Bragg position can be recorded to deduce
the lattice expansion, which is almost linear in the range from 25 to 150 °C. The
linear expansion coefficient for CoSbs was found to be 8.3-107%, while that of gold was
determined to be 18.3-1075. These values are larger than the tabulated bulk expansion
coefficient [23] because in thin-film geometry the lateral expansion of the film in the
surface plane is restricted. Due to the Poisson effect the perpendicular expansion thus
compensates with a larger expansion [20], see Appendix A.

Time-domain X-ray thermal scattering Lattice dynamics of the pulsed-laser
heated films were recorded at the beamline ID09 at the European Synchrotron Radiation
Facility (ESRF, Grenoble). Briefly, a Ti:Sa amplified laser system excites the sample
at the fundamental wavelength of 800 nm or the second harmonic at 400 nm of 1 ps
length with pulses at 1 kHz. The light is focused by a lens to 1 mm and shone at an
72° angle to the surface normal to match the x-ray footprint at an angle of 80 ° with a
size of 0.04 mm. The intensity and polarization are varied by a motorized combination
of Glan-Laser prism and wave plate. The x-ray pulses are produced by a single-line
undulator [24] at 15 keV with a band width of about 1.2 % and diluted to the 1 kHz
repetition rate by a mechanical chopper [25]. The scattering from 2000 pulses was
integrated on an area detector at 220 mm distance at an incidence angle corresponding
to the gold (111) reflection. Images at a given delay (tunable in 5 ps steps, compared
to the x-ray pulse length of 80 ps full width at half maximum) were recorded before
and after laser excitation. Integration of the images along the radial scattering angle
20 allows for extracting the powder profile I(1) of the sample (q =27 /\-sin(20)), where
the above-mentioned peaks were used to derive the delay-dependent lattice expansion.

Theoretical modelling Pure lattice heat transfer [26] is modelled by a matrix
transfer method (called "transmission line’) using a Laplace-domain ansatz [27, 20]. The
basic assumption is that initially a layer on top of a defined layer stack is raised to a new,
higher temperature. After that heat is subsequently transferred to the layers beneath
through heat conduction perpendicular to the surface (one-dimensional transfer) to be
dissipated in the semi-infinite substrate. Importantly, heat transfer between layers is
finite due to the thermal impedance between two dissimilar materials. This Kapitza
or thermal interface (TIR) resistance is known to be an important factor to the heat
dissipation [26], 28, [19]. The transmission line approach does not allow to include heat
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Figure 1. From left: X-ray reflectivity of a bilayer of 26 nm gold and 37 nm of
CoSbs on 100nm SiO5 on silicon. The reflectivity is normalized by the reflectivity of
the silicon substrate. Powder scattering profile of the CoSbs (310) peak together with
a Gaussian fit and powder scattering profile of the CoSbs (321) peak at 2.59 A-1 and
the gold (111) peak at 2.665 A~—! both with a Gaussian fit.

transfer in both directions of the surface normal, but only towards the cold substrate
from the topmost heated layer. The free parameters are the thermal conductivities of
the layers and substrate and the TIR at each interface. Here we fix to the conductivity of
gold, silicon dioxide and the silicon substrate to the tabulated bulk values (see Appendix
B), while the CoSbs conductivity and the TIR can be varied.

Coupled thermal electron and lattice heat transport is modelled by a system of
coupled differential equations, the so-called two-temperature model (TTM) describing
interaction of two heat baths of electrons and phonons and spatial diffusion of heat
carried by the electron and phonon systems, respectively. The calculations have been
performed using the numerical code package NTMpy [29]. This code solves coupled
parabolic differential equations in one dimension perpendicular to an excited material
surface. The input parameters are film thicknesses, electronic and lattice heat capacities,
electronic and lattice heat conduction and the electron-phonon coupling constants for
each material. The energy input (source term) is included by depth-dependent heating
of the electron gas according to the refractive indices of the layers with the option
allowing for a variable incident angle. It should be noted that no TIR is included in the
code. For used material parameters see Appendix B.

3. Results and discussion

3.1. Temporal energy distribution between the layers

The laser pulses are partially absorbed in the top gold layer with nominal penetration
depths at normal incidence of 16 nm at 400 nm and 8-12 nm at 800 nm wavelength
[30, 31} 32]. While the gold layer thickness is considerably larger than the penetration
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depth of 400 nm and 800 nm light, respectively, at normal incidence, it is useful to
inspect the distribution of excitation at the grazing angles used here. For this purpose
a simulation of the NTMPy code was modified by calculating the electron temperature
across the gold film for a 100 fs laser pulse with all contributions to transport (electron
heat conductivity, electron-phonon coupling) switched off. This electron temperature
distribution directly after the laser pulse duration should then represent the linear light
absorption distribution. The corresponding temperature profiles are shown in Appendix
C. The curves are normalized by the maximum derived temperature at the gold surface.
The fluence values were 15 J/m?for 400 nm and 150 J/m?for 800 nm. As, however,
possible changes of the refractive index with excitation density are not incorporated
in the model, these values should be fluence independent. One obtains an almost
exponential decay of the excitation with depth with characteristic values of 39 nm
at 400 nm and 18.5 nm at 800 nm. These values are still larger than typical literature
values, but agree that most of the laser energy should be deposited first in the gold layer.
Caution should be given to the detailed distribution at the gold-skutterudite interface,
where the local field distribution may vary. Figure 8 in Appendix C shows that the
electron temperature at the interface reaches 75 % of the surface temperature for 400
nm and only 26 % for 800 nm. Therefore, most of the energy in the electron system is
initially deposited into the gold layer, amounting for 80 % of the energy density at 800
nm and 69 % at 400 nm, assuming an exponential decay of excitation density.

In any case, the excited electrons would thermalize within about a picosecond
[33, 30] and couple to the phonon bath with electron phonon coupling in gold, which
takes about 2 picoseconds at low electron temperatures, but increases with intensity
due to a reduced coupling at elevated electron temperatures [5]. In parallel, the hot
electrons may diffuse perpendicularly to the surface.

The lattice expansion of the layers is shown in fig. 2l at an incident laser fluence
of 28.6 J/m?at 800 nm and p polarization. Both layers of Au and CoSbsexpand at the
same time upon arrival of the laser (picosecond delay). The rise time of the expansion
signal is determined by the x-ray pulse length of about 80 ps. Within this time the
layers reach an expansion of about 0.4 %. At larger delays one can observe that the
expansion of CoSbhsdecreases, while that of gold increases further up to a value of 0.5
% at 1 ns delay, after which it also decreases. At 100 ns both layers have reached their
initial lattice parameter. This shows that cooling is completed within 100 ns.

Given that the laser energy is mostly absorbed in the gold layer it is counter-
intuitive that the buried CoSbglayer even expands further. The lattice expansion can
be directly converted into lattice temperature assuming that the layers are internally
thermalized within the time resolution of the experiment and a unidirectional expansion
normal to the surface of the layers occurs, using the Poisson relationship of a clamped
layer with the substrate temperature not changing. This deduction has been shown
to be well fulfilled in earlier time-domain x-ray scattering experiments [28| [19], where
was shown that the in-plane expansion of a 200 nm thick gold film on silicon is much
smaller as compared to the normal direction of expansion [20]. In fig. 2b) the expansion
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Figure 2. Top: Lattice expansion of the gold and CoSbslayers as function of delay
after laser excitation at 800 nm (p polarization). Bottom: Conversion of the lattice
expansion into temperature as function of delay of the two layers (left y axis) together
with the integral thermal excess energy of both layers after laser excitation. The line
represents a simulation of energy change during heat transfer if both layers were heated
equally. Measurement errors are represented by the high-frequency noise of the data.

is converted into temperature. The temperature increase of the buried CoSbslayer is
even more pronounced than the lattice expansion as compared to that of gold. The
reason is the lower expansion coefficient of CoSbs as compared to gold as derived above.
The temperature rise of CoSbgzat 100 ps is twice as high as that of gold. Qualitatively
one can deduce an important heat flow from CoSbsto gold within the first nanosecond,
despite the gold layer being selectively excited by the laser. This leads to the conclusion
that lattice heat ends in the CoSbslayer within the first 100 ps by transport of heated
electrons.

The total excess energy of the sum of the two layers upon laser excitation can be
calculated by including lattice specific heat and the thickness of the films. This total
energy per area is shown in fig. 2l bottom marked by stars. It increases within 100 ps to
drop later on a 1-10 ns time scale. This behaviour is indeed what would be expected by
a impulsively heated layer that cools down by contact with the substrate. A modelling
of the heat transfer by the transmission line approach (solid line in fig. bottom)
indeed reaches a good match to the measured signal assuming that the heat is being
input in both layers at the same time with bulk material parameters [20]. The interface
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Figure 3. Output of the TTM simulation for both 800 nm (left) and 400 nm (right)
laser wavelength. The electron temperatures of CoSbs and gold are indicated by dashed
lines, whereas the lattice temperatures are shown as full lines. The different colours
green and black represent the mean values of the gold and CoSbg layers, respectively.
The laser excitation event has been deliberately shifted to 1 ps with 1 ps long pulses
for clarity.

resistance found for the CoSbs - SiOy is 2.6-107 m?K /W, which is a typical value for the
impedance mismatch between dissimilar materials [26] [34] 28]. Thus, it is reasonable to
assume that heat transfer to the SiO, layer and the silicon substrate is given by phonon
diffusion as would be expected.

The energy partition between gold and CoSbz, on the other hand, is counter-
intuitive. Therefore, it can be concluded that energy transport across the gold-
CoSbg interface is done by excited electrons before the lattice is given time to expand.
Note that in principle, phonon excitation in gold could show vibrational dynamics
beyond the present time resolution with a characteristic period around 14 ps [28]. This
would, however, exclude that energy flows back into the gold layer for as long as 1 ns.
It is indeed reasonable to assume that electrons can move away from the gold layer and
couple to the CoShg lattice to heat the buried layer directly. Assuming that thermalized
electrons dissipate via diffusion one can evaluate the TTM to find the electron and
lattice temperatures as a function of delay for each layer individually. These quantities
have been simulated by the code NTMPy and presented in fig. Bl for both excitation at
800 nm and 400 nm. It can be seen that the initial electron temperature in CoSbgs rises
to values of up to several 1000 K, while the electron temperature of gold stays initially
lower (dashed lines in fig. ), but the CoSbselectron temperature drops faster, which
is countered by a fast rise of CoSbslattice temperature. On the other hand, both the
lattice temperatures reach similar values after the electron gas cools down at 10-20 ps.
The reason is the slow electron-phonon coupling in gold, which allows the electrons to
diffuse towards the CoSbglayer. The lattice temperatures of gold and CoSbs are always
considerably lower than the electron temperatures because of the strongly differing heat
capacity. The excitation fluence has been set to match the observed expansion in fig.
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2l at 800 nm. At 400 nm a lower fluence has been used to compensate for the lower
reflectivity of the gold layer below the plasma wavelength.

The simulation model does predict that the lattice temperature of the CoSbs layer
rises above that of the gold layer for 800 nm, but not for 400 nm. After a delay of 100
ps for 800 nm and 10 ps for 400 nm both layers have thermally equilibrated. In the
experiment, on the other hand, equilibration takes some 500 ps. The faster time scale in
the simulation is likely related to the negligence of TIR across the gold-CoSbg interface.

3.2. Dependence on wavelength and polarization

One might imagine that excitation at 800 nm can still lead to direct light interaction
with the buried CoSbslayer due to possible surface plasmon-polariton excitation of
the gold and/or CoSbslayer analogous to total internal reflection excitation [35]. To
shed light on this question we changed laser polarization as well as laser fluence at
800 nm to examine the heat flow between the layers. Fig. [l shows the net heat flow
between gold and CoSbg derived by subtracting the excess heat in the gold layer from
that of the CoSbzlayer. The signals are in each case divided by the applied fluence
for normalization. Heat flow from gold to CoSbsleads to a positive value of the energy
difference, while the inverse flow direction is characterized by negative values. Indeed,
heat flow is always towards the gold layer within the first 500 ps independent of the
laser fluence and laser polarization. After 500 - 800 ps the flow turns positive, which
is explained by the further cooling of gold towards CoSbhzand SiO, and substrate in
accordance to what has been discussed above. It is noted though, that the signal is
more noisy for s polarization and reaches lower extreme values than for p polarization.
The reason is simply that the s-polarized laser beam at oblique angles displays a higher
reflectivity according to the Fresnel equations than that for p polarization. The weak
dependence of the heat flow on laser fluence shows that the process is mainly linear,
not involving non-linear effects. Note that the data for the lowest fluence is in all cases
quite noisy due to the fact that the heating and thus lattice expansion approaching
the detection limit of about 2 K [20]. Concluding, we find an initial heat flow towards
the gold layer for 800 nm and at high fluence also for 400 nm, but no polarization
dependence in any case, which would imply polaritonic modes during excitation.

This behaviour is different for 400 nm excitation, which is displayed in fig. At
400 nm, for the lowest fluence the heat flow is positive in both settings for polarization,
which indicates that the initial lattice heating is localized in the gold layer directly after
excitation, where after heat flows towards the CoSbslayer. The CoSbslayer does not
stay completely cold during the first 100 ps, but accepts some 20 % of the energy. At
higher fluence, on the other hand, the net flow before 500 ps is subsequently reduced
before turning negative. This represents the situation that has been seen for 800 nm. At
high fluence, the electrons are again able to escape the gold layer to penetrate CoSbz and
be thermalized with the lattice there.

For the purpose of quantifying the eventual shift in energy deposition as function
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Figure 4. Net energy dissipation per area in arbitrary units from the gold layer
as function of delay. Negative energy change shows heating of the gold layer, while
positive values show cooling. Data is compiled for a range of increasing fluences for
p-polarization (top) and s-polarization (bottom) of the laser pulses at 800 nm.

of fluence, the total energy of the gold layer at 100 ps has been divided by that of the
total excess energy in both layers at 100 ps as demonstrated in fig. [2 bottom. This ratio
represents a measure of the fraction of energy deposited in the gold layer before lattice
thermal transport sets in. Fig [0l displays this ratio as function of the total excess energy
rather than the fluence. Comparing the fluence values is not useful here because of the
variable ratio between absorption and reflection with polarization as well as wavelength.

For 800 nm there is not much variation of this ratio, as discussed before. In average
only about 30 % of the laser energy is deposited into the gold layer as lattice heat.
Contrarily, at 400 nm at low fluence, a much higher fraction of up to 75 % is deposited
in the gold layer.

The simulation predicts that 69 % of the lattice energy is initially (at 20 ps)
deposited in the gold layer at 400 nm, but only 30 % is deposited in gold at 800 nm. This
is in agreement with the experiment at low fluence, but does not reproduce the reduction
of deposited heat in gold with increasing fluence in the experiment. This reduction is
significant for 400 nm with the deposited energy decreasing to 38 %, comparable to
the ratio for 800 nm. In the simulation the coupling constants considered as being
independent of wavelength and electron temperature.
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Figure 5. Net energy dissipation per area in arbitrary units from the gold layer
as function of delay. Negative energy change shows heating of the gold layer, while
positive values show cooling. Data is compiled for a range of increasing fluences for
p-polarization (top) and s-polarization (bottom) of the laser pulses at 400 nm.

3.3. Discussion

The TTM calculations show that a pure diffusional transport of heat by electrons and
phonons would not fully account for the preferential heating of the buried CoSbj layer
with the given parameters in particular at 400 nm excitation. Thus, a different
explanation needs to be given for this observation.

A direct explanation for the change in thermal energy deposition in gold as function
of fluence is the notion that the cooling time 7._,, for the hot electrons would depend
on the temperature difference to the phonon bath. Thus, at higher fluence as the
electron temperature increases the cooling time would increase accordingly. During this
prolongation of a population of heated electrons the effect of transport from gold to
the CoSbs layer would increase, thus reducing the relative phonon heat deposited in the
gold film.

On the other hand, such an effect is not predicted in the simulation, when applying
the reported values for the coupling factor G in gold of 2:10™W/m?/K. It is, on the
other hand, possible to reproduce a reduction of the relative heating of gold by reducing
G to extremely low values of 0.35 and 0.6:101°W/m?/K for excitation at 400 nm and
800 nm, respectively. It should be emphasized that such a low value of G has not been
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Figure 6. Left: Fraction of the energy per area deposited initially (at a delay of 100
ps) in the gold layer relative to the total energy deposition as function of laser fluence
for both wavelengths and polarizations. The full lines show the energy fraction of gold
as derived from the TTM simulations at a delay of 20 ps for 400 nm and 800 nm at
the nominal gold e.-ph. coupling factor of 2:10'W/m?/K. The dashed lines show the
same simulations, but for a reduced coupling factor of 0.35-10'W/m3 /K at 400 nm
and 0.6:101W/m3/K at 800 nm. Right: Schematic energy band of gold in contact to
a semiconducting CoSbs with the excitation from close to the Fermi edge at 800 nm
and from the d band at 400 nm.

reported.

A real difference in G for the used wavelength could be present, but is difficult
to rationalize. Chiang et al [30] show that the intrinsic e-ph relaxation time in gold
nanoparticles of 40 nm diameter is independent of wavelength, when extrapolating the
excited T, to zero. On the other hand, while acknowledging the applicability of the TTM
Minutella et al [10] find different slopes of the relaxation time above the interband energy
and below, which is linked to the coupling factor. Hopkins, on the other hand, shows
that interband and intraband excitation leads to different responses as characterized by
differing electron heat capacity and electron-phonon coupling [37].

Hohlfeld et al [5] caution that excitation at 400 nm would change the transient
reflectivity of a thin gold film less that at 800 nm due to the lower sensitivity to the
electron temperature. In our case the 1 ps laser pulses would reduce this effect due
to the lower peak power. Also, monitoring the maximum total energy in the layers as
function of applied external fluence yields a linear relationship, which excludes non-linear
self-interaction of the pump laser.

We conclude that the apparent discrepancy in the magnitude of the electron phonon
coupling in the simulation in fig. [ and the well documented couplings constants in
literature are rooted in the negligence of ballistic electron transport across the interface.
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Figure 7. Comparison of experimental lattice heating with TTM simulations of the
transient lattice temperature change of the gold and CoSbs layer G= 0.6-101W /(m3K)
at 800 nm, but with a scaled delay axis. The simulations results are compared the
measured lattice temperatures as displayed in fig. Bl with G= 2-101°W /(m?3K).

Non-thermal or ballistic electrons would travel at a speed close to the Fermi energy,
which allows them to cross the gold layer before being thermalized. If the gold-
skutterudite interface would show no Schottky barrier, these electrons would be able
to enter the CoSbg layer to be stopped only at the CoSbs-SiO, interface. Low electron
conductivity and a high electron-coupling factor in CoSbz would then transfer the energy
efficiently to the lattice. On the other hand, the strong effect with fluence at 400 nm,
i. e. the very low apparent G would be rooted in the difference in electron temperature
between excitation at 800 nm an at 400 nm [I0]. At 800 nm, the electrons are excited
directly from or close to the Fermi energy transforming the photon energy into electron
kinetic energy. At 400 nm, on the contrary, the excitation from the low-lying d band
leads to a lower distance of the electron energy from the Fermi edge, with more energy
stored in the excitation of holes. This is sketched in fig. [0l These holes would have a
lower mobility, thus not carrying energy into the CoSbg layer. Given that the relaxation
time scales with electron temperature, the cooling at 400 nm would be faster, but would
slow down with higher fluence. This effect only plays out in the right regime of G, which
needs to be lower than the reported values. This apparent reduction in G is in reality a
contribution of ballistic transport. Such difference in non-thermal electron distribution
is discussed in [3]. In fact, the mean free paths (MFP) of conduction band electrons is
considered to be at least 100 nm [5], with some reports finding even longer MFP of 150
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nm [11].

Finally, the experimental temperature curves are compared to the simulations in
fig. [ by introducing the apparent reduced G values. In order to match the experimental
resolution a Gaussian convolution matching the x-ray temporal resolution of 80 ps
has additionally been applied to the simulations. The electron phonon coupling has
been reduced to G= 0.6-10"W/(m*K) in order to reproduce the significant rise of the
CoSbg layer temperature at early times of 100 ps before the heating of the gold layer as
derived from the experiment at 28 J/m?.

The absolute time scales are shifted in the experimental result with respect to
the simulations, which we attribute to not including the interface resistances for phonon
heat and possibly electron diffusion [13]. Except for this time stretch of the experimental
data the simulations reproduce the kinetics very well. Additionally, an existing Schottky
barrier at the gold-CoSbsinterface would amplify this selectivity between transport
between 800 nm and 400 nm. To date we can not confirm the effect of a Schottky
barrier. We have also investigated Yb-doped CoSbsfilms [17], which show modified
electrical conductivity [21I], or a change in band structure [38]. These Yb-filled films
essentially show the same behaviour of preferentially heating the CoSbs layer as well as
fluence-dependent heat distribution at 400 nm excitation.

4. Conclusions

We have studied the thermal dynamics of a gold-skutterudite layer system upon photo-
excitation of the top gold layer. The results show that while the majority of the laser
energy is dissipated in the gold layer, the CoSbg layer get predominantly heated at short
time delays after laser excitation. Excitation that includes interband transitions with
400 nm light shows this effect only after an increased laser fluence.

The comparison to simulations according to the two-temperature model of
interacting thermal electron and phonon subsystems suggests that the energy injection
into the CoSbg layer would include non-thermal or ballistic electron migration from gold.
The inclusion of an electron-phonon coupling factor G, as reported in literature does
not reproduce that strong relative heating of the buried CoSbslayer. The occurrence
of transport of non-thermal electrons across a nanoscale system would modify apparent
electron relaxation rates, which could be interpreted as changed coupling factor in the
TTM. Such ambiguity is not easily resolved in optical spectroscopy. In TDXTS, on the
other hand, we follow a caloric approach, which returns the energy partitioning between
the different subsystem, which enables to detect the ballistic transport, while not being
sensitive to the electron subsystem directly.

The results show that ultrafast injection of charge carriers can be a dominant effect
in conductive layered systems, in particular, if the laser-excited layer is characterized
by a weak electron-phonon coupling. Contrary to the lower nominal optical penetration
depth at 800 nm as compared to 400 nm the effect of heating the buried CoSbs layer at
800 nm laser wavelength is more pronounced, while the excitation at 400 nm shows a
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more distinct change with increasing external fluence. This is interpreted as a difference
in electron temperature with different type of excitation of interband electrons (800 nm)
or across the d to sp band for 400 nm.

The role of different excitations is still not fully understood, but the study may
open a tool to further clarify the dynamics.

Appendix A: Thin film anisotropic thermal expansion

Based on the Stoney equation for out-of-plane thermal stress due to differing thermal
expansion coefficients of a continuous film on a substrate we formulate the linear
coefficient of thermal expansion in the homogeneous case (no temperature gradients)
as:
B _ (om0 zg, 1)
dy 1 — py
that links the measured relative lattice expansion Ad/dy with dy being the ambient
lattice parameter to the difference in expansion coefficients between film «a; and
substrate a; and the Poisson ratio of the film py. The change in temperature is given
by AT. Similar relations have been described in 39, 40| 6] and verified in [20]. In
this equation any plastic relaxation, in-plane expansion [28] or substrate bending is
excluded. As silicon as substrate shows a low CTE as compared to many films, such
as gold or CoSbj (see table in Appendix B), the film will expand in excess of the bulk
thermal expansion perpendicular to the surface, depending on the Poisson ratio. The
calculated, homogeneous CTE for gold will thus be 19.6-107%/K, as compared to the
measured value of 18.3 - 107¢/K. CTE for CoSbsis calculated to be 11 - 107%/K, as
compared to the measured value of 8.3 - 107¢/K . In the time-resolved case in this
report the silicon substrate will not be heated significantly due to the heat dissipating
faster than the inflow from the gold-skutterudite layer. Thus, the CTE will be higher
by 30% for gold and 50 % for CoSbhs, respectively.

Appendix B: Material parameters as input for NTMPy
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Table 1. Parameters used in raw data analysis and solution of the TTM in NTMpy

parameter value units reference
gold film thickness d 4, 26 nm from XRR, fig. [
gold refractive index 400 nm¢  1.59 + 1.91i [41]
gold refractive index 800 nm®  0.13 + 5.04i [41]
gold density pay 19.3 g-cm™3 [42]
gold CTE at 300 K 14.2:107¢ /K [23]
gold Poisson ratio 0.45 [43]
gold el.* conductivity 315 W/(mK) [44]
gold ph.® conductivity 2.6 W/(m-K) [44]
gold el. heat capacity ¢ 67/pau - Te® J/(m? - K?) [45]
gold ph. heat capacity ¢ 2.7-10/pau J/(m3-K) [44]
gold e.-ph. coupling ¢ 21016 W/(m3-K) [45]
CoSbs film thickness dggt 37 nm from XRR, fig. I
CoSbg refractive index 400 nm  1.734-0.56i [46]
CoSbg refractive index 800 nm  5.45+0.22i [46]
CoSbs density 7.62 g-em™3 [47]
CoSbs CTE at 300 K* 9.6-10~6 /K 45
CoSbs Poisson ratio 0.22 [49]
CoSbsel. conductivity* 0.2 W/(m-K) [50]
CoSbs ph. conductivity* 8 W/(m-K) [50]
CoSbsel. heat capacity 0.95/pcossTe ' J/(m3.K?) [417
CoSbs ph. heat capacity 2.6 -105/pcosps  J/(m3K ) [51]
CoSbs e.-ph. coupling 71016 W/(m?3K) [50]
SiO; film thickness dg;02 100 nm from growth
SiOq refractive index 400 nm  1.47 [52)
SiOq refractive index 800 nm  1.45 52
SiO4 density 2.2 g-em™3 [42]
SiOs el. conductivity 0

SiOg ph. conductivity 10.5 W/(m-K) 53]
SiOq el. heat capacity 0 J/(m3.K)

SiO4 ph. heat capacity 2.2 J/psioz/(m8K) [42]
SiOs e.-ph. coupling 0

Si refractive index 400 nm 5.56 +0.38i [54)
Si refractive index 800 nm 3.69 + 0.007i [54)
Si density 2.33 g-em™3 [42]
Si CTE at 300 K 3.4-10°6 /K [55]
Si el. conductivity* 1 W/(mK) [56]
Si ph. conductivity 140 W/(m-K) [56]
Si el. heat capacity 150/psi*Te J/(m3.K?)

Si ph. heat capacity 1.65-10%/pg; J/(m3.K?) [42]
Si e.-ph. coupling 0

incidence angle of laser 1.257 rad

@ e. - electron, ph. - phonon;

b T, electron temperature;

¢ see refractive index compilation at https://refractiveindex.info/ ;
see compilation of properties of gold at https://compmat.org/Resources.html.
varies with doping level [47, [57].

d

*
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Figure 8. Results of the electron temperature depth profiles of the NTMPy simulation
of the excitation of the layer system at 400 and 800 nm with 100 fs laser pulses and
electron and phonon transport switched off. The dashed blue lines are guides to the
eye of an exponential decay with 28.5 nm and 39 nm penetration depth, for 800 nm
and 400 nm excitation, respectively.

Appendix C: laser absorption profiles in the gold layer

The laser absorption profiles within the gold layer have been isolated from the NTMPy
simulations using the values in Appendix B, but setting the electron heat conductivities
and electron-phonon coupling in gold and CoSbzto zero. The pulse length has been

chosen to 100 fs after which the temperature profile is extracted at low fluence (15
J/m? for 400 nm and 150 J/m? for 800 nm).

Data availability statement

All data and Python-based codes can be made available upon reasonable request.
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