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ABSTRACT

The Wiedemann-Franz (WF) law correlates heat and charge transport in metals. However, the validity of this correlation remains an open-
ended question, especially in the context of inelastic scattering at room temperature. To address this gap in knowledge, we perform indepen-
dent measurements of the in-plane thermal and electrical conductivities across four AICu (0.5% Cu) films [thickness (h) ~ 174, 98, 53, and
24 nm] using optical pump-probe metrologies and four-point probe techniques, respectively. For in-plane thermal conductivity measure-
ments, we utilize time-domain thermoreflectance, in both concentric and beam-offset configurations, and the time-resolved magneto-optic
Kerr effect. Our results show that the WF law overpredicts the thermal conductivity by at least ~10% in all films, thus demonstrating modest
deviations in predicted thermal conductivity when applying the WF law to dilute AICu films. Using infrared variable angle spectroscopic
ellipsometry, we demonstrate increased electron scattering rates in the thinnest film (h ~24nm), indicating electron-boundary scattering
drives the reduction in in-plane thermal conductivity. This is generally an elastic scattering process, which is supported by our thermal con-
ductivity measurements and analysis.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0284972
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Dilute aluminum copper (AlCu, ~0.5wt. % Cu, (111)-textured)
is an important metal-templating film used to deposit highly textured
aluminum nitride (AIN) and aluminum scandium nitride (AIScN).!
Well-textured AIN films are widely employed in high electron mobil-
ity transistors, ultraviolet light-emitting diodes, and high-power radio
frequency devices due to their high thermal conductivity, optical
transparency, and favorable piezoelectric properties.” © Alloying AIN
with scandium not only enhances its piezoelectric response but also
induces ferroelectric behavior.”” The use of a metallic AICu under-
layer can enable higher Sc incorporation in AlScN, further improving
its piezoelectric and ferroelectric performance,' while also serving as a
potential bottom electrode to support ferroelectric device integration.
Therefore, dilute AlCu thin films are critical from a device

engineering standpoint, and a comprehensive understanding of their
microstructure-thermal property relationships is essential for next
generation device design. Such insights will aid in effective thermal
management, thereby enhancing device reliability and operational
lifetime.

Building upon the critical role of dilute AlCu thin films in device
engineering, it is essential to consider the implications of miniaturiza-
tion on their thermal properties.'’ "> As devices continue to shrink in
size, the thickness and grain size of AlCu films approach length scales
comparable to the electronic mean free path. This proximity introdu-
ces significant size effects that influence heat transport phenomena.
In metallic films, heat conduction is predominantly mediated by elec-
trons. Consequently, to quantify thermal conductivity in metallic
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systems such as the AlCu films studied in this work, the traditional
approach has been to perform four-point probe electrical resistivity
measurements and apply the WF law. However, as film dimensions
decrease and size effects become pronounced, the WF law fails to accu-
rately predict thermal conductivity.'” '

According to the Wiedemann-Franz law, the ratio of electronic
thermal conductivity to electrical conductivity in metals is propor-
tional to temperature, with the proportionality constant, known as the
Lorenz number, assumed to take the Sommerfeld value, L,
=244 x 10 *W Q K2 When phonon contributions are negligible,
this law allows thermal conductivity to be estimated from the more
easily measurable electrical conductivity."” It also provides a means to
distinguish electron and phonon contributions when the total thermal
conductivity is known.'®'” However, its applicability in metallic nano-
structures is debated. Some researchers have reported Lorenz numbers
larger than the Sommerfeld value,"®*°** while others have found values
comparable to or lower than Lo/ 2% Additionally, it remains unclear
whether the Lorenz number exhibits size and temperature depen-
dence.'>***” Thus, the WF law cannot always be reliably used to charac-
terize thermal transport in sub-micrometer metallic films, necessitating
independent in-plane thermal conductivity measurements using meth-
ods that are not reliant on electrical resistivity.

In this work, our primary goal is to uniquely characterize the in-
plane thermal and electrical transport in four polycrystalline AlCu
films of varying thicknesses and evaluate the applicability of the WF
law under conditions of reduced film dimensionality. Three of the
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films have thicknesses considerably larger than the electronic mean
free path of Al (MFP; ~ 19 nm, Ref. 30) with thicknesses h ~ 174, 98,
and 53 nm, whereas the fourth film with a thickness of & ~ 24 nm has
physical dimensions comparable to the MEP 4;.*

To measure the in-plane thermal conductivity, we utilize two
optical pump-probe metrologies: time-domain thermoreflectance
(TDTR), in both concentric and beam-offset configurations, and the
time-resolved magneto-optic Kerr effect (TR-MOKE). Electrical con-
ductivity is determined using the four-point probe method. Our results
show that the WF law overpredicts the thermal conductivity by at least
~10% in all films, thus demonstrating modest deviations in predicted
thermal conductivity when applying the WF law to dilute AlCu films.
Using infrared variable angle spectroscopic ellipsometry (IR-VASE),
we demonstrate increased electron scattering rates in the thinnest
film (h ~24nm), indicating electron-boundary scattering drives the
reduction in in-plane thermal conductivity. This is generally an elastic
scattering process, which is supported by our thermal conductivity
measurements and analysis.

All AlCu films were deposited onto silicon wafers coated with a
1.5 um amorphous SiO, layer via physical vapor deposition (PVD);
detailed deposition conditions are provided in Ref. 1. The resulting
stack geometry, top down, consists of AlCu film/SiO, (1.5 um)/silicon,
as illustrated in the schematic in Fig. 1(a). The purpose of coating the
Si substrate with a thick insulating oxide layer is to maximize the sensi-
tivity to the in-plane thermal conductivity in the AlCu film, with mini-
mal influence from the background substrate conductance. Film

FIG. 1. AlCu film characterization. (a) A schematic depicting the AICu sample stack is shown. (b) Grain sizes (both secondary and primary grains) are plotted as a function of
AlCu film thickness; the Al mean free path, MFPy =19 nm, is indicated by a dashed black line. Grain sizes were measured using ImageJ processing of atomic force micros-
copy (AFM) images; representative micrographs for all four films are shown in panels (c)—(f). Al films show a bimodal grain distribution, with smaller primary and larger second-

ary grains.
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thicknesses were determined using x-ray reflectometry (XRR). To
characterize the grain size distribution, topographic atomic force
microscopy (AFM) was performed in alternating current (AC) mode.
Representative surface micrographs are shown in Figs. 1(c)-1(f). Grain
sizes were quantified using Image]. A summary of the grain size mea-
surements and analysis is provided in supplementary material note 1.
As shown in Figs. 1(c)-1(f), all of our AlCu films exhibit a bimodal
grain distribution; that is, larger secondary grains surrounded by
smaller primary grains. In Fig. 1(b), we plot grain size as a function of
film thickness and show that both primary and secondary grains exhibit
a near-linear increase in size with increasing film thickness beyond
53 nm, and we observe a sharp drop in grain size in the ~24 nm AlCu
film. Additionally, x-ray diffraction (XRD) was employed to character-
ize the crystallographic texture of the AlCu films. Films with thicknesses
> 53 nm exhibit a predominant (111) orientation, whereas the 24 nm
film does not display the same texturing. However, given the isotropic
nature of thermal transport in AlCu alloys, variations in crystallo-
graphic texture are not expected to significantly influence the measured
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in-plane thermal conductivity in this film. The corresponding diffracto-
grams are provided in supplementary material note 1. Following these
characterizations, we perform four-point probe measurements of elec-
trical resistivity at room temperature. The details of this measurement
are provided in supplementary material note 7.

We measure the in-plane thermal conductivity of all four AlCu
films using time-domain thermoreflectance (TDTR), a well-
established optical pump-probe technique for thermal property mea-
surements in both bulk and thin-film systems.”"** Additional details
are provided in supplementary material note 2. In our TDTR experi-
ment, we directly pump and probe the AlCu films without depositing
an additional transducer layer, as illustrated in the schematic in
Fig. 2(a). This approach maximizes sensitivity to the in-plane thermal
conductivity (x,). To reliably measure ,, the radial thermal conduc-
tance in the AlCu film, given by k, xh, where h is the film thickness,
must exceed the conductance of any deposited transducer film.”> A
typical TDTR experiment employs a high thermal conductance
~80nm Al transducer film; however, depositing Al transducer

Probe Pump
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(d)?® e 5 EpE
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FIG. 2. AlCu thin-film thermal conductivity measurements. Schematics showing the sample geometry and pump-probe configurations for (a) transducer-less concentric TDTR,
(b) pump beam-offset TDTR, and (c) TR-MOKE measurements using a Co-Pt transducer, are provided. Representative datasets for each measurement technique are shown
below the schematic. (d) For a concentric TDTR measurement performed at f,,,s = 1.1 MHz and wy =2.51 um, the ratio between the in-phase and out-of-phase signals
(-Vinl V) s plotted as a function of pump-probe time delay. We fit for the in-plane thermal conductivity of the AlCu film (x;) in both the thickest (i.e., 174 nm) and the thinnest
(i.e., 24 nm) films. The dashed lines represent a 10% perturbation in ;. (€) For a pump beam-offset TDTR measurement, the normalized V,,,,; signal, collected as a function of
pump offset distance, at a time delay of -100 ps, is shown for the 53 nm (in red) and 24 nm (in blue) films. The FWHM of the resultant Gaussian signal intensity is fit with the
thermal model to determine «,. We provide a direct demonstration of the lateral in-plane heat spreading in both the films at f,,,; = 1.1 MHz and @ = 1.67 um. The black
dashed lines are indicative of the laser beam profile collected at f,,,; = 8.4 MHz at a time delay of 4100 ps (i.e., 1/e? Gaussian spot size). (f) A dual-frequency variable-spot
size MOKE measurement performed at f,,,0 = 8.4 MHz and wo= 5.1 um (indicated in blue, where Geo_pt/aic, is the fitting parameter) and f,,,s = 1.1 MHz and wp = 2.3 um
(indicated in green, where ; is the fitting parameter) is shown for the 24 nm AlCu film. The dashed lines in both cases represent a 15% perturbation in G and a 10% perturba-

tion in ;.
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significantly reduces sensitivity to the x, of the underlying AlCu films,
particularly for the thinner films, 53 and 24 nm (see additional discus-
sion in supplementary material note 2 for more detailed information).
Therefore, to accurately resolve «,, we perform transducer-less TDTR
measurements, which are further enabled by the high optical opacity
and favorable signal-to-noise ratio (SNR) of the metallic AlCu films.
Another requisite condition for measuring r, is that the thermal

penetration depth (d,) in the AlCu film, given by d, = [ where

C is the volumetric heat capacity, must be larger than the 1/e* radius
of the focused laser spot () on the sample surface; that is, d, > .
The choice of pump modulation frequency directly dictates the ther-
mal penetration depth.

Accordingly, our measurements were performed at a modulation
frequency of approximately 1.1 MHz with spot sizes ranging from
o A 2.4-2.5 um, thus providing high sensitivity to the radial thermal
conductivity (x,) across all four AlCu films. We determine the spot
size for each film individually, as detailed in Table 1. Figure 2(d)
presents representative TDTR datasets, showing the signal ratio as a
function of pump-probe time delay, where we uniquely fit for x, using
the thermal model, reporting values of 217 W m ! K for the thickest
film (174 nm) and 98 W m™" K™ for the thinnest film (24 nm).

We also consider the thermal boundary conductance (G) between
the AlCu film and the SiO, layer. The measurement sensitivity to G
depends on the thermal mass of the AlCu film, given by hxC. To
accurately measure G, the thickness of the AlCu film must be compa-
rable to the Kapitza length at the AlCu/SiO, interface (L), defined as
Lk = Ksi0,/G.” Considering the reported G values in the literature
for metal-amorphous dielectric interfaces (/= 200-500 MW m >
K 1?7 and Ksio,=1.25W m KL we compute Lg ~2.5-6.5 nm,
which is significantly smaller than the thickness of all four AICu films
measured in our work. Hence, we are unable to reliably resolve and
report G across any of the AICu/SiO, interfaces. However, we note a
non-negligible sensitivity to G in the 24 nm AlCu film (see discussion
in supplementary material note 2), which contributes to the uncer-
tainty in our measured «, values. Therefore, to independently measure
K, in the thinnest AlCu films with minimal sensitivity to cross-plane
thermal conductances (such as G and the cross-plane thermal conduc-
tivity, k., in the sample stack layers), we perform pump-probe

TABLE |. Spot sizes and thermal penetration depths for sensitivity to x, at
fmod = 1.1 MHz. In-plane thermal conductivity (r;) values reported in this table are
measured using concentric TDTR. The spot size for each measurement was deter-
mined using a pump beam-offset scan, where the normalized Vj, signal was collected
at fuoq ~ 8.4 MHz at a time delay of +100 ps and fit to a Gaussian profile (see sup-
plementary material Note 5 for more information). The thermal penetration depth

(dp = «/;c/(anmgd)) was calculated for each film using f,,s=1.1MHz and
C=242MIm 3K "*

In-plane
AlCu film thermal
thickness conductivity Spot size Thermal penetration
(nm) (Wm™ 'K (um) depth (um)
174 212+ 17 2.51 5.03
98 185+ 10 2.49 4.70
53 150 =20 243 423
24 98 21 243 3.42

ARTICLE pubs.aip.org/aip/apl

beam-offset TDTR measurements for the AlCu films with i ~ 53 and
24nm.”>"

Figure 2(b) presents a schematic of the beam-offset TDTR config-
uration, where the pump beam is steered across a stationary probe
beam. The resulting convoluted pump-probe V,,; signal is recorded as
a function of the lateral offset distance at a fixed delay time of —100 ps
and a modulation frequency of 1.1 MHz; this configuration, in con-
junction with a 1/e? spot radius of wy ~ 1.67 um, renders the heat
transport three-dimensional, as the thermal penetration depth exceeds
the laser spot size (d, > wy). This enhances the sensitivity to the in-
plane thermal conductivity (x,) in the AlCu films. As shown in
Fig. 2(e), the normalized V,, signals for the 53 nm (red) and 24nm
(blue) films reveal a broader lateral heat spread in the 53 nm film, con-
sistent with its higher in-plane thermal conductivity.

To obtain x,, we fit the full width at half maximum (FWHM) of
the normalized V,,; signal to the thermal model described by Feser
et al. in Ref. 37. We report k, values of 155 W m ' K ! for the 53 nm
film and 95 W m~ ! K ! for the 24 nm film, both of which are in excel-
lent agreement with the values obtained from concentric TDTR mea-
surements. Additionally, we plot the Gaussian laser beam profile,
indicated by the dashed black line, which corresponds to the V;, signal
acquired at f,,,q ~84MHz and a time delay of +100 ps. Further
experimental details are provided in supplementary material note 3.

Finally, for the optically semi-transparent 24 nm AlCu film, we
consider the possibility of non-negligible signal artifacts arising from
the optical absorbance of the underlying SiO,/Si substrate, which could
potentially skew the reported x, value from TDTR experiments. This
concern arises because the 1/e* optical penetration depth of Al is
approximately 39 nm at a wavelength of ~800 nm,”” which is larger
than the thickness of the 24 nm AlCu film. To address this issue, we
perform a TR-MOKE measurement on the 24nm AlCu film after
depositing a ~16 nm Co-Pt magnetic transducer layer, as illustrated in
the schematic in Fig. 2(c). TR-MOKE is a technique analogous
to TDTR, with the key difference being that, instead of probing a
thermoreflectance response, it probes the thermo-magnetic response
of the Co-Pt transducer upon pump-induced heating.”****' Thus, the
Vin and V,, signals obtained in a TR-MOKE measurement depend
solely on the magnetization of the transducer film, and any non-
magnetic signal from the underlying stack layers is canceled out
(see supplementary material note 4 for additional details).
Furthermore, the radial thermal conductance in a 16 nm Co-Pt trans-
ducer (k ~16W m™' K™ ) is ~0.24 uW K, an order of magnitude
lower than the conductance in the AlCu film, at ~2.4 yW K making
our measurement extremely sensitive to k.

We design our TR-MOKE experiment to account for the two
unknown thermal parameters in our sample stack: x, of the AlCu film
and G at the Co-Pt/AlCu interface. To uniquely determine both param-
eters, we utilize a dual-frequency, variable-spot size approach,”*"
wherein we perform two measurements, as shown in Fig. 2(f). The first
measurement, represented by the red dataset, is conducted at a high
modulation frequency (fq ~84MHz) and a large spot size
(w9 ~ 5.1 um), where the heat flux is one-dimensional, and the signal
ratio exhibits enhanced sensitivity to G with no sensitivity to x,. We,
therefore, fit solely for G and report a value of 150 MW m “K ™.

The second measurement, depicted by the green dataset, is per-
formed at a lower modulation frequency (foq ~ 1.1 MHz) and a
smaller spot size (wy ~2.3 um), where the heat flux becomes
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three-dimensional, and the ratio is sensitive to both G and «,. In this
case, we fix G to the previously determined value and fit for ,, report-
ing a value of 105W m ™' K~'. This value is approximately 10%
higher than that obtained using TDTR. While the two values agree rea-
sonably well within the bounds of experimental uncertainty, we use
the k, value obtained from TR-MOKE for the remainder of this
work. For additional details on the TR-MOKE methodology, refer to
supplementary material note 4.

It is worth noting that at low modulation frequencies, such as
those used in this study, both TDTR and TR-MOKE measurements
are highly sensitive to the laser spot size.” Therefore, we adopt a
three-pronged approach to rigorously characterize the spot size for
each measurement, ensuring a deviation of no more than 2%, as
detailed in supplementary material note 5.

In Fig. 3(a), we plot a summary of the measured in-plane elec-
tronic thermal conductivity (x.), as derived from the WF law applied
to our four-point probe measurements of electrical resistivity, and the
in-plane thermal conductivities (i) as measured via our thermoreflec-
tance techniques described above. We first examine k,: in all our
thicker films (174, 98, and 53 nm), we show that k., is consistent within
a 10% deviation, and in reasonable agreement with thermal conductiv-
ity of bulk Al at 237 W m ™" K~'.”* This suggests that dilute alloying of
Al with Cu (0.5%) does not significantly affect electronic transport,
and thus, any alloy-based scattering of electrons is minimal. In the
24 nm film, we show a precipitous drop in k, by ~50%, to a value of
119+ 5W m™' K, likely due to inelastic electron scattering at the
film boundaries. While grain boundary scattering may contribute to
some extent, our data suggest that it is not the dominant mechanism
limiting the in-plane thermal conductivity in our AlCu films. This con-
clusion is supported by our grain size analysis presented in Fig. 1(b)
and supplementary material note 1. Even in the thinnest film (24 nm),

ARTICLE pubs.aip.org/aip/apl

the primary grain size is approximately three times larger than the
electron mean free path in Al (Alypp), while the secondary grain size
has a mean value of ~150 nm, well above the Alyp. As the film thick-
ness increases, the grain sizes grow significantly, reaching several hun-
dred nanometers. Despite this grain size increase, we observe that , is
fairly consistent and within agreement with the Al bulk value for the
three thicker films, indicating that film thickness, not grain size, is the
primary driver of the observed size effects.

Next, we turn to x,, which exhibits a monotonically decreasing
gradient with decreasing film thickness, with an equally sharp drop in
the 24 nm film, again possibly due to interfacial scattering of electrons
in the film. In Fig. 3(b), we assess the applicability of the WF law by
comparing the electronic thermal conductivity (k) with the measured
radial thermal conductivity (k,), using the relation x,=x.LoT, where
Ly is the Sommerfeld value of the Lorenz number and T is room tem-
perature (300 K). Using the standard value Ly=2.44 x 10 WQK™2
we observe clear deviations from the WF law across all four AlCu
films. However, when the data are fitted using an effective Lorenz
number, Loy =214 % 1078 WQK 2 (blue solid line), we find good
agreement between r, and k, in the 174, 98, and 24 nm films. A com-
parable ~10%-30% reduction in L, was also reported by Mason
et al."” for Au films with comparable thicknesses at 300 K, supporting
the consistency of our findings.

The strongest deviation from the WF law is observed in the
53nm AlCu film, where k. ~ k, only when using a significantly
reduced Loz =1.65 X 108 WQK ™2 (see green solid line). We tenta-
tively attribute this pronounced violation to enhanced phonon scatter-
ing resulting from intrinsic structural anisotropy in the 53 nm film.
During deposition of textured microcrystalline films onto amorphous
substrates, initial grain growth forms circular morphologies, termed
the “nucleation layer.” Beyond this layer, grains adopt a columnar
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FIG. 3. AlCu thermal conductivities and the applicability of the WF law. (a) A summary of the in-plane thermal conductivities (r;) obtained using concentric TDTR (black solid
circles) for all films, beam-offset TDTR (red solid circles) for the 53 and 24 nm films, and TR-MOKE (green solid triangle) for the 24 nm film are plotted vs AlCu film thicknesses.
Electrical thermal conductivities (k) obtained using four-probe (blue solid diamonds), and thermal conductivity of bulk Al (dashed orange line) are also shown. «;, exhibits a
monotonically decreasing gradient with decreasing film thickness, whereas , is fairly consistent (and within agreement with bulk Al values) until film dimensions approach the
MFP4 in the thinnest film. Note: dashed lines are guidelines between data points and are not model fits. (b) x, vs k. with model calculations from x, = keLo T (the WF law,
solid lines). Assuming the Sommerfeld—Lorenz number, Ly = 2.44 x 10~ W Q K2 does not yield good fits for any of our films. However, a 12% lower “effective Lorenz num-
ber,” Lyy=2.14 x 10~*W QK2 provides a good fit for the 174, 98, and 24 nm films, whereas a 32% lower L;=1.65 x 10~% W QK2 provides a good fit for the 53 nm film.
Thus, we experimentally demonstrate violations in the WF law for all our measured AlCu films.(c) Lorenz number of AlCu thin films as a function of thickness. The electronic
component of the thermal conductivity is estimated as (r; — #n), where r,y for Al is taken from Ref. 43 to be 15% of ;. The Sommerfeld value L, (dashed red), the effective
Lorenz number L,z from direct measurements (dashed blue), and the Lorenz number calculated after subtracting phonon contribution, L, ), (dashed purple) are shown.

L1, 1y i in close alignment with the reported value at room temperature in Ref. 14.
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structure, introducing anisotropy that may scatter heat carriers (pho-
nons) more strongly than charge carriers (electrons), thus leading to a
stronger breakdown of the WF law. We conjecture that this morpho-
logical transition from circular to columnar grains initiates near the
53 nm thickness. A comparable violation of the WF law due to struc-
tural anisotropy has also been reported by Mason et al.'” in their
experimental study of x, and k, in Au thin films.

Prior studies have shown that the lattice (phonon) contribution,
Kph» tO the total in-plane thermal conductivity, x,, of metal thin films
such as aluminum, gold, and silver is generally small, typically
accounting for no more than ~15% of the overall heat transport.”* For
example, in copper, the contribution of the lattice thermal conductivity
is ~7%.'” This indicates that heat conduction in these metallic systems
is predominantly governed by electronic carriers. Building on this
understanding, we estimate the Lorenz number for our AlCu films by
isolating the electronic portion of the thermal conductivity, i.e.,
(1r — ), where the phonon contribution, ry,, is taken from litera-
ture values for aluminum thin films (Ref. 43) to be 15% of the k,.
Figure 3(c) presents a comparison between the Sommerfeld value L,
(dashed red line), the effective Lorenz number L; derived directly
from our measurements (dashed blue line), and the Lorenz number
calculated after subtracting the phonon contribution, Ly, —,,) (dashed
purple line). The results demonstrate strong alignment with a previ-
ously reported Lorenz number for a 174nm aluminum thin film at
room temperature. "

To investigate the origins of the observed discrepancy in the WF
law, we extract electronic scattering rates for all AICu films using infra-
red variable angle spectroscopic ellipsometry (IR-VASE) assuming a
Drude model. The inverse of these scattering rates yields the electron
relaxation time (7) (see supplementary material note 6 for further
details). In Fig. 4(a), we plot x, and 7 as a function of film thickness,
demonstrating a direct correlation in the trends of x, and T across all
thicknesses. However, as shown in Fig. 4(b) T and k, do not follow this
same agreement for the 53 nm film, with this deviation between 7 and
K, beginning for the 98 nm film, albeit minor and within the outer

bounds of uncertainty. While we cannot currently point to the origin
of this statistically significant deviation for the 53 nm film, we note
that the measured thermal conductivity for this film deviates from the
WFE law predictions by ~30%. For the thinnest and thickest films, we
find generally good agreement between the measured in-plane thermal
conductivity, those predicted by the WF law (within ~10%) and the
measured electron scattering rates, implying that elastic electronic scat-
tering processes are contributing to electron thermal conductivity.
This slight deviation from the WF law calculations for these thin
and thick films could be due to some combination of inelastic elec-
tron-phonon scattering and phonon thermal transport. The larger
deviation between k, and both the WF law-derived «, and 7 at the 53
and 98 nm film thicknesses could indicate an increased inelastic scat-
tering mechanism for electrons that is significant for these moderate
film thicknesses. For the thinnest film, as this approaches the electron
mean free path in Al, the thermal transport is likely dominated by elas-
tic electron-boundary scattering events, thus leading to realignment
among T, k,, and K.

In conclusion, we have independently measured the thermal and
electrical conductivities of four AlCu films with varying thicknesses
and demonstrated that the WF law overpredicts «, in all cases. While
this overprediction is relatively minor and within the bounds of uncer-
tainty in the thinnest and thickest cases, for moderate film thicknesses,
this deviation is as much as 30%. Our IR-VASE analysis supports that
for the thinnest film, where the film thickness approaches the electron
mean free path in Al, elastic electron scattering events from film
boundaries are driving the reduction in in-plane thermal conductivity.

See the supplementary material for a comprehensive account of
the film characterization, including full details of the thermoreflectance
measurements, ellipsometry analyses, and electrical resistivity
assessments.
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