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ABSTRACT

Aluminum scandium alloys and their intermetallic phases have arisen as potential candidates for the next generation of electrical
interconnects. In this work, we measure the in-plane thermal conductivity and electron-phonon coupling factor of aluminum scandium alloy
thin films deposited at different temperatures, where the temperature is used to control the grain size and volume fraction of the Al;Sc inter-
metallic phase. As the Al;Sc intermetallic formation increases with higher deposition temperature, we measure increasing in-plane thermal
conductivity and a decrease in the electron-phonon coupling factor, which corresponds to an increase in grain size. Our findings demonstrate

the role that chemical ordering from the formation of the intermetallic phase has on thermal transport.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0201763

Aluminum is a popular choice for use as a metallic interconnect
in integrated circuits due to its high thermal conductivity, low electrical
resistivity, and cost." However, films subject to high temperatures dur-
ing processing or device fabrication are susceptible to the formation of
hillocks.”” These formations, caused by differences in thermal expan-
sion between a film and its substrate, pose a significant limitation to
integrated circuit fabrication and can result in dielectric cracks and
interconnection shortages that result in unreliable devices. Although
aluminum is particularly susceptible to hillock formation when heated,
recent advances have shown that alloying aluminum with scandium
can help mitigate this issue."  Furthermore, the aluminum scandium
intermetallic (Al;Sc) also has a higher melting point than Al thus
making it a potential alternative to Al for high temperature applica-
tions.” This, in combination with its low electrical resistivity, positions

Al;Sc as a potential candidate for the next generation of electrical inter-
connects.”” Despite this potential, comprehensive studies on the ther-
mal properties of the aluminum scandium alloy, as well as the
scattering mechanisms that contribute to its thermal conductivity
within the literature are sparse.

In this study, we report on the in-plane thermal conductivity and
electron-phonon coupling factor of aluminum scandium alloys depos-
ited at various deposition temperatures. We find an increase in in-
plane thermal conductivity with increasing deposition temperature.
Our results for in-plane thermal conductivity agree with those calcu-
lated from the electrical resistivity and the Wiedemann-Franz law
(WFL) assuming the low temperature value for the Lorenz number,
which confirms that the in-plane thermal conductivities for these
alloys are dominated by electrons. To understand the fundamental

Appl. Phys. Lett. 124, 202202 (2024); doi: 10.1063/5.0201763
Published under an exclusive license by AIP Publishing

124, 202202-1

80:0%:20 ¥20Z Ae 81


https://doi.org/10.1063/5.0201763
https://doi.org/10.1063/5.0201763
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0201763
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0201763&domain=pdf&date_stamp=2024-05-15
https://orcid.org/0000-0003-1725-7657
https://orcid.org/0000-0001-7853-9282
https://orcid.org/0000-0002-6254-5036
https://orcid.org/0000-0003-0055-1710
https://orcid.org/0009-0003-4894-5724
https://orcid.org/0000-0003-0166-8136
https://orcid.org/0000-0001-8523-7282
https://orcid.org/0000-0003-2431-7136
https://orcid.org/0000-0002-3403-743X
mailto:peh4v@virginia.edu
https://doi.org/10.1063/5.0201763
pubs.aip.org/aip/apl

Applied Physics Letters

scattering mechanisms that drive changes in thermal conductivity with
annealing temperature, we implement a sub-picosecond pump-probe
technique using infrared probe energies to probe the transient changes
in Drude optical response of the metal films. This approach uniquely
offers the ability to measure the optical reflectivity deviations that are
directly related to lattice temperature changes in the material, thus
offering improved sensitivity to electron-phonon coupling factor
quantification.” Using this approach, we measure an increase in elec-
tron-phonon scattering with decreasing deposition temperature,
which suggests that changes in electron-phonon scattering rates drive
the changes in thermal conductivity of the aluminum scandium alloy
films. This decrease is a direct result of the smaller grain sizes and
increased chemical disorder that arises for the low-deposition tempera-
ture films.

Five aluminum scandium alloys (AlySc,) were prepared via
pulsed-DC sputtering onto 1.5 pm thick SiO, on 150 mm diameter Si
substrates, where the SiO, layer was grown using a vertical thermal
reactor. Extensive sample details, including compositional analysis and
x-ray diffraction, can be found in Esteves et al.'’ The target used for
depositing the aluminum scandium films contained a composition of
80.15at. % Al and 19.85at. % Sc with compositional variation of 2 at. %.
The targeted thicknesses for the aluminum scandium films were
100 nm, and thicknesses were confirmed via x-ray reflectivity measure-
ments. The films were deposited at different temperatures ranging
from 25 to 450 °C with one of the 25°C samples then being further
annealed at 600°C for 30 min. Depositing at higher temperatures
results in an increased formation of the Al;Sc intermetallic as detailed
by Esteves et al.'’ For example, the 25°C annealed sample displayed
the greatest formation of Al;Sc while the 25°C un-annealed sample
contains little to no Al;Sc intermetallic. A depiction of the sample stack
and measurement geometry is shown in Fig. 1.

The thermal conductivity of these films is measured via time-
domain thermoreflectance (TDTR).' "' We use our TDTR system in a

FIG. 1. Schematic showing our 1.2 MHz modulation frequency TDTR measurement
where we have high sensitivity to in-plane thermal conductivity. The red and orange
lasers represent the pump beam and probe beam, respectively. The red arrows indi-
cate the direction of our measured thermal gradient.
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two-tint configuration,"” utilizing a sub-picosecond Ti:Sapph. oscilla-
tor with an 80 MHz repetition rate and a center wavelength of 808 nm.
The laser output is split into a high power pump path and a lower
power probe path. With TDTR, it is possible to vary the pump modu-
lation frequency and spot size to manipulate the measurement sensi-
tivity to cross-plane and in-plane thermal conductivity of a thin
film."*"'® Thus, for the measurement of these films, we utilize a modu-
lation frequency of 8.4 MHz with a 10x objective (1/¢* diameter of
11 um for the probe and 19 pm for the pump) for cross-plane thermal
conductivity measurements, and a 1.2 MHz modulation with a 20x
objective (1/¢* diameter of 4.4 um for both pump and probe) for in-
plane measurements. As the aluminum scandium is metallic, we can
directly pump and probe the aluminum scandium layer of interest
without the use of an additional thin metal film transducer, which is
advantageous for simplifying the analysis by reducing the number of
unknown sample parameters. In our thermal model we assume a heat
capacity for aluminum scandium determined using the rule of mix-
tures.”” We determine the thermal boundary conductance between
aluminum scandium and SiO, as well as the thermal conductivity of
SiO, from a high-modulation frequency measurement of the annealed
sample. For the low-modulation frequency measurements, the in-
plane thermal conductivity of aluminum scandium and the cross-
plane thermal conductivity of aluminum scandium were measured
simultaneously. The calculations of our uncertainties reported in our
measurements are discussed in the supplementary material.

Figure 2 shows the measured in-plane thermal conductivity, xy,
as a function of deposition temperature for the five aluminum scan-
dium films. For comparison, we include the in-plane thermal conduc-
tivity calculated by Wiedemann-Franz law (WFL) from four-point
probe electrical resistivity measurements. In general, we observe good
agreement between the TDTR-measured in-plane thermal conductiv-
ity and that obtained with electrical measurements and the WEFL.
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FIG. 2. In-plane thermal conductivity results determined via TDTR plotted vs depo-
sition temperature (Tqep) OVer the temperature range of 25-450 °C in red, with in-
plane thermal conductivity determined via electrical resistivity measurements (WFL)
in black. There are two samples that were deposited at 25°C, one un-annealed
sample and one sample that underwent a 30 min 600 °C post-deposition anneal;
these are indicated by the gray boxes.
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However, for the case of the 450 °C sample, we record the greatest dif-
ference in our TDTR measurement and WFL. This can be attributed
to potential deviations in the room-temperature Sommerfeld value of
Ly=245 x 10°® W Q K2 which has been recorded previously in
metallic alloys'® ** and which we discuss further in the supplementary
material. However, we note that these values agree within the uncer-
tainty of our measurements.

We also note an increasing x;, with increasing deposition tem-
perature with the film deposited at 450°C resulting in a value of
259W m ' K! compared to 6.5W m ™' K™! for the film deposited
at 25°C. The results of Esteves et al.'’ indicate increased formation of
Al;Sc with greater deposition temperature, with the 25°C annealed
film having the greatest amount of intermetallic formation. This pro-
vides direct insight into the thermal conductivity results as the higher
thermal conductivity films have the largest grain sizes with a large frac-
tion of the ordered intermetallic phase, whereas the low thermal con-
ductivity films consist more of a chemically disordered solid solution
with small grains. Furthermore, recent results measured a recrystalliza-
tion temperature of 443 °C for a stoichiometric 25 nm thick Al;Sc thin
film.” As our 450°C film is above this recrystallization temperature,
the substantial rise in the thermal conductivity between the 300°C
film and the 450 °C film can be attributed to both increased formation
of Al;Sc as well as increased crystallinity of the 450 °C film, which
occurs upon recrystallization. Increasing grain size has been shown
previously to increase thermal conductivity partially explaining these
results.”"”

To understand the fundamental scattering mechanisms that drive
changes in thermal conductivity with annealing temperature, we mea-
sure the electron-phonon coupling factor of the films. These measure-
ments were performed using a sub-picosecond pump-probe setup
consisting of a near-IR probe laser pulse and a pump laser pulse cen-
tered at 520 nm. The use of this infrared probe allows us to selectively
detect the changes in the reflectivity of the films in the free electron
Drude regime where the changes in the dielectric function with tem-
perature are driven by intraband transitions in the aluminum scan-
dium and, thus, dominated by the lattice temperature changes.”** >’
As described in our prior work,” this has two advantages: (i) given the
relatively small temperature rise in the lattice relative to the electrons,
we can assume the change in reflectivity of the metal is directly propor-
tional to the change in lattice temperature, thus avoiding uncertainties
in our fit due to complicated thermo-optic relationships. (ii) Changes
in lattice temperature due to perturbations in electron—phonon cou-
pling result in measurement sensitivities at much longer pump-probe
delay times as compared to measuring hot electron temperature decays
due to lower thermal conductivities of the phonons relative to those of
the electrons. Thus, as electrons carry the deposited laser energy away
from the sample surface, the slower phonons are delayed in equilibra-
tion with the electrons. Given these points, we fit our pump-probe
thermoreflectance data to the transient lattice temperature profile, as
calculated by the two-temperature model (TTM),”® given as

aT,
€5t = V (kYT = G(T. = T) + S(x, 1),
and
oT,
C’a_tl =V (VT)+G(T. - T),

ARTICLE pubs.aip.org/aip/apl

where C, and C; are the electronic and lattice heat capacities, respec-
tively, T, and T; are the electronic and lattice temperatures, respec-
tively, k. and x; are the electronic and lattice thermal conductivities,
respectively, S is the source term, and G is the electron-phonon cou-
pling factor. The transfer matrix method was used to calculate the
pump absorption over the depth of the film, which is included in the
source term and described in more detail in the supplementary mate-
rial.”” Details of the TTM fits and parameters assumed in the model
are also included in the supplementary material.

Upon calculating the lattice temperature profile, the model was
normalized to the data at the peak and G was adjusted to achieve a
best fit to our experimental data, fitting up to 30 ps. Example fits are
shown in Fig. 3. The best-fit curve is displayed in addition to the upper
and lower bounds determined from a set percent deviation around the
best-fit value. Solely perturbing the electron-phonon coupling factor
and re-calculating the thermoreflectance provides a direct visualization
of our model’s sensitivity to electron-phonon coupling when com-
pared to the best-fit curve.

This method shows deviations in the best-fit curve and the per-
turbed curves up to thirty picoseconds, indicating that we have long-
time sensitivity to the electron-phonon coupling factor through our
method of measuring the thermoreflectance in a wavelength regime
that is monitoring the Drude response (details of this sensitivity are in
supplementary material). This approach is akin to prior works measur-
ing G in metallic bi-layers to increase the timescale of lattice heat-
ing,”* ' which provides much longer temporal sensitivity to G than
monitoring the ultrafast cooling of a hot electron gas, which is a tradi-
tional approach to measure G in metals using ultrafast pump-probe
techniques.” ** Our results for the electron-phonon coupling factor
are depicted in Fig. 4 as a function of grain size, which was quantified
by linear intercept measurements performed on atomic force micros-
copy (AFM) topography data collected from an Asylum Cypher-S
instrument in AC mode. AFM images are provided in the supplemen-
tal material. For comparison, we also plot the electron-phonon cou-
pling factor for pure AL*

In general, we measure a decrease in electron-phonon coupling
with increasing grain size. Increased electron-phonon scattering has
been shown to arise from a decrease in grain size;*'*> however, when
transitioning from the 450 °C film (65nm grain sizes) to the 150°C
film (48nm grain sizes) we measure an increase in the electron-
phonon coupling factor by over a factor of two. This significant
increase, as shown by Hostetler et al.,*" is not expected until grain sizes
are significantly below the mean free path, which, assuming our film
has an electron mean free path on the order of stoichiometric Al;Sc
that was recently measured to be 7 nm,” is not the case for our films.
This indicates that grain size is not the primary cause of the electron-
phonon scattering and thermal conductivity trends that we measure.
However, we also expect an increase in chemical ordering due to the
increased fraction of intermetallic Al;Sc phase to be contributing to
the reduction in G and increasing K since in the data shown in
Fig. 4, an increase in this ordered intermetallic phase is concomitant
with increasing grain size. To this point, prior works have shown that
ordered alloys have reduced electron—phonon coupling factors,
reduced electrical resistivities, and increased thermal conductivities (of
both electrons and phonons) as compared to their chemically disor-
dered counterparts.“”“’ Furthermore, both the substantial reduction
in G and increase in K, occur when transitioning to the 450 °C film,
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FIG. 3. (a) An example fit of the near-infrared thermoreflectance data (probe wavelength of 3000 nm) fitting for the electron—phonon coupling factor, G for the 150 °C sample.
The red dashed line indicates the bestit electron phonon coupling factor of 5.7 x 10" W m= K=", The black dashed lines bound the bestit electron-phonon coupling factor by
+50% showing the sensitivity to the electron-phonon coupling factor within these measurements. (b) An example fit for the 450 °C sample (probe wavelength of 1900 nm), the
best-fit electron phonon coupling factor for this film, shown in red, is 2.8 x 10" W m=3 K=", The black dashed lines bound the best-fit electron-phonon coupling factor by

+25%. We choose a smaller bound for this film to demonstrate the increased sensitivity to electron—phonon coupling factor at lower G values.

which is above the recrystallization temperature for stoichiometric
Al;Sc of 443 °C.° Thus, we attribute this reduction in G and increase in
Kin to an increased volume fraction of the chemically ordered Al;Sc
intermetallic phase as well as increased crystallinity of the 450 °C film
which occurs upon recrystallization. We posit that the continued
decrease in G and increase in k;, in the annealed film with >500 nm
Al;Sc regions further supports this finding since these regions are
much larger than the electronic mean free path, and Esteves et al'®
have shown for our films that the volume fraction of the Al;Sc phase
and film crystallinity continue to increase when transitioning from the
450 °C film to the 25 °C film further annealed at 600 °C.

Al (G = 2.45x10"7 W m™® K1)
T
@ 18
. 10
= |+
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E100 |
17
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10 100 1000
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FIG. 4. Electron—phonon coupling factor plotted as a function of grain size and
in-plane thermal conductivity (inset). The error bars are determined via a residual
analysis that is described further in the supplementary material. The dashed line
indicates the computed electron-phonon constant value at 300 K from Lin et al.*’

In summary, we report on the in-plane thermal conductivity of
aluminum scandium thin films as a function of deposition tempera-
ture, where the temperature is used to control the grain size and vol-
ume fraction of the AlSc intermetallic phase. As the Al;Sc
intermetallic formation increases with higher deposition temperature,
we measure increasing in-plane thermal conductivity and a decrease in
the electron-phonon coupling factor, which corresponds to an
increase in volume fraction of the chemically ordered Al;Sc intermetal-
lic phase. Our findings demonstrate the role that chemical ordering
from the formation of the intermetallic phase has on thermal transport
and opens pathways for using aluminum scandium alloys in metal
interconnects.

See the supplementary material for further information on our
TDTR and TTM analyses, including both sensitivity and uncertainty
calculations.
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