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ABSTRACT

Aluminum is highly valued in ultraviolet (UV) optics for its exceptional reflectivity at wavelengths as short as 90 nm, but its effectiveness is
compromised by rapid formation of a native oxide layer that reduces its UV reflectivity. To mitigate this issue, fluorine-containing protective
layers, such as aluminum fluoride, are applied to inhibit oxidation while maintaining high transmission rates. Additionally, an aluminum
fluoride layer serves as an effective barrier coating in advanced lithium-ion battery designs, preventing failures like significant temperature
increases and thermal runaway. Despite these important applications, the thermal and mechanical properties of aluminum fluoride thin films
have not been thoroughly investigated. In this study, optical pump-probe techniques are used to measure the thermal conductivity and elastic
moduli of aluminum fluoride passivation layers with thicknesses ranging from 4 to 48 nm. The passivation layers are produced using a
plasma-based process that removes the native oxide while converting the aluminum into aluminum fluoride. The results show that both
thermal conductivity and elastic moduli increase with film thickness, indicating a thickness-dependent change in physico-chemical composi-
tion. Energy-dispersive x-ray spectroscopy reveals that thicker layers contain a higher proportion of fluorine relative to aluminum. Moreover,
x-ray photoelectron spectroscopy and infrared variable-angle spectroscopic ellipsometry indicate that the chemical structure stabilizes in
thicker samples, confirming the formation of AlF;. These findings provide valuable insights into the process—structure—property relationships
of plasma-produced fluorinated layers, which are critical for optimizing UV optical coatings and enhancing lithium-ion battery safety.
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I. INTRODUCTION particularly problematic for developing durable, high-reflectance
FUV mirrors used in space applications, where long-term stability
is essential due to the high cost and difficulty of component
replacement.’

To address this issue, fluorine-containing protective coatings,
such as magnesium fluoride (MgF,) and aluminum fluoride (AlF;),

In the far ultraviolet (FUV) range (100-200 nm), aluminum is
a widely utilized optical coating due to its excellent reflectivity."”
This spectral range is critical for capturing key spectral lines of
atomic and ionic species, such as hydrogen, carbon, nitrogen, and
oxygen, which are essential in astronomy, astrophysics, solar
physics, and atmospheric research.” However, aluminum rapidly
forms a native oxide layer upon exposure to air, significantly reduc- ~ AlFs, in particular, is attractive due to its low index of refraction and a
ing its reflectivity in the FUV range." This oxidation challenge is FUV cutoff wavelength of around 105 nm, making it highly suitable

6,7

are commonly applied to prevent oxidation and preserve reflectivity.
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for UV optics, dielectric cavities, and as a spacer in Bragg reflective
dielectric multilayers.” Furthermore, AIF; functions as a transparent,
protective layer for FUV mirrors."’ The deposition of AlF; thin films
has been achieved through various methods, including physical vapor
deposition, chemical vapor deposition, atomic layer deposition, and
plasma-enhanced deposition techniques, each offering advantages in
film quality and processing temperature. "

While the optical properties of AlF; as a protective coating are
well established, its thermal and mechanical properties remain
underexplored, particularly with respect to their impact on device
performance in high-power optical applications.'”'” Thermal con-
ductivity is a critical parameter for heat dissipation in optical com-
ponents subjected to high photon fluxes.'* Insufficient thermal
conductivity can lead to localized heating, thermal gradients, and
subsequent thermomechanical stresses, potentially causing failure
in devices such as high-power lasers and photodetectors.'”™'*
Mechanical properties, such as the elastic modulus, are also crucial
for the durability and reliability of thin-film coatings."” Mechanical
stresses can arise from thermal expansion mismatch, mechanical
vibrations, and external forces, leading to failures such as cracking,
delamination, and wear.”” Understanding the mechanical proper-
ties of AlF; thin films is, therefore, essential to ensure their long-
term stability and performance. Beyond optics, AlF; layers are also
critical as barrier coatings in advanced lithium-ion batteries. In this
application, they address two primary challenges: mechanical deg-
radation and thermal safety. Mechanical degradation, such as the
cracking and pulverization of electrode particles, arises from the
stresses of repeated volume changes during battery cycling.”"** An
effective coating must have a high elastic modulus to provide struc-
tural support and prevent these failures. Simultaneously, thermal
runaway, a major safety issue, can be triggered by exothermic reac-
tions between the highly charged electrode and the electrolyte. AlF;
coatings mitigate this risk primarily by acting as a chemically inert
passivation layer that physically separates the electrode from the
electrolyte, thereby suppressing the initial exothermic side reactions
that trigger thermal runaway. Additionally, the coating aids in heat
dissipation to prevent localized hot spots.”” Therefore, the elastic
modulus and thermal conductivity of the AlF; layer are the key
physical properties that determine its effectiveness. Despite their
importance, these properties are not well-characterized for AlF;
thin films. A comprehensive understanding of both the thermal
conductivity and mechanical properties is, therefore, essential for
optimizing their performance and durability in these applications.

In response, this work focuses on characterizing the thermal
conductivity and elastic modulus of AlF; thin films produced by
plasma treatment of aluminum. The unique plasma-based process
has been shown to effectively convert aluminum into AlF; while
simultaneously removing the native oxide layer to develop a thin
AlF; passivation layer.”*” Compared to oxidized aluminum, the
passivated mirrors showed a dramatic (>4x) increase in FUV
reflectivity down to ~105nm. This includes a reflectivity that
exceeded 90% at the key reference FUV wavelength of the hydro-
gen Lyman o (121.6 nm).”* In this work, we aim to provide insights
into the process—structure-property relationships of aluminum
fluoride passivation layers that will enhance the understanding of
AlF5’s role as a protective layer in optical systems and other
advanced applications.
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In this study, we employ time-domain thermoreflectance
(TDTR) and steady-state thermoreflectance (SSTR) to measure the
thermal conductivity of AlF; thin films,”®*” which allows us to
assess heat conduction through the films. Additionally, we used
picosecond acoustics”®*’ to characterize the mechanical properties
of the AlF; films by measuring the elastic modulus derived from
the sound speed in the material.

Il. METHODS: SAMPLE FABRICATION, CHEMICAL
ANALYSIS, THERMAL CONDUCTIVITY, AND ELASTIC
MODULUS

Aluminum thin films with a thickness of %70 nm were depos-
ited onto sapphire substrates by electron-beam evaporation at a
base pressure of 1x 1077 Torr. Prior to deposition, the sapphire
substrates were first ultrasonically cleaned using isopropanol,
acetone, and ethanol, then dried with air, and finally treated with
O, plasma to remove organic contaminants and enhance film
adhesion. To ensure sample-to-sample consistency, all the samples
were created in a single deposition. After deposition, the Al films
were subjected to plasma treatments using the U.S. Naval Research
Laboratory’s (NRL) Large Area Plasma Processing System
(LAPPS)*™" to grow AlF; layers on the surface of the Al films.
Figure 1(a) shows a schematic of the LAPPS configuration.

LAPPS employs an electron beam generated plasma’ pro-
duced in a mixture of Ar and SFs. Both Ar and SFg are introduced
at flow rates of 25 SCCM to produce a total pressure of ~30 mTorr.
The system makes use of a linear hollow-cathode electron source to
generate sheet-like electron beams with typical current densities of
1-5mA/cm?, and beam energies between 1 and 5keV to drive
plasma production. The system consists of the linear hollow
cathode (length = 16.2 cm), an entrance aperture through which the
electron beam is injected, a termination anode, and magnetic field
coils. Materials are introduced at a processing stage that is oriented
parallel to the direction of beam propagation and below the beam
volume. In this work, the standoff distance between the beam axis
and substrate is 2.5cm. A coaxial magnetic field of 150 gauss is
used to collimate the e-beam, and thus, ensure uniformity along its
length.” The chosen magnetic field strength leaves the plasma ions
un-magnetized while aiding in electron confinement. These param-
eters are sufficient to produce uniform plasma sheets compatible
with a processing stage that accepts 150 mm diameter substrates.
The processing stage can either be left at ground (unbiased) result-
ing in substrate bombardment by very-low-energy ions (<5eV) or
biased using either conventional DC or RF voltage to raise the ion
energy.

Importantly, in highly electronegative gases such as SFq used
in this work, electron beam generated plasmas enable the produc-
tion of plasmas, where the dominant negative charge carriers are
negative ions rather than electrons. These so-called ion-ion
plasmas allow for the extraction of either positive or negative ion
species from the plasma. Early work in Ar/SFs plasmas show that
for 50:50 mixtures (by pressure), both positive and negative ions
can be delivered to the surface in equal amounts and with energies
that are commensurate with the extraction bias.”* For the present
work, a positive DC bias (20 V) was used to preferentially extract
negative species from the plasma. This biasing was found to be
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FIG. 1. Experimental overview. (a) Schematic of the LAPPS configuration. (b) /n situ ellipsometry plot monitoring the growth of aluminum fluoride. (c) Cross-sectional TEM
image of a sample. (d) Schematic illustration of the layered structure, showing the sapphire substrate, underlying aluminum, grown aluminum fluoride layer of varying thick-
nesses, and the top 80 nm aluminum transducer layer used for thermoreflectance measurements.

critical to the effective growth of fluoride layers exceeding 10 nm.'
Under these conditions, the measured surface current is ~0.05 mA/
cm’, which is unlikely to result in any significant increase in
surface temperature. While the surface temperature has not been
measured, neither the platen nor material is noticeably elevated in
temperature even after long treatment times.

The growth process is analogous to aluminum anodization,
where thick aluminum oxide films are grown from aluminum sub-
strates. Aluminum anodization is well-established using electro-
chemical processes2 > and has also been demonstrated using
plasmas.”” Regardless of the approach, the process relies on the dif-
fusion of oxygen anions into the material, where they combine
with aluminum ions to form aluminum oxide (e.g, 2AI°"
+30°" — ALOs + 6¢7). The diffusion of ions is driven by the elec-
tric field established across the oxide layer by applying a positive
bias to the substrate. For the plasma anodization process utilized
in this work, fluorine anions replace oxygen anions as the
reactant to enable the production of aluminum fluoride films (e.g.,
AP* + 3F~ — AlF;). The process is complicated by the presence of
a native oxide layer on the as-received aluminum. However, this
oxide layer can be removed during processing via direct conversion

to a fluoride (e.g., Al,O; + 6F — 2AlIF; + 30) or through an inter-
mediary oxy-fluoride state (e.g., Al,Os+nF — nAIF,O,). A more
detailed description of the critical plasma properties and the
growth process can be found in earlier work.”

Plasma treatments with varying plasma treatment times of 0.3,
3.7, 25.5, 42, 70, and 100 min were conducted. Figure 1(b) presents
in situ ellipsometry data recorded during the treatment to estimate
the film thickness. Once the target film thickness was achieved, the
process was stopped, and the last data point (in time) was re-fit to
determine the approximate film thickness. For the above-
mentioned process times, the resulting fluoride thicknesses were
determined to be 6, 9, 14, 28, 35, and 58 nm, respectively (see
details in the supplementary material). The optical constants used
for determining the thickness of the AlF; layer can be found in pre-
vious work.”*”” For more precise measurements required for prop-
erty extraction, we performed transmission electron microscopy
(TEM) on cross-sectional samples to accurately determine the
physical thicknesses of the AIF3 layers [Fig. 1(c)]. These
TEM-derived thicknesses were found to be consistent with cross-
sectional TEM-EDX line scans (see the supplementary material),
which show a direct correlation between the compositional fluoride
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signal and the layer boundaries identified in TEM imaging. We
attribute the deviation between the values determined by ellipsome-
try and TEM to this compositional gradient, which creates a con-
tinuous refractive index transition that standard discrete-layer
optical models do not fully capture. Cross-sectional specimens were
prepared using a Thermo Fisher Helios system, and a platinum
layer was deposited on the AlF; films to mitigate damage from the
gallium ion beam during thinning. TEM analysis was conducted
with a Thermo Fisher Scientific Themis instrument, which revealed
AlF; layer thicknesses of 4.1, 5.9, 11.2, 24.5, 30.3, and 48.1 nm. In
addition to thickness verification, the cross-sectional TEM images
provide insight into the crystalline state and microstructural fea-
tures of the films (see Fig. S2 in the supplementary material).
These images reveal clear polycrystalline grain boundaries in the
underlying aluminum, whereas the AlF; layer appears featureless,
showing no grain boundaries or long-range order. A magnified
view of the 48.1 nm sample further highlights this contrast, display-
ing periodic lattice fringes in aluminum while the AlF; remains
amorphous. These observations confirm that the plasma-
synthesized films are dense, continuous, and predominantly amor-
phous, with no visible microdefects such as pores or cracks.
Furthermore, our findings are consistent with numerous previous
works showing that AlF; layers produced via similar processes are
amorphous and lack long-range symmetry.""™**

We used time-domain thermoreflectance (TDTR), a well-
established thin-film thermal conductivity measurement tech-
nique,Z(”“’/13 and steady-state thermoreflectance (SSTR), a recently
developed pump-probe technique,”” to measure the thermal proper-
ties of thin AlF; films. In a TDTR measurement, a modulated
pump beam (400 nm) heats the sample surface, while a delayed
probe beam (800 nm) detects the temperature decay of the surface
via thermoreflectance. The delay time is controlled by a mechanical
delay stage, and the signals are collected by a photodetector con-
nected to a lock-in amplifier. The measured signals are fitted using
a heat transfer model to extract unknown thermal properties, such
as the thermal boundary conductance and thermal conductivity.
Similar to TDTR, SSTR is also a pump-probe non-contact tech-
nique; in SSTR, steady-state thermal gradients are induced by pump
heating. SSTR is a direct measure of thermal conductivity, and thus,
unlike TDTR, it does not require prior knowledge of heat capacity
due to the steady-state nature of the measurements. Additional
details of the TDTR and SSTR measurements and assumptions used
in the analysis can be found in previous works.”>***>*/

For the thermal measurements, an additional 80 nm Al film
was deposited onto the as-grown AlF; layers, as shown in Fig. 1(d).
This additional aluminum layer acts as the optothermal transducer
during thermal measurements and ensures symmetry around the
AlF; layer. As above, the Al transducer for all the samples was
created in a single deposition to ensure sample-to-sample consis-
tency. The thermal conductivity of the 80 nm Al transducer and
the underlying Al film was determined to be 170 Wm™" K" from
four-point probe electrical resistivity measurements and the
Wiedemann-Franz law.”® This value was used as a fixed input
parameter in our thermal models to accurately extract the proper-
ties of the AlF; layer.

To investigate the mechanical properties of the samples, we
employed picosecond acoustics.”” Traditionally, mechanical

ARTICLE pubs.aip.org/aip/jap

characterization of thin films often employs techniques like nanoin-
dentation; however, this method can present challenges, particu-
larly for wultra-thin films. The reliability and accuracy of
nanoindentation tests on thin films are complicated by factors such
as substrate effects, size-dependent properties, and testing condi-
tions.”””" Tt is especially difficult to measure the elastic modulus of
films with a thickness less than 100-200 nm due to significant sub-
strate influence.”” Picosecond acoustic measurements overcome
these limitations and enable accurate assessment of the mechanical
properties of thin films, as applied here to the AlF; layers. In our
approach, picosecond acoustics was used to measure the cross-
plane speed of sound in the samples, which was subsequently used
to determine their mechanical properties. In this technique, the Al
transducer deposited on the sample partially absorbs the pump
laser pulse and undergoes rapid thermal expansion, generating an
acoustic (elastic) pulse that propagates away from the surface. The
acoustic pulse reflects from interfaces within the sample and
returns to the surface, where it modifies the local index of refrac-
tion. These changes are detected as variations in the thermoreflec-
tance signal, allowing us to measure the transit time of the acoustic
pulse and thereby calculate the speed of sound in the material.

Ill. RESULTS: THICKNESS AND CHEMICAL
COMPOSITION

To investigate the atomic composition of the AlF; layers, we
performed energy-dispersive x-ray spectroscopy (EDX) analysis
using scanning electron microscopy (SEM). SEM/EDX provides
quantitative elemental composition data for the samples, as shown
in Fig. 2(a) for our AlF; films. The analysis was carried out using a
Thermo Fisher Helios system at an incident angle of 60° and an
accelerating voltage of 2 kV. The results, averaged over three spots
on each sample, revealed that thicker AlF; layers exhibited lower
aluminum content and higher fluorine content compared to
thinner layers; however, both the aluminum and fluorine contents
nearly stabilized for AlF; layers thicker than approximately 20 nm,
indicating a consistent stoichiometry in these films. Additionally,
variations in oxygen content were observed: Both the thinner AlF;
layers and the thickest sample (subjected to longest processing
times) showed higher oxygen levels. In thinner layers, this is likely
due to residual native oxide that is not fully removed with short
processing times. Indeed, recent work has shown that the volume
expansion associated with the complete conversion of ALO; to
AlF; using this process would produce films exceeding ~15nm in
thickness.” In the thickest sample, the extended operating time
may increase the liberation of adsorbed water or oxygen from the
reactor walls or other surfaces, which could lead to the reoxidation
of the sample. No in situ plasma diagnostics were available to test
this hypothesis. Long processing time can also increase surface
roughness,”* which promotes surface oxidation. While the results
are not ideal, the sample provides a useful reference for under-
standing the impact of oxygen on the thermal and mechanical
properties of thick AlF; films.

To further elucidate the atomic composition and interface
structure, we performed cross-sectional EDX mapping and line
scans using a SuperXG2 EDX detector integrated with TEM
imaging (see Fig. S3 in the supplementary material). The line scans
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FIG. 2. Material characterization of AlF; layers. (a) EDX analysis showing the atomic percentages of Al, F, C, and O as a function of AlF; thickness; thicker layers exhibit
higher F and lower Al contents. (b) XPS spectra indicating an Al peak at 73 eV, an Al,05 peak at 75 €V, and an AlF; peak at 77-78 eV. (c) Ellipsometric amplitude ratio
() spectra: The intensity of AlFs-related peaks (between 600 and 800 cm™") increases with thickness. (d) Absorbance spectra: Shift from a native oxide peak at
887 cm™" to AlFs-related peaks at 798 and 640 cm™" with increasing fluorination, indicating successful conversion to AlFs.

reveal a compositional gradient at the Al/AIF; interface, followed
by a region of more stable composition in the thicker films. This
confirms that while interface effects are present, the bulk of the
film reaches a nearly consistent fluorine-rich stoichiometry for
thicknesses greater than 20 nm, which correlates with the saturation
observed in the material properties. Crucially, when combined with
our high-resolution TEM observations (Fig. S2 in the
supplementary material), confirming that AlF; remains predomi-
nantly amorphous across all thicknesses, this evidence suggests that
the observed property evolution (such as the stiffening of the film)
is driven primarily by the change in chemical bonding and stoichi-
ometry (the F/Al ratio) rather than by changes in crystallinity or

grain structure. The resulting data also corroborates the composi-
tional trends observed in the SEM/EDX analysis.

To further assess the chemical state of the layers, x-ray photo-
electron spectroscopy (XPS) measurements [Fig. 2(b)] were carried
out using a PHI Versaprobe III instrument under ultrahigh
vacuum conditions (base pressure: 7.2 X 1078 Pa). Data were
acquired over a 200 um FWHM spot using Al 2p scans with a pass
energy of 224 eV (energy resolution of ~2.2 V). In the reference
sample (untreated aluminum), the XPS spectra display an alumi-
num peak at approximately 73 eV and a native oxide peak near
75 eV.”” Even with brief fluorination, these peaks shift or merge in
samples thinner than 11 nm, indicating partial conversion from the
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native oxide. In the 11 nm-thick sample, however, a new peak
emerges at about 76eV, attributed to oxyaluminum fluoride
(AIOLFy) species.z/l""/l For samples exceeding 11 nm in thickness
(e.g., 24, 30, and 48 nm), a distinct XPS signal appears at around
77.5 eV, suggesting that oxide structures are fully replaced by a
stable AIF; phase as fluorination time increases.”” In the 48 nm
sample, the XPS peak is slightly shifted to lower energies compared
to the 24 and 30 nm samples, reflecting its higher oxygen content.
In general, signals appearing between about 75 and 77.5eV may
indicate the presence of oxyaluminum fluoride compounds.
However, because XPS is inherently surface-sensitive, these mea-
surements primarily capture near-surface chemistry.

To further examine the chemical transformations throughout
the film thickness, we performed infrared ellipsometry using an
infrared variable-angle spectroscopic ellipsometer (IR-VASE),
which can probe the entire fluorinated layer. The ellipsometric data
were obtained in the spectral range of 400-2000 cm™' using an
IR-VASE Mark II (J.A. Woollam Company), with measurements
performed at incident angles of 55° and 65° and a resolution of
8cm™'. The IR-VASE spectra provide insights into the vibrational
modes of chemical bonds present, allowing us to monitor changes
induced by the fluorination process. The ellipsometry measure-
ments acquire the change in polarization of the light reflected from
the sample in terms of amplitude ratio (V) [Fig. 2(c)] and phase
difference (A). These ellipsometric values are related to the
complex dielectric function (€) of the sample. Additional details of
IR-VASE measurements and analysis can be found in Refs. 55 and
56. We create an isotropic multilayer optical model on this mea-
sured ellipsometric data to extract the complex frequency-
dependent dielectric function of the AlF; films. Upon extracting
the dielectric function (shown in the supplementary material), the
absorbance of the films is calculated using Fresnel equations and
depicted in Fig. 2(d).

In the reference sample, a broad absorption peak was observed
at 887 cm™", corresponding to the vibrations of Al—Q bonds in
native aluminum oxide (AL,0s).”” Upon fluorination, even with
very short exposure times, this peak shifted. For samples with fluo-
rinated layers exceeding 6 nm, the peak at 887 cm™' disappeared
entirely, and a new peak stabilized at around 798 cm™. This peak
is associated with vibrations related to oxyaluminum fluoride
(AIOLF,) species,” indicating the complete transformation of the
native oxide into fluoride compounds due to fluorination. Peaks
associated with aluminum fluoride (AlF;) appeared at around
640 cm™'.”**® For samples exceeding 11 nm in thickness, these
peaks remained. However, in the sample with a 48 nm thick AlF;
layer, these peaks became broader and their intensity changes. This
broadening and change in intensity are likely linked to additional
vibrational modes, including the stretching vibrations of Al—O
bonds in an octahedral structure,” O—H out-of-plane bending
modes,”’ and O—C—O bending vibrations,”" which can arise from
changes in surface chemistry caused by higher oxygen content.
Additionally, the extended fluorination time required to produce
the 48 nm thick layer may have resulted in chamber heating, which
allowed other processes (e.g., water desorption) to introduce
carbon, oxygen, or hydrogen near the film surface, contributing to
these spectral changes. In the 48 nm thick sample, three additional
broad peaks at around 1200, 1440, and 1640 cm ™" were detected in
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both ¥ and absorbance plots. These peaks likely correspond to
overlapping of C—F, and C—O asymmetric stretching at
1200cm™}, C—F stretching and C—H bending at 1440 cm”}, and
C=C stretching at around 1640 cm™",”>*" These peaks indicate the
presence of carbon-containing contaminants, possibly introduced
during the prolonged fluorination process.

The XPS and IR-VASE results provide a comprehensive view
of the chemical transformation induced by plasma fluorination.
These data reveal a gradual transition from native oxide to oxyalu-
minum fluoride and ultimately to an AlF; phase. These comple-
mentary observations confirm that plasma exposure of more than
approximately 40 min (as represented by the 24 nm sample) effec-
tively transforms the native oxide (Al,O;) into a stable AlF; layer.
This chemical transformation is consistent with the changes
observed in the mechanical and thermal characterization, as
detailed in Secs. IV and V. This fluorination process not only mod-
ifies the surface chemistry but also significantly impacts the materi-
al’s mechanical and thermal properties.

IV. RESULTS: THERMAL CONDUCTIVITY

As previously mentioned for the thermal characterization of
the AlF; layers, we employed TDTR and SSTR techniques. In the
TDTR measurements, the experimental data, which are propor-
tional to the temperature change on the surface of the sample as a
function of pump-probe delay time, were fitted with the solution
to the axially symmetric heat equation applied to a multilayer
geometry to obtain the effective thermal conductance of the AlF;
layers, where this effective conductance (Gayairs/al) encompasses
both the intrinsic thermal conductance of the AlF; layer and the
thermal boundary conductances between the aluminum layers and
the AlF; layer. The effective thermal conductivity (Keg) of the AlF;
layers was then calculated by multiplying the effective thermal con-
ductance by the corresponding thicknesses measured from TEM
images. Example TDTR data and model fits used to extract Gyy
Alrs/a1 are shown in the supplementary material.

In the SSTR measurements, the experimental data, which are
related to the steady-state temperature changes on the surface of
the sample as a function of pump power, was fitted with the solu-
tion to the axially symmetric Fourier law (steady state limit of the
heat equation) applied to a multilayer geometry, where the com-
bined thermal resistivity of the AlF; layer and the underlying alu-
minum are determined from this data analysis.”” The contribution
to this measured thermal resistance of the underlying aluminum is
measured separately from the reference sample using the thick-
nesses obtained from TEM. This aluminum contribution is then
subtracted from the total measured resistivity to isolate the thermal
resistivity, and thus, the thermal conductivity of the AlF; layer.
Figure 3(a) illustrates a schematic of the TDTR and SSTR tech-
niques, highlighting their different thermal penetration depths.’”
Figure 3(b) shows the effective thermal resistance (Regr) of the AlF;
layers obtained using both TDTR and SSTR techniques. For both
the methods, a linear relationship is observed between the thermal
resistance and the AlF; thickness for samples thicker than approxi-
mately 20nm. This linearity indicates that, in these thicker
samples, the variation in film thickness is the primary contributor
to the overall thermal resistance. It is important to note that a
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FIG. 3. Thermal characterization of AlF; layers using TDTR and SSTR techniques. (a) Schematic of TDTR and SSTR illustrating different thermal penetration depths.
(b) Effective thermal resistance (Ref) vs AlF; thickness, showing a linear relationship for layers thicker than 20 nm. (c) Effective thermal conductance (Ggs) decreases
with increasing AlF; thickness. (d) Effective thermal conductivity (Kef) increases with AlF; thickness and reaches a plateau for films thicker than 20 nm, indicating

saturation of thermal conductivity at higher thicknesses.

nonlinear dependence of thermal resistance on thickness can some-
times indicate the presence of ballistic transport effects and a tran-
sition from ballistic to diffusive heat conduction. However, such
behavior is not observed in well-studied amorphous materials such
as alumina or SiO,, where diffusive transport dominates even at
small thicknesses.”” Our AlF; layers, which are shown to be amor-
phous and defect-free in TEM imaging, exhibit a linear resistance-
thickness relationship, further supporting the conclusion that the
observed changes in thermal resistance arise primarily from varia-
tions in chemical composition and film thickness, rather than from
any ballistic transport phenomena. The effective thermal conduc-
tance for all the samples using both TDTR and SSTR techniques is
plotted in Fig. 3(c), demonstrating a decrease in conductance with
increasing thickness. Figure 3(d) presents the calculated effective

thermal conductivity of the AIF; layers. The measurements reveal
that the thermal conductivity increases with increasing thickness,
ranging from approximately 0.3 W m ™' K" for the thinner layers
(4 and 6 nm samples) to ~1.0 Wm™ K" for layers thicker than
20 nm. A direct comparison to prior experimental work is challeng-
ing, as there are no previous values reported for the bulk thermal
conductivity of AlF;. However, our measured plateau value of
~1.0Wm™' K™ aligns remarkably well with the theoretical
minimum limit of thermal conductivity for amorphous solids,*’
which is predicted to be on the order of 1 Wm™ K™ for AlF;.This
value is also comparable to that of thin-film amorphous Al,O3
(~1.0-14Wm ' K™),* indicating our process creates a protective
layer with similar thermal insulating properties to the native oxide
it replaces, while being two orders of magnitude lower than the
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aluminum film itself (170 Wm™" K™'). The increasing trend of
thermal conductivity with thickness indicates that the thermal
transport properties of the AlF; layers correlate with the changes in
chemical composition and material structure resulting from
increased fluorination time, as discussed in the previous section.
TDTR and SSTR are uniquely suited for this study since both
are single-sided measurements of thermal properties.”**” For both
techniques, the thermal property measurements exhibit consistent
trends with increasing thickness, but differences especially in
thinner samples arise due to the varying thermal penetration
depths of TDTR and SSTR. The thermal penetration depth in our
TDTR measurements is at most dp = /k/nCf, and could be
smaller due to thermal boundary resistance effects.””"” At our
modulation frequency of 8.4 MHz, the thermal wave penetrates
approximately 650 nm into the sapphire substrate. In contrast, for
SSTR, the probing depth is governed by the pump spot radius
(~1.7 um), implying a sensing volume much larger.”” For the thin-
nest samples (<20 nm), the thermal resistance of the film is small
relative to the spreading resistance of the bulk substrate.
Consequently, the measurement signal in SSTR is dominated by
the sapphire, making it less sensitive to the specific properties of
the ultra-thin layers compared to TDTR. As the film thickness
increases beyond 20 nm, the contribution of the film becomes more
significant, and the results from both techniques converge.

V. RESULTS: MECHANICAL CHARACTERIZATION

We use picosecond acoustics to assess the mechanical
properties of the AlF; layers. In our experiments, a strain wave is
generated by the rapid thermal expansion of the aluminum trans-
ducer layer upon absorption of the pump laser pulse. As shown in
Fig. 4(a), this strain wave propagates through the AlF; and alumi-
num layers at their respective sound speeds. When the strain wave
encounters an interface with a change in acoustic impedance, a
portion of the wave is reflected. By measuring the amplitude fluctu-
ations in reflectivity, we can determine the time it takes for the
strain wave to travel through each layer. This propagation time,
combined with the known film thicknesses, allows us to calculate
the longitudinal sound speed for the AlF; layer.

The picosecond acoustic signals in Fig. 4(b) (reflectivity vs
time) were recorded up to 100 ps after the initial heating event. In
the reference sample, consisting of an 80 nm aluminum layer (used
as a transducer in the AlF; samples) on sapphire, the second reflec-
tivity peak corresponds to the strain wave reflecting from the Al/
sapphire interface. Meanwhile, the trough near the third peak in
other samples is simply a second echo from that same interface, so
the time intervals between peaks in the reference sample remain
unchanged.

In the AlIF; samples, the second peak arises from the strain
wave reflecting at the AI/AIF; interface. Because aluminum and
AlF; have more similar acoustic impedances than aluminum and
sapphire, the reflected signal is weaker than in the reference
sample. Furthermore, the diffusion of fluorine into the underlying
aluminum creates a less distinct boundary, which does not have a
sharp enough acoustic impedance mismatch to generate a separate,
detectable reflection in our picosecond acoustics measurement.
A compositionally graded interface is also observed in our
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cross-sectional EDX line scans, which support this interpretation
(see the supplementary material). Consequently, the third peak
corresponds to the Al/sapphire interface, where the larger mis-
match in acoustic impedance produces a stronger reflection. This
peak in the AlF; samples shifts in time, depending on the AlF;
layer thickness.

Thus, we derive the sound speed within the AlF; layer from the
total transit time of the acoustic pulse between the first and third
peaks (V;_; = Thickness;_3/Time;_3), corresponding to reflections
from the sample surface and the substrate interface, respectively.
Knowing the exact thicknesses of each layer and the total transit time
between these two peaks (Time;_3), we can quantify the sound speed
in the AlF; layer as Ve = (Thickness;_3 V;_3 — Thicknessy; Va;)/
Thicknessyjp.

Figure 4(c) presents the measured longitudinal sound speed in
the AlF; layers for all the samples. Similar to the thermal properties,
the sound speed in the AlF; layers increases with layer thickness
and stabilizes for films thicker than 20 nm. This behavior suggests
that the mechanical stiffness of the AlF; layers is also closely linked
to the changes in their chemical composition and structure.

Assuming the AlF; layer is isotropic, the calculated sound
speed can be related to the elastic modulus using
E=pv2(1+v)(1 —2v)/(1 - v),°>°” where E is the elastic modulus
and v; is the measured longitudinal sound speed in the AlF; layer.
The density, p, was taken as 2.882 g/cm?, which corresponds to the
standard bulk density and is consistent with the previous studies of
plasma-synthesized fluoride passivation layers.25 Poisson’s ratio, v,
was assumed to be 0.22 based on experimental work on chemically
similar fluoride glass systems, given the scarcity of intrinsic data for
amorphous AlF; thin films.**

Using these values, we calculated the elastic modulus, which is
presented in Fig. 4(d). We acknowledge that the calculated elastic
modulus is sensitive to uncertainties in both the measured and
assumed parameters. Therefore, the error bars in Fig. 4(d) represent
the propagated uncertainty from all sources, including experimental
error in film thickness obtained via cross-sectional TEM and acous-
tic transit time, as well as the potential variance in assumed mate-
rial properties. Our sensitivity analysis confirms the impact of these
assumptions; for example, calculations show that a 5% variation in
density can alter the calculated modulus by up to 7.5%, while a
10% variation in Poisson’s ratio can alter it by up to 6.1%. The
results show that the elastic modulus increases with AlF; thickness,
reaching values up to approximately 120 GPa for samples with
higher fluorine content. This is significantly higher than the
modulus of pure aluminum, which is at around 75 GPa.”” Thinner
layers exhibit moduli similar to pure aluminum due to their higher
aluminum content. The finding that the AlF; layer has a higher
elastic modulus than aluminum is particularly noteworthy. This
increased stiffness is advantageous because the primary purpose of
the AlF; coating is to protect the underlying aluminum in various
applications. A stiffer coating layer enhances the mechanical dura-
bility and resistance to deformation, which can improve the overall
performance and longevity of the coated material.

Our observations align with previous reports that increasing
AlF; content can enhance the elastic modulus in ZnO—TeO,
glasses” supporting the beneficial effect of fluorination on
mechanical properties. The correlation between higher fluorine
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FIG. 4. Mechanical characterization of AlF; layers using picosecond acoustics. (a) Schematic illustration of the picosecond acoustics measurement setup. (b) Reflectivity
data as a function of time delay; peaks correspond to reflections from different interfaces, and the absence of a detectable reflection from the AlF3/Al interface due to
similar acoustic impedances and the lack of a sharp interface. (c) The measured longitudinal sound speed in AlF; layers is plotted against layer thickness, revealing an
increase in sound speed with increasing thickness and stabilization for films thicker than 20 nm. (d) The calculated elastic modulus of AlF5 layers is shown as a function of
thickness, demonstrating an increase in modulus with thickness, which correlates with higher fluorine content and enhanced mechanical stiffness.

content and increased elastic modulus underscores the importance
of optimizing the fluorination process to achieve the desired
mechanical characteristics in protective coatings.

VI. CONCLUSION

In this study, we investigated the thermal and mechanical
properties of plasma-generated thin aluminum fluoride (AIF;) layers
of varying thicknesses grown from aluminum films. The process uti-
lizes an electron beam generated plasma produced in mixtures of Ar
and SF to simultaneously remove the native oxide and grow an
AlF; passivation layer. Our comprehensive characterization included
energy-dispersive x-ray spectroscopy (EDX) for atomic composition,
x-ray photoelectron spectroscopy (XPS) and IR-VASE spectroscopy
for chemical composition, time-domain thermoreflectance (TDTR)

and steady-state thermoreflectance (SSTR) for thermal conductivity,
and picosecond acoustics for modulus.

The results demonstrated that both the thermal conductivity and
elastic modulus of the AlF; layers increase with thickness, stabilizing
for films thicker than approximately 20 nm. EDX analysis revealed
that thicker layers have a higher fluorine-to-aluminum ratio, indicat-
ing a transition toward a more stoichiometric AlF; composition. XPS
and IR-VASE spectroscopy confirmed the chemical transformation
from a thin native aluminum oxide layer to thicker aluminum fluo-
ride layers with increasing treatment time; shorter fluorination times
do not fully remove oxygen, resulting in thin oxyfluoride layers.

The enhanced thermal conductivity in thicker AIF; layers
facilitates better heat dissipation, which is crucial for thermal man-
agement in high-power optical devices and advanced lithium-ion
batteries as it allows a stable coating to help mitigate thermal
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runaway by spreading heat from potential hot spots. The measured
elastic modulus of ~120 GPa provides the high mechanical stiffness
required to prevent electrode degradation in batteries by reducing
the risk of cracking or delamination. Notably, the AlF; layers exhib-
ited a higher elastic modulus than pure aluminum, highlighting
their effectiveness as protective coatings. These findings underscore
the importance of optimizing the thickness and composition of
AlF; coatings to achieve the desired thermal and mechanical prop-
erties. By tailoring these properties, AlF; thin films can significantly
enhance the performance and durability of devices in ultraviolet
optical systems and energy storage applications. We acknowledge
certain limitations in the current study. First, ultra-thin films
(<4 nm) were not characterized, as these layers approach the resolu-
tion limits of our metrology and typically consist of residual native
oxide or transitional oxy-fluorides rather than stable AlFs;.
Additionally, spatial uniformity across the full substrate and long-
term environmental stability, such as moisture absorption and cor-
rosion resistance, were not evaluated in this work. Future research
will focus on addressing these aspects to further validate process
scaling and durability.

Finally, regarding process efficiency, we note that the process-
ing times used in this study (up to 100 min) were selected to main-
tain a slow, controlled growth regime for fundamental
characterization. However, faster processing rates have been dem-
onstrated in previous work. Specifically, replacing the SFq plasma
chemistry with NF; was shown to provide a 2x increase in the AlF;
growth rate.”” More generally, the growth rate scales with negative
ion density’® and the latter can be increased with higher electron
beam currents.”” This confirms that the processing time can be
effectively reduced by optimizing the operating conditions.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional figures, tables,
and experimental details supporting the results presented in the
article. This includes in situ ellipsometry growth curves, TEM
images of cross-sectional thickness measurements, TEM-EDX
compositional mapping, TDTR model fitting example, and
extracted dielectric functions.
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