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Tree-like branched Al-Al,Cu heterogeneous nanostructures with a high surface area ratio were success-
fully fabricated using magnetron sputtering of Al matrix and Cu nanoparticles, followed by in situ anne-
aling. The method enables precise control over the composition and morphology of the nanosized co-
lumnar Alb,Cu phase grown on the substrate and embedded in the Al matrix. The formation of Al,Cu
begins at the initial locations of sputtered Cu nanoparticles. Further annealing promotes their co-
alescence and coarsening. Orientation relationships examined in several AlCu particles revealed a semi-
coherency with the Al matrix. The high surface area and tunable composition highlight the potential of
these nanostructures for advanced battery anodes, with tailored geometry achieved through controlled

processing conditions.
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1 Introduction

Nanofabrication techniques have revolutionized
material design by enabling precise control over
microstructures and properties at the nanoscale [1, 2].
In battery electrodes, the geometry of the anode plays
a critical role as it can facilitate the diffusion of ions,
offering the possibility of faster charging batteties.
The production of nanostructured anodes is widely
utilized across various materials, including nano-
structured lithium anodes [3] and lamella-nanostructu-
red eutectics [4].

Aluminum-based eutectic composites are widely
studied for their unique ability to balance strength and
toughness, making them suitable for applications at
ambient and elevated temperatures [5-7]. The interme-
tallic phases are particularly effective in Al-Si, Al-Cu,
or Al-Cu-Si systems [8-12]. Eutectic Al-Cu composites
exhibit a bimodal microstructure characterized by
micrometer-sized dendrites embedded within a matrix
of nano- or ultrafine-scale eutectics [10,13]. These
dendrites are known to grow in specific crystallo-
graphic orientations relative to the matrix [14], modi-
fying the properties of the composites and also contri-
buting to their thermal and mechanical stability [15].
Moreover, Al-AlbCu composites are promising in
electrochemical applications, particularly aluminum-
based batteries. Water-based aluminum batteries ate
particularly appealing, as they are cheaper, safer, and
less toxic than conventional lithium-ion batteries,
which rely on flammable organic electrolytes [16,17].

However, the undesirable formation of oxide lay-
ers on the anodes from pure aluminum increases the
internal resistance of the batteries and reduces their
efficiency. At the same time, hydrogen gas generation
during cycling decreases the size of the anode and the
electrolyte volume, further limiting battery perfor-
mance [18]. Also, dendrites formed on the anode du-
ring repeated charging cycles shorten battery life and
increase the risk of failure. To overcome these draw-
backs, the use of Al-Al,Cu nanostructures as an anode
material has been proposed [19]. An ordered lamellar
nanostructure of alternating o-Al and intermetallic
AlLCu lamellas produced via eutectic solidification
exhibits exceptional Al stripping/plating stability be-
cause the more noble Al,Cu lamellas serve as 2D na-
nopatterns to guide highly reversible Al stripping and
plating.

The geometry of the anode plays a critical role.
Further increase of the surface area between AlCu
and Al is desirable. It can be achieved by fabricating
tree-like branched structures of Al,Cu within the Al
matrix. A simple way to prepare such nanostructures
is to employ magnetron sputtering combined with gas
aggregating sources [20, 21] instead of the eutectic re-
action. The method offers flexibility in simultaneously
depositing Cu nanoparticles and layers of Al The re-
lative deposition rates of the sputtered elements can
be finely tuned, allowing for the controlled formation
of heterogeneous structures of Cu nanoparticles im-
mersed in the Al matrix or covered by Al layers.
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Following the deposition, annealing should be perfor-
med to facilitate the diffusion of copper into the alu-
minum matrix, potentially leading to the formation of
Al,Cu-phase particles.

The primary aim of this work is to explore the po-
tential of magnetron sputtering with the gas aggrega-
ting source in the design and fabrication of Al-AlLLCu
nanostructures suitable for future electrochemical ap-
plications. The tree-like branched Al-Al,Cu heteroge-
neous nanostructures characterized by a high density
of interconnected AlbCu particles inside the Al matrix
with a high surface area ratio were prepared and ana-
lyzed.

2 Methods

The Al-Cu nanostructures were produced using a
dual-chamber system. A primary gas aggregation clus-
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ter source (GAS) was employed to generate Cu nano-
particles (NPs). At the same time, an arrow-shaped se-
condary chamber was used to coat the Cu NPs with a
thin Al film. This setup, which was previously utilized
for sputtering Ni-Ti core-shell nanoparticles, is de-
tailed by Hanus et al. [22]. The specimens were depo-
sited on a photoresist-covered glass substrate. First,
the pure Al layer was deposited for one minute. Sub-
sequently, Al and Cu nanoparticles were sputtered for
ten minutes, and this nanocomposite was again cove-
red with a pure Al layer sputtered for one minute.
The sputtering conditions were as follows: a pressure
of 0.12 Pa, the Cu magnetron current of 316 mA at
316 V, and the Al magnetron current of 100 mA at
377 V. The schematical structure of the specimen is
shown in Figure 1 a). After annealing, the composition
can be further adjusted by depositing additional Al la-
yers (Figure 1b).

annealing
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Fig. 1Schematics of the sputtering process: a) sputtering of an Al-(Al+Cu)-Al thin layer for transmission electron microscopy ob-
servations, and b) preparation of Al-AbLCu heterogeneous nanostructure

Freestanding samples for transmission electron
microscopy (TEM) were obtained by dissolving the
photoresist substrate in acetone after fixing the film in
TEM folding grids. The cross-sectional lamella was
prepatred using a focused ion beam in a Zeiss Auriga
scanning electron microscope (SEM).

The specimens were characterized by a JEOL
2200FS TEM operated at 200 kV using TEM and
scanning TEM (STEM) mode with bright field (BF)
and high angle annular dark field (HAADF) detectors
combined with energy-dispersive X-ray spectroscopy
(EDX). The morphology of the resulting nanostructu-
res was monitored in the scanning electron micros-
copy (SEM) mode using an in-lens secondary electron
(SE) detector. Moreover, phase orientation maps
using automated orientation phase mapping (ACOM-
TEM) with an ASTAR software package and high-re-
solution TEM (HRTEM) images were captured.
The specimens were annealed in situ in the same
microscope using the Gatan heating holder.

3 Results

The initial characterization of the heterogeneous
structure prepared by iteratively sputtering the pure Al
and Al together with Cu nanoparticles in three con-
secutive layers is shown in Figure 2. The Al matrix

embeds Cu NPs of the mean size of 15 nm (Fig. 2
a,b,e-h), forming a coarse surface with branched co-
lumns of various heights (Fig. 2 ¢). The separate face-
centered cubic (fcc) Al and fec Cu phases were confir-
med by selected area electron diffraction (SAED) (Fig.
2d). A cross-sectional side view of the 30 nm thick Al
film with a nanostructured columnar layer (Fig. 2i)
enables the estimation of the total thickness (250 nm)
and the maximal difference between the heights of co-
lumns (30 nm).

The composition of columns was estimated using
two methods. First, an estimation was made from the
number of Cu spheres with known radii in the
100 nm3 region. Second, elemental quantification
from EDS analysis of a 1x1 um? large area was made.
The image-based analysis yielded 20 % Cu and 80 %
Al (at.%). However, this method may underestimate
the Cu content due to the overlap of Cu nanoparticles.
In contrast, EDS analysis yields approximately 30 %
Cu and 70 % Al Considering these factors, the
average composition likely lies between these estima-
tes. However, the versatility of the preparation met-
hod enables sensitive tailoring of the resulting compo-
sition by modifying the magnetron sputtering parame-
ters, allowing a wider range of compositions and
structures to be achieved.
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Fig. 2 Initial state of the nanostructure; a) — ¢) plan-view, STEM images: a) bright field (BE) and b) high annular dark field
(HAADE), ¢) secondary electrons detector (SE), d) selected area diffraction (SAED), e-h) detail of the plan-view with EDS maps:
¢) STEM BF, /) EDX Al map, g) EDS Cu map, bh) EDS Al and Cu overlay, i-k) cross-section lamella: (i) HAADE and (-

k) EDS maps

The specimen was then annealed in situ up to
350 °Cin 50 °C steps, holding each temperature for 5
minutes. Figure 3 shows structural evolution during
annealing. SE images (Fig. 3a—d) show no significant
changes in the surface morphology throughout the en-
tire tempetature range. At 100 °C, no noticeable chan-
ges were observed in the shape of the Cu nanopat-
ticles or the diffraction patterns (Fig. 3 f, j). Above
200 °C, the transformation of Cu nanopatticles is evi-
dent, as their sharp edges become diffuse and less dis-
tinct (Fig. 3 g). A low-intensity diffraction ring corre-
sponding to (101) diffraction of tetragonal AlCu
(I4/mcm, lattice parameters 0.6063 nm and 0.4872 nm
[23]) appears at this temperature (Fig. 3 k). This pro-
cess is more pronounced during annealing at 350 °C
(Fig 3 h). The diffraction pattern confirms a transfor-
mation of Al rings from the initially smooth ones into
more distinct individual spots, indicating the coarse-
ning of Al grains. New diffraction rings containing co-
arse spots corresponding to AloCu became more evi-
dent. Among them, the one corresponding to
(222) Al,Cu is the most noticeable.

The Al>Cu phase was localized in the nanocompo-
site by ACOM TEM mapping. A 500 X 500 nm? area
was scanned with a pixel size of 2.5 nm?. Virtual dark
tield (VDF) images were created using LiberTEM
software [24], employing fluctuation electron micros-
copy (EM) analysis. The resulting images were

matched with the HAADF images, as shown in Figure
4. The VDF was generated from the diffraction ring
corresponding to the first Al,Cu reflection, specifically
from the (101) planes (inset in Figure 4). This method
effectively highlights regions where they are the Al,Cu
particles suitably oriented ((101) planes in diffracting
conditions). However, not all Al,Cu areas can be de-
tected; only those large enough to produce sufficient
diffraction intensity relative to the surrounding matrix
are visible. AlCu in the form of small particles with
radii slightly larger than the original Cu particles (15-
25 nm) can be detected. Occasionally, larger Al,Cu
particles with radii up to 40 nm were observed. The
highlighted Al,Cu regions in VDF images overlap with
Cu-rich regions in the thin areas visible in the HAADF
maps.

EDS maps of the same area were acquired (Figure
4e-g), revealing Cu-rich regions. By comparing to the
VDF image, Al,Cu regions can be matched to the Cu-
rich regions in the EDS image (Figure 4 ¢, d, g — blue
circle and arrows). The composition of the Al,Cu par-
ticle highlighted in Figure 4g (blue circle) can be quan-
tified as 62% Al and 38% Cu, confirming a partial
non-stoichiometry of the phase. Similar compositions
were observed in other Cu-enriched regions of the
map (Figure 4g indicated by blue arrows). This analysis
further confirms the transformation of Cu nanopar-
ticles into the Al,Cu phase embedded in the Al matrix.
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Fig. 3 Annealing of the specimen from room temperature (RT) to 350 °C; Plan-view, a-d) SE images, e-h) HAADF images, i-l)
SAED patterns

Fig. 4 Specimen annealed to 350 °C: a) STEM BF, b) STEM HAADEF, ¢) STEM HAADE overlapped with ACOM
TEM virtual DF, where lighter coloring corresponds to higher intensity from the annular region associated with the reciprocal
distance of (101) planes of AlCn, highlighted in red in the diffraction pattern in the inset, d) STENM BF of an area inside the white
square, e-g) EDS analysis of the same area ¢) Al map, f) Cu map, g) overlap of Al and Cu, parts with increased concentration of
Cu are indicated by blue arrows
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Figure 5 shows an example of the HRTEM analy-
sis of the interface between the Al matrix and the Cu-
rich particles. Only the Al,Cu phase was identified.
The two interconnected particles with approximately
20 nm and 40 nm diameters are oriented along two
different zone axes (Fig. 5 a,b, d,f). Figures 5c¢ and 5e
show the details of boundaries with the neighboring
Al grains. For the larger particle, there is a high degree

of coherency, with the following orientation relation-
ship (OR): <110>Al || <111>Al:Cuand (1-1T)AL |l (1-
21)AlbCu. Additional parallel planes include (-1-10)Al
I -110)AlCu, (1-13)Al || (0-11)AlCu, (001)AL Il (-1-
12)AlbCu. The interface plane is close to (1-11)AlL || (1-
21)ALCu. For the smaller particle, the boundary OR
is characterized by (1-11)Al || (001)AlLCu, with
<110>Al being approximately parallel to (110)ALCu.

Fig. 5 HRTEM images of the specimen annealed to 350 °C, a) HRTEM, b,d) FFT filtered image of details of boundaries
between Al and Al phases, and ¢, ¢) corresponding FET patterns used to create filtered images, with diffraction spots marked in color
(bine Al green ALCu) in the FET patterns

4 Discussion

Figure 6 illustrates the transformation process of
Cu NPs. Small (14 - 15 nm large) particles at RT slowly
grow at 200 °C and transform into 28 - 36 nm large
patticles at 250 - 350 °C. Considering diffusion lengths
calculated from corresponding volume diffusion co-
efficients (Figure 7), the diffusion length of Cu in Al
after 300 seconds is 10 nm at 200 °C, 50 nm at 250 °C,
and 620 nm at 350 °C. Given the length scale of the
specimen, annealing at 350 °C is sufficient for the Cu
atoms to reach all parts of the specimen. The diffusion
coefficient of Al in Cu is significantly lower,
resulting in negligible diffusion lengths at the same
temperatures.

The size of AlCu particles formed from Cu par-
ticles can be calculated based on the conservation of

mass and the difference in densities between Cu
(8.96 g/cm’) and ALCu (4.0 g/cm?). The initial Cu
particle volume and mass were used to determine the
equivalent Al,Cu particle volume and diameter, assu-
ming a spherical geometry. The Cu particles with dia-
meters of 10 nm, 15 nm, and 20 nm can grow into
AlCu particles with sizes 12.5 nm, 19.4 nm, and 25.5
nm. Using this estimation, it becomes evident that se-
veral Cu nanoparticles need coalescence to form
AlCu particles as large as 36 nm in diameter.
For example, three 15 nm large (Fig 6 a) blue circle)
Cu nanoparticles would form 28 nm large Al,Cu na-
noparticle (Fig 6 g) blue circle) D). The minor indivi-
dual growth with loss of diffraction contrast observed
at 200 °C can contribute to the statt of the phase trans-
formation, while the more noticeable growth at 250 -
350 °C results from the coalescence of particles.
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Fig. 7 Interdiffusion coefficients of Al in Cun, Cu in AL and
combined interdiffusion coefficient of Al and Cu in AlCn
/25, 26]

The system of Cu nanoparticles embedded in the
Al matrix exhibits similarities to an interface-con-
trolled Al-Cu reaction. Al,Cu is widely recognized as
the initial nucleation phase at Al-Cu interfaces, driven
by localized diffusion phenomena. The solubility of Al
in Cu is relatively high, reaching 19.7 at.% within the
400-500 °C temperature and corresponds to conditi-
ons near the eutectic temperatute (548 °C). Convet-
sely, the solubility of Cu in Al is markedly lower, with
a maximum of 2.48 at.% in the same temperature
range [25, 26]. At temperatures below 200 °C, the so-
lubility of Cu in Al decreases to less than 0.1 at.% [27].
Due to this substantial difference in solubility limits,
with Cu being far less soluble in Al than Al in Cu, the
Al(Cu) solid solution is expected to reach saturation
first. This saturation facilitates the nucleation of Al,Cu
as the primary precipitate phase. Moreover, Al,Cu as
the primary precipitate phase can also be predicted by
the effective heat of formation (EHF) model develo-
ped by Pretorius et al. [28, 29] for phase formation in
diffusion-controlled systems. Among the possible
phases, Al,Cu exhibits the most negative effective heat
of formation, making it the most thermodynamically
favorable phase to form initially in the diffusion zone

[25].

300 °C

7350 °C

Fig. 6 STEM BF analysis of the transformation of Cu nanoparticles during in situ annealing

These predictions align with experimental observa-
tions of Al-Cu interfaces in multilayered thin films [25,
30, 31]. For instance, in Al-Cu multilayered films over
100 pum thick, intermetallic phases such as Al4sCuo,
AlCu, and Al,Cu were observed to form within the
temperature range of 400-500 °C. Notably, under
these conditions, the Al,Cu phase exhibited a signifi-
cant layer thickness exceeding 2 um. In ultrathin mul-
tilayer films, such as (Al/Cu)so systems with alterna-
ting Al (22 nm) and Cu (37 nm) layers, Al,Cu forms at
tempetatures as low as 100 °C. The Al4Cug phase also
appears after approximately 8 minutes of annealing at
the same temperature. These findings highlight the
importance of alloy composition and the annealing dy-
namics in determining the resulting phases.

In our specific case, the Cu/Al ratio was suffi-
ciently low to prevent the formation of the Al4Cuy
phase, favoring the nucleation and growth of Al,Cu
instead. The growth process was directly linked to the
original locations of Cu particles. At lower temperatu-
res, AlCu consistently formed in the positions close
to where the Cu particles were initially deposited. As
Cu atoms diffuse into the surrounding Al matrix, the
boundary between Cu and Al moves inward, causing
the shrinkage of the Cu particle. The layer of Al,Cu
starts to form on the boundary. Since the interdi-
ffusion coefficient of Al and Cu in Al,Cu at 200 °Cis
105 times higher than the diffusion coefficients of Cu
in Al and Al in Cu (Figure 7), the phase can grow in
both directions and fully encompass the entire par-
ticle.

5 Conclusions

Heterogeneous Al-AlCu nanostructures contai-
ning AlbCu nanocolumns within the Al matrix were
successfully fabricated using magnetron sputtering
with gas aggregation cluster source and in situ annea-
ling. Magnetron sputtering proved to be a versatile and
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controllable method for synthesizing Al-Al,Cu nano-
structures, offering control over the material compo-
sition and morphology.

The formation of the Al,Cu phase begins at
200 °C, and this phase remains the sole one
formed within the temperature range 200 °C
— 350 °C.

The Al,Cu phase forms as nanoscale particles
in the exact locations of the originally sputte-
red Cu nanoparticles.

Most of the Cu nanoparticles transform to the
AlCu phase at 200 °C. Further annealing le-
ads to their coalescence and coatsening.
Orientation relationships retain a high degree
of coherency with the Al matrix and the spe-

cific orientation relationships with the matrix,
such as (1-11)Al || (1-21)ALCu.
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