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To study the role of chemical composition on the resistivities of grains and grain boundaries (GB) for dilute Fe-
alloyed Cu thin films, Cu films with grain sizes varying over three orders of magnitude and compositions of 0.025
and 0.25 at.% Fe were prepared by magnetron co-sputtering. Character, morphology and compositions of bulk
and GBs were studied using electron backscatter diffraction, transmission electron microscopy and atom probe
tomography, respectively. The specific resistivities of both individual GBs and within grains were obtained

through local electrical measurements assisted by micromanipulation in situ within a scanning electron micro-
scope. In addition, global resistivity characterisation of the thin films allowed for calculation of the GB reflection
coefficient. A decoupling of GB and grain interior resistivities is found with alloying, where the GB resistivity
increases by an order of magnitude while the grain interior is affected only to a minor extent in comparison.

Alloying of pure elemental metals is required to enhance the me-
chanical performance of conductive materials employed in applications
like overhead power lines, automobile industry, and high-speed railway
conductors [1-4]. However, alloying is accompanied with an increase of
electron scattering centres within the material, which supresses its
electrical properties and leads to high energy dissipation and Joule
heating during electricity transmission. Grain boundaries (GBs) are
among the dominant defects that increase the resistivity of alloys [5,6].
While GB resistivity has been studied in pure metals [7-11], it has not
received a sufficient attention in alloys - likely due to the chemical
complexity, where segregation and precipitation effects are involved.
Density functional theory (DFT) calculations show that the GB resistivity
of a Cu alloy might increase by three-fold, depending on the alloying
element and GB type [12]. Experimental studies usually consider the GB
resistivity as an accumulated property of entire boundaries within the
material [13,14]. However, quantification of the resistivity increase for
an individual GB due to alloying and correlating it to the GB character is
still missing. Therefore, separating the resistivities of GBs from the grain
interior by direct measurements will improve the understanding for
electrical properties of alloys.

The contribution of GB to the resistivity of a material may be

* Corresponding author.

quantified by two values [15]: the GB resistivity y;p representing the
resistivity which originates from a GB per unit area [16], and the GB
reflection coefficient R indicating the probability of an electron to be
scattered by a GB [17]. Recently, local electrical measurements were
introduced to directly measure ygp in thin films [18]. This technique
requires columnar grains of a few micrometres diameter in the film,
which are often obtained by abnormal grain growth. Such a requirement
is typically fulfillable in pure metallic films [19,20], but is challenging in
alloys due to GB pinning caused by solutes and other effects [21,22].
Nevertheless, abnormal grain growth has been observed for several
multi-component material thin films [23-26].

Dilute Fe-Cu alloys exhibit relatively high thermal and electrical
conductivities, dominated by the Cu matrix, combined with high
strength provided by the Fe solute [27], and provide a model system for
bee alloying elements in the fcc Cu. Since Fe is insoluble in Cu and
intermetallic phases are not formed, it tends to precipitate even for
dilute compositions. Coherent fcc precipitates are initially nucleated and
grow either with plate-like [28] or spherical morphologies [29-31]; the
bce Fe phase appears after aging or mechanical deformation. The re-
sistivities of Fe-alloyed Cu thin films were reported to correlate with
grain size more than with composition [32]. However, the resistivity
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Table 1

List of FeCu films grown on (0001) Sapphire with the corresponding deposition
parameters. All samples were annealed at 350°C for 3 hr after deposition. OR-I
and OR-II are the orientation relationship between film and substrate (see text
for details).

#  Co-sputtering Deposition Fe Average Orientation
temperature composition grain size  relationship
(]

1 Continuous 25 0.25 at% 190 nm OR-1

2 Continuous 350 0.25 at% 690 nm OR-I + OR-II

3 Discontinuous 350 0.025 at% > 20 pm OR-II

was globally assessed while the individual contributions of both GBs and
solid solutions were not considered.

Fe-Cu dilute solution thin films were prepared by co-sputtering a
pure Cu target (99.999%) using a RF cathode at 250 W, and 5 at.% Fe-
alloyed Cu target (Mateck) sputtered with a DC cathode at 15 W. De-
positions were performed on (0001) planes of Sapphire substrates
(Mateck) at 1.1078 mbar base pressure, deposition pressure
5.10~3 mbar, and Ar flow of 20 sccm for 40 mins resulting in nominal
500 nm thick films. A co-sputtering process in the stated conditions
yielded Cu thin films with a calculated nominal composition of ~ 0.2 at.
% Fe. An estimation of the composition is given in the Supplementary
Materials. Table 1 presents the three deposition protocols considered in
this work: continuous co-sputtering at room temperature (film #1),
continuous co-sputtering at 350°C (film #2), and discontinuous co-
sputtering at 350°C (film #3). All samples were post-annealed imme-
diately after the deposition in the same vacuum chamber at 350°C for 3
hr. The first two protocols concern operation of both sputtering cathodes
during the whole deposition. However, in the third protocol, only the
pure-Cu cathode was operated during the whole process while Fe
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alloyed-Cu sputtering was active only partially as illustrated in Fig. 1,
creating a layered-like film. The motivation behind this deposition
approach is to create an interface between pure Cu and Sapphire,
leading to grain growth via an epitaxial driving force [18,33].
Post-annealing of film #3 leads to Fe diffusion mainly along the GBs,
while the Fe distribution in the annealed film is discussed below
experimentally and by a diffusion calculation.

Microstructures of the films were initially assessed through electron
backscatter diffraction (EBSD) in a scanning electron microscopy (SEM)
(Auriga, Zeiss) using an EDAX detector and electron acceleration voltage
of 15 kV. Data was analysed with OIM Analysis software. The diffraction
patterns of a-AlyO3 were obtained from an exposed Sapphire surface on
the wafers (area underneath the clamps during the deposition) and ac-
quired in the same EBSD scan batch as the film.

The average grain sizes of the films presented in Table 1 are deduced
from the EBSD-resolved inverse pole figure maps shown in Fig. 2, where
the colours indicate the relative in-plane orientations. In films #1 and
#2, a grain growth stagnation is achieved at a relatively small-grain size,
likely due to a Zener drag effect from the clustering of Fe atoms — as seen
in the atom probe tomography (APT) reconstructions for film #1 in
Fig. S1. In contrast, abnormal grain growth occurs in the discontinuously
co-sputtered film and grains grow to tens of micrometres (Fig. 2c),
following the behaviour of pure Cu thin films [7,33,34]. This likely
occurs due to the high Cu purity of the film-substrate interface in the
initial stages of grain growth, which enhances the driving force for grain
growth.

The black and red poles within the [111] pole-figures in Fig. 2
correspond to {111} diffraction peaks of Cu and {1123} diffraction
peaks of a-Al;Og, respectively. The Cu pole figures imply that all the
films exhibit a preferred (111) texture, similar to the pure Cu behaviour
when deposited on c-sapphire [33,34]. Coupling the diffraction poles of

Pure Cu
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Fig. 1. The discontinuous sputtering protocol. A pure Cu target is active during the whole 40 min of deposition, while the alloyed target is operated twice for 5 mins.
The resulting ‘multi-layered’ film is schematically presented to the right of the figure.
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Fig. 2. In-plane EBSD resolved inverse pole figure maps
and pole figures of the annealed films prepared by
continuous sputtering at (a) 25°C and (b) 350°C, and (c)
discontinuous sputtering at 350°C. Colours shown in the
inverse pole figure maps indicate relative in-plane orien-
tations as samples in (a,b) were differently oriented on the
stage than the sample in (c). Black and red reflections in
the [111] pole figures correspond to Cu and «-Al;Os,
respectively, and reveal the corresponding orientation
relationship (OR).
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Fig. 3. (a) TEM resolved cross section
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Cu and Sapphire reveal the orientation relationships (ORs) between the
film and the substrate [35]. The room temperature deposited film (film
#1) has two Cu orientation variants rotated by 60° to form incoherent
{211} =3 GBs. The alignment of the {111} poles of Cu with {1123} poles
of a-Al,03 indicates the OR {111}{01T)Cu ||(0001)(1010)a — Al5Os3, i.e.
OR-I [35]. However, the {111} reflections of the 350°C continuously
deposited film (film #2) are distributed on a ring having 70.5° inclina-
tion from the (111) pole in the middle of the circle. This indicates
varying in-plane film orientations, still, one can recognise four main
orientation variants; two Cu orientation variants rotated by 60° are
aligned with the {1123} reflections of a-Al,O3, in a similar way as the
former film (OR-I). Another two orientation variants are observed
rotated by 60° from each other and by 30° from the {1123} o-Al;O3
reflections, however these poles are smeared. These second two variants
correspond to the OR {111}(011)Cu ||(0001)(2110)a — Al,03, known as
OR-II [35], which has a larger angular in-plane spread as ORI. The OR-I
and OR-II reflections are indicated by blue and orange arrows in Fig. 2.
A cross-section of the GB and grain interior of film #3 were inspected
with high resolution transmission electron microscope (TEM) imaging.
The sample was lifted out using a dual-beam SEM (Thermo Fisher Sci-
entific Scios2HiVac). Thinning was performed using the Ga-ion beam,
with final thinning parameters of 5 kV and 7.7 pA. Overview images the
sample were investigated with a JEOL 2200 scanning TEM (S/TEM)
instrument operating at 200 kV under bright field conditions. In order to
resolve atomic scale images, a probe-corrected FEI Titan Thermis 80-300
(Thermo Fisher Scientific) S/TEM. The atomically resolved high-angle
annular dark-field (HAADF)-S/TEM images were registered with a
HAADF detector (Fishione Instruments Model 3000). Imaging, contrast
optimisation, and filtering followed protocols described in Ref. [36].
The bright field TEM cross-sectional image of a £3 GB (film #3) in

exact locations are set based on the po-
sition along the film thickness. (g) Close
to the film surface, the incoherent GB
dissociates to coherent and incoherent
segments.

Fig. 3a shows a columnar grain structure with a boundary that deviates
up to 7° from the surface normal, at depth of > 50 nm from the surface.
The dark contrast region spots in Fig. 3a are focussed ion beam (FIB)
artifacts. Atomically-resolved HAADF-STEM images show no pre-
cipitates within the film, at the boundary (Fig. 3e) or at the smooth
interface between layers (Fig. 3f). The bright field TEM image in Fig. 3g
(corresponding to the red rectangle location in Fig. 3a) shows that in the
vicinity of the film surface the incoherent GB facets into coherent and
incoherent segments. Such an observation might be caused by the fact
that some GB structure variants are prone to adsorption more than
others, leading to GB dissociation of the GB plane to lower the system
energy as recently resolved for a £5 GB in Cu-Ag [38,39]. Additionally,
pinning of the GB at the surface might play a role in the near-surface
behaviour of the GB.

For local chemical analysis, an APT tip was taken from the same film
#3, in a way that it contains a GB in both alloyed and pure layers as
marked by the dashed rectangle in Fig. 3b. FIB lift-out and annular
milling techniques were employed to prepare needle-shaped geometry
APT specimens in a FEI Helios Nanolab 600i [40]. The specimens were
analysed in a Cameca Instruments Local Electrode Atom Probe (LEAP)
5000 XS operated at a specimen set point temperature of 40 K and laser
pulse energy of 30 pJ at a pulse repetition rate of 200 kHz and an
average of 5 ions detected per 1000 pulse detection rate. The APT data
was reconstructed using the AP Suite 6.1, while compositions were
measured using the peak decomposition algorithm from the software.

The APT results in Fig. 3(c,d) show that the Fe accumulates in
spheroidal clusters with a matrix composition of 40+5 ppm Fe, which
are partially mono-oxidized. These clusters might be an early stage of a
nucleation of Fe in Cu, similarly to the findings of Cu precipitation in Fe
matrix [41-44]. Fe exhibits a strong clustering behaviour rather than a
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Fig. 4. (@) The macroscopic-level
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Table 2
Comparison between measured single crystal resistivity of Cu (Fe-free) and Fe-alloyed Cu with nominal composition of 0.025 at.% Fe. Error bars in resistivity are &
0.02 uQ cm.
Pure Cu Fe-alloyed Cu Resistivity increase
Single crystal resistivity (4 cm) 1.67 (+£0.02) 1.86 (+£0.02) 11 %
{211}£3 GB resistivity (uQ cm?) 1.1 (£0.1) 11.5 (£1) ~1000 %

statistical randomisation as deduced from analysing the APT data with
the maximum separation method [45-47] - the analysis is explained in
the Supplementary Materials. No excess of contaminations is found
either inside the grain or at the GBs (see Figs. S2,5S3 and Table S1 —within
the Supplementary Material). A minor quantity of Ga ions is observed as
FIB damage, and Ga is not enriched at the boundary. APT measurements
confirm the distinct Fe concentration between the Fe-rich layers and
pure Cu layers. The overall composition in the grain interior of the
Fe-rich layer is 0.1 at.% (1000 ppm), and ~40 ppm in the pure Cu layer.
Since the volume fraction of the alloyed layers is one quarter of the total
film, then the overall composition can be estimated at 0.025 at.% Fe
(250 ppm). The APT data in Fig. 3c provides a strong indication of Fe
diffusion along the GB, which fits the diffusion length calculated for the
specific annealing conditions -6 pm in GBs, as presented in the Sup-
plementary Material.

The global film resistivities were inspected by Van-der-Pauw
method, following the methodology described in Ref. [18]. Resistivity
of the films are presented in Fig. 4 as black squares. The resistivity of the
film having a composition of 0.25 at.% Fe and an average grain size of
190 nm is 3.68 + 0.01 uQ cm, coinciding with values reported in liter-
ature [32,48-50], as shown in Fig. 4a. However, increasing the average
grain size of the film to 690 nm at the same global composition by the
higher deposition temperature of 350°C decreases the room temperature
resistivity to 2.75 + 0.01 uQ cm - a lower value than reported in liter-
ature (Fig. 4). This behaviour is attributed to annealing out deposition

defects. The resistivity of the film having a composition of 0.025 at.% Fe
and an average grain size of tens of microns is 1.88 + 0.01 uQ cm.
However, resistivity within single grains (single crystal) of the 0.025 at.
% Fe film is only 1.86 + 0.01 yQ cm, indicating the small contribution of
GBs to resistivity when the average grain size is tens of microns.

In addition to the global resistivity, the single crystal and individual
GB resistivities of the discontinuously-sputtered (film #3, due to its large
grain-size) film were directly measured inside a SEM (Gemini, Zeiss)
using four micromanipulators-driven needles (PS4, Kleindiek), Experi-
mental details follow the work done in Ref. [18]. The grain interior
resistivity was measured through linear four-point probe inside a ~100
pm grain, while the spacing between neighbouring needles was set to 10
pm. Fig. 5a shows a SEM frame during the local electrical measurement
over a GB segment, which is characterised by EBSD (Fig. 5b). The GB
resistivity is obtained from the jump in measured resistance when the
voltage measurement crosses the GB [18], as illustrated in Fig. 5c.

The measured resistivity for a single crystal Cu alloyed with 0.025 at.
% Fe (film #3) is 1.86 + 0.02 uQ cm, corresponding to an increase of
~11% from pure Cu as indicated in Table 2, which is discussed in dis-
cussed in Ref. [7]. However, the resistivity of an individual £3{211} GB
is 11.5 uQ cm?, which is a factor of 10 higher than the value measured
for pure Cu GB discussed in Ref. [7], due to the GB enrichment with Fe.
The measured increase of yg; in the enriched GBs exceed the DFT pre-
dictions [12], since the reported calculations relate to solute atoms at
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Table 3 Supplementary materials
Single crystal resistivity and GB reflection coefficient of pure and 0.25 at.% Fe-
alloyed Cu. R for pure Cu is taken from Ref. [15]. Supplementary material associated with this article can be found, in
Pure Cu Fe-alloyed the online version, at doi:10.1016/j.scriptamat.2023.115393.
Single crystal resistivity (uQ cm) 1.67 2.00
GB reflection coefficient 0.46 0.775 References
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