3.4 Publication C

After unravelling the effect of HiPIMS on the early growth of Ag on well-defined Si-SiO; and PS in
Publication A and Publication B, this work addresses the question of how these effects are affected
by a broader choice of target and substrate material. To do so, this work systematically investigates
how HiPIMS affects the early-growth stage and electrical performance of noble metal (Ag, Au, Cu) thin
films deposited on a range of technologically relevant polymers, compared to conventional DCMS. The
ultimate goal is to clarify the effect of HiPIMS on several metal-polymer pairings to offer guidance for
production of flexible, transparent, and conductive layers for advanced organic electronics.

Five polymer substrates (PS, PMMA, PTFE, PEGDMA, PVADA4) are prepared either by spin-coating or by
initiated chemical vapor deposition (iCVD) and characterized for surface energy by contact angle
measurements and roughness via AFM. Thin films of Ag, Au, and Cu are deposited by DCMS and HiPIMS
under similar respective deposition rates. Morphological analysis is performed using SEM and in-situ
GISAXS, with electrical sheet resistance measured ex-situ. IEDF and degree of ionization during
sputtering are quantified for each metal and technique with the combined RFEA.

HiPIMS generally increases the degree of ionization and energy of deposited atoms, which
strongly influence film formation. For Ag and Au, HiPIMS produces a higher cluster density and greater
surface coverages at 4 and 8 nm effective film thickness, giving rise to percolated, more conductive
networks at lower thicknesses than DCMS. Cu, however, behaves differently. Here HiPIMS results in
decreased cluster density, attributed to Cu’s higher reactivity and lower tendency to perform surface
diffusion. These properties cause the Cu films to be in a later growth stage, compared to Ag and Au, at
the same effective film thickness. The differences in morphology are depicted in Figure 25. Branched
domains with higher surface coverage dominate, in particular for Ag and Au, on some high-dispersive-
energy polymers (especially PS and PV4D4), while low-energy PTFE surfaces lead to more isolated
islands and lower surface coverages.

"I DCMS

Figure 25: Graphical abstract of Publication C highlighting the morphological differences between Ag,
Au, and Cu. Reprinted from Publication C under the CC-BY 4.0 license.

Electrical resistance measurements reveal that HiPIMS consistently reduces resistance up to several
orders of magnitude relative to DCMS. This is due to more continuous, interconnected films, i.e., the
films possess a lower percolation threshold. The results highlight that polymer surface energy and
chemistry, together with metal reactivity and energy, jointly determine final film morphology and
performance.
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Fig. 3. SEM images a) and surfaces coverages b) of deposited Ag, Au, Cu on PS, PV4D4, PMMA, PEGDMA, PTFE and SiO, with an effective film thickness of 4 nm. For
better visibility of features, the contrast is greatly enhanced, less processed images can be found in Figure S6.

only for continuous, defect-free thin films. In this study, where early-
stage growth regimes are examined, this theoretical film thickness rep-
resents more of an average thickness, providing a measure of the
quantity of deposited material; hence, the term "effective" film thickness
is used. However, this approach does not account for substrate-
dependent effects that influence the actual amount of material avail-
able for film formation. Not all target atoms that reach the substrate
participate in thin film formation. Arriving atoms may be reflected or
desorb before chemisorption, a phenomenon shown to depend on the
polymer substrate used in Au thermal evaporation [62]. Furthermore,
high-energy atoms can be implanted into the polymer, thereby
becoming unavailable for film formation. Implantation is particularly
relevant at elevated kinetic energies during HiPIMS, though it is not
expected to be significant here because kinetic energies are below 100
eV [1]. These effects are most pronounced at the beginning of film for-
mation and diminish as the surface becomes more covered.

Overall, phenomenological observations indicate that the choice of
metal (Ag, Au, Cu) exerts the strongest influence on the morphology,
followed by the substrate effect, with the PVD method having the least
impact in this study.

Investigation of electrical resistance

Fig. 5 presents the electrical resistance measurements, obtained
using a two-wire configuration, for ex-situ samples shown in Fig. 3 and
Fig. 4. At an effective film thickness of 4 nm, most samples are below the
percolation threshold (R > 10* Q), whereas at 8 nm, they are above it.
HiPIMS generally leads to a substantial decrease in electrical resistance,
often by several orders of magnitudes, effectively transitioning the film
behavior from insulating to percolated. The average resistance reduction

ratio defined as

ko — Ruyipims.i
P=
Ropcwms.i

is 0.35 (median 0.094) for 4 nm films and 0.72 (median 0.64) for 8 nm
films, see Figure S9. This reduction in resistance is attributed to the
modified film morphology, where HiPIMS promotes increased surface
coverage, thereby lowering the percolation threshold. Even above the
percolation threshold, a higher density of interconnected pathways en-
hances electrical conductivity. Despite Cu forming nearly continuous
films at 4 nm on all substrates, the electrical resistance on PS, PMMA,
PEGDMA, and PV4D4 remains high compared to Ag and Au. This is
likely due to oxidation of the thin Cu film upon exposure to the atmo-
sphere during ex-situ analysis, which reduces its electrical conductivity.
However, this unexpectedly high resistance is not observed on SiO3 and
PTFE. These two substrates are expected to exhibit minimal interaction
with the growing film, promoting surface diffusion and clustering,
which would typically increase resistivity.

In-situ evolution of cluster distance and particle density

To gain deeper insights into the film formation process, in-situ
sputter deposition experiments were conducted using Grazing-
Incidence Small-Angle X-ray Scattering (GISAXS) at a synchrotron.
GISAXS enables real-time monitoring of evolving film morphology with
high statistical accuracy and temporal resolution. In each experiment,
an initially uncoated substrate was coated with Ag, Au, or Cu for a set
duration t4, based on the predetermined deposition rate. To correlate the
detector frames with the corresponding effective film thickness, a con-
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Figure 22: Experimental overview of the publications in the context of this thesis. The figures are
reprinted from the respective publication under the associated licenses (Publication A: CC-BY 4.0;
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Figure 23: Graphical abstract of Publication A highlighting the morphological evolution of Ag over
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Figure 24: Graphical abstract of Publication B highlighting the most pronounced effect caused by
accelerated ions during island growth and coalescence of Ag on PS. Reprinted from Publication B
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Figure 25: Graphical abstract of Publication C highlighting the morphological differences between Ag,
Au, and Cu. Reprinted from Publication C under the CC-BY 4.0 [iCENSE.....ceevvvivveeiriiiieiiciiee e 78
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