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ABSTRACT: Fabricating thin metal layers and particularly observing
their formation process in situ is of fundamental interest to tailor the
quality of such a layer on polymers for organic electronics. In
particular, the process of high power impulse magnetron sputtering
(HiPIMS) for establishing thin metal layers has sparsely been explored
in situ. Hence, in this study, we investigate the growth of thin gold
(Au) layers with HiPIMS and compare their growth with thin Au
layers prepared by conventional direct current magnetron sputtering
(dcMS). Au was chosen because it is an inert noble metal and has a
high scattering length density. This allows us to track the growing
nanostructures via grazing incidence scattering. In particular, Au
deposition on the polymer polystyrene (PS) with the respective
structural analogues poly-4-vinlypyridine (P4VP) and polystyrene
sulfonic acid (PSS) is studied. Additionally, the nanostructured layers on these different polymer films are further probed by field
emission scanning electron microscopy (FESEM), atomic force microscopy (AFM), X-ray reflectometry (XRR), and four-point
probe measurements. We report that HiPIMS leads to smaller island-to-island distances throughout the whole sputter process.
Moreover, an increased cluster density and an earlier percolation threshold are achieved compared to dcMS. Additionally, in the
early stage, we observe a significant increase in coverage by HiPIMS, which is favorable for the improvement of the polymer−metal
interface.

■ INTRODUCTION
Functional materials are of vital interest for various
applications including sensors, batteries, and wearables.1−3

The class of polymer-based applications increased in recent
decades; especially, the usage of polymer−metal hybrid
materials gained attention.4−7 Gold is favorable and is used
as a material for photoluminescence,8 plasmonics,9−12

mirrors,13−15 catalysis,16−19 sensors,20−22 solar cells,23−26 and
electrodes.27−30 Direct current magnetron sputtering (dcMS)
is a well-established and well-understood technique that is
being used for fabricating thin metal layers in the
aforementioned applications. However, the favorable physical
properties of the metal layer are still not obtained in a single
step since a preprocessing step like a plasma pretreatment is
required to increase the adhesion in dcMS.31,32 This is
undesirable if metal−polymer hybrid structures are fabricated
using substrates being sensitive toward these preprocessing
treatments. One emerging physical vapor deposition technique
to overcome these pretreatments is high-power impulse
magnetron sputtering (HiPIMS).31,32 This technique increases

the adhesion of metal−polymer composites while being benign
for heat sensitive substrates. Grazing incidence small angle X-
ray scattering (GISAXS) and grazing incidence wide angle X-
ray scattering (GIWAXS) studies were conducted to under-
stand the formation behavior of dcMS-deposited metals films,
but sparse studies were undertaken to understand the in situ
film formation of HiPIMS deposited metals.28,33 Under dcMS
and HiPIMS conditions, ionized and nonionized metal species
are formed simultaneously during ablation at the sputter target.
Depending on the target material, dcMS achieves a degree of
ionization of up to 10%, and in the case of HiPIMS, the
fraction of the ionized species condensing on the substrate can
make up between 50 and 90%.31,34 Thus, it is important to
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obtain similar sputter conditions of both dcMS and HiPIMS,
e.g., sample-to-target distance sputter target, substrate,
pressure, and sputter rate, in order to understand the
differences in the underlying physical film formation.35

Particularly, changing the sputter rate has an influence on
the percolation threshold, which was made sure to be similar in
this study.36−38 This focuses on the quantification of the
differences in depositing Au with dcMS and HiPIMS on three
different polymers, namely, polystyrene (PS), poly-4-vinyl-
pyridine (P4VP), and polystyrene sulfonic acid (PSS). These
polymers differ in their structure and have different functional
groups apparent. PS is a one-dimensional polymer chain
consisting of a substituted polyethylene structure with pendant
aromatic rings being phenyl groups as functional groups. PS is
a well-known polymer and was previously used in former
studies as a standard reference substrate to compare the
growth of metals with other polymers.38,39 P4VP is like PS, a
one-dimensional polymer chain consisting of a substituted
polyethylene structure with pendant aromatic rings consisting
of pyridine as a functional group. Furthermore, PSS is a one-
dimensional polymer chain consisting of a substituted
polyethylene structure with pendant aromatic rings consisting
of a sulfonic acid functional group on the phenyl group located
on the para position. Due to different functional groups being
apparent in the polymeric structure, it is expected that the
different chemical structures change the surface energy of the
polymers and thus particularly influence the growth of gold
during deposition. The skeletal structure of the polymer can be
found in Figure S1. The morphology of Au deposition via
dcMS and HiPIMS on PS, P4VP, and PSS is investigated by
field emission scanning electron microscopy (FESEM), atomic
force microscopy (AFM), grazing incidence small-angle X-ray
scattering (GISAXS), grazing incidence wide-angle X-ray
scattering (GIWAXS), X-ray reflectometry (XRR), and four-
point-probe measurements. We observe in situ the structural
evolution of the Au cluster during dcMS and HiPIMS
deposition on the polymers PS, P4VP, and PSS. We show
that an increase of Au coverage can be achieved with HiPIMS.

■ EXPERIMENTAL SECTION
Materials. Silicon wafers (Si-Mat Silicon Materials,

Germany) were cut into 12 mm × 15 mm-sized pieces.
They were cleaned in acidic bath containing a ratio of
hydrogen peroxide (30%, Carl Roth) to sulfuric acid (96%,
Carl Roth) of 1:2.2 at 70 °C for 15 min. After the cleaning
procedure, the silicon wafer was rinsed with ultrapure water
and stored in an ultrapure water bath. Polystyrene (PS, Mn =
62.0 kg/mol, PDI = 1.04), poly-4-vinylpyridine (P4VP, Mn =
77.5 kg/mol, PDI = 1.05), and polystyrene sulfonic acid (PSS,
Mn = 62.0 kg/mol, PDI = 1.02) were supplied by Polymer
Source (Canada). PS was dissolved in toluene with a
concentration of cPS = 9 mg/mL, poly-4-vinylpyridine was
dissolved in dimethylformamide with a concentration of cP4VP
= 26 mg/mL, and polystyrene sulfonic acid was dissolved in
ultrapure water with a concentration of cPSS = 25 mg/mL. PS
and P4VP solutions were heat treated for 2 h at 70 °C, and
PSS solution was heat treated at 90 °C for 15 min and stirred
afterward for 2 h at RT.
Polymer Film Preparation. The precleaned silicon wafer

pieces were removed from the storage bath and rinsed with
ultrapure water, which was followed by blowing them dry with
a nitrogen steam. These silicon pieces were loaded into a spin
coater (6-RC, SÜSS MicroTec Lithography, Germany). For PS

and P4VP, 3600 rpm was used with the ramp-up setting of 9
for 30 s. For PSS, 6000 rpm was chosen with a ramp up setting
of 9 for 30 s to obtain smooth thins films. The ramp-up setting
of 9 corresponds to the highest acceleration rate allowed by the
spin coater reaching the targeted rotation speed. The spin-
coated polymer films were further used as spun in the
following procedures. The thickness of the polymer films was
determined by X-ray reflectometry (XRR) (Figure S2) with
the corresponding SLD profiles shown in Figure S3 as δPS = 39
± 1 nm for PS, δP4VP = 40 ± 1 nm for P4VP, and δPSS = 28 ± 1
nm for PSS. The fits are displayed in Figure S2 and the SLD
curves are displayed in Figure S3. The film thicknesses are
large enough to neglect potential influences of the substrate
(Si/SiO2).

40

Physical Vapor Deposition. The self-built sputter
deposition chamber was described in a previous article.38 For
all experiments, a 2 in. size Au (Kurt J. Lesker, purity 99.999%)
target was used. The dynamic working pressure was pAr = 0.36
Pa with an argon flow adjusted to 10 sccm. The average power
for dcMS was PdcMS = 27 W. For HiPIMS, deposition was
performed at PHiPIMS = 40 W with the pulse length being 50 μs
and the frequency being 1 kHz. The chosen dcMS and
HiPIMS conditions were stable throughout the experiment. In
case of dcMS, the average kinetic energy of the sputtered
atoms is 3.9 ± 0.1 eV. The average kinetic energy of the
sputtered atoms for HiPIMS is 9.7 ± 0.1 eV having a non-
Gaussian distribution. The average kinetic energy of the
sputtered atoms for both sputtering modes were measured
with a Quantum Probe (Impedans, Ireland). The distance
between the target and sample was 13 cm. The deposition
rates were determined by a quartz crystal microbalance
(QCM) being 0.294 ± 0.006 nm/s for HiPIMS and dcMS.
The QCM deposition rates were verified by measuring final
thicknesses of deposited gold films on silicon with a
profilometer (Dektak XT, Bruker). In addition, the last
detector frames of the in situ sequence were used by extracting
the distance of adjacent vertical peaks in the qz direction with
the relation δ = 2π/Δqz to determine the final deposited
thickness for all in situ thicknesses.41 The last detector frames
of the in situ sequences are displayed in Figure S4.
Additionally, XRR was performed before and after the in situ
deposition on the polymers PS, P4VP, and PSS, which are
shown in Figure S2 for the pristine polymers and in Figure S5
for the after in situ deposition.
Characterization. Field Emission Scanning Electron

Microscopy. High-resolution field emission scanning electron
microscopy (FESEM) images were taken with a Nova Nano
SEM 450 (FEI Thermofisher) at DESY NanoLab.42 For the
visualization of the images, the software ImageJ was used.43

The nanoparticle size was determined with ImageJ by counting
only individual clusters that were not connected and measured
manually. FESEM images of the pristine thin films are
displayed in Figure S6. No difference in surface morphology
is observed for the pristine polymer films. In a 100 nm × 100
nm frame, the size of clusters is summarized in Table S1.

X-ray Scattering. The grazing-incidence small-angle X-ray
scattering (GISAXS), grazing-incidence wide-angle X-ray
scattering, and X-ray reflectometry experiments were con-
ducted at DESY (P03/PETRA III, Hamburg, Germany) with a
mobile sputter deposition chamber, which was previously
reported.38 A wavelength of λ = 0.105 nm was chosen. For the
measurements, the X-ray beam had a point shape with a size of
30 μm × 25 μm with an incident angle αI = 0.4°. For GISAXS,
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a Pilatus 2 M (pixel size 172 μm, Dectris Ltd., Switzerland)
was placed at a distance to the sample of SDDGISAXS of 3230 ±
2 mm. The data acquisition rate was set for HiPIMS to 20 Hz
and that for dcMS to 10 Hz. Raw GISAXS images are
displayed in the Supporting Information for Au:PSdcMS (Figure
S7), Au:PSHiPIMS (Figure S8), Au:P4VPdcMS (Figure S9),
Au:P4VPHiPIMS (Figure S10), Au:PSSdcMS (Figure S11), and
Au:PSSHiPIMS (Figure S12). For GIWAXS, a Lambda 9 M (X-
Spectrum, Germany) was used with the distance to the sample
being SDDGIWAXS = 193 ± 2 mm. For HiPIMS deposition, the
data acquisition rate was set to 2 Hz, and for dcMS, it was set
to 1 Hz. The pixel size of one pixel of the Lambda 9 M is 55
μm × 55 μm. Raw GIWAXS images are displayed in the
Supporting Information for Au:PSdcMS (Figure S13), Au:P-
SHiPIMS (Figure S14), Au:P4VPdcMS (Figure S15), Au:P4V-
PHiPIMS (Figure S16), Au:PSSdcMS (Figure S17), and Au:PS-
SHiPIMS (Figure S18). The software DPDAK was used for
analyzing the measured GISAXS and GIWAXS data.44 X-ray
reflectometry (XRR) measurements were performed with the
aforementioned energy and were analyzed with MOTOFIT
0.1.20.45

Atomic Force Microscopy. The atomic force microscopy
(AFM) measurements were taken with a Bruker (Dimension
Icon equipped with a NanoScope V controller) at DESY
NanoLab.42 RTESPA-150 (Bruker) cantilevers were used
having a nominal tip radius of 8 nm. The software NanoScope
Analysis was used for data visualization, and with ImageJ, the
scale bar was included.
Four-Point Probe Measurements. Four-point probe meas-

urements (Ossila, UK) were conducted with a probe spacing of
1.27 mm. The measurement range is between 100 mΩ/square
and 10 MΩ/square. After 578 days, the samples were
measured again and summarized in Table S2.

■ RESULTS AND DISCUSSION
Au was deposited by direct current magnetron sputtering
(dcMS) and by high power impulse magnetron sputtering
(HiPIMS) on three different polymer films (PS, P4VP, and
PSS). The morphologies of the Au layer at selected thicknesses
(δAu = 2 and 4 nm) for both dcMS and HiPIMS are shown in
the FESEM images in Figure 1 for PS, P4VP, and PSS.

From Figure 1a−f at δAu = 2 nm, it is clear that in both cases,
HiPIMS (PSHiPIMS, P4VPHiPIMS, PSSHiPIMS) or dcMS (PSdcMS,
P4VPdcMS, and PSSdcMS), Au islands coalesced, forming a
branched network, which is visible. The average size of the
isolated Au islands is dAu,cluster = 4 ± 2 nm. Distinct changes
between HIPIMS and dcMS are visible with more Au
deposition in the FESEM images, for example, in Figure 1g,j
in the case of Au:PS. At δAu = 4 nm, the surface coverage
(Figure S19) of Au:PSHiPIMS-deposited Au is 93 ± 1%, which is
higher than with Au:PSdcMS deposition being 76 ± 1%. This
trend can be further explored with P4VP. Au:P4VPHiPIMS has a
coverage of 93 ± 1%, which is higher than that with
Au:P4VPdcMS deposition being 77 ± 1%. PSS shows the
highest surface coverage after deposition for Au:PSSHiPIMS, 96
± 1%, again being higher than the coverage of Au on the
polymer thin films Au:PS and Au:P4VP. Au:PSSdcMS
deposition has an intermediate coverage of 84 ± 1%. At δAu
= 8 nm, all polymer films are completely covered with a thin
granular gold film (Figure S20). Furthermore, AFM top-
ography images are acquired at δAu = 3 nm for dcMS- and
HiPIMS-deposited Au on Au:PS, Au:P4VP, and Au:PSS, see
Figure 2.

Figure 1. FESEM images of Au-coated (a, d, g, j) Au:PS, (b ,e, h, k)
Au:P4VP, and (c, f, i, l) Au:PSS. Panels a−c were coated with δAu,dcMS
= 2 nm, panels d−f were coated with δAu,HiPIMS = 2 nm, panels g−i
were coated with δAu,dcMS = 4 nm, and panels j−l were coated with
δAu,HiPIMS = 4 nm.

Figure 2. AFM images of (a, c, e) dcMS- and (b, d, f) HiPIMS-
deposited gold δAu = 3 nm on (a, b) Au:PS, (c, d) Au:P4VP, and (e, f)
Au:PSS are shown. The red box highlights the magnification of the
region of interest. The red circle in the magnified box highlights the
isolated Au islands.
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In Figure 2a, in the case of dcMS-deposited Au:PS, a
network of percolated Au islands is clearly visible, which is not
dominantly apparent at δAu = 2 nm, see Figure 1a. This gives
an indication that Au islands start to be in contact with the
neighboring Au islands at a thickness of δAu,dcMS,PS = 3 nm. A
similar behavior is also observed for Au:PSHiPIMS (Figure 2b) at
a thickness of δAu,HiPIMS,PS = 3 nm, showing sparsely singular
nonpercolated islands, but the majority of the Au islands
already percolated into a network. In the case of dcMS and
HiPIMS deposition of Au at a thickness of δAu = 3 nm for
Au:P4VP and Au:PSS, similar behavior is observed, as
described in the case of PS. The majority of the Au islands
are percolated, and small amounts of isolated Au islands are
still observable. This trend is observed throughout all of the
AFM images in Figure 2. In-situ dcMS and HiPIMS deposition
experiments are performed utilizing the GISAXS geometry to
exploit its statistical relevance and track the real time evolution
of the Au nanostructure up to a thickness of δAu = 8 nm since
an already closed Au layer is observed at that thickness. The
aim is to elucidate the mechanism behind the increased
coverage comparing HiPIMS and dcMS, similar to the FESEM
and AFM measurement; see Figure 1 and Figure 2.

In Figure 3, the in situ evolution of distance and cluster
density of Au deposited on PS, P4VP, and PSS upon dcMS and
HiPIMS deposition is presented. The correlation distance (D)
is extracted from the peak position (qi), see Figure S24:

D
q

2

i (1)

In all cases, for 0 nm < δAu ≤ 0.35 nm, no structure peak is
apparent in the in situ GISAXS data, as the very first Au atoms
are arriving on the sample surface. First, impinging Au atoms
are adsorbed on the polymer surface and Au atoms are
diffusing along the substrate surface; stable nuclei are formed
when two or more adatoms are being united.46,47 Upon
continuous deposition, these nuclei grow in the manner of the
Volmer−Weber growth, thus growing in height resulting in a
low surface coverage, and the probability to form nuclei is
reduced, as the new incoming Au atoms grow alongside the
preexisting nuclei.46,47 The nucleation stage (I) is followed by
the lateral growth stage. After a critical cluster density is
reached, the apparently formed nuclei and clusters grow in size
with new impinging Au atoms during the process.41,46

Additionally, the apparent nuclei and clusters are able to
diffuse along the surface, resulting in a diffusion-mediated
coalescence of clusters into larger structures (stage II).48 Both
processes result in the increase of the surface coverage of the
polymer surface.46 The third stage is the coarsening stage in
which diffusion of the clusters is greatly reduced; thus,
diffusion-mediated coalescence is not the dominant factor
anymore. Instead, it will be accommodated by adatoms
adsorbing on these clusters supporting the growth in the
lateral direction (stage III).41,46 This can be observed at δAu =
2 nm in the FESEM images in Figure 1 showing sparsely
isolated Au islands and branched Au islands. During this
process, more Au islands branch into a network that can be
observed at δAu = 3 nm in the AFM images in Figure 2. Even
upon further deposition, the surface coverage increases due to
lateral growth, which can be seen by the FESEM images in
Figure 1 at δAu = 4 nm. The fourth stage is reached when the

Figure 3. In-situ evolution of the distance of Au islands forming on (a) Au:PS, (b) Au:P4VP, and (c) Au:PSS. In situ evolution of the cluster
density of Au islands on (d) Au:PS, (e) Au:P4VP, and (f) Au:PSS.
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surface is fully covered. This stage is called vertical growth or
grain growth stage, where the film growth occurs only
vertically, since the surface is fully covered.41,46 Upon
continuation of deposition, a polycrystalline grainy structure
is obtained, which can be seen in the FESEM images in Figure
S23.46 In detail, the different stages occur for PSdcMS and
PSHiPIMS in the range 0 nm ≤ δAu ≲ 0.4 nm/0.4 nm (stage I),
0.4 nm/0.4 nm ≤ δAu ≲ 1.6 nm/1.8 nm (stage II), 1.6 nm/1.8
nm nm ≤ δAu ≲ 3.7 nm/3.9 nm (stage III), and 3.7 nm/3.9 nm
nm ≤ δAu until the end of the deposition being stage IV. For
P4VPdcMS and P4VPHiPIMS, the ranges were 0 nm ≤ δAu ≲ 0.4
nm/0.4 nm (stage I), and 0.4 nm/0.4 nm ≤ δAu ≲ 1.8 nm/1.8
nm (stage II), 1.8 nm/1.8 nm ≤ δAu ≲ 3.7 nm/3.9 nm (stage
III), and 3.9 nm/4.2 nm ≤ δAu until the end of the deposition
being stage IV. Finally, for PSSdcMS and PSSHiPIMS, the ranges
were 0 nm ≤ δAu ≲ 0.4 nm/0.4 nm (stage I), 0.4 nm/0.4 nm ≤
δAu ≲ 1.6 nm/1.7 nm (stage II), 1.6 nm/1.7 nm ≤ δAu ≲ 3.7
nm/3.9 nm (stage III), and 3.7 nm/4.0 nm ≤ δAu until the end
of the deposition being stage IV. Clearly, strong deviations in
cluster sizes and distance start to occur in stage II for dcMS
and HiPIMS. This is attributed to the increased initial cluster
density, see Figure 3, due to the difference in the kinetic energy
distribution of the ionized fraction of the impinging atoms.
The same fundamental behavior is expected on PS, P4VP, and
PSS due to the similarity in the polymer structure. Here, it is
important to note the difference during Au deposition between
dcMS and HiPIMS on PS, P4VP, and PSS. In Figure 3a, the in
situ structure evolution of Au:PSdcMS and Au:PSHiPIMS is
shown, being similar in the range δAu = 0.35 nm up to δAu = 1.8
nm. Beyond δAu = 1.8 nm, it is obvious that Au:PSdcMS has a

larger average distance during the in situ evolution compared
to Au:PSHiPIMS. This trend continues until the end of the in situ
sequence probed in the present study. In Figure 3b, the in situ
structure evolution of Au:P4VPdcMS and Au:P4VPHiPIMS is
shown, and within errors from δAu = 0.35 nm up to δAu = 2.4
nm, the average distances are similar. Au:P4VPdcMS again has a
larger average correlation distance compared to Au:P4VPHiPIMS
toward the end of the in situ sequence. In Figure 3c, the in situ
sequences of Au:PSSdcMS and Au:PSSHiPIMS are displayed.
Here, from δAu = 0.35 nm up to δAu = 2.4 nm, Au:PSSdcMS and
Au:PSSHiPIMS islands have a similar distance. Upon δAu = 2.4
nm, Au:PSSdcMS has an average higher distance than
Au:PSSHiPIMS similar to our findings for Au:PS and Au:P4VP.
Additionally, after δAu = 8 nm for PSHiPIMS, P4VPdcMS,
P4VPHiPIMS, and PSSdcMS, no structure peak of Au is being
observed anymore in this particular GISAXS geometry. For
PSdcMS and PSSHiPIMS, no clear structure peak is observed
already at δAu = 7.9 nm and δAu = 7.6 nm, respectively. Hence,
the abscissa in the corresponding figures ends at δAu = 8 nm
and not at the final deposited thickness. With no structure peak
being present, it is not possible to track the Au growth between
δAu = 8 nm and the final targeted deposited thickness around
12 nm for each sample (see Figure S4) in this GISAXS
geometry. The reason is that either the average correlated
distance sizes are too large to be resolved at this particular
chosen distance for the GISAXS measurement or no average
structure is present on the sample surface after this deposited
thickness. In case larger distances are present on the sample
surface after δAu = 8 nm, a larger sample-to-detector distance in
the GISAXS geometry is required to resolve these larger

Figure 4. In-situ evolution of the radius R derived from the hemispherical geometrical model for (a) Au:PS, (b) Au:P4VP, and (c) Au:PSS. In-situ
evolution of the ratio two times the radius (2R = cluster diameter) and the correlation distance D to determine the percolation threshold for (d)
Au:PS, (e) Au:P4VP, and (f) Au:PSS. The pink line at 2R/D = 1.0 in (d−f) denotes the percolation threshold.
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structures. In order to further quantify the Au islands’ layer
morphology, it is derived using the following relation:38

D
2

3 2=
· (2)

It is clearly seen that the number of islands for PSdcMS and
PSHiPIMS (Figure 3d) decreases during the deposition. This
behavior is due to the coalescence of Au islands. Yet, it is worth
noting that the number of Au islands is higher for PSHiPIMS
than for PSdcMS until the end of the deposition process. This
observation explains the increased coverage of PSHiPIMS
compared to PSdcMS seen in Figure 1g,j) since a larger number
of islands is apparent during the structure evolution. In the
case of P4VP (Figure 3e), the same trend is observable. For δAu
≥ 2 nm, Au:P4VPHiPIMS shows a larger number of islands
during deposition compared to Au:P4VPdcMS, which again
explains the increase in coverage for HiPIMS in Figure 1h,k.
The same trend is observable for PSS (Figure 3f). It is clearly
seen that Au:PSSHiPIMS has an increased number of islands
compared to Au:PSSdcMS during the deposition, which
supports the observation of the increase in coverage in Figure
1 i,l. From these results, it is possible to deduce that under
HiPIMS conditions, an increased amount of nucleation sites
are formed due to defect formation induced by an increase of
the average kinetic energy of the ionized Au fraction of
HiPIMS 9.7 ± 0.1 eV compared to dcMS 3.9 ± 0.1 eV.49 Reck
et al. shows by studying the effect of dcMS and HiPIMS on
silicon substrate and polystyrene substrate with Ag deposition
that the probability of creating surface defects with fast metal
ions is enhanced.50 The increased average kinetic energy
results in an increased number of Au islands with a smaller size
and correspondingly in a smaller correlation distance during
sputter deposition. This finding is supported by the FESEM
images in Figure 1g−l, showing that the coverage by HiPIMS
deposition is increased due to the appearance of an increased
number of smaller islands (compared to dcMS). This in turn
manifests itself in the higher cluster density for HiPIMS. In
previous investigations, the Au deposition on PS was

investigated.38 In order to extract information on the radius
of the Au islands, the cluster shape was approximated as being
hemispherical.38 By taking the ratio of the cluster diameter to
the average distance, we obtained information on the
percolation threshold. The percolation threshold defines the
nominal layer thickness, the moment in which islands are in
direct contact with the neighboring islands, resulting in
conductive metallic behavior of the nanogranular film. This
geometric hemispherical model considers the structure peak
position qi, the amount of Au in one cluster, and the cluster
shape (hemisphere). Thus, the radius is thus related to the
deposited material and the cluster distance via:38

R
q

31.5 Au

i
23= ·

(3)

It is noteworthy to mention that the derived radius is model-
and shape-dependent, as outlined below, see eq 5 and ref 52.

In Figure 4, the in situ evolution of the cluster sizes and the
ratio 2R/D of PS, P4VP, and PSS is depicted as extracted from
the geometrical model. The evolution of radii R of Au islands
on Au:PSdcMS and Au:PSHiPIMS during deposition shows that
the Au islands on Au:PSHiPIMS have a smaller radius than the
Au islands on Au:PSdcMS (Figure 4a) above δAu ≥ 1.8 nm. This
trend holds during full in situ evolution. Moreover, in Figure
4b, in case of Au:P4VP, it is observable only after δAu = 2.4 nm
that Au:P4VPHiPIMS islands have a smaller radius during the
subsequent evolution than Au:P4VPdcMS. This behavior
continued until the end of the deposition process.
Furthermore, in Figure 4c, the radius evolution during in situ
deposition of Au:PSSHiPIMS and Au:PSSdcMS is shown.
Au:PSSHiPIMS has on average a smaller radius than Au:PSSdcMS.
Thus, Au cluster sizes in all polymers show the same trend
during deposition, which is the result of the average increased
kinetic energy of the ionized fraction, as mentioned above.
Additionally, using the geometrical model, it is possible to
calculate the ratio of the diameter (2R) and the distance
between the islands. When this ratio 2R/D is equal to 1, this
implies that on average throughout the sample, every cluster is

Figure 5. 4-point-probe measurements with the corresponding sigmoidal Boltzmann fit for (a) Au:PSHiPIMS, (b) Au:P4VPHiPIMS, (c) Au:PSSHiPIMS,
(d) Au:PSdcMS, (e) Au:P4VPdcMS, and (f) Au:PSSdcMS with a deposited thickness being δAu = 1, 2, 3, 4, 6, and 8 nm.
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touching its neighbor and a conductive path is formed. In
Figure 4d, 2R/D for Au:PSdcMS has a percolation threshold of
δAu,Percolation = 3.9 ± 0.5 nm, while Au:PSHiPIMS has a
percolation threshold of δAu,Percolation = 3.0 ± 0.7 nm, which
is in agreement with our previous investigation.38 In Figure 4e,
it is visible that Au:P4VPdcMS percolates at δAu,percolation = 4.0 ±
0.5 nm, and in the case of Au:P4VPHiPIMS, it percolates at
δAu,percolation = 2.4 ± 0.3 nm. Moreover, Figure 4f shows that
Au:PSSdcMS has a percolation threshold of δAu,percolation = 7.0 ±
1.0 nm, and in the case of HiPIMS deposition, Au:PSSHiPIMS
has a percolation threshold of δAu,percolation = 4.7 ± 0.6 nm.

In Figure 5, four-point-probe measurements of ex-situ
deposited PS, P4VP, and PSS are shown with the
corresponding sigmoidal Boltzmann fit for the determination
of the percolation threshold.51 At δAu = 1 nm and 2 nm, no
conductivity was measured and the sheet resistance was set to
10 MΩ due to the upper limit of the 4-point probe to measure
resistance. Figure 5a,d shows the resistivity measurements for
Au:PSdcMS and Au:PSHiPIMS with the corresponding fits. The
percolation thresholds are δAu,percolation = 2.6 ± 0.1 nm for
Au:PSdcMS and δAu,percolation = 2.6 ± 0.1 nm for Au:PSHiPIMS.
The percolation threshold for Au:P4VPdcMS and Au:P4V-
PHiPIMS (Figure 5b) is δAu,percolation = 2.8 ± 0.2 nm for
Au:P4VPdcMS for P4VPHiPIMS is δAu,percolation = 2.7 ± 0.1 nm,
which is earlier than Au:PV4PdcMS. A similar behavior is
observed in Figure 5c for PSS (Au:PSSdcMS δAu,percolation = 2.9 ±
0.1 nm vs Au:PSSHiPIMS δAu,percolation = 2.6 ± 0.1 nm). In Table
1, the results regarding the percolation threshold extracted by

GISAXS utilizing the hemispherical model and the 4-point-
probe measurements are summed up. The comparison shows
that the agreement of Au:PSHiPIMS and Au:P4VPHiPIMS fits well
with four-point-probe measurements and the hemispherical
model. In the case of Au:PSdcMS and Au:P4VPdcMS, there is a
slight discrepancy apparently of roughly ∼1 nm matching the
percolation threshold. This discrepancy occurs due to the
simplicity of the hemispherical model only considering the
monodisperse size of Au islands during the growth on a
triangular arrangement. Particularly, for Au:PSSdcMS and
Au:PSSHiPIMS, the discrepancy is enhanced. One reason is, as
described, that the hemispherical model considers only
monodisperse Au islands. On the other hand, it can be seen
in the FESEM images in Figure 1 that the surface coverage of
Au on PSS is larger under dcMS and HiPIMS conditions
compared to PS and P4VP. As it is extracted from the GISAXS
data, Au growing on PSS either in dcMS or HiPIMS conditions
leads to larger structures than PS and P4VP, which can be seen
in Figure S23. Particularly, the cluster density is lower for Au
growing on PSS compared with PS and P4VP, which can be
seen in Figure S24. We expect that the higher surface energy
for PSS leads to an improved wetting behavior and that faster
larger structures are grown. Due to the faster growth, the
structures are more oblate compared to the simple hemi-
spherical model. In a previous in situ investigation of Cu
growth on PS-b-PEO, it could be seen that the Cu islands
deviate strongly from the hemispherical shape. They grow
more elongated in the height being described by the
hemispherical elongation factor with H being the height and
R being the radius of the Cu islands:52

f H
R

=
(4)

R
D

f
3

4

2
Au

3= ·
(5)

Schaper et al. observed in this case that the Cu islands had a
hemispherical elongation factor f = 2.75 due to the strong Cu−
Cu interaction and surface containing oxygen due to the
diblock copolymer PS-b-PEO.52 In the case of the hemi-
spherical model, the elongation factor is f = 1. We expect for
PSS that the hemispherical elongation factor f is lower than 1
due to the increased surface coverage being observed in Figure
1 for PSS at δAu = 4 nm. Using the hemispherical elongation

Table 1. Summary of the Percolation Threshold Extracted
by 4-Point-Probe Measurements and GISAXS Data Utilizing
the Hemispherical Model

Material
Percolation threshold 4-

point-probe (nm)
Percolation threshold

hemispherical model (nm)

PS dcMS 2.6 ± 0.1 3.9 ± 0.5
PS
HiPIMS

2.6 ± 0.1 3.0 ± 0.7

P4VP
dcMS

2.8 ± 0.1 4.0 ± 0.5

P4VP
HiPIMS

2.7 ± 0.1 2.4 ± 0.3

PSS dcMS 2.9 ± 0.1 7.0 ± 1.0
PSS
HiPIMS

2.6 ± 0.1 4.7 ± 0.6

Figure 6. In-situ GIWAXS evolution of the crystallite size of (a) Au:PS, (b) Au:P4VP, and (c) Au:PSS.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c02344
Langmuir 2024, 40, 22591−22601

22597

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c02344/suppl_file/la4c02344_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c02344/suppl_file/la4c02344_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02344?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c02344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


factor of f = 0.9 for PSSdcMS and PSSHiPIMS, results are matching
with the percolation threshold for PSSHiPIMS being at δAu = 2.6
± 0.6 nm. In the case of PSSdcMS, the percolation threshold
would result in δAu = 3.9 ± 1.0 nm. Thus, the introduction of a
microscopy-based elongation factor reduces the difference
between the 4-point-probe and model-based extraction of
percolation threshold in Table 1 for PSS.

For completeness, the in situ GIWAXS evolution during
deposition is displayed in Figure 6. GIWAXS is used in situ
during the sputter deposition to detect the crystallite size
evolution. The in situ crystallite size evolution for Au on PS,
P4VP, and PSS deposited with dcMS and HiPIMS condition is
displayed in Figure 6. Due to experimental restrictions of the in
situ GIWAXS geometry for the simultaneous combination with
in-situ GISAXS and sputter deposition, only a fraction of the
necessary angular range is measured for strain analysis. Thus, a
complete strain analysis representing the sample is hence
omitted.53,54 It has to be noted that the strain analysis can
influence the crystallite size by the Scherrer analysis. The
crystallite size was extracted following Figure S22 using the
Scherrer equation with K = 0.9 and coressponds to the <111>
reflex of Au.55,56 In the case of Au:PSdcMS, the first noticeable
Au crystallites can be detected at around δAu,dcMS = 1.8 nm with
the size being 3.7 ± 0.8 nm (Figure 6a). Upon further
deposition, the crystallite size increases to 9.2 ± 0.2 nm at the
final deposited thickness δAu,dcMS = 8 nm. In the case of
Au:PSHiPIMS, the same trend can be observed. First noticeable
crystallites start to appear at around δAu = 1.7 nm, with their
size being 3.8 ± 1.0 nm. With the continuation of the
deposition process, the crystallite size increases up to 8.9 ± 0.3
nm at a final deposited thickness of δAu = 8 nm. In the case of
Au:P4VPdcMS and Au:P4VPHiPIMS, the same trend is observed
when Au was deposited on P4VPdcMS. First noticeable
crystallites start to form at δAu,dcMS = 1.8 nm with the average
crystallite size being 4.4 ± 0.6 nm, and at δAu,dcMS = 8 nm, the
crystallite size has increased to 9.9 ± 0.2 nm. This behavior is
in a similar range as Au:P4VPHiPIMS, which shows first

noticeable crystallites in the size of 3.7 ± 1.1 nm at δAu,HiPIMS
= 1.4 nm and a final crystallite size of 9.5 ± 0.3 nm at the final
deposited thickness δAu,HiPIMS = 8 nm. In the case of
Au:PSSdcMS in Figure 6c, the first noticeable crystallites occur
at δAu,dcMS = 1.8 nm with a size of 4.1 ± 0.7 nm, which
increases during deposition to 9.7 ± 0.2 nm. For Au:PSSHiPIMS
noticeable crystallites start to form at δAu,HiPIMS = 1.6 nm with
the average crystallite size being 3.7 ± 1.1 nm and increase to
9.5 ± 0.3 nm at δAu,HiPIMS = 8 nm. This observation shows that
by keeping the dcMS and HiPIMS conditions similar, the
crystallite size is the same during deposition. Moreover, in all
cases, the crystallite size increased upon continuous Au
deposition. Additionally, independent from the polymer, it
can be clearly seen that there is no difference in the crystallite
size for the polymers PS, P4VP, and PSS for both dcMS and
HiPIMS conditions. Only their radius, distance, and cluster
density differ. Particularly, differences during the in situ
deposition are observed within the polymers in terms of
distance (Figure S23), cluster density (Figure S24), and the
radius (Figure S25). In Table 2 at various Au thicknesses, the
distance, radius, crystallite size, and sheet resistance are
summarized. In the case of the dcMS deposition (Figures
S23 and S25) environment, PS has, with its phenyl functional
groups, bigger distances and radius than P4VP, with its
pyridine functional group, up to δAu,dcMS = 4.1 nm. After that
threshold value, the distance and radius are similar. Addition-
ally, until δAu,dcMS = 4.1 nm, P4VP has a higher cluster density
than PS, which after that is similar. In contrast, PSS has
throughout the in situ deposition a bigger distance and radius
than PS and P4VP, which is induced due to the sulfonic acid
functional group and has the smallest amount of cluster density
during deposition. In case of HiPIMS deposition, environment
PSS has still the biggest radius and distance throughout the
deposition and the lowest cluster density. In case of PS and
P4VP, both have the same radius and distance size, which
originates due to the increased kinetic energy distribution of
the ionized fraction during deposition, showing a reduced

Table 2. Summary of Distance, Radius, Crystallite Size, and Sheet Resistance of Au Under dcMS and HiPIMS Conditions for
PS, P4VP, and PSSa

Distance [nm] Radius [nm] Crystallite size [nm] Sheet resistance [Ω/□]

Material Thickness (δAu) [nm] dcMS HiPIMS dcMS HiPIMS dcMS HiPIMS dcMS HiPIMS

PS 1 5.2 ± 0.1 4.8 ± 0.1 2.2 ± 0.1 2.1 ± 0.1 - - -* -*
2 8.2 ± 0.1 7.1 ± 0.1 3.9 ± 0.1 3.5 ± 0.1 4.1 ± 0.7 4.3 ± 0.9 -* -*
3 11.7 ± 0.1 9.9 ± 0.1 5.5 ± 0.1 5.0 ± 0.1 5.2 ± 0.5 5.4 ± 0.7 93.8 ± 0.1 53.3 ± 0.1
4 13.8 ± 0.2 12.4 ± 0.1 6.8 ± 0.1 6.3 ± 0.1 6.2 ± 0.3 6.2 ± 0.5 31.5 ± 0.1 25.5± 0.1
6 16.3 ± 0.3 14.4 ± 0.1 8.7 ± 0.1 8.1 ± 0.1 7.6 ± 0.3 7.4 ± 0.4 16.2 ± 0.1 14.0 ± 0.1
8 - 15.8 ± 0.3 - 9.4 ± 0.1 9.2 ± 0.2 8.9 ± 0.3 9.9 ± 0.1 9.3 ± 0.1

P4VP 1 4.5 ± 0.1 4.5 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 - - -* -*
2 7.3 ± 0.1 6.9 ± 0.1 3.5 ± 0.1 3.4 ± 0.1 4.8 ± 0.5 4.5 ± 0.7 -* -*
3 10.6 ± 0.1 9.9 ± 0.1 5.2 ± 0.1 4.9 ± 0.1 5.8 ± 0.4 5.5 ± 0.5 126.5 ± 0.1 55.6 ± 0.1
4 13.2 ± 0.2 11.5 ± 0.1 6.6 ± 0.1 6.0 ± 0.1 6.6 ± 0.3 6.4 ± 0.4 37.6 ± 0.1 24.1 ± 0.1
6 16.0 ± 0.3 13.7 ± 0.2 8.6 ± 0.1 7.7 ± 0.1 8.4 ± 0.2 8.0 ± 0.3 16.1 ± 0.1 12.8 ± 0.1
8 17.2 ± 0.3 15.8 ± 0.3 10.0 ± 0.1 9.4 ± 0.1 9.9 ± 0.2 9.5 ± 0.3 10.9 ± 0.1 8.7 ± 0.1

PSS 1 5.2 ± 0.1 4.9 ± 0.1 2.3 ± 0.1 2.1 ± 0.1 - - -* -*
2 8.2 ± 0.1 4.8 ± 0.1 4.1 ± 0.1 3.7 ± 0.1 4.6 ± 0.6 4.0 ± 0.9 -* -*
3 11.7 ± 0.1 7.1 ± 0.1 5.9 ± 0.1 5.4 ± 0.1 5.5 ± 0.4 5.2 ± 0.6 120.4 ± 0.1 72.6 ± 0.1
4 13.8 ± 0.2 9.9 ± 0.1 7.5 ± 0.1 6.9 ± 0.1 6.6 ± 0.3 6.3 ± 0.5 49.2 ± 0.1 28.1 ± 0.1
6 16.3 ± 0.3 12.4 ± 0.1 10.5 ± 0.2 9.4 ± 0.1 8.3 ± 0.3 7.9 ± 0.4 16.1 ± 0.1 12.4 ± 0.1
8 - 14.4 ± 0.1 12.9 ± 0.2 - 9.7 ± 0.2 9.5 ± 0.3 11.5 ± 0.1 8.6 ± 0.1

a*: no conductivity was measured and the sheet resistance was set to 10 MΩ, which is the upper limit of the 4-point-probe range to measure the
sheet resistance.
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influence of the pyridine functional group of P4VP toward the
phenyl functional group of PS. Löhrer et al. showed in a
previous study already that the growth of Au is influenced by
an addition of a benzodithiophene functional group resulting
in a change of distance and radius during deposition.28

■ CONCLUSION
Using a broad portfolio of real space and reciprocal space
imaging methods, we present the nanoscale understanding of
the influence of the atom kinetic energies and ionized fraction
on the polymer−metal interface induced by two very
important physical vapor deposition methods. This study
about the dcMS and HiPIMS deposition of Au on thin PS,
P4VP, and PSS films shows for early stages at δAu = 2 nm that
only well separated Au islands are apparent. At δAu = 4 nm,
HiPIMS deposition greatly increases the coverage compared to
the dcMS. GISAXS reveals that an increase of the cluster
density is responsible for an increase of coverage, which occurs
due to an increase of nucleation points during the deposition.
Furthermore, four-point-probe measurements reveal that
HiPIMS-deposited Au has an earlier percolation threshold
only for PSS. In-situ GISAXS investigation using the
hemispherical model reveals that under the HiPIMS condition,
the percolation threshold is earlier than dcMS for all polymeric
templates. Additionally, it can be extracted that HiPIMS-
deposited Au islands have a smaller average radius compared
to dcMS-deposited Au islands. Furthermore, GIWAXS
measurements reveal that with the chosen dcMS and HiPIMS
parameters, the crystallite sizes remain similar throughout the
entire deposition being independent from the chosen
polymeric templates. These results provide a profound
understanding of the formation of thin gold electrodes on
polymers. It can be summed up that these results show that
with HiPIMS deposition an increased coverage is achieved
which is important for applications in the field of organic
electronics. Future work fill focus on the effect of pulse
duration and frequency on the growth behavior and micro-
structure.
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