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Ultra-thin metal layers on polymer thin films attract tremendous
research interest for advanced flexible optoelectronic applications,
including organic photovoltaics, light emitting diodes and sensors.
To realize the large-scale production of such metal—polymer hybrid
materials, high rate sputter deposition is of particular interest. Here,
we withess the birth of a metal—-polymer hybrid material by quan-
tifying in situ with unprecedented time-resolution of 0.5 ms the
temporal evolution of interfacial morphology during the rapid
formation of ultra-thin gold layers on thin polystyrene films. We
monitor average non-equilibrium cluster geometries, transient
interface morphologies and the effective near-surface gold diffu-
sion. At 1 s sputter deposition, the polymer matrix has already been
enriched with 1% gold and an intermixing layer has formed with a
depth of over 3.5 nm. Furthermore, we experimentally observe
unexpected changes in aspect ratios of ultra-small gold clusters
growing in the vicinity of polymer chains. For the first time, this
approach enables four-dimensional insights at atomic scales during
the gold growth under non-equilibrium conditions.

Introduction

The relevance of functional metal-polymer composites for practical
applications has seen a steep rise in recent years due to their high
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New concepts

Primarily based on molecular dynamic simulations and static investigations
close to equilibrium conditions, the mechanisms of hybrid nanomaterial
assembly seem to be relatively well understood. However, direct observation
and quantification of relevant metastable non-equilibrium interface
morphologies, especially during early growth stages, remain utmost
challenging. Exploiting for the first time surface-sensitive X-ray scattering
on time-scales relevant for ultra-small clusters combined with advanced
imaging algorithms, we directly visualize the rapid formation of ultra-thin
gold cluster layers in the vicinity of polymer chains. Our present study
provides novel and direct insights into transient metal-polymer interfacial
morphologies including metal nucleation far away from equilibrium in real-
time. The sub-surface gold doping of the polymer matrix is temporally and
spatially quantified and unexpected changes in aspect ratios of ultra-small
gold clusters during the nascence of a hybrid material are experimentally
witnessed for the first time. All these findings play a key role in efficient,
controlled and resource-saving concepts for integrating functional thin film
devices in modern information and energy harvesting technology. This
novel real-time approach can be extended to the design of hybrid
nanomaterials in heterogeneous multifunctional optoelectronic devices.

device performance, mechanical flexibility and cost-efficient pro-
duction." They cover a broad spectrum of attractive applications
such as metal-organic photovoltaics,>* light emitting diodes,”* field
effect transistors,” fuel cells® and sensors.” Depending on their
application, an efficient tailoring of relevant structures on different
length scales down to nanometer scale and below is required to fully
exploit their great potential.>"" Therefore, sputter deposition as a
versatile bottom-up procedure stands out to rapidly fabricate nano-
structures with desired properties for the envisioned appli-

cation. >3

In case of high rate gold sputter deposition on
amorphous polymer thin films, atomistic rate equations describing
a local equilibrium can only be applied to a limited extent.**'* The
incoming atoms impinge on a rather smooth and flexible interface
with an average kinetic energy around 5 eV, respectively an impact
velocity of 2 km s~ ".'>"7 After the kinetic energy of the incoming
atoms has dissipated by inelastic collisions, the adatoms continue

to diffuse in close vicinity to the macromolecules. Starting from
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extremely mobile dimers after adatom collision, each additionally
adsorbed atom causes changes in the intrinsic cluster stability.
Thus, a large variety of ephemeral isomeric ultra-small Au clusters
with different outer shapes and inner configurational arran-
gements often coexist and interconvert.'® Consequently, for Au
clusters growing under non-equilibrium conditions near macro-
molecules, the different physicochemical environments such as
coils, cavities, kinks, terminal groups and side chains, affect the
temporary morphology and quasi equilibrium descriptions are no
longer valid.

The mechanisms of nucleation and growth of supported noble
metals is only relatively well understood close to equilibrium
primarily based on investigations of interface morphologies, with
local real-time transmission electron microscopy (TEM) or kinetic
Monte-Carlo, respectively, molecular dynamics simulations."®>*
Therefore, an experimental determination at the atomic level in
real time is required to facilitate direct observations of the
transient nanoscale interface morphologies of ultra-small metal
clusters growing on macromolecules far away from equilibrium
conditions. Advanced synchrotron-based surface-sensitive X-ray
scattering demonstrated its potential to access three-dimensional
information on the average electron density distributions statis-
tically averaged over macroscopic dimensions under in situ or
operando conditions.>>** However, real-time studies with atomic
insights regarding the rapid changes of the initial metastable
gold cluster geometries towards equilibrium are still missing, in
particular during industrial-style, high rate sputter deposition on
polymeric interfaces.

In this study, we exploit high brilliance synchrotron radia-
tion and next generation X-ray detectors to follow the nanoscale
structure formation processes in situ with sub-millisecond
grazing-incidence small-angle X-ray scattering (GISAXS) during
rapid Au sputter deposition on as-spun atactic polystyrene (PS)
thin films as a comparatively well investigated model system for
weak polymer-metal interaction with a high electron density
contrast.*® This approach enables us to elucidate different
growth regimes in situ and in real-time with unprecedented
time resolution to render in more detail the changes of the non-
equilibrium cluster morphology during the early stages of
sputter deposition, being one of the most important physical
vapour deposition processes. We obtain novel statistically
relevant insights at the nanoscale to observe partial coalescence
phenomena and anticipate kinetics in the nucleation regime
even during high rate deposition conditions, which were far out
of the time resolution of previous experiments.

Results and discussion
Polymer-metal interface morphology

The static topography measured by atomic force microscopy
(AFM) from the pristine as-spun PS thin film (Fig. 1a) shows a
smooth surface with a local root-mean-square roughness of
0rms = 0.1 nm. The average peak-to-valley distance is around
0.3 nm, which is comparable to the roughness and topography
of a native silicon oxide layer SiO, grown at ambient conditions.*>*®
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Fig. 1 Polymer—metal interface morphology: AFM topography of (a) the
as-spun polystyrene thin film and (b) after t = 1 s Au sputter deposition with
arate J = 1.52 nm st in a kinetically trapped state. (c) Cross-sectional
scheme of the interface morphology of the as-spun Si/SiO,/PS substrate
with film thickness dps and the final kinetically trapped Si/SiO,/PS/AuPS/Au
nanocomposite multilayer. The near surface oversaturation with Au during
high rate sputter deposition results in a correlated AuPS-enrichment layer
with a thickness daups. The supported nanogranular Au layer consists of
spheroidal clusters characterized by height H, radius R and interparticle
distance D. (d) GISAXS image corresponding to 0.1 s exposure time from
as-spun PS thin film before and (e) at the end of high-rate Au sputter deposition
around an effective deposited layer thickness of da, = (3.8 £ 0.1) nm.

After 1 s of industrial-style sputter deposition on the as-spun PS film,
the top-most interface becomes rapidly decorated with a dense
nanogranular Au cluster layer. The kinetically-trapped assembly is
primarily composed of polydisperse spheroidal Au nanoclusters in a
rather disordered arrangement (Fig. 1b). Fig. 1c shows a cross-
sectional scheme of the resulting nanocomposite layer morphology,
where the supported spheroidal Au clusters are characterized by
height H, radius R and interparticle distance D. Spin-cast PS thin
films on silicon (Si/SiO,) substrates feature a high degree of
correlated interfacial roughness causing strong X-ray thin film
interferences (XTFI) related to a constructive interference of X-rays
in between the interfaces.””*>*” Note that this key feature often
represent the strongest GISAXS signals and is directly connected to
electron density correlation in between the Si/PS and PS/Au
interfaces.?**”*® Based on neutron reflectivity, radiotracer detection
and positron annihilation light spectroscopy (PALS), it is known
that spin-cast atactic PS thin films have a certain free volume
fraction providing potential diffusion pathways for metal ada-
toms.***#?° Thus, oversaturation with highly mobile Au atoms
during the early stages of sputter deposition cause an occasional
subplantation and a gold/polymer enrichment layer AuPS in the
near surface region.***°

The as-spun PS thin film (Fig. 1d) shows several prominent
characteristic GISAXS features primarily along the reflection
plane: (i) the specular reflected X-ray beam at o = o; = 0.390°;
(ii) at the critical angles o, ps = 0.093° and o, s; = 0.134°,respec-
tively, the so-called Yoneda peaks originating from a total
external reflection forming a Yoneda band and (iii) intermedi-
ary XTFI pattern (ESI,f Fig. S2).*" The latter material specific
feature is, besides the specular reflection, the strongest signal
directly connected to the electron density correlation and
contrast at the interfaces.*” Thus, the temporal evolution of
this predominant key scattering feature is very sensitive to the
deposition of high Z materials (such as Au) even at sub-
millisecond time resolution. The frequency of the XTFI pattern
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depends on the thin PS film thickness dps, whereas the damping
of the amplitude at higher interference orders is connected to
the degree of correlation in interface roughness.** In order to
quantify the specific nature of the observed XTFI in our experiment
in view of the parameters layer thickness dpg, layer dispersion dps
and layer roughness o, including the multiple scattering events at
a graded interface,”>* a sequence of IsGISAXS simulations has
been carried out (ESL Fig. S3).** The following general tendencies
are derived: (i) an increase of dpg will increase the number of XTFI
peaks and reduce their distances in between the Yoneda peaks;
(ii) the increase of correlated layer roughness o,,,s will only reduce
the amplitude of XTFI pattern above the critical angle of Si but the
XTFI peaks in the Yoneda band stay unaffected and (iii) an increase
of the layer dispersion Jpg causes a compression of the Yoneda
band towards the Si critical angle resulting in a decrease of the
distances of XTFI peaks. Good agreement to the data of the pristine
PS film (ESL7 Fig. S2) was obtained assuming a film thickness of
dps = (88 £ 2) nm and a dpsp = 1.3264 X 10™° comparable to the PS
bulk dispersion. Considering the absence of any significant out-of-
plane scattering intensity along g,, the pristine PS thin film shows
no predominant lateral nanostructures or domains on the length
scales relevant for atomic self-organization. In contrast, at the end
of high-rate Au sputter deposition for an effective deposited Au
layer thickness of da, = (3.8 = 0.1) nm (Fig. 1e), the out-of-plane
peak position and shape indicate a nanogranular morphology
induced by the rapid atomic self-organization.

However, these static data provides no further insights into
the kinetics of the non-equilibrium processes during structure
formation happened on a very fast timescale before.

Real-time insight into nanostructure evolution

The real-time GISAXS experiment performed at a 3rd genera-
tion synchrotron (P03, PETRA II)** combined with automa-
tized data evaluation via a directly programmable data analysis
kit (DPDAK)*° are described in more detail in the ESIt (Fig. S1).
The resulting three contour plots in Fig. 2 visualize the time-
resolved evolution of the key scattering features derived from
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each single pattern during Au sputter deposition on PS homo-
polymer thin film.

The temporal in plane intensity evolution along the reflec-
tion plane as a function of exit angle I(«s,¢) in Fig. 2a provides
insights in changes of electron density distributions parallel to
the surface during the very fast nanostructure formation with a
0.5 ms time resolution. The intensity distribution across the
reflection plane I(g,,da,) as a function of the corresponding
scattering vector g, and the effective gold layer thickness
day visualizes the connection between the effective deposited
amount of Au and the average lateral cluster morphology in the
near surface regime (Fig. 2b). In order to further quantify the
increase of electron density distribution vertically at the Au/PS
interface during sputter deposition, an additional vertical integra-
tion of the out-of-plane intensity distribution was performed
along the scattering vector ¢, (Fig. 2c).

The temporal evolution of the XTFI peak positions in
between the Yoneda peaks of PS and Si revealed a non-linear
equidistant shift towards higher scattering angles (Fig. 2a and
ESL Fig. S7). This is consistent with an increase of the layer
dispersion dps of the polymer matrix counterbalanced by a
simultaneous decrease of the correlated interface distance
dps. In other words, the sub-surface enrichment of Au forms a
different effective medium in terms of thickness and density
directly affecting the propagation and interference of the X-rays.
Thus, the average volume fraction of gold f,, in the PS layer can
be described as follows:

fAu(éPS) ~ (5Ps(t) - 5Ps,o)/(5Au - 6Au,0)7 (1)

with the dispersion of bulk gold J,, = 1.6506 x 10 °. The
temporal evolution of the average gold volume fraction f,, is
increasing rapidly to 1% within 1 s of industrial-style deposi-
tion due to the sub-surface diffusion of adatoms (Fig. 3a). Then,
the evolution levels off since the continuously increasing gold
surface coverage prevents further sub-surface diffusion due to
trapping of the available free adatoms by the clusters growing
near the interface. At the same time, the correlated PS layer
thickness reduces to approx. 3.5 nm within 1 s of deposition.
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Fig. 2 Evolution of key interface scattering features: (a) temporal evolution of the intensity distribution along the reflection plane depicted as scattering exit
angle o during high rate sputter deposition. The corresponding shift of XTFI (arrow), incident angle o; = 0.390°, critical angle of polystyrene o ps = 0.093°
and silicon a. si = 0.134° are indicated. (b) Evolution of the intensity distribution across the reflection plane depicted as scattering vector g,, as a function of
effective Au thickness da,. The intensity distribution Ag,,1 around the g, = 0 nm~! broadens from the beginning of sputter deposition. The out-of-plane
intensity distribution g, shifts continuously towards smaller scattering vectors. (c) Effective Au thickness da, evolution of the out-of-plane intensity
distribution along the reflection plane depicted as scattering vector g, shows the non-linear shift of XTFI (colored arrow) and the intensity increase above the
critical angle of Au ranging from gc = 0.85 nm~* to 0.95 nm™! (white dashed box).
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Fig. 3 Evolution of key interface feature sizes: (a) temporal evolution of filling factor fa, and polystyrene correlated layer thickness dps. (b) Effective Au
layer thickness evolution of interparticle distances D, radii R and particle height H. The Roman numbers indicate the growth regimes: (I) nucleation and
growth; (1) diffusion-mediated growth; (Ill) adsorption-mediated growth and (IV) layer growth. (c) Height to radius aspect ratio H/R of a spheroid (black),
average cluster density p (red) and number of atoms per cluster N, (blue) on a logarithmic time scale with initial sub-regimes: la adatoms; Ib ultra-small

clusters; Ic coalescing 3D clusters.

We temporally resolve the formation of a near-surface correlated
AuPS intermixing layer with a density gradient reported previously
from post-deposition X-ray reflectivity measurements.>***° The
extrapolation to infinite long sputter deposition time would yield
a maximum achievable gold volume fraction of fyymax = 2%,
a minimum dpspmi, &~ (81.5 £ 0.1) nm and a maximum
daups = (6.5 £ 0.1) nm, respectively. In order to further extract
the average lateral real-space parameters (D, R, H) of the uncor-
related Au clusters within the X-ray-illuminated volume (Fig. 3b)
from the large sequences of in situ GISAXS data, a simplified
general geometrical model was utilized (ESLt Fig. S8). The
model assumes three equidistantly distributed monodisperse
hemispherical clusters composed of the same material volume
effectively deposited on the trigonal unit cell surface area in
between the clusters.>® This analytical approach endorses the
extraction and interpretation of tendencies in the nanogranular
layer morphology during metal sputter deposition.*'*”*?
Furthermore, molecular dynamics simulation of Au cluster
growth on polymers during sputter deposition independently
confirmed the validity of this model over a wide range.*” From
the evolution of the average cluster parameters (Fig. 3b) and
their derived quantities (Fig. 3c), we both refine the general four
stage growth even for the high deposition rates and especially
enhance the evolution of interfacial morphology in the very early
stages on a logarithmic time scale compared to our previous
studies.>" Note that the very high sample statistics improve the
significance of extrapolations towards zero thickness despite the
larger deviations derived from Gaussian error propagation
(ESLt Fig. S9). Moreover, the uncertainty analysis shows the
precision and limits of this modeling approach considering the
total differential of the underlying equations and the individual
fitting errors of the key scattering features in the data, respec-
tively the simulations as primary error sources.

The height-to-radius aspect ratio H/R represents the evolu-
tion of average cluster shapes during growth.

Furthermore, considering that in total only half of a cluster
covers the trigonal unit cell defined by D, the maximum cluster
densities are calculated by p = 2/,/3D? and plotted as number
per cm” (Fig. 3c). In addition, the average numbers of atoms per
cluster are calculated by the volume ratio of a spheroidal cluster

This journal is © The Royal Society of Chemistry 2021

and the spherical volume of an Au atom N, = 0.5R*H/ra,’
assuming a spheroidal shape may conveniently grasp the average
cluster shapes induced by non-equilibrium coalescence.*

The nascence of a metal-polymer-hybrid material

For the first time, high time resolution during sub-millisecond
GISAXS enables atomic insights in the nucleation regime, and a
further partitioning into sub-regimes based on non-equilibrium
transient changes of the clusters’ aspect ratio becomes feasible.
The obtained results suggest different competing growth
mechanisms being relevant and present for ultra-small clusters
in the nucleation regime. The essence of the observed morpho-
logical changes from electron density variations parallel and
perpendicular to surface normal is schematically drawn in Fig. 4
and will be summarized as follows:

Sputter deposition starts with the nucleation and growth
regime (I), where the particle density increases up to the effective
film thickness da,; = 0.27 nm being equivalent to an Au
monolayer (Fig. 3c). The cluster distances D slightly decrease
by the establishment of new nuclei (Fig. 3b). Average radii R are
continuously increasing, which is in accordance with a predo-
minance of nucleation processes over coalescence phenomena.
Based on our experiment, this regime starts with landing,
accommodation, and collisions of adatoms on microsecond time
scales (Ia, Fig. 4b), which we cannot resolve in this experiment.
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Fig. 4 Evolution of the metal-polymer interface morphology: (a) schema-
tically scaled representation of the transient interface morphology evolution
and sub-surface enrichment of gold atoms in the four growth regimes during
sputter deposition on PS/Si thin films. (b) Cross-sectional scheme of average
non-equilibrium cluster shapes and of the interface morphology during the
rapid formation of ultra-thin gold layers on the polymer layer. The Roman
numbers indicate the different growth regimes described in the main text.
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The energy dissipation from the sputter deposition is primarily
conserved in the metal fraction promoting diffusivity of adatoms
and small clusters as the heat capacity of macromolecules is poor
compared to free moving metal atoms. At the top-most thin film
interface, the PS chains expose higher mobility enabling sub-
surface diffusion."” Since most of the macromolecular substrate
is uncovered, the sub-surface diffusion of gold atoms is significant
in the early stages of sputter deposition. The first deduced average
cluster distances are around D = (3.8 & 1.5) nm. The average cluster
heights around H = (0.53 + 2.08) nm are slightly larger than
the atomic diameter of gold while the first average cluster radii
R = (0.17 £ 0.04) nm nearly match that of the atomic radius
T'au = 0.144 nm. This hints that single gold adatoms and vertical
dimers are the most prominent species after 0.5 ms of sputter
deposition. An unusual high H/R aspect ratio in the early stages of
metal cluster formation has been predicted to be even a factor 2
higher by molecular dynamics (MD) simulations based on Lange-
vin equations.”” According to DFT calculations, vertical Au dimers
can exist for weak substrate interactions and planar geometries can
be favored for ultra-small Au clusters.'®?%**° In this sub-regime
(Ib), such planar ultra-small two-dimensional clusters, vertical
dimers and adatoms coexist and permanently coalesce.”® The
particle density p is almost constant indicating the high mobility
and coalescence capability of such ultra-small clusters. Thus, each
additionally adsorbed adatom challenges the intrinsic cluster
stability, which causes many isomeric non-equilibrium cluster
structures to interconvert in this regime.>® This competitive growth
results in a continuous decrease of average H/R aspect ratio towards
a local minimum indicating a threshold to sub-regime Ic after
30 ms. Here, the nascent Au clusters above N, > 55 tend to grow
as truncated spheres in parallel to the perpetually emerging ultra-
small clusters leading to a temporary increase of H/R and p.
Furthermore, due to topological and quantum mechanical effects,
a transition from the semiconductor to metallic properties occurs
due to overlapping of valence and conduction band.>® This size-
induced metal-insulator transition is correlated with a dramatic
increase of intracluster electron mobility, and localized surface
plasmons can be excited.>>** After 200 ms sputter deposition
respectively da, > 0.27 nm, in the diffusion-mediated regime (II)
adjacent cluster coalescence leads to formation of bottleneck-type
boundary zones and gradually fusion into bigger, dumbbell-
elongated non-equilibrium clusters.*>" Cluster mobility and
coalescence velocity are increasingly restricted and their surface
coverage of the immobilized elongated clusters allows for primarily
adsorbing new gold atoms directly from the gaseous phase.'*?*
Subsequently, in this adsorption-mediated regime (III) above effec-
tive thicknesses da, > 1.5 nm, sub-surface diffusion plays a minor
role and permanent cluster coalescence further reduce H/R aspect
ratio and induces a kinetically trapped ramification. At an effective
layer thickness of dy, > 3.5 nm, the layer growth regime (IV) sets in
as soon as the ramification reaches the so-called percolation
threshold, where all clusters tend to interconnect to a conductive
fractal network (Fig. 4a).>”® The lateral expansion becomes steri-
cally hindered, distances and radii growth rates become reduced
and the average cluster heights approach the effective layer thick-
ness (Fig. 4b).
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Conclusions

In conclusion, this first sub-millisecond real-time GISAXS study
enables atomic insights in the formation of ultra-thin Au
cluster layers and contributes to a more complete picture of
chemical inert atomic self-assembly during sputter deposition
on macromolecular thin films. For the first time, we quantify
earliest non-equilibrium cluster geometries and near-surface
embedding at industrial-relevant deposition rates. The observed
near-surface AuPS enrichment layer promotes metal layer adhe-
sion of gold on polymers fabricated by sputter deposition.’” The
sub-surface enrichment up to a 2% gold volume fraction being
more dominant in the early stages around an effective thickness
of 1 nm, may be useful to dope intentionally functional polymer
layers with metal atoms.>® Already d,, ~ 0.3 nm gold sputter
deposition on a thin PS/Si film, for example, changes the
thermodynamic behavior significantly and no thin film rupture
occurs even after long-time annealing at temperatures well above
150 °C.*>° For some delicate applications e.g. memristors or light
emitting diodes, this atomic doping effect during electrode
formation via sputter deposition may alter their device
performance.®®®" We believe that the hereby obtained evolution
of morphological parameters of ultra-small nanoclusters serve as
benchmarks for integrating tailored hybrid nanomaterials in
modern information and energy harvesting technologies. This
novel real-time approach can be extended to systematically
quantify the impact of deposition conditions, e.g. different
substrate temperatures or target/substrate material composi-
tions, allowing for a targeted design of hybrid nanomaterials
in heterogeneous multifunctional optoelectronic devices. Ulti-
mately, our study will enable the investigation of metastable
interface morphologies even of ultra-thin films made of abun-
dant and application-relevant low Z compounds, exploiting the
emerging 4th generation diffraction limited storage rings and
4th generation free electron lasers.
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