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Cobalt (Co) sputter deposition onto a colloidal polymer template is investigated using grazing incidence small-angle
X-ray scattering (GISAXS), scanning electron microscopy (SEM), and atomic force microscopy (AFM). SEM and
AFM data picture the sample topography, GISAXS the surface and near-surface film structure. A two-phase model is
proposed to describe the time evolution of the Co growth. The presence of the colloidal template results in the correlated
deposition of an ultrathin Co film on the sample surface and thus in the creation of Co capped polystyrene (PS) colloids.
Well below the percolation threshold, the radial growth is restricted and only height growth is observed.

Introduction

Polymer—metal nanocomposite materials are outstanding
materials for basic research and industrial applications. Recently,
new applications for metallized polymer films and membranes
have emerged in the field of organic electronics with the realization
of organic transistors' and organic solar cells,* > or in the field of
hybrid sensors with the development of functional polymer—metal
nanocomposite films® and the development of membranes for high
flux gas transport.” Therefore, much effort has been put into better
understanding of the growth process and structural transition of
nanocomposites.*” It has been shown that the optical and electrical
properties of a metal—polymer film are very sensitive to small
changes in the composition and/or morphology of the film and
that this sensitivity is drastically increased near the percolation
threshold,'® when a conducting path is formed for the first time.
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Different techniques are available for producing composite
materials. To name just a few, there are vacuum deposition,g_12
molecular beam epitaxy,' pulsed laser deposition,'*!> dip coat-
ing,'"'® and solution casting.'** In general, vacuum deposition
of metallic material is the most widely used technique in industrial
applications.”!

The aim of our study is to investigate in situ and in real time the
growth of an ultrathin metallic layer on a colloidal polymer
template. Colloidal templates have been shown to be promising
candidates for the generation of ultra-high-density media for
magnetic data storage® and to offer new possibilities in the
development of solar cells.? Investigation of the film composition
and morphology and understanding of its growth are mandatory
for a better control of the deposition process and thus of the
metallized polymer film final properties. Our approach focuses on
a three-layer system, namely, silicon (Si) substrate/polystyrene
(PS) colloids/cobalt (Co), which is scalable as desired in many
applications.”* We will show that the existence of the colloidal
template results in the correlated growth of an ultrathin Co film,
which exactly reproduces the polymer template topography.
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Figure 1. GISAXS setup geometry: Dsp denotes the sample-
to-detector distance and o; and oy the incident and exit angles,
respectively. A beamstop is used to protect the detector from the
reflected beam.
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Figure 2. Evolution of the detector cut (20 = 0°) during Co
sputter deposition sputtering. (a) t = 0, 1, 2, 3, 4, and 5 min.
(b)t =0,6,9,12,and 17 min. Yoneda peaks of Si (Y;) and Co (Y>)
and intensity modulations due to resonant diffuse scattering (RDS)
are indicated. The rectangular (black) area corresponds to the
specular beamstop position as can be seen in Figure 1.

Results and Discussion

The template was prepared by spin-coating a PS colloidal
solution (G. Kisker GbR, concentration 0.025%, nominal parti-
cle diameter of 100 nm) on top of a precleaned Si substrate. No
additional processing was applied.

Complementary techniques were used to investigate the growth
of Co onto the colloidal polymer template: in situ microfocus beam
grazing incidence small angle X-ray scattering (u-GISAXS®),
scanning electron microscopy (SEM), and atomic force micro-
scopy (AFM). While AFM and SEM—being local probing
techniques—allow for a local investigation of the surface struc-
ture, GISAXS allows for the examination of a larger area and
thus provides statistically significant information to prove large-
scale structural homogeneity.

(25) Roth, S. V.; Déhrmann, R.; Dommach, M.; Kuhlmann, M.; Kroger, 1.;
Gehrke, R.; Walter, H.; Schroer, C.; Lengeler, B.; Miiller-Buschbaum, P. Rev. Sci.
Instrum. 2006, 77, 085106.
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Figure 3. SEM images of the sample before (a) and after (b,c)
deposition of 12 nm (nominal) Co. Better contrast is observed in
the images of the Co-coated sample. The circle in (¢) denotes the
agglomerated colloids. The arrows hightlight the presence of few
smaller colloids. Inset: AFM topographic image of the coated
sample.

In situ stop-sputter' experiments were carried out at the beam-
line BW4%° (HASYLAB, Germany) at a wavelength 4 = 0.138 nm.
The stop-sputter procedure comprises sputter deposition and sub-
sequent GISAXS measurement. A dedicated ultra-high-vacuum
sputter deposition chamber was mounted at the beamline.?® Co
sputter depositions were performed with a deposition rate of
(5 + 1) A /min at an argon pressure of P =4 x 10 mbar.
A schematic drawing of the GISAXS geometry is shown in Figure 1.
We used an angle of incidence a; = 0.4° and a sample-to-detector
distance Dgp = 2.21 m.

Structural information is obtained from vertical /(¢.) and hori-
zontal I(¢,) cuts of the 2D-intensity distribution, with ¢. and ¢,

q- = 21—% (sino+sinag) and ¢, = 2TJTsin 20 (1)
where a denotes the exit angle in the (q,, q.)-plane and 20 the exit
angle in the (q., q,)-plane, with ¢, = (277/4)(cos 26 cos o — cos o),
q,. being parallel to the X-ray beam axis.

Figure 2 shows the detector cuts extracted from the GISAXS
patterns recorded before (r = 0 min) and during Co sputter
deposition (1 = 1,2,3,4,5,6,9, 12, and 17 min). A strong increase
in the scattered intensity is observed with Co sputter deposition.
Y and Y, indicate the Yoneda maxima of Siand Co, respectively.
We note the following features. During the first minutes of Co

(26) Couet, S.; Diederich, T.; Schlage, K.; Rohlsberger, R. Rev. Sci. Instrum.
2008, 79, 093908.
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Figure 4. (a) Sketch of the system before (+ = 0 min) and during (z > 0 min) Co sputter deposition. PS colloids are described as nanospheres
(R, r) that can form agglomerates (typical lateral dimension 2R’). For ¢ > 0 min, we assumed the growth of a Co layer with thickness d(7).
(b) Experimental (solid red lines) and simulated (short dashed blue lines) out-of-plane cuts (o = 0.288°) forr = 0, 6,9, 12, and 17 min. The
cuts were shifted for better visibility. The filled area outlines the first-order (green) and second-order (purple) maxima of the agglomerate form
factor. Upper right: Time-resolved analysis of the Co layer thickness d(¢). The linear approximation indicates a growth rate of (5 £+ 1) A/min.
Times corresponding to the out-of-plane cuts are marked with by an asterisk.

sputter deposition (1 < ¢ < 5 min), we note a strong increase in Y,
and in the resonant diffuse scattering (RDS) (see Figure 2a and
enlargement). The strong interference peaks of the RDS visible in
the region 0° < a < 0.3° are the signature of a strong correlation
between the ultrathin growing Co film and the underlying
colloidal polymeric template. Starting from 7 > 5 min, we observe
the emergence of strong minima in the region a; > 0.4°. Those
minima shift to smaller ogvalues with increasing amount of
deposited Co (see the vertical arrows in Figure 2b). This result
indicates the growth of a correlated ultrathin Co layer perpendi-
cular to the sample surface.

The sample was also investigated by using SEM (Zeiss Gemini
NVision 40, TU-Muenchen) and AFM (NTEGRA probe Nano-
Laboratory, HASYLAB Hamburg) before and after sputter
deposition of 12 nm (nominal) of Cobalt (Figure 3).

SEM measurements were performed at different sample posi-
tions using a voltage of 1 kV. The SEM data (Figure 3) highlight
the presence of isolated PS colloids and agglomerated PS colloids.
Typical lateral dimension of the colloids and agglomerates,
as determined by SEM, are (100 £ 20) nm and (500 &+ 200) nm,
respectively. Few smaller colloids with typical diameter of (20 & 8)
nm are also observed. The SEM images of the surface after
deposition of 12 nm (nominal) Co (Figure 3b,c) show better
contrast and enhanced conductivity (no charging effect observed
during SEM measurements) compared to the SEM images of the
PS colloidal template before Co deposition, 1 = 0 min (Figure 3a).
These features are typical of ultrathin metallic layers and confirm
the growth of an ultrathin Co film as already determined by the
GISAXS data analysis.

AFM measurements were performed at different sample
positions in semicontact mode. The inset in Figure 3 shows
the topography of the sample surface after deposition of 12 nm
(nominal) of Cobalt. The AFM data confirm the presence
of colloids on the sample surface with typical diameter of
(100 £ 20) nm.

To shed light on the Co growth kinetics, a two-phase model was
established (Figure 4a). In this model, the system in its reference
state (¢ = 0 min) is described as an assembly of isolated and
agglomerated PS colloids. The PS colloids are found to have
aradius of R = (60 & 10) nm. Additional intensity observed in the
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region ¢, = 0.3 nm~ ' was interpreted as stemming from smaller
colloids with radius r = (10 & 4) nm. As observed in SEM
(Figure 3c), PS colloids can form agglomerates. Best agreement
was found when considering agglomerates with lateral dimension
2R = (600 + 200) nm. Compared to the SEM results, the slight
difference might be the illustration of a larger size polydispersity.
To describe the system during sputter deposition (¢ > 0 min), we
assumed the growth of an ultrathin Co layer on both the PS
colloids and the bare Si substrate. We thus considered a layer
thickness d() increasing with sputter deposition time z. The initial
radius (R or r) of the PS colloids is preserved throughout Co
sputter deposition as can be seen in (Figure 4a).

On the basis of this two-phase model and using the software
IsGISAXS,”” we computed I(g,, ?) for each time ¢ during sputter
deposition (Figure 4b). A very good agreement between the
experimental and simulated curves can be observed before
and during Co deposition, corroborating the model pro-
posed above. The scattering intensity at low g,-values (¢, <
0.02 nm™") stems from large structures—in our case, the
PS agglomerates. Following the numerical analysis, the two
first maxima of the intensity around ¢, = 0.001 nm ™' and ¢, =
0.02 nm ™" (filled areas in Figure 4b) are attributed to the form
factor of the PS agglomerates.

Concerning the Co layer thickness d(?), the time-resolved anal-
ysis shows a linear trend with a growth rate of (5 £ 1) A/min,
which is in agreement with the sputter rate applied. It is worth
noting that the lateral dimension of the PS colloids is retained
throughout the Co film growth (see vertical arrows in Figure 4b),
the signature of the highly correlated ultrathin film growth on top
of the colloidal template.

Our work shows that it is possible to follow the growth of an
ultrathin Co layer onto a colloidal template. Estimating the
typical percolation threshold of Cobalt as similar to the one of
Gold’ and Silver'®® at (7 + 1) nm, we deduce the following: From
a nominal deposited thickness of (3 + 1) nm on, the RDS is fully
established (Figure 2a). This means that the stable correlated
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ultrathin Co film growth starts well below the percolation thresh-
old, and that only the height of the Co film increases.

In summary, sputter deposition of Co on PS colloid-coated Si
substrate was investigated using the combination of SEM, AFM,
and GISAXS techniques. GISAXS data reveal the growth of a
correlated ultrathin Co film on both the bare Si subtrate and the
PS colloids. Time-resolved analysis of the GISAXS data high-
lights the strong correlation between the growing Co layer and the
underlying polymer template, which means a perfect reproduc-
tion of the colloidal template lateral structure and a wetting of
Co on the PS colloid curved surface. Potential lateral growth of
the colloids due to wetting of the Co could not be resolved by
u-GISAXS. By performing in situ GISAXS measurement during
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sputter deposition, we show that the correlated ultrathin film
growth starts well below the percolation threshold.
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