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The increasing interest in atomic layer deposition (ALD) of Pt for the controlled synthesis of sup-
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ported nanoparticles for catalysis demands an in-depth understanding of the nucleation controlled

growth behaviour. We present an in situ investigation of Pt ALD on planar Si substrates, with na-
tive SiO3, by means of X-ray fluorescence (XRF) and grazing incidence small-angle X-ray scattering
(GISAXS), using a custom-built synchrotron-compatible high-vacuum ALD setup and focusing on
the thermal Pt ALD process, comprising of MeCpPtMes and O, gas at 300°C. The evolution in
key scattering features provides insights into the growth kinetics of Pt deposits from small nuclei to
isolated islands and coalesced worm-like structures. An analysis approach is introduced to extract

dynamic information on the average real space parameters, such as Pt cluster shape, size, and spac-
ing. The results indicate a nucleation stage, followed by a diffusion-mediated particle growth regime
that is marked by a decrease in average areal density and the formation of laterally elongated Pt
clusters. Growth of the Pt nanoparticles is thus not only governed by the adsorption of Pt precursor
molecules from the gas-phase and subsequent combustion of the ligands, but is largely determined
by adsorption of migrating Pt species on the surface and diffusion-driven particle coalescence. More-
over, the influence of the Pt precursor dose on the particle nucleation and growth is investigated.

It is found that the precursor dose influences the deposition rate (number of Pt atoms per cycle),
while the particle morphology for a specific Pt loading is independent of the precursor dose used in
the ALD process. Our results prove that combining in situ GISAXS and XRF provides an excellent
experimental strategy to obtain new fundamental insights about the role of deposition parameters
on the morphology of Pt ALD depositions. This knowledge is vital to improve control over the Pt
nucleation stage and enable efficient synthesis of supported nanocatalysts.

1 Introduction

The deposition of Pt-group noble metals by atomic layer deposi-
tion (ALD) has gained increasing attention in the last decade.l!
ALD is a cyclical process that relies on sequential self-terminating
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gas-solid reactions to produce highly conformal nanocoatings. 23
Although ALD is traditionally perceived as a layer-by-layer tech-
nique, ALD processes for noble metals are often characterized by
a nucleation-controlled growth on oxide surfaces. After a certain
incubation period, growth is initiated in localized islands spread
across the surface. This Volmer-Weber type island growth can be
used advantageously for the deposition of noble metal nanopar-
ticles, e.g. for applications in catalysis.#Z The increasing interest
in ALD for depositing noble metal nanoparticles is mainly moti-
vated by its unique ability to control the deposition process at the
atomic level. Several authors have demonstrated nanoscale tun-
ing of the size of the nanoparticles by changing the number of
applied ALD cycles. 5814 Moreover, by selecting the proper ALD
process conditions, growth on oxide surfaces can be avoided and
selective growth on metal surfaces can be achieved.1517 This of-
fers opportunities to grow core/ shellT317H19 apqg allo noble
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metal nanoparticles by ALD as well as to develop novel bottom-
up approaches for nanopatterning.“l' Not only the ALD process
conditions play a crucial role but the substrate itself and pre-
treatment steps can significantly influence the nucleation of the
noble metal nanoparticles. 22726

Despite numerous reports on noble metal nanoparticle deposi-
tion by ALD, the mechanisms that govern the very initial stages
of growth are still not fully understood. Surface processes such
as diffusion of deposited atoms, 21227531 adsorption of precur-
sor ligands on the substrate, 22312631533/ thermal decomposition
of the metal precursor, 213435 and reactions catalyzed by the de-
posited nanoparticles®31 are suggested to play a role. The kinet-
ics of these processes are expected to vary with the noble metal
loading and morphology and will therefore likely evolve during
the ALD process.” Moreover, the nucleation and island growth
mechanisms and kinetics are influenced by the choice of ALD pro-
cess conditions, e.g. precursor/reactant type, exposure and de-
position temperature, resulting in different incubation times and
nanoparticles morphologies. Although some efforts have been
made, P112114123126128131I34136] jt i5 essential to further improve our
understanding of the role of the different deposition parameters
in order to enhance the control over the ALD technique for the
tailored deposition of noble metal nanoparticles.

Most experimental studies concerning the nucleation of noble
metal ALD are limited by the fact that they rely on the ex situ study
of static morphologies alone, without providing detailed insights
into how the structure evolves during the ALD process. The effect
of a certain deposition parameter is, for example, typically stud-
ied by transmission electron microscopy (TEM) and a comparison
of the nanoparticle size (distribution) is made for a specific num-
ber of ALD cycles. However, dynamic knowledge about how the
nucleation and particle growth evolve during ALD for different
process conditions is crucial to deepen our understanding of the
underlying mechanisms and this can only be achieved by applying
in situ probing techniques.

Grazing incidence small angle X-ray scattering (GISAXS) is a
measurement technique typically performed at a synchrotron,
that can yield information about the size, morphology and dis-
tribution of nanoscale objects at surfaces, which is averaged over
the macroscopic surface area of the sample due to the large foot-
print of the beam.2Z38 Because no special sample preparation
is required, GISAXS is ideally suited for a variety of in situ ex-
periments, including the characterization of deposition processes
in high vacuum.22#3| A5 an illustration, the technique has been
used for real-time monitoring of noble metal growth by evapo-
ration4446 and sputtering. 470 In ALD-related research, in situ
GISAXS has been used to study the initial growth of oxides, ni-
trides, and metals1221%0 and has been used to study the con-
formal coating of nanoporous thin filmsZ and layers of quantum
dots.8 Besides monitoring the thin film growth, it is also pos-
sible to monitor the behaviour of a deposited film under several
conditions, for example, sintering of Pt nanoparticles during an-
nealing in different oxidizing atmospheres,2? or the formation of
bimetallic nanoparticles by annealing ALD deposited layers. 2

A few reports presented ex situ20/27161563/ or i siry12 GISAXS
measurements during Pt ALD. In 2009, Christensen et al. inves-
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tigated the morphology of Pt nanoparticles grown by 10, 20, 30
and 40 ALD cycles on SrTiOs surfaces.2Z The GISAXS patterns
revealed an increase in center-to-center particle distance with
increasing number of ALD cycles, suggesting that surface diffu-
sion of Pt species influences the nanoparticle formation. In 2014,
Geyer et al. recorded GISAXS patterns for a series of ALD-grown
Pt nanoparticles on native S$iO, surfaces.® Assuming a model in
which the total island nucleation rate is kept constant, a lateral
particle growth rate of 1 A/cycle was extracted. More recently, in
situ GISAXS measurements during Pt ALD revealed that the par-
ticle size and coverage can be tuned by either utilizing O, or Ny
plasma as the co-reactant.12

In this paper, we present findings from the use of GISAXS to
monitor in situ Pt ALD growth and highlight its suitability to probe
surface mobility during nanoparticle ALD. Results are shown for
the Pt ALD process using MeCpPtMes and O, gas at 300 °C, which
is considered a model system for the O,-based noble metal ALD
processes.®¥ Combining synchrotron radiation and a dedicated
ALD setup we can resolve the dynamics of Pt particle formation
and growth. In addition to the in situ morphological characteri-
zation by GISAXS, in situ X-ray fluorescence (XRF) was used to
quantify the amount of Pt atoms on the surface. An analysis
strategy is introduced to correlate the amount of deposited mate-
rial with the evolution of structural parameters such as Pt cluster
shape, average size and areal density. The presented experimen-
tal approach enables the detailed investigation of the influence
of different processing conditions on the nucleation and island
growth mode during Pt metal ALD, which could be extended to
other noble metal ALD processes. As a proof of concept we inves-
tigate the influence of the MeCpPtMe3 precursor pressure on the
morphology of the deposited Pt particles.

2 Experimental Section

2.1 Transportable setup for in situ investigation of ALD with
synchrotron radiation

A drawing and picture of the custom-built synchrotron-
compatible ALD setup, used in this work, are shown in Figure 56)
The setup consists of a stainless steel chamber equipped with a
turbo pump and rotary vane backing pump, enabling a base pres-
sure of 10°® mbar. The main ALD components include a flange
with heated sample stage, computer-controlled gas inlet valves
and a remote RF plasma source. The setup can be transported
and installed at synchrotron beamlines, in particular on the MED
diffractometer with hexapod of the SixS beamline at the SOLEIL
synchrotron facility and on the Huber goniometer of the DUBBLE
BM26B beamline at the ESRF synchrotron facility. The chamber is
equipped with three Be windows, allowing exposure of the sam-
ple to an intense monochromatic X-ray beam and detection of
the scattered and fluorescent radiation from the sample. For in
situ GISAXS studies, the setup is expanded with motorized anti-
scattering slits that can be positioned close to the path of the X-ray
beam to eliminate unwanted scattered X-rays. This is obtained
by placing tungsten slits and a knife edge inside the vacuum,
right after the entrance Be window. Right before the exit Be win-
dow a tungsten rod-like beamstop is placed in-vacuum to largely
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Fig. 1 (a) Drawing of the transportable synchrotron-compatible high-
vacuum ALD setup, dedicated for in situ XRF and GISAXS measurements
during ALD. (b) Picture of the setup, installed at the SixS beamline of
the SOLEIL synchrotron facility.

block the intense direct and specular reflected X-ray beams, thus
suppressing background scattering from the exit window. Pre-
cise alignment and rotation of the sample relative to the incom-
ing X-ray beam is enabled by the aforementioned positioning de-
vices that are available at the SixS (SOLEIL) and DUBBLE BM26B
(ESRF) beamlines.

2.2 Substrate preparation and ALD of Pt

Si wafers with native SiOy are used as substrates. Prior to ALD
growth, the substrate and support are heated to 300°C and ex-
posed to a remote Oy plasma (10s, 1.2x1073 mbar, at 200 W)
to clean the sample surface and improve reproducibility between
the different experiments. ALD of Pt is conducted at 300°C using
MeCpPtMe; (Strem Chemicals, 99 %) and O, gas. The Pt precur-
sor is kept in a stainless steel container heated to 30°C and Ar is
used as a carrier gas. Unless stated otherwise, a static exposure
mode is applied, meaning that the valves to the pumping system
are closed during exposure of the sample to the Pt precursor or
to Oy gas. The other precursor exposure mode that is used is a
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pump exposure mode, during which the valves to the pumping
system are kept open during the exposure. For both static and
pump exposure modes the precursor exposure time is 15s, the
precursor pumping time is 30's, the O, exposure time is 10's, and
the Oy pumping time is 15s. The pressure in the chamber during
the static precursor exposure reaches ~1 mbar, during the pump
precursor exposure it is ~6x 1073 mbar, and ~1 mbar during the
O, exposure.

2.3 GISAXS geometry

A schematic representation of the GISAXS experiment is shown in
Figure2] The X-ray beam hits the sample under a grazing angle
(o) and is scattered by the ensemble of Pt nanoparticles on the
surface. The scattered intensity as a function of the exit angles o
and 26y is recorded by a 2D area detector. The angular coordi-
nates of the detector are related to the wavevector transfer (q =
k¢ - k;) and the detector plane is converted to reciprocal q-space
coordinates using the equations: gy = (27/A)sin(20y)cos(os) and
gz = (2 /A)(sin( ;) +sin(ar)) with qy and g, the scattering vector
components parallel and perpendicular to the sample surface, re-
spectively. The gx = (27/A)(cos(265)cos(ar) — cos(a;)) scattering
vector component has a very low value due to the low incident
and exit angles that are used in GISAXS and can be neglected.
The scattered intensity I1(q) is modulated by the form factor F(q)
and the structure factor S(q), describing the scattering contribu-
tion from the particle shape and organization of the nanoparti-
cles, respectively. The key features that are observed in the scat-
tering pattern are directly linked to the real-space morphology
of the nanoparticles ensemble. Intensity modulations along the
g, direction contain information about dimensions perpendicular
to the sample surface, such as the particle height. Modulations
along the qy direction contain information about average lateral
dimensions, such as the particle width and center-to-center dis-
tance between neighbouring nanoparticles. Another scattering
feature is the Yoneda (or Vineyard) peak, i.e. an enhancement of
the scattered intensity for the exit angle o that is equal to the
critical angle of the sample o.. Therefore, the dependence of the
Yoneda peak on the optical surface properties provides informa-
tion about the surface composition.

2.4 In situ XRF and GISAXS measurements

In situ XRF and GISAXS measurements during ALD were per-
formed at the SixS (SOLEIL) and DUBBLE BM26B (ESRF) beam-
lines. To avoid decomposition of the Pt precursor by the X-rays,
the sample is only illuminated after the reactor is pumped to base
pressure. Samples were exposed to the X-rays after every second
ALD cycle and a fluorescence spectrum and scattering pattern are
recorded. To enable excitation of the Pt Lo emission lines for
XRF, the X-ray energy is set to 12 keV, which is slightly above the
L3 absorption edge of Pt at 11.56keV. An incidence angle of 1.2°
was used for XRF measurements, each spectrum was acquired
in 30s with an energy-dispersive silicon drift detector (Rontek
and Vortex at SixS (SOLEIL) and DUBBLE BM26B (ESRF), re-
spectively). GISAXS patterns were recorded at an incidence angle
of 0.5°, which is well above the critical angle of Pt (a. = 0.38°, at
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Fig. 2 Schematic representation of the GISAXS geometry. A monochro-
matic X-ray beam hits the sample at an incidence angle ;. The exit
angles of the scattered beam are denoted by af and 20¢. The position
of the direct beam D (at af = —a;) marks the origin for the gy and q,
components of the scattering vector. The specular reflected beam S (at
o = @;) is masked by a rod-shaped beamstop, placed in vacuum between
the sample and exit Be window. The Yoneda peak (Y) is observed at the
critical angle of the sample (af = o).

12keV). Firstly, this ensures full penetration of the Pt layer and,
secondly, a clear separation of the Pt Yoneda peak and the spec-
ular peak in the scattering pattern. The sample-detector distance
was calibrated with a silver behenate sample.

At the SixS (SOLEIL) beamline, the X-ray beam at the sample
position was 0.3 mm x 0.4mm (horizontal and vertical, respec-
tively) and the 2D GISAXS patterns were acquired with a MarCCD
detector (2048x2048 pixels, each pixel has a size of 80x80 um?)
using a counting time of 20 s during the pumping step. The detec-
tor was positioned roughly 1.7 m from the sample. The in-vacuum
flight tube was used to reduce background scattering and absorp-
tion from air. In addition to the in-vacuum beamstop, a lead strip
was placed after the window to completely shield the detector
from the intense direct beam and the scattered radiation from the
exit Be window.

At the DUBBLE (ESRF) beamline, the X-ray beam was fo-
cused at the detector position, which results in a beam size of
1.0mm x 0.4mm (horizontal and vertical, respectively) at the
sample position. The GISAXS patterns were acquired with a Dec-
tris Pilatus 1M detector (981 x 1043 pixels HxV, each pixel having
a size of 172x172 um?) using a counting time of 30s during the
pumping step and a sample-detector distance of 4.4 m was used.
The pathway between the exit Be window of the ALD chamber
and the detector was mostly evacuated by using a pumped flight
tube with entrance and exit Kapton windows. A second beamstop
was installed in front of the detector at the position of the direct
and specular beam to prevent detector saturation and damage.

2.5 GISAXS data analysis

In this work, we introduce an analysis approach, based on a ge-
ometrical model, to extract average real space parameters such
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as the Pt nanoparticle shape, size, and areal density from the
g-space scattering data. To validate the proposed strategy, the
measured GISAXS data were compared to simulated 2D GISAXS
patterns that were calculated with the IsGISAXS software,©> us-
ing the extracted morphological parameters as input for the sim-
ulation. The best agreement between simulation and data was
obtained when two particle shapes in a 1:1 ratio were taken into
account, being full spheroids and hemispheroids. Both particle
geometries were described by the same particle height and ra-
dius. A lognormal distribution function was selected for the par-
ticle radius, and the distribution width was described by the geo-
metric standard deviation o. A joint distribution for the particle
height was implemented in IsGISAXS assuming a Gaussian distri-
bution for the particle aspect ratio height/radius, the distribution
width being described by 0.05 times the central particle aspect ra-
tio value. The distorted-wave Born approximation (DWBA) was
used to calculate the form factor, the model of the graded inter-
face was used to describe the perturbations caused by densely
packed particles on a surface.44 The calculations furthermore use
the local monodisperse approximation (LMA) formalism, which
is commonly used for polydispersed systems. A 1D paracrystal
model was used to calculate the structure factor, which is a regu-
lar 1D lattice with loss of long-range order. A Gaussian function
with disorder parameter o, calculated as @ = 0.4xD described
the distribution of the center-to-center distance D. Supplemen-
tary Figure 1 shows the most relevant parameters in the input file
for the IsGISAXS software.

2.6 Complementary SEM and XRR measurements

The GISAXS data analysis approach is corroborated by ex situ X-
ray reflectivity (XRR) and scanning electron microscopy (SEM)
measurements. XRR is performed in a Bruker D8 system,
equipped with a Cu Ko source and a point detector. SEM is per-
formed in a FEI Quanta 200F instrument.

3 Results

3.1 In situ XRF: growth curve

XRF and GISAXS data was acquired after every two ALD cycles
during Pt deposition. The integrated Pt L, emission line was cal-
ibrated using Rutherford backscattering spectrometry (RBS).12
This allows the determination of the Pt surface density as a func-
tion of the intensity of the Pt L, signal, depicted as a function
of the number of ALD cycles in Figure[3p. During the first ALD
cycles (0 to 12) a slow growth regime was observed and a the-
oretical monolayer (TML) of Pt was obtained after 10 ALD cy-
cles, indicating that the XRF setup is sensitive enough to detect a
sub-monolayer surface coverage of Pt atoms. After the first slow
growth a constant growth regime is quickly obtained (~26 ALD
cycles) and after roughly 80 cycles the growth per cycle decreases
to a lower value. The growth curve has an elongated S-shape,
indicative of Pt nucleation followed by particle growth and coa-
lescence. €067

Additional samples with selected Pt surface densities (marked
points 1-4) were prepared and measured by ex situ SEM. The ob-
tained SEM micrographs (Figure[3p) provide snapshots of the par-
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Fig. 3 (a) RBS-calibrated in situ XRF data: surface density of Pt atoms
as a function of the number of ALD cycles. The inset shows a detail
of the nucleation stage during the first 12 ALD cycles. (b) SEM images
for selected Pt loadings: (1) ~ 160, (2) ~ 280, (3) ~ 470, (4) ~ 660 Pt
atoms per nm2. Each SEM image is 500 nm wide.
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ticle morphology and distribution at different Pt surface densities
(i.e. different ALD cycles). The SEM micrograph of the low Pt sur-
face density (~160 atoms/nm?2, Figure(l)) indicates that the
Pt nucleates, and forms particles, on the SiO, surface. The other
SEM micrographs indicate that after the particles are formed they
increase in size and start to coalesce (2), forming larger and more
irregular particle shapes. They continue growing and merging, re-
sulting into even larger worm-like structures (3) and finally start
to form a percolating Pt layer across the substrate when the Pt
loading is high enough (4). For even higher Pt surface densities
the slope of the growth curve decreases, indicating that the avail-
able surface area for precursor adsorption starts to decrease after
percolation.

3.2 In situ GISAXS: particle nucleation

The Pt nucleation stage on native SiOy was investigated using in
situ 2D GISAXS measurements. The GISAXS scattering patterns
that were recorded during the first 12 ALD cycles are displayed
in Figure[dh. After the first ALD cycles there is an increase of
the background scattering intensity in the pattern (gy # Onm™1).
Additional ALD cycles cause the scattering intensity to increase
further and make it clear that a single scattering peak is present
in the pattern. This indicates that there are correlated Pt clusters
distributed on the surface during the nucleation stage. To study
the evolution of the scattering peak along the qy direction, hor-
izontal cuts were taken at the q; position of maximum intensity
(Yoneda peak) and are depicted in Figure[p. Fits with Lorentzian
functions were performed for all but the first cut (0 ALD cycles)
and are displayed as the black lines, overlapping the data. From
these cuts it is clear that an off-specular scattering signal is al-
ready present after 2 ALD cycles, with the maximum scattering
intensity observed at gy = 0.59nm’!, indicating that Pt clusters
were already present on the surface. Additional ALD cycles result
in an increase in intensity and shifts in the gy position of maxi-
mum intensity of the scattering peak.

The qy maximum of the scattering peak (gymax) can be approxi-
mated to the mean center-to-center distance (D) between scatter-
ing centra by using: D =2x/ qy,max. Therefore, lower qymax val-
ues are related to larger mean center-to-center distances and vice
versa. The qymax value for each horizontal cut is obtained from a
fit through the data and these are plotted (with a 95 % confidence
interval) as a function of the number of ALD cycles and Pt surface
density in FigureElk. The inset shows the gymax values converted
from g-space to real space values (D). The qymax position shows
a considerable shift towards higher values during the first 6 ALD
cycles, which indicates a decrease for the mean particle distance
and a rise in the number of deposited nuclei on the surface. New
nuclei are deposited between the existing clusters until a critical
or saturated coverage is reached, giving an estimated saturated
particle density of N~1.8x10'2 nuclei/cm? (N~D2) after 6 ALD
cycles. This value for the particle density corresponds with parti-
cle densities that can be expected for metal particles on an oxide
surface (10'2-10'3 nuclei/cm?) in literature.%68 Additional ALD
cycles result in a gradual shift of the qymax position towards lower
gy values, showing an increase in the particle center-to-center dis-
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line profiles are taken at the q, position of maximum intensity, which correspond to the Si Yoneda position. The black lines are fits to the data points.
(c) The peak position, qy,max of the horizontal cuts as a function of the number of ALD cycles (top x-axis) and the surface density of Pt atoms
(bottom x-axis). The peak positions were obtained from the fits shown in (b). The inset shows the values which correspond to: 277/gy,max. The error

bars represent the 95 % confidence intervals for the fitted qy,max values

tance and indicates a reduction in the number of scattering nu-
clei due to coalescence. Surface diffusion will rather result in the
growth of existing islands instead of the formation of a new stable
nucleus.

3.3 In situ GISAXS: particle growth and coalescence

After the nucleation stage the Pt ALD process exhibits enhanced
growth behaviour until layer closure starts to occur, see the in situ
XRF curve (Figure). This intermediate stage was also investi-
gated during the ALD process. Figure[5] displays selected in situ
2D GISAXS patterns with Pt surface densities (Pt loading) that
correspond to the marked points on the in situ XRF curve and the
ex situ SEM micrographs, shown in Figure[3] The GISAXS pat-
terns show that the main scattering peak increases in intensity as
a function of the Pt loading and that the position of the maxi-
mum shifts to lower qy values and higher q, values. The shift in
gy to lower values indicates an increase in the mean center-to-
center particle distance with higher Pt loadings due to nanoparti-
cle coalescence. The q; position of maximum scattering intensity
(Yoneda peak) depends on the critical angle of the scattering sur-
face and is therefore dependent on the material density of the
scattering volume. The dashed white lines in Figure[5| mark the
expected Yoneda positions for a Si and Pt surface. It is clear that
the Yoneda peak in the pattern starts at the position for a Si sur-
face, as expected by the low Pt loading on the surface. Increasing
the Pt loading results in a shift of the Yoneda peak position to-
wards the expected value of Pt, due to the fact that the average
density of the scattering volume increases with Pt loading. Both
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Fig. 5 In situ GISAXS patterns measured during the growth and coales-
cence stage of the Pt ALD process. The selected patterns correspond to
(1) 32, (2) 46, (3) 66, (4) 88 ALD cycles and a Pt surface density of (1)
160, (2) 280, (3) 470, (4) 660 atoms per nm?. The Si and Pt Yoneda
positions are indicated by the dashed white lines.

shifts in the position of the main scattering peak are consistent
with the growth and coalescence behaviour of the Pt particles, as
seen in the ex situ SEM micrographs (Figure[3p). In addition to
the shift of the main scattering peak, secondary scattering max-
ima and minima appear above the main peak with increasing Pt
loading and shift towards lower g values. This indicates that the
mean particle height increases as a function of the Pt loading.
Finally, the arc-like features that can be observed in the out-of-
plane scattering recorded at ALD cycles 32 and 46 (respectively,
patterns 1 and 2 in Figure[5) can be associated with a spheroidal
particle shape 1248

Figure[5] shows the 2D scattering patterns for selected Pt load-
ings, which allows for a quick qualitative assessment of the sur-
face morphology. However, further analysis is required to obtain
quantitative information about the evolution of the scattering fea-
tures as a function of the Pt surface density. As a first step towards
quantitative analysis, horizontal and vertical cuts were taken and
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plotted in a 2D colour map as a function of the Pt surface density.

The horizontal cuts were taken at the g, position of maximum
intensity of the main scattering peak and are shown in Figure@a.
The solid black line indicates the evolution of the first maximum
and its data points are displayed in Figure[6p. As detailed in Fig-
ure, the gymax position starts around 0.6 nm’!, increases dur-
ing the first 6 ALD cycles to 0.85nm™, and then smoothly shifts
to lower values. The qymax position is related to the mean center-
to-center distance between the Pt particles and the corresponding
real space value is shown in the insert of Figure@). This again
shows that after an initial decrease of the inter-particle distance it
gradually increases, indicating that after nucleation and reaching
the saturated particle coverage the scattering centra are spaced
further apart with every consecutive ALD cycle, due to coales-
cence of the Pt particles.

A second scattering feature appears after roughly 22 cycles
(~80 Ptatoms/nm?2) and upon its appearance gradually shifts to
lower gy values. This behaviour is also present for the minimum
position between both maxima, as can be seen in Figure@ and
by the dashed line in Figure[6h. This minimum is a feature of the
form factor of the particles. As the horizontal scattering features
give information about the in-plane dimensions the change in the
position of this minimum is related to the size of the particles
and can be used to deduce an approximate value for the mean
particle radius. Simulations of the form factor of full spheroids
and hemi-spheroids with a range of relevant particle widths and
heights were performed to obtain a relation between the qymin
value and the particle radius, which gave the following relation:
radius = 4.4/qy i, (see Supporting Information). The estimated
values for the particle radius are displayed in the insert of Fig-
ure[Bk. This shows that the mean radius of the particles keeps
increasing as a function of the Pt loading, which is to be expected
from the ex situ SEM images. The coloured numbers and arrows
correspond to Pt loadings that are marked on the XRF curve and
the SEM micrographs in Figure[3]

The vertical cuts were taken at the qy position of maximum in-
tensity for the main scattering peak and are shown in Figure[7;
the Si and Pt Yoneda positions are marked. The evolution in q,
position of the main scattering peak is displayed in Figure[7p. It
is clear that the maximum intensity in q starts at the position for
the Si Yoneda and by increasing the Pt loading it shifts towards
the position that is expected for a bulk Pt surface, showing an
abrupt transition around a surface density of 250 Pt atoms per
nm?. Comparing the ex situ SEM micrographs (Figure) be-
fore (1) and after (2) this transition show a large difference in
morphology for the Pt particles. Before the transition (Figure[3p-
1) the particles can still be considered isolated and isotropic in
shape. After the transition (Figure[3p-2) the particles are merging
and form elongated, worm-like structures. The abrupt shift in the
Qz,max Position seems to coincide with a change in the morphol-
ogy of the Pt particles. For high Pt loadings, the SEM micrographs
reveal a morphology that can be considered as a Pt thin film with
gap-like voids.

After a few ALD cycles secondary vertical scattering maxima
appear, marked in Figure[7h by the solid black lines. The minima
between two adjacent maxima are marked by the dashed black
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Fig. 6 (a) Intensity evolution of the horizontal line profiles as a function
of Pt surface density. The horizontal cuts were taken at the q, position
of maximum intensity of the main scattering peak. The gy positions of
the first maximum and minimum are indicated by the solid and dashed
black lines, respectively. (b) qy,max position of the first maximum versus
ALD cycles (top x-axis) and Pt surface density (bottom x-axis). The
corresponding 27/qy,max values are shown in the insert. (c) dy,min PO-
sition of the first minimum versus ALD cycles and Pt surface density.
The corresponding estimated mean particle radius values (4.4/¢y,min) are
shown in the insert. The coloured numbers and arrows correspond to the
marked points in Figure@
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lines. These maxima gradually shift towards lower q, positions
with increasing Pt surface density, indicating that the deposited
Pt particles are increasing in height. The average distance be-
tween two adjacent maxima or minima is taken and plotted in
Figure[7f. By using the approximation H =27/ < Ag; > it is pos-
sible to estimate the mean height (H) of the deposited film, the
corresponding values are shown in the inset of Figure[7c. Based
on these results the obtained final thickness of the Pt layer was
~13 nm.

After 100 ALD cycles the deposition was stopped and the sam-
ple was characterized using X-ray reflectivity (XRR) and SEM, see
Figure[8] The SEM image shows the worm-like structure of the de-
posited Pt layer. A thickness of 12.1 nm and roughness of 1.2 nm
was obtained from the XRR fit, matching closely with the calcu-
lated final thickness from the GISAXS measurements (Figure).

3.4 Strategy for analysing the GISAXS patterns

3.4.1 Geometrical model for "fast analysis" of GISAXS pat-
terns

As outlined in the previous section, estimations for the mean par-
ticle height and width, and mean inter-particle distance can be
deduced by evaluating the minima and maxima in the horizon-
tal and vertical line profiles taken at the maximum intensity of
the 2D GISAXS patterns. This approach is considered a “rapid”
or “fast” data analysis.=Z Inspired by the work of Schwartzkopf et
al.#8 we use this “fast” analysis as a basis for a simplified geomet-
rical model that captures the essential parameters of the particle
morphology on the sample, such as the average particle height,
radius, and center-to-center distance, and is accurate enough to
quickly determine changes in the morphology of the Pt particles
during the initial stages of the ALD process, i.e. before agglomer-
ation leads to wormlike features. In this model, the particles are
modelled as full spheroids, without size distribution, on a regu-
lar 2D lattice. The average particle dimensions are derived from
the above mentioned “fast” data analysis, i.e. the average particle
height (H = 27/Aq,) and radius (R = 4.4/qynin), but takes into
account a deviation for the inter-particle spacing based on the in
situ recorded XRF data. Indeed, while a common approach to esti-
mate the center-to-center distance D is to use the approximation
D = 27/Qymax, often large discrepancies are observed with val-
ues obtained from real space TEM imaging, because the GISAXS
intensity is governed by the interplay between the interference
function and the form factor. Due to the latter, the observed qymax
peak position does not exactly correspond to the maximum of the
interference function. The limitations of the approximation D =
27/qQymax in our data become clear in Figure@), where the Pt
surface density is calculated based on the estimated values for
the average particle height, radius, and center-to-center distance.
The mismatch between the measured Pt surface density by XRF
(black squares) and the calculated Pt surface density with the ge-
ometrical model (open circles) can be attributed to a deviation
in the estimated value of the center-to-center distance from its
real value. Therefore, an alternative approach was developed, for
which the XRF Pt surface density is used as the input for calcu-
lating the value of the center-to-center distance. In this approach
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Fig. 7 (a) 2D colour map showing vertical line profiles of the main
scattering peak as a function of Pt surface density. Each vertical line
profile is taken at the gy position of maximum intensity of the main
scattering peak. The dashed white lines mark the Si and Pt Yoneda
positions. The solid and dashed black lines indicate the evolution of
the higher order maxima and minima, respectively. (b) Position of the
gz maximum of the main scattering peak as a function of ALD cycles and
Pt surface density. (c) Average distance between two adjacent maxima
and/or minima, < g, >, versus ALD cycles and Pt surface density. The
inset shows the corresponding values for 2w/ < Ag, >. The coloured
numbers and arrows (1-4) refer to the data/SEM micrographs in Figure
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Fig. 8 Ex situ characterization after 100 cycles of Pt ALD. X-ray reflec-
tivity pattern with fit to the data, the fitted thickness is equal to 12.1 nm.
The SEM image has a width of 500 nm.

the H, and R values (FigureEk, black triangles) are determined
from the GISAXS pattern using the “fast” data analysis and the
following relation is used to determine the center-to-center dis-
tance D:

3
D= \/anzH 66.24 atoms/ nm %)
3 Spr

with Sp, the Pt surface density and 66.24 being the number of
Pt atoms that are present in a cubic nm of bulk Pt. As will be dis-
cussed in the next section, simulation results (open red symbols
in Figure[9) confirm that this approach is more reliable than the
common approach of using the approximation D = 27/qymax to
estimate the center-to-center distance. Note that Figure[9f sug-
gests that the initial nuclei have an aspect ratio close to 1:1,
marked by a similar mean particle width and height. With in-
creasing Pt loading, the mean particle width increases faster than
the mean particle height, pointing towards lateral growth of the
nanoparticles, giving rise to laterally elongated particles.

3.4.2 Simulation of GISAXS patterns

The purpose of the simple geometrical model is to quickly ex-
tract parameters for the average particle height, radius, and inter-
particle distance from the quasi real time feedback of the parti-
cle morphology during the experiments. However, validation of
this model is required by simulating full 2D GISAXS patterns and
demonstrating that good agreement is achieved with the exper-
imental patterns. In the next paragraphs we describe a step-by-
step approach that we applied to model the nanoparticle shape,
dimensions, and spacing and obtain reasonable agreement be-
tween data and simulation (see Supporting Information for a
schematic representation of the analysis approach). The param-
eters extracted from the simplified geometrical model (full black
symbols in Figure[Pp-d, with values for D determined by Eq.[I)
served as initial input parameters for the simulations, which re-
quired only slight optimization during the simulation procedure,
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yielding the data depicted by the open red symbols in Figure@a-d
as the simulation output. The optimized H and R values only dif-
fer slightly from the initial input parameters, while the optimized
average center-to-center distance D does not differ much from
its initial input value. This provides a good indication that the
proposed geometrical model is a physically relevant model that
yields valuable information on the evolution of the average par-
ticle height, radius and center-to-center distance during the ALD
process, without the complexity of a full 2D GISAXS simulation.

The optimization of the initial input values is illustrated in Fig-
ure It shows the experimental (black data points) and simu-
lated (red curves) line profiles of the GISAXS patterns recorded
at 22, 32, and 42 ALD cycles. The line profiles for 12 ALD cycles
can be found in the Supporting Information. The form factor was
calculated for full spheroids without size distributions. The in-
terference function was described by the mean correlation length
D and a Gaussian distribution function with disorder parameter
®. The shape of the main scattering peak in the horizontal line
profiles was found to be well reproduced for an o value equal to
0.4D. Simulations with the initial average H, R and D values ex-
tracted from the geometrical model yielded the dashed red curves
as output. The obtained curves are able to decently reproduce
the maxima and minima of the horizontal line profiles (top pan-
els), although their qy positions are slightly underestimated. For
the vertical line profiles (bottom panels), it is only possible to re-
produce the first profile (a), for the other profiles the number of
minima and maxima is reproduced but their position is shifted
to higher q; values, indicating that the input underestimates the
height of the particles. Better agreement can be obtained after
optimizing the initial H, R, and D values (solid red curves). It is
clear that the used input parameters already yield a decent sim-
ulation of the line profiles and that optimizing the input values
does not lead to significant changes in the relevant parameters H,
R and D (Table[T).

After optimizing the main parameters (H, R, D, @) based on
1D line profiles, the next step concerns the simulation of the en-
tire 2D GISAXS images. During this task, it became clear that
the inclusion of two particle shapes in the average form factor
is needed to obtain a good reproduction of the intensity dis-
tribution of the scattering features in the 2D GISAXS patterns.
For illustration, Figure[11] shows the experimental GISAXS image
of ALD cycle 32 (a) together with three simulated patterns, as-
suming different particle shapes (b-d). The experimental pattern
shows a main scattering maximum with several secondary scat-
tering features along the g, and gy directions. In addition, there
is an incomplete semi-circle present that is connecting the first
secondary maxima and a diffuse background for higher qy and q,
values. Full spheroids and half spheroids were mainly considered
as possible particle shapes to describe the Pt particles, cylindrical
shapes and rectangular cuboids were excluded based on the over-
all shape of the measured GISAXS patterns (see Supporting in-
formation). The first semi-circular shape is reproduced when full
spheroids are used (Figure). However, the dip in scattering
intensity around gy = 1.0nm’!, q; = 1.5nm™ is not simulated
and the higher order semi-circle is too distinctly present in the
simulated pattern. While the dip in scattering intensity is repro-
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Fig. 9 (a) Schematic representation of the particle geometry and distribution, as assumed in the geometrical model for "fast analysis". (b) Pt surface
density versus ALD cycles, measured by XRF (black squares), calculated from extracted H, R, and D values from "fast" GISAXS line profile analysis
(circles), and extracted from "full" GISAXS simulations (open red squares). (c) Average particle height H (upward triangles) and width 2R (downward
triangles) as a function of ALD cycles (top x-axis) and Pt surface density (bottom x-axis). The full black symbols are extracted from the line profile
analysis and the open red symbols originate from simulations. (d) Average particle center-to-center distance D as a function of ALD cycles and
Pt surface density, calculated from the proposed geometrical model (black circles) and extracted from GISAXS simulations (open red circles). The
27/qy,max values extracted from GISAXS line profiles are plotted as open black circles. The input and output values for the GISAXS simulations are

displayed in Table

ALD | XRF signal Geometrical model Optimized values from simulations
cycle | Ptat./nm# H; 2R; D; ; H, 2R, Do W, Pt at./nm*
22 83.14 4.50 5.89 8.06 3.22 | 4.90 5.60 8.06 3.22 82.04
32 159.42 5.62 8.60 9.51 3.80 | 6.30 7.60 9.51 3.80 139.55
42 245.86 6.82 | 11.36 | 11.15 | 4.46 | 7.80 | 10.00 | 11.40 | 4.56 208.16

Table 1 Morphological parameters used for the line profile simulations in Figure H;, 2R; and Dj (in nm) were extracted from the geometrical model.
The simulations used a model consisting of spheroid particles without size distribution on a regular 1D lattice with loss of long-range order described
by the disorder parameter @ = 0.4D. H,, 2R, and D, are the optimized parameters.
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Fig. 10 Experimental (black data points) and calculated (red curves)
horizontal (top) and vertical (bottom) line profiles of the GISAXS pat-
terns obtained after 22 (a), 32 (b), and 42 (c) ALD cycles. The dashed
red curves used the H, R, and D values extracted from the geometrical
model as input for the calculations. The full red curves used optimized
values for H, R, and D. The line profiles for 12 ALD cycles are displayed
in the Supporting Information. All input parameters for the simulations
are listed in Table[T]

duced when half spheroids are used as the particle shape (Fig-
ure[T1d), it does not reproduce the diffuse arc-like background
scattering. The best correspondence to the particular scattering
features is obtained when combining both particle shapes in a 1
to 1 ratio, see Figure[L1k. Both particle types are assumed to have
the same average particle height and width. Therefore, both par-
ticle shapes yield the same volume per particle and this means
that the previous manner to calculate D (Eq.[I) can be used to
ensure that the simulated surface has the same amount of Pt as is
experimentally determined from XRF.

While the main features of the GISAXS pattern are now re-
produced and the introduction of two particle shapes already
smooths out the line profiles, the intensity of the minima in the
simulated line profiles does not fully coincide with the experimen-
tal data points, see Figure[L1k-f, due to the fact that no size distri-
bution was assumed for the Pt particles. Therefore, the complex-
ity of the particle model is further increased by imposing size dis-
tributions on the particles to improve agreement between simula-
tion and experiment. Good agreement is obtained by assuming a
Gaussian distribution with relative width 0.05 for the particle as-
pect ratio H/R and a lognormal distribution for the particle radius
R. The same size distributions are used for both particle shapes in
the model (full spheroids and half spheroids). Simulations with
variation in the radius distribution width, parameterized by the
geometric standard deviation o, are displayed in Figure[I2]for the
GISAXS pattern obtained after 32 ALD cycles. Figure[I2h shows
the experimental GISAXS pattern while (b-d) represent the sim-
ulated patterns with different radius distributions, which are de-
picted in the inserts. Figure[12k-f show the simulated horizontal
and vertical line profiles (red curves) compared to the experimen-
tal line profiles (black data points). It is clear that using a size
distribution results in further smoothing of the 1D line profiles.
Based on the simulated line profiles (Figure-f) the radius dis-
tribution with o = 1.05 yields the worst fit to the experimental
data and 6 = 1.15 the best fit to the experimental line profiles. It
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is instructive to compare these particle radius distributions with
the one extracted from the SEM image (Figure[3p), see Support-
ing Information. This comparison supports the mean R value that
is obtained from the GISAXS analysis, but indicates that the dis-
tribution with a o value of 1.30 (Figure) corresponds best to
the real size distribution, while its simulated line profiles do not
fit as well as the simulation result using ¢ = 1.15 (Figure).
The reason for this mismatch is that there are some limitations
when simulating GISAXS patterns, such as the assumption of the
particle shapes and ratios between the particle shapes. In this
case a one to one ratio of full and half spheroids is assumed while
the real sample may have a different ratio. Nonetheless, good
agreement between experiment and simulation can be achieved,
without requiring large changes to the initial input parameters.
This indicates that the proposed geometrical model can be used
for a quantitative assessment of the 2D GISAXS images that are
obtained during the Pt ALD process.

3.5 Effect of precursor dose on the Pt nucleation

The previous sections provided the reader insights into how in situ
recorded XRF signals and scattering patterns, in particular the q
positions of the minima and maxima in the patterns and line pro-
files, can provide information on the morphological parameters
during the ALD process. In this part of the manuscript, the in
situ XRF and GISAXS methodology is used to study the influence
of the precursor dosing on the Pt nucleation and island growth
mode. Generally, in the steady growth regime of ALD processes
the surface reactions are in saturation, provided that a sufficiently
large precursor dose is applied, which is determined from satura-
tion experiments. Using a precursor exposure that is larger than
the saturation exposure has no effect on the growth, instead it
results in waste of the excess precursor. However, surface reac-
tions of a different nature are taking place during the nucleation
and island growth regime, and the precursor dose obtained from
typical steady growth saturation experiments may not lead to sat-
uration of these initial surface reactions. As a result, increasing
the precursor exposure beyond the point of saturation for steady
growth can have an influence on the growth and deposition rate
(number of Pt atoms deposited per cycle), motivating the study
presented below.

Two experiments were performed, using either a pump mode
or static mode precursor exposure. During pump mode the
ALD chamber is actively pumped during the precursor exposure
and the pressure (precursor and argon) in the chamber reaches
6x 1073 mbar. To perform an exposure in static mode, the valve
between the ALD chamber and turbomolecular pump needs to be
closed. This is followed by precursor injection, until the pressure
(precursor and argon) in the chamber reaches 1 mbar. It should
be noted that both these precursor doses yield saturated growth
in the steady regime, as verified by saturation experiments on
sputtered Pt thin films.270 The Pt surface density as a function
of the number of ALD cycles for these experiments is displayed
in Figure[I3p. As seen in the zoom of the first 25 ALD cycles
(Figure[I3p) the static mode results in a higher deposition rate
(number of Pt atoms per cycle) during the nucleation regime than
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Fig. 11 Experimental (a) and simulated (b-d) 2D GISAXS patterns, obtained at 32 ALD cycles. The assumed particle shapes for the calculations are
schematically represented in the top right corner of the images. Horizontal (e) and vertical (f) line profiles of the experimental (black data points) and
calculated (red curves) GISAXS patterns. The profiles were given an offset for clarity. The morphological parameters used for the simulations were
extracted from the optimized line profile simulations in Figure@ Ho = 6.30nm, 2Rg = 7.60nm, Dg = 9.51 nm, @, = 3.80. No size distributions are
taken into account.
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Fig. 12 Experimental (a) and calculated (b-d) 2D GISAXS patterns, obtained at 32 ALD cycles. The particle radius distributions are varied for the
simulated patterns and are represented in the top right corner of the images. Horizontal (e) and vertical (f) line profiles of the experimental (black
data points) and calculated (red curves) GISAXS patterns. The profiles were given an offset for clarity. The morphological parameters used for the
simulations were extracted from the optimized line profile simulations in Figure Ho = 6.30nm, 2Rg = 7.60nm, Dg = 9.51 nm, w, = 3.80.

the use of pump mode exposures. For larger Pt loadings, the XRF
curves follow the same trend, so the deposition rate becomes sim-
ilar. To investigate whether the precursor dosing mode only has
an effect on the amount of Pt that is deposited per cycle during
the formation of the initial nuclei or also during the coalescence
and growth stage, a mixed experiment (green triangles) was per-
formed during which the first 4 ALD cycles used static mode pre-
cursor exposures and the following cycles used pump mode pre-
cursor exposures. In this combination experiment the nucleation
occurs faster due to the first 4 ALD cycles that use static expo-
sures modes. However, after these initial cycles the amount of Pt
atoms that is deposited per cycle is lower than for the purely static
mode experiment. Thus the effect of the used precursor exposure
on the Pt deposition per cycle extends further than these first 4
ALD cycles.

The difference in nucleation behaviour between static and
pump mode might also induce a difference in morphology of the
Pt particles on the surface. As the GISAXS patterns reflect the
specific morphology on the surface, comparing them for the dif-
ferent exposure experiments will highlight the differences in mor-
phology of the Pt particles. Comparing the different experiments
as a function of ALD cycles leads to different GISAXS patterns
for all experiments (see Supporting Information), which is to be
expected since the same number of ALD cycles will not lead to
similar Pt loadings for the different experiments. Therefore, it is
more relevant to compare the GISAXS patterns of the three ex-

periments for similar Pt surface densities, see Figure[I4 Each
row represents a different experiment and the columns show pat-
terns that represent similar Pt surface densities on the surface for
the three experiments. The vertical and horizontal line profiles
of these GISAXS patterns can be found in the Supporting Infor-
mation. From these GISAXS patterns and line profiles it is clear
that a similar Pt loading leads to a similar scattering pattern, re-
gardless of the used exposure mode. This is a clear indication
that the surface morphology is not significantly influenced by the
deposition rate and the exposure mode that is used during the
process. This observation can be linked to the effect of surface
mobility that plays an important role on the morphology of the Pt
particles that are formed on the surface. As highlighted before,
the GISAXS pattern sequence clearly shows a continuous shift of
the main scattering peak towards lower qy values during the Pt
depositions. This shift can only be explained by a continuous
diffusion-driven coalescence 4048l Remarkably, it seems that dur-
ing the deposition at a substrate temperature of 300°C and for an
O,-based reactant the particle morphology is dominated by sur-
face diffusion and completely determined by the loading. Further
tuning of the morphology is possible by post-deposition anneal-
ing, which causes sintering of the particles, or using another
co-reactant during the deposition.12
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Fig. 13 (a) Pt surface density as a function of ALD cycles for three
experiments using different Pt precursor dose modes. RBS was used to
calibrate the in situ XRF data. (b) Detail of the nucleation stage. The
dotted horizontal lines correspond to the Pt loadings for which the in situ
GISAXS patterns are shown in Figure
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4 Discussion

4.1 Particle nucleation

Information about the behaviour of the Pt particles during the nu-
cleation stage can be obtained by analysing the evolution of the
main scattering peak during the initial ALD cycles. A theoreti-
cal monolayer of Pt is only obtained after 10 ALD cycles. During
these initial ALD cycles the resulting GISAXS pattern does not ex-
hibit secondary maxima and minima for the observable reciprocal
g-space, which makes it very difficult to accurately obtain a value
for the average particle height and radius. While the center-to-
center distance estimated from the relation D = 27/ gymax overes-
timates the distance, though only slightly for low Pt loadings (see
simulation for 12 ALD cycles in Figure[9), the evolution of the
main scattering lobe can still provide information about the parti-
cles that are deposited. After the main scattering peak appears it
shifts to higher gy values during the first 6 ALD cycles, indicating
a decrease of the mean particle distance and an increase in the
number of deposited nuclei on the surface. This is followed by
a shift to lower qy values after the 6™ ALD cycle, indicating that
there is a critical or saturated particle coverage that cannot be ex-
ceeded. The data gives an estimated saturated particle density of
N~1.8x10!2 nuclei/cm? after 6 ALD cycles, which is followed by
an increase in the center-to-center distance indicating a reduction
in the number of scattering nuclei due to coalescence. After the
saturated coverage is achieved small clusters will rather fuse with
existing islands instead of forming new stable nuclei. At the end
of the nucleation stage, at ca. 12 ALD cycles, the analysis yields
Pt clusters of a size of ca. 3 nm with an aspect ratio of 1:1 and a
center-to-center spacing of ca. 7 nm.

4.2 Particle growth and coalescence

After reaching the saturated particle coverage the main scattering
peak keeps shifting towards lower qy and higher q, values with
every GISAXS measurement and secondary maxima and minima
start to appear, which can be used to estimate the particle radius
and particle height. The appearance of secondary maxima and
minima on the main scattering peak and their shift to lower q
values correlates to an increase of the particle height with every
ALD cycle. The shift in qy of the main lobe indicates that the
center-to-center distance increases with every ALD cycle, which
is also obtained from the geometrical model (Figure@l). The
evolution of the horizontal secondary maxima and minima in-
dicates that the radius of the particles increases with every ALD
cycle and it seems that the particle width increases faster than
the particle height. All this is consistent with the growth and co-
alescence of the Pt nanoparticles. Generally, one can distinguish
two main coalescence mechanisms, a static and a dynamic coales-
cence mechanism.2Z71H73 A static coalescence mechanism means
that the formed nuclei grow until neighbouring islands start to
touch, which leads to merging of the islands into a larger particle
geometry. On the other hand, dynamic coalescence involves the
diffusion and adsorption of adatom clusters or small particles, and
can result in a laterally elongated particle geometry when the sup-
ply of material from the gas phase is smaller than the supply via
migrating surface species and clusters.#8 The in situ GISAXS data
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Fig. 14 In situ measured 2D GISAXS patterns for Pt surface densities of ~ 15, ~ 45, ~ 120, ~ 185, ~ 225 Pt atoms per nm? during three experiments,
using different Pt precursor dose modes: (a) static mode, (b) pump mode, and (c) static mode during the first 4 ALD cycles, followed by pump mode.
The number of performed ALD cycles to obtain the GISAXS pattern is labelled in every pattern. Horizontal and vertical cuts of these patterns are
compared in the Supporting Information.
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indicate that the Pt ALD process using O5 as a co-reactant is gov-
erned by a dynamic growth and coalescence mechanism. The end
of the nucleation stage — where the model yields ca. 3nm wide
Pt islands at a center-to-center spacing of ca. 7 nm, leaving a gap
of ca. 4nm between neighboring particles — is immediately fol-
lowed by a continuous increase in center-to-center distance and
hence a decrease in particle areal density. This can only be ex-
plained by diffusion-driven particle coalescence. Hence, our in
situ GISAXS and XRF method provides a powerful way to probe
surface mobility during the nucleation and island growth stages
of ALD processes and distinguish between static and dynamic par-
ticle growth and coalescence. Finally, as more Pt is added to the
surface the q, position of maximum scattering intensity shifts to
larger values, towards the expected value of a Pt surface, due to
the increase of the average density of the scattering volume. This
shift in g, exhibits a rapid increase around a surface density of
250 Pt atoms per nm? and based on the ex situ SEM micrographs
(Figure[3p) it coincides with a change in the morphology of the
Pt particles, transitioning from spherical shapes to more worm-
like particle shapes. Once these worm-like features appear the Pt
particles can no longer be approximated by spherical shapes and
the geometrical model is no longer used as more complex particle
shapes need to be assumed.

4.3 Influence of precursor dose

The standard precursor exposure mode in this work made use of
a high-exposure static pulse, which reached a pressure of 1 mbar
during the exposure. The influence of a low exposure mode, in
pump mode with a pressure of 6x10~3 mbar, was also investi-
gated to study its influence on the nucleation and island growth
behaviour of the ALD process. The higher exposure leads to faster
nucleation of the Pt nanoparticles, which is seen by the need of
20 ALD cycles to reach a theoretical monolayer of Pt with the low
exposure mode compared to 10 ALD cycles for the high exposure
mode. However, once the nucleation stage has ended both high
and low exposure modes lead to a similar growth curve, indicat-
ing that the difference for both exposure modes is mainly related
to the nucleation process. The combined exposure mode exper-
iment shows that this nucleation stage extends beyond the first
4 ALD cycles, because the growth curve after the initial 4 cycles
in this experiment starts to deviate from the purely high expo-
sure mode experiment. Next to its effect on the nucleation speed,
the use of different exposure modes might also influence the fi-
nal morphology of the deposited Pt particles. However, matching
the GISAXS patterns with similar Pt loadings from the different
experiments shows that a similar Pt loading results in a similar
scattering pattern and therefore a similar particle morphology on
the surface. The surface mobility of the Pt atoms seems to drive
the particles to a certain morphology, which depends on the Pt
surface density. Therefore, at a substrate temperature of 300°C
and using oxygen as the co-reactant an important parameter to
tune the morphology of the Pt particles is the loading.
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5 Conclusions

We investigated the nucleation and growth behaviour of Pt ALD
on planar SiO, substrates by combining in situ XRF and GISAXS
measurements. A simple geometrical model and fast analysis ap-
proach of the 2D GISAXS patterns was used and its validity was
verified by simulating the model with the IsGISAXS software and
comparing the results to the experimentally obtained scattering
patterns. This showed that the geometrical model and initial in-
put parameters obtained from the fast analysis provide a good
description of the Pt nanoparticles during the ALD process, be-
fore they start coalescing in irregular shapes.

Analysis of the 2D GISAXS patterns during the nucleation stage
indicates that in the initial stage new nuclei are formed until a
critical coverage is reached after 6 ALD cycles, estimated to be
N~1.8x10'2 nuclei/cm? which is in agreement with expected val-
ues from literature. Additional ALD cycles lead to an increase in
the center-to-center distance of the particles, indicating a reduc-
tion in the number of scattering nuclei due to diffusion-driven
coalescence. After this point the center-to-center distance keeps
increasing, as does the particle radius and height. For a coverage
above 250 Pt atoms per nm? the ex situ SEM micrographs reveal
that the Pt particles coalesce into irregular shapes, which coin-
cides with an abrupt increase of the q, position of the scattering
maximum in the 2D GISAXS pattern towards the expected q; po-
sition of a pure Pt surface.

Finally, the effect of a lower precursor exposure during the ALD
process is investigated. Using a lower precursor exposure results
in a remarkably slower nucleation process. However, once the
nucleation process is finished both precursor exposures lead to
similar slopes in the growth curves. It was found that while using
a larger precursor exposure leads to remarkably faster nucleation
it does not influence the particle morphology, instead the mor-
phology is determined by the Pt surface density that is reached
when oxygen is used as the co-reactant. These results prove that
combining in situ GISAXS and XRF measurements provides an ex-
cellent experimental strategy to obtain new fundamental insights
of the role of deposition parameters on the morphology of Pt ALD
depositions.
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