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ABSTRACT: The growth of supported Pt nanoparticles at room temperature employing
a three-step atomic layer deposition (ALD) process, involving exposures to MeCpPtMe3,
O2 plasma, and H2 plasma, has been investigated. From spectroscopic ellipsometry and
transmission electron microscopy measurements it has been established that up to 300
cycles of ALD nanoparticles are formed by island formation and island growth. In situ
infrared spectroscopy has been used to obtain more insight into the surface chemistry by
determining which species are present at the surface during the different stages of
nucleation as well as within one ALD cycle. After precursor exposure the surface is covered
with a carbonaceous layer, originating from the precursor ligands or (de)hydrogenated
fragments thereof. Also adsorbed CO is present, which is already formed in the preceding
H2 plasma step. The O2 plasma removes both the carbonaceous layer and the CO.
Furthermore, the surface region of the nanoparticle is oxidized by the O2 plasma; i.e., PtOx
and Pt−OH are formed at the surface. The subsequent H2 plasma converts the PtOx back
into Pt and removes the Pt−OH. The oxidizing and reducing properties of the O2 and H2
plasma have also been observed through changes in free-carrier absorption. Overall, the
experiments resulted in a refined understanding of the reaction mechanism of Pt nanoparticles grown by ALD at room
temperature.

■ INTRODUCTION

In the past decade, atomic layer deposition (ALD) has become
a mainstream technique for the deposition of thin films, in
particular for the deposition of metal oxides and metal nitrides.1

ALD of metals, however, has been found to be quite
challenging. Particularly, the deposition of metallic films using
thermal ALD has only been achieved in a few cases.2 Thermal
ALD can be used to deposit several Pt-group metals, in which
the catalytic properties of the metal play a vital role in the
reaction mechanism.3 The deposition of Pt itself has been very
actively studied, and the process employing MeCpPtMe3 as
precursor and O2 gas as coreactant is by far the most used.3

From mass spectrometry,4 gas phase infrared spectroscopy,5

and in vacuo photoemission spectroscopy measurements,6 it
was concluded that during the steady-state growth three types
of reactions play a role at the catalytic Pt surface: (1)
dissociative chemisorption of the O2 gas molecule, (2)
combustion of carbonaceous species originating from the
precursor molecule, and (3) (de)hydrogenation reactions of the
precursor ligands. However, when growing the Pt on oxides,
the surface chemistry during the initial stages of growth is
different compared to the surface chemistry during steady state
growth of Pt. Initially, no Pt film or atoms are present, and film
growth starts by the formation of small islands of Pt atoms.
This Volmer−Weber growth, leading to Pt nanoparticles, is
caused by the difference in surface energy between the metal
and the oxide substrate. Also, the absence of the catalytic Pt can

play a role. As the number of ALD cycles increases, the islands
grow in size, after which they start to coalesce. Some particle
ripening can take place during this initial phase as well.7

Eventually, film closure occurs, and the growth continues as
layer-by-layer growth, typical for ALD.
For temperatures below 200 °C the aforementioned ALD

process for Pt does not yield growth on oxides, mainly due to a
lack of reactivity of the O2 gas to remove the carbonaceous
layer formed after the precursor dose.4,8 A coreactant with a
higher reactivity is therefore necessary at lower temperatures. It
has been shown that stronger oxidizing agents, e.g. ozone or an
O2 plasma, can be used to deposit metallic Pt at temperatures
down to ∼100 °C.9,10 At even lower temperatures, e.g. at room
temperature, strong oxidizing agents result in the deposition of
platinum oxide (PtOx), instead of metallic Pt.11 Therefore, in
the work of Mackus et al. a third step was added to the cycle of
the O2 plasma-based Pt ALD process to reduce the PtOx back
into Pt.12 H2 gas or a H2 plasma can both be used as reducing
agent, where the H2 plasma was found to have stronger
reducing properties in the initial stage of growth, resulting in
smoother films. This so-called ABC type of ALD process can be
used to deposit high quality metallic Pt films on temperature-
sensitive substrates, such as polymers, paper, and cotton
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fabric.12 The deposition of Pt nanoparticles at room temper-
ature is also possible with this process, as demonstrated by the
deposition of Pt nanoparticles on indium tin oxide/poly-
(ethylene naphthalate) (ITO/PEN) substrates to prepare
flexible dye-sensitized solar cells.13

In order to develop versatile deposition processes for metal
nanoparticles by ALD, it is important to learn more about the
growth of the nanoparticles and the underlying surface
reactions. So far, most studies on Pt ALD have focused on
the surface chemistry during layer-by-layer growth instead of
during the initial cycles when the nanoparticles are formed.
Furthermore, in most cases the results of indirect measure-
ments are used, meaning that either the reaction products or
the deposited Pt as a whole were studied. Within this study, the
aim is to study the surface chemistry of the ABC-type Pt ALD
process at room temperature directly, i.e., by measuring the
species present at the surface. Therefore, infrared measure-
ments have been done during the different stages of growth as
well as for the steps within one ALD cycle. From these
measurements it has been determined which species are present
at the surface during the ALD process, resulting in a refined
understanding of the reaction mechanism of Pt nanoparticle
growth by ALD at room temperature.

■ EXPERIMENTAL DETAILS
The Pt was deposited in a home-built plasma-assisted ALD
reactor.10 The ALD cycle consisted of a 5 s MeCpPtMe3
precursor dose (step A), followed by a 2 s O2 plasma exposure
(step B) and a 2 s H2 plasma exposure (step C). The
MeCpPtMe3 bubbler was heated to 30 °C, and the precursor
was dosed into the reactor by using Ar as carrier gas. During the
precursor exposure the pressure in the reactor was 1.5 × 10−2

mbar. The plasma was generated by an inductively coupled
plasma (ICP) source, and the pressure in the reactor during the
O2 and H2 plasmas was regulated to 1.5 × 10−2 mbar.
Sufficiently long pump and purge steps (3−10 s) were applied
in between the ALD steps to remove the reaction products and
the excess amount of precursor or coreactant from the reactor.
The depositions were carried out at room temperature, i.e.,
without wall and substrate heating.
The infrared setup consisted of a Bruker Vector 22 Fourier-

transform infrared (FT-IR) spectrometer with a mid-infrared
light source (Globar ∼10000−50 cm−1). An ∼500 μm thick
double-side polished Si(100) wafer (n-type, 30−50 Ω·cm) with
native oxide was used as substrate and placed vertically into the
IR beam, i.e., at normal angle of incidence. The intensity of the
transmitted IR light was measured using a liquid N2 cooled
mercury cadmium tellurium (MCT) detector (Bruker D316)
with a spectral range of 12000−550 cm−1. The Vector 22 as
well as the environment of the MCT detector was purged with
dry N2 gas. KBr windows were used as entry and exit windows
for the IR light. In order to prevent deposition on these
windows, shutters were installed and only opened during the
actual IR measurements. All IR measurements performed
within this work were an average of 1024 scans, and the
resolution was set to 4 cm−1. The infrared absorbances were
calculated by A = −log(I/I0), with I and I0 the measured
intensity of the sample and reference, respectively. Before each
measurement the reactor was pumped down to base pressure
(<5 × 10−6 mbar) in order to minimize contributions from gas
phase species to the absorbance.
Film growth was also monitored by in situ spectroscopic

ellipsometry (SE) using a J.A. Woollam Inc. M2000U visible

ellipsometer (1.2−5.0 eV) at an angle of incidence of 68°. The
SE measurements were carried out every 10 cycles, and the
dielectric constants and thickness were modeled using a B-
spline parametrization.14 Transmission electron microscopy
(TEM) studies were performed using a JEOL ARM 200F,
operated at 200 kV in high angle annular dark field (HAADF)
scanning TEM (STEM) mode. Si3N4 TEM windows were used
as substrates on which ∼3 nm Al2O3 was deposited by ALD
prior to the deposition of Pt, a surface yielding similar Volmer−
Weber-type growth as on the native oxide-covered Si wafers
used during the IR measurements.15

■ RESULTS

Nanoparticle Growth. Spectroscopic ellipsometry (SE)
and transmission electron microscopy (TEM) were applied to
study the nucleation of Pt ALD at room temperature on the
oxide-covered substrates. This was mainly done to determine
when the nanoparticles start to coalesce and form a closed
layer. Figure 1a shows the thickness of the deposited Pt versus
the number of ALD cycles as determined from the in situ SE

Figure 1. (a) Pt thickness as a function of the number of cycles for the
room temperature ALD process of Pt on SiO2, as determined from in
situ spectroscopic ellipsometry. The inset shows the precursor and
coreactants employed in the Pt ALD process. (b) Top view TEM
images that show the Pt nanoparticle size and surface coverage during
four different stages of the nucleation. The Pt was deposited on Si3N4
TEM windows covered with ∼3 nm Al2O3.
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measurements. This nucleation curve has been complemented
with four top view TEM images during different stages of the
nucleation (I−IV), as depicted in Figure 1b. Initially, the
formation of small islands of Pt atoms takes place (as shown in
image I). The islands reach an average particle size of 0.9 ± 0.4
nm after 25 cycles. With increasing number of cycles the islands
grow in size (image II). In this stage, no new particles are
created, as the density remains the same. Above 80 cycles of
ALD, the Pt islands start to coalesce (image III), and hereupon
the SE growth curve continues linearly with a growth per cycle
of 0.36 Å, similar to the value of 0.37 Å as reported earlier.12

Around 300 cycles film closure occurs (image IV). From 300
cycles onward the surface is fully covered with Pt, and the
growth can be characterized by layer-by-layer growth.
Table 1 gives the results of a quantitative analysis of the TEM

images, including the average particle diameter and surface

coverage for various number of ALD cycles. From this data it is
also clear that the average diameter of the nanoparticles
increases with the number of ALD cycles. Note that above 100
cycles the nanoparticles coalesce, and therefore the size of the
particles becomes undefined.
Surface Chemistry. In situ FT-IR spectroscopy has been

applied to study the growth of Pt during the different stages of
the nucleation. First, the absorbance at 750 cm−1 of the
deposited Pt as a function of the numbers has been
investigated. It is known that part of the IR light gets absorbed
in metallic Pt due to free-carrier absorption (also known as
Drude absorption).16,17 Figure 2 shows the absorbance of the
Pt at 750 cm−1 as a function of the number of Pt ALD cycles,
with 40 cycles of ALD as a reference (see inset). As can be seen,
up to 175 cycles no change in the absorbance is observed. From
200 cycles onward the deposited Pt starts to absorb
significantly. This can be attributed to the fact that the
(coalesced) particles are big enough to induce free-carrier
absorption.
Figure 3 shows the absorbance as obtained after either (a)

the precursor step, (b) the O2 plasma step, or (c) the H2
plasma step after carrying out a certain number of ALD cycles
(40−175 cycles). For each absorbance, the reference spectrum
(I0) was recorded prior to the ALD step, while the sample
spectrum (I) was recorded afterward. As the number of cycles
is increased from 40 to 175, the baselines are not horizontal but
become tilted due to changes in free-carrier absorption. For
both the precursor and O2 plasma step the baselines have a
downward slope with decreasing frequency, meaning less free-
carrier absorption. During the precursor exposure the particles
become less metallic due to coadsorbed species, e.g., precursor

ligands. During the O2 plasma the surface region of the
nanoparticles gets oxidized, and metallic Pt is converted into
nonmetallic PtOx. For the H2 plasma step the opposite effect is
present. The H2 plasma reduces the Pt surface region of the
nanoparticle and converts the PtOx into Pt; i.e., the surface
region becomes metallic. Consequently, more free-carrier
absorption occurs at low IR frequencies after the H2 plasma
step and hence an upward slope of the baseline.
Figure 4 shows the absorbance spectra of the individual steps

within the ALD cycle taken during the 125th cycle. These
absorbance spectra have a slightly higher signal-to-noise ratio
compared to Figure 3. The spectra show several spectral
features: (1) Around 2900 cm−1 some traces of CxHy groups
are weakly visible after the precursor dose, which are removed
during the O2 plasma step. These CxHy groups are remaining
carbonaceous fragments of the precursor ligands.5 (2) The peak
at ∼1020 cm−1 is related to Pt−OH and corresponds to the
bending mode of OH groups.18 These groups are formed
during the O2 plasma step and are removed by the H2 plasma
exposure. Closely related to this peak is the broad Pt−OH
stretch peak visible around 3620−3200 cm−1.19 The resonance
frequency of Pt−O itself is around ∼430 cm−1, which lies
outside the spectral range that can be probed with the FT-IR
setup.18 (3) The peak around 2080−1940 cm−1 is formed
during the H2 plasma step. It becomes shifted after the
precursor step and is removed during the O2 plasma step and
not during the precursor step. This peak is related to linearly
adsorbed CO on metallic Pt (abbreviated as COL), i.e., CO
attached to a single Pt atom.20 The peak shift after the
precursor dose can be attributed to adsorption of other
molecules, e.g., precursor and carbonaceous species, on the Pt
nanoparticles or in their close vicinity. The adsorption of such
species changes the local electronic environment of the CO,
which induces a shift of the CO resonance frequency as also
described by Primet.21 In other words, CO present at a clean Pt
surface has a resonance frequency of 2060 cm−1, while the peak
shifts toward ∼1990 cm−1 for a Pt surface with additional
coadsorbed species. In addition, at ∼1800 cm−1 a small bump is
visible in the spectra, which is related to bridged CO
(abbreviated as COB), i.e., CO attached to two or more Pt
atoms.20 (4) After the precursor step and H2 plasma the spectra

Table 1. Quantitative Analysis of TEM Images, Including
Those Displayed in Figure 1b, Yielding the Average Particle
Diameter and Surface Coverage as a Function of the
Number of ALD Cyclesa

no. of ALD cycles diameter (nm) coverage (%)

25 0.9 ± 0.4
50 1.8 ± 0.7 2
75 3.0 ± 1.0 8
100 4.7 ± 1.3 24
150 70
300 99

aAbove 100 cycles of ALD an average particle diameter cannot be
determined due to coalescence.

Figure 2. Absorbance at 750 cm−1 for Pt as a function of the total
number of ALD cycles. Up to 175 cycles no changes can be observed,
while from 200 cycles onward the deposited Pt starts to absorb
significantly due to free-carrier absorption. The reference spectrum
was recorded after 40 cycles of ALD as shown by the inset. The line
serves as a guide to the eye.
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show the presence of gaseous H2O present in the reactor as
indicated by the peaks at 3900−3600 and 1800−1400 cm−1.
During the O2 plasma step these peaks are less pronounced.
From the peak assignments in Figure 4 and the data of Figure

3 it is clear that both the CO and Pt−OH peak areas increase
with increasing number of cycles. This indicates that more sites
become available for CO and OH to adsorb onto when the Pt
nanoparticles grow in size. To determine how much CO is
present at the surface after the H2 plasma, additional
experiments were performed using CO gas. When CO gas is
introduced into the reactor after the O2 plasma, the oxidized
surface of the Pt nanoparticle will be reduced. This reduction
reaction takes place through a Langmuir−Hinshelwood
process, where the CO first gets adsorbed on an empty Pt

site and sequentially reacts with the oxygen present at the
surface:22,23

⇌CO(g) CO(ads)
Pt

(1)

+ →CO(ads) O(ads) CO (g)
Pt

2 (2)

It is assumed that due to the excess amount of CO molecules
dosed into the reactor, the surface is completely reduced, and
eventually CO gets adsorbed at all available Pt sites. We define
this coverage as 100% CO coverage. The integrated CO peak
area of the absorbance spectrum, corresponding to 100%
coverage, was determined to be 0.33 cm−1. The integrated peak
area of the CO formed during the H2 plasma step is 0.05 cm−1,
which translates to a CO coverage of 15% after the H2 plasma
step. For Pt(111) this would correspond to a coverage of 0.1
ML, or 1.6 × 1014 molecules/cm−2.24

To determine whether the 15% CO coverage impedes the
growth during the precursor exposure, O2 gas is dosed into the
reactor as a fourth ALD step after the H2 plasma. Even at room
temperature the Pt dissociates the O2 molecule,25,26 forming
adsorbed atomic oxygen which reacts with the adsorbed CO by
forming gaseous CO2 via the aforementioned Langmuir−
Hinshelwood process:22,23

⇌O (g) 2O(ads)2
Pt

(3)

+ →CO(ads) O(ads) CO (g)
Pt

2 (4)

These reactions show that CO can be removed by introducing
O2 gas. The nucleation behavior for this four-step Pt ALD
process has been monitored with SE (not shown). The
nucleation delay is similar to the one in Figure 1; i.e., it takes
around 35 cycles to start depositing Pt on the substrate. The
growth rate is 0.36 Å/cycle, which is the same as without the
additional O2 gas step applied in each cycle. This indicates that
removing the CO from the surface does not change the

Figure 3. Absorbance spectra of (a) the precursor step, (b) the O2
plasma step, and (c) the H2 plasma step for various numbers of ALD
cycles (40−175 cycles). The reference spectrum for each absorbance
was recorded prior to the ALD step. Note: a vertical offset was added
to the spectra for clarity.

Figure 4. Absorbance spectra of the individual steps within the ALD
cycle taken during the 125th cycle. The graphs (a), (b), and (c) show
the results of the precursor, O2 plasma, and H2 plasma exposure,
respectively. As each reference spectrum was recorded prior to the
ALD step, the absorbances reveal which species are formed and
removed from the surface as indicated. COL is linearly adsorbed CO,
and COB is bridged CO.
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nucleation or growth of Pt nanoparticles. In other words, 15%
CO coverage does not seem to impede the growth.
Furthermore, due to the excess amount of O2 dosed during
the fourth step in this ALD cycle, the surface is (partially)
covered with atomic oxygen during precursor exposure.
Supplying additional oxygen could enhance the combustion
reactions during the precursor step. However, as no enhanced
nucleation or growth has been observed, it can be concluded
that providing additional oxygen to the Pt surface prior to the
precursor exposure is not beneficial for the growth of Pt
nanoparticles at room temperature.

■ DISCUSSION
The presented IR measurements provide direct information
about the species present at the surface of the Pt nanoparticles
after various ALD steps. These results enable us to refine the
view of the surface chemistry during Pt ALD at room
temperature. Figure 5 schematically shows the surface after

the precursor (step A), O2 plasma (step B), and H2 plasma
exposure (step C). After precursor exposure in step A the
surface of the nanoparticle is covered with carbonaceous species
(CxHy) originating from the precursor ligands and some CO
which originates from the previous H2 plasma step. During the
O2 plasma exposure in step B the carbonaceous species and CO
are removed. As mentioned before, less formation of H2O has
been observed during the O2 plasma step compared to the
other two steps, which suggests that only a small concentration
of hydrogen is present at the surface after precursor exposure.
This indicates that an effective (de)hydrogenation of the
precursor ligands take place during precursor exposure.
Nonetheless, some hydrogen is still present, as the surface is
partially covered with OH groups after the O2 plasma exposure.
The H2 plasma reduces the surface region of the nanoparticle
and converts the PtOx into Pt as is indicated by the changes in
free-carrier absorption. The OH groups are most likely
removed in the form of H2O during the H2 plasma as gaseous
H2O is observed in the absorbance spectra of the H2 plasma
step. Also, some CO is formed and is adsorbed on the Pt
surface.
The absorbance of both OH and CO increases with

increasing number of cycles, indicating that more CO and
OH are present at the surface as more sites become available
when the Pt nanoparticles grow in size. The exact origin of the
CO is unknown at this moment. However, residual CO2 gas
present in the reactor could be dissociated into CO and O
within the H2 plasma or via electrosorption at the Pt surface.27

In both cases Pt sites at the surface can get covered by CO. In
addition, carbonaceous species remaining at the reactor wall
due to incomplete removal of the precursor ligands could play a
role in the formation of CO.

■ CONCLUSION
The growth of supported Pt nanoparticles by ALD has
successfully been investigated by surface infrared spectroscopy
and resulted into new insights about the reaction mechanism
during ALD of Pt at room temperature. We were able to
directly measure which infrared-active species were present at
the surface during different stages of the growth as well as
within one ALD cycle. The formation of a carbonaceous layer
during the precursor exposure was observed, as CxHy groups
were measured. The O2 plasma combusts these carbonaceous
species. At the same time, the surface region was oxidized, i.e.
PtOx formation, and some OH groups were formed at the
surface. These OH groups were removed during the H2 plasma.
In addition, the PtOx was reduced into Pt, and CO was formed
at the surface. The exact origin of the CO is unclear, but CO2
dissociation in the plasma or via electrosorption might be
possible explanations. Furthermore, it was established that the
CO coverage was about 15% and that it does not impede the
growth as no increased growth rate was observed after
removing the CO.
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