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ABSTRACT: Atomic layer deposition (ALD) of platinum (Pt) has gained
significant interest in the recent years due to its capability of depositing
various Pt nanostructures for applications in different fields, such as Pt
nanoparticles (NPs) for catalytic reactions and energy devices and Pt thin
films for microelectronic technology. Among various developed processes, Pt
ALD using MeCpPtMe3 as the precursor has been most popularly employed
owing to the high reactivity, volatility, and thermal stability of the precursor,
which enable controlled deposition of Pt nanostructures in a broad range of
temperatures. Typical MeCpPtMe3-based Pt ALD processes use O2 and H2
as the coreactants. In this study, we explore atomic hydrogen as an alternative
and reveal its exceptional reactivity that outperforms H2 and O2. Specifically,
atomic hydrogen enables the deposition of highly dispersed Pt NPs with
narrow particle size distributions (i.e., standard deviation <0.3 nm) on
various oxide surfaces, including TiO2, SiO2, CeO2 and V2O5, which is unattainable with H2 under identical experimental conditions.
In addition, it facilitates the deposition of Pt NPs with improved size uniformity and accelerates the closure of Pt films compared to
ALD processes using O2 as the coreactant. The results demonstrate a significant potential of atomic hydrogen as a highly effective
coreactant for ALD of Pt NPs and thin films.

■ INTRODUCTION
Platinum (Pt) is a noble metal known for its exceptional
catalytic activity,1,2 low electrical resistivity,3,4 and high thermal
stability.5,6 These distinctive properties make Pt suitable for a
wide range of applications, including catalysis,7,8 fuel cells,9,10

and advanced electronics.11,12 In catalysis, Pt is often utilized as
nanoparticles (NPs) on high-surface-area supports to maximize
the active surface area while minimizing the Pt usage.13,14

Therefore, atomic layer deposition (ALD) has been extensively
employed for depositing Pt NPs due to its ability to control the
particle size at the atomic level, which is enabled by the self-
limiting surface reactions in ALD.15−17

Pt ALD processes using MeCpPtMe3 as the precursor
typically employ oxygen (O2),

18,19 ozone (O3),
20,21 or

molecular hydrogen (H2)
22,23 as the coreactants. The oxy-

gen-based processes using O2 or O3 provide high reactivity
with MeCpPtMe3, resulting in more efficient deposition.

22,24

In addition, these processes are highly effective on a wide range
of substrates, such as oxides,18,25,26 nanocarbon,14,27 and
polymers.28 However, the use of oxygen can lead to platinum
oxide formation, especially at low temperatures.29 In contrast,
hydrogen enables the deposition of Pt with a higher purity.22 A
disadvantage of using H2 is, however, its limited reactivity for
the removal of the precursor ligands. In addition, the H2-based
ALD processes often result in an incubation period or poor

nucleation. This limitation restricts the effectiveness of H2-
based ALD of Pt, particularly on noncatalytic or inert
substrates.
Atomic hydrogen has been demonstrated as an excellent

coreactant that effectively facilitates the ligand removal, surface
reduction, and enhanced nucleation in ALD of metals such as
Mo,30 W,31,32 and Cu.33 Yao et al. found that H2 was
ineffective in removing precursor ligands in ALD of Cu using
Cu(I)-sec-butyl-2-iminopyrrolidinate (Cu(I)-sBu-IP) and Cu-
(I)-2-(tert-butylimino)-5,5-dimethyl-pyrrolidinate (Cu(I)-tBu-
IDMP).33 However, the use of atomic hydrogen not only
effectively removed the ligands from the surface and but also
reduced Cu(I) oxide to its metallic state. Similarly, van der
Zouw et al. reported that in ALD of Mo using MoCl2O2 as the
precursor, atomic hydrogen mitigated the nucleation delay,
extended the deposition temperature range, and enabled Mo
film growth on various substrates, including Si, SiO2, Si3N4,
SiC, Al2O3, HfO2, and SiOC.

30 Most recently, using density
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functional theory (DFT) calculations, Ta et al. compared the
removal efficiency of MeCpPtMe3 ligands by H2, O2 and
atomic hydrogen during the Pt ALD processes.34 The
calculation of reaction and activation energies for ligand
removal by each coreactant revealed a superior performance of
atomic hydrogen over the other two coreactants. In particular,
removing one of the CH3 groups from the MeCpPtMe3
precursor requires an activation energy of 1.83 eV with O2
and 1.94 eV with H2, primarily due to the energy needed to
dissociate these molecules. In contrast, the removal by atomic
hydrogen is mostly barrierless and spontaneous.34 In addition,
atomic hydrogen is found to be more effective in removing the
MeCp ligand than H2 and O2. These studies demonstrate a
great potential of atomic hydrogen as an efficient coreactant for
metal ALD.
In this work, we experimentally validate the advantages of

atomic hydrogen as a coreactant for Pt ALD using
MeCpPtMe3. Atomic hydrogen is generated by using hot-
wire technology,35,36 and the deposition is examined on
various oxide surfaces, including TiO2, SiO2, CeO2, and V2O5.
We demonstrate that atomic hydrogen enables highly uniform
deposition of Pt NPs with narrow particle size distributions
(PSDs) and standard deviations smaller than 0.3 nm across all
surfaces. In contrast, molecular hydrogen under similar
experimental conditions results in virtually no Pt deposition.
Additionally, atomic hydrogen outperforms O2 in facilitating
the faster film closure when deposited on Si/SiO2 wafers as
well as the deposition of Pt NPs with improved size uniformity.
Our results reveal a substantial potential of atomic hydrogen as
a highly effective coreactant for Pt ALD, which can be
extended to ALD of other metals.

■ METHODS
Chemicals, Materials, and Substrates. The Pt precursor

MeCpPtMe3 (purity ≥98%) contained in a stainless steel
bubbler was obtained from Strem Chemicals and used as
received. During the deposition, the bubbler was maintained at
70 °C via a heating jacket, while the line connecting the
bubbler to the reactor was kept at 80 °C to prevent
condensation of the precursor.
The oxide nanopowders used in this work, including TiO2,

SiO2, CeO2 and V2O5, were obtained from Evonik. The
nanopowder was first dispersed and crashed in an agate mortar
in ethanol, which was subsequently loaded onto a transmission
electron microscopy (TEM) grid (aluminum grid, QUANTI-
FOIL R 1.2/1.3 type, 3.05 mm in diameter) by drop-casting.
The same procedure was applied for every powder. The TEM
grids loaded with the nanopowders were used as the substrates
for studying the deposition of Pt on different oxide surfaces.
For the deposition on flat substrates, 4-in. Si wafers with 100
nm-thick thermally grown SiO2 were used. Prior to the
deposition, the wafers were cleaned by a stadard cleaning
process.
Generation and Verification of Atomic Hydrogen.

Atomic hydrogen was generated by hot-wire technology, in
which a hydrogen flow was passed through a hot W-filament
before entering to the reactor. At high temperatures, molecular
hydrogen molecules were dissociated into atomic hydrogen.
The presence of atomic hydogen was verified by the eching of
tellurium (Te) films. The experimental apparatus, the filament
temperature determination methods, the generation and
verification of the presence of atomic hydrogen are described
in detail in other studies.35−37 In this work, the filament was

maintained at 1750 °C and a constant H2 flow of 25 sccm was
used.
ALD of Platinum. The deposition of Pt was conducted in a

home-built single-wafer ALD system equipped with a hot-wire
module for the generation of atomic hydrogen, as described
elsewhere.35,36 Briefly, the system consisted of two reactors
(i.e., inner and outer). The volume of the inner reactor where
the substrate was located was 25 cm3. The hot-wire module
was mounted on the inner reactor, positioned a few
centimeters above the wafer surface in such a way that there
was no direct line-of-sight between the filament and the
substrate to ensure that its temperature did not affect the
sample.
For the deposition on oxide nanoparticles, the TEM grids

loaded with oxide nanopowders (TiO2, SiO2, CeO2, and V2O5)
were immobilized on top of a dummy Si wafer and transferred
into the reactor via a load-lock. Prior to every deposition, the
reactor was evacuated to a base pressure of ∼5 × 10−6 mbar.
The reactor allowed for controlling the pressure inside the
reactor by adjusting the opening of the throttle valve between
the reactor and the turbo pump. This enabled our study of the
deposition at different pressures. For all experiments, the Pt
precursor MeCpPtMe3 exposure time was fixed at 5 s, whereas
exposure time of the coreactant gas was fixed at 300 s. All the
depositions were conducted at 300 °C. We note that the
experimental apparatus is designed in such a way that the wafer
is well screened from the thermal radiation generated by the
hot filament. Therefore, the influence of the filament on the
substrate temperature is negligible.
An ALD cycle consisted of 8 steps, including four pumping

steps to control the pressure inside the reactor during the
deposition, which are commonly not used in conventional
ALD processes. In the first step, the reactor was evacuated to a
pressure of 5 × 10−6 mbar (step 1). Next, the Pt precursor was
introduced into the reactor for 5 s (step 2). During this step,
the vapor pressure of the precursor in the bubbler varied
slightly in the range between 1.0 and 1.2 mbar, whereas the
pressure inside the reactor was in the range of 3.0−5.0 × 10−5

mbar. After the precursor pulse, the reactor was evacuated
again to the pressure of 5 × 10−6 mbar (step 3), followed by
purging with a constant N2 flow of 50 sccm for 10 s (step 4).
Next, the reactor was evacuated to the pressure of 5 × 10−6

mbar (step 5) before introducing the coreactant (H2, H or O2)
into the reactor for 300 s under a constant gas flow of 25 sccm
(step 6). Such a long exposure time was needed to ensure that
the reactions were in the saturation regime. During this step,
the partial pressure of the coreactant was controlled by
adjusting the opening of the throttle valve between the reactor
and the turbo pump. Thereafter, the reactor was evacuated
once more to the pressure of 5 × 10−6 mbar (step 7), which
was eventually purged by N2 for 30 s with a constant N2 flow of
50 sccm in the last step (step 8). The evacuation in steps 3 and
7 as well as the long purge time in steps 4 and 8 were to ensure
no CVD contribution to the deposition. The total time for
each ALD cycle was approximately 600 s.
Materials Characterization and Analysis. Transmission

electron microscopy (TEM) images of the samples were taken
using a JEOL JEM1400 transmission electron microscope
operated at 120 kV. The number-based particle size
distributions of the Pt NPs were obtained by measuring the
projected diameter of the NPs manually using Gatan Digital
Micrograph software (Version 2.31.734.0). Field-emission
scanning electron microscopy (FE-SEM) images of the
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samples were obtained using a Zeiss Merlin high-resolution
FE-SEM system with a point resolution of 1.2 nm. The images

were acquired at a magnification of 500 K under an electron
high tension (EHT) voltage of 1.4 kV.

Figure 1. TEM images of the oxide surfaces after 5 ALD cycles using H2 at 300 °C and 1 mbar: TiO2 (a), SiO2 (b), CeO2 (c), and V2O5 (d).

Figure 2. TEM images of Pt NPs deposited by ALD using atomic hydrogen on different oxide surfaces after 5 ALD cycles at 300 °C with the
coreactant partial pressure of 1 mbar: TiO2 (a), SiO2 (b), CeO2 (c), and V2O5 (d).
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■ RESULTS AND DISCUSSION
ALD of Platinum Using MeCpPtMe3 and H2. Figures 1

and S1 (Supporting Information (SI)) show TEM images of
the oxide nanopowders (TiO2, SiO2, CeO2 and V2O5) after 5
cycles of Pt ALD at 300 °C using H2 as the coreactant with an
H2 partial pressure of 1 mbar. The results show that no trace of
the Pt NPs is found on any of the surfaces. As we will show
later, the ALD process using O2 and atomic hydrogen resulted
in a substantial deposition of Pt NPs on TiO2 after the same
number of ALD cycles at the same temperature and coreactant
partial pressure. The absence of Pt NPs when using H2 as the
coreactant indicates the lower efficiency of H2 in the removal
of the precursor ligands. This is consistent with the findings
reported by Gould et al.,22,38,39 who observed that the Pt
loading obtained for the O2-based ALD process was
significantly higher than that of the H2 counterpart for the
same MeCpPtMe3 exposure.
ALD of Pt Using Atomic Hydrogen and O2. For the

same MeCpPtMe3 exposure, the ALD process at 300 °C and 1
mbar using atomic hydrogen as the coreactant enables a
substantial deposition of Pt NPs on all surfaces. TEM images
of Pt NPs on TiO2, SiO2, CeO2, and V2O5 after 5 ALD cycles
are presented in Figures 2 and S2 (SI), indicating a uniform
distribution of highly dispersed Pt NPs across the entire
surface of the oxide nanoparticles. The particle size
distributions (PSDs) of Pt NPs on different surfaces are
presented in Figure 3. Each figure includes a histogram of the
PSD (left) and a box-and-whisker plot (right). The whiskers
represent the range from the minimum to maximum sizes,
while the box indicates the range from the 25th to the 75th
percentile of the distribution. The mean diameters of Pt NPs,
indicated by the solid squares in the boxes, are in the range
between 0.8 and 1.1 nm, whereas the standard deviations of Pt
NPs are in between 0.21 and 0.26 nm, as presented in Table 1.

The results indicate that the mean sizes of Pt NPs deposited on
different surfaces are comparable. The small standard
deviations quantitatively characterize the narrow PSDs
achieved by the atomic hydrogen ALD process, which is
attractive for e.g., catalystic applications. Remarkably, the PSD
of Pt NPs deposited on TiO2 with atomic hydrogen (Figure
3a) is significantly narrower than that obtained for the O2-
based ALD process, as demonstrated in Figures 4 and S3 (SI).
For the latter, the mean diameter and the standard deviation of
Pt NPs are 1.3 and 0.92 nm, respectively. The significantly
larger standard deviation indicates a high degree of
nonuniformity in particle size, as evidenced by the TEM
image. This observation suggests that atomic hydrogen
effectively suppresses the coarsening of Pt NPs, a phenomenon
commonly observed in Pt ALD using MeCpPtMe3 and O2.

40,41

ALD of Pt on SiO2/Si Wafers. For most applications in
electronic devices, continuous Pt films are highly desirable to
achieve high conductivity.26 However, when deposited on
oxide surfaces, such as Al2O3,

42 SiO2,
43 TiO2,

44 and SrTiO3,
45

Pt ALD follows the island-growth mode, which requires a large
number of ALD cycles to achieve a continuous film. For
example, Christensen et al.45 reported that on SrTiO3
substrate, the Pt film closure occurred after 40 ALD cycles,
while Lee et al.28 observed a 100% coverage of Pt on SiO2/Si

Figure 3. PSDs of Pt NPs deposited by ALD using atomic hydrogen on different oxide surfaces after 5 ALD cycles at 300 °C with the coreactant
partial pressure of 1 mbar: TiO2 (a), SiO2 (b), CeO2 (c), and V2O5 (d).

Table 1. Average Particle Size and Standard Deviation of Pt
NPs Deposited on Different Oxide Nanopowders Using
Atomic Hydrogen as the Co-Reactant

materials mean diameter (nm) standard deviation (nm)

Pt/TiO2 1.1 0.26
Pt/SiO2 1.0 0.26
Pt/CeO2 1.2 0.25
Pt/V2O5 0.8 0.21
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Figure 4. TEM image (a) and the corresponding PSD of Pt NPs (b) deposited on TiO2 by ALD using O2 at 300 °C with O2 partial pressure of 1
mbar after 5 ALD cycles.

Figure 5. SEM images of Pt deposited on SiO2/Si wafers at 300 °C with the coreactant partial pressure of 1 mbar for 25 ALD cycles by ALD using
O2 (a) and atomic hydrogen (b).

Figure 6. TEM images TiO2 nanoparticles after 5 ALD cycles at 300 °C and coreactant partial pressure of 0.5 mbar using H2 (a), O2 (b), and
atomic hydrogen (c). Figure d shows the PSD of Pt NPs deposited by the process using atomic hydrogen.
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substrate only after 400 ALD cycles. To enhance the
nucleation and achieve continuous films with fewer ALD
cycles, surface pretreatment of the substrate is often applied.
This can be done by exposing the substrate to plasmas,46 or to
chemicals such as trimethylaluminum (TMA),47 NH3,

48 or
precleaning the substrate in piranha solution prior to ALD.44

To explore the potential in ALD of continuous Pt films for
microelectronic devices, the deposition of Pt on SiO2/Si wafers
by ALD using atomic hydrogen was conducted. For a
comparison, the ALD process using O2 as the coreactant was
also carried out under identical experimental conditions. Figure
5 presents SEM images of the Pt deposited on SiO2/Si
substrates at 300 °C with the coreactant partial pressure of 1
mbar using O2 (Figure 5a) and atomic hydrogen (Figure 5b).
The O2-based ALD process results in the deposition of discrete
Pt NPs after 25 ALD cycles, indicating the island-growth mode
commonly observed for the thermal ALD of Pt on oxide
surfaces using either O2 or O3.

20,28,43 Remarkably, for the same
number of ALD cycles the ALD process using atomic
hydrogen results in a closed Pt film (i.e., film closure, Figure
5b). The SEM image in Figure 5b also indicates that the
nucleus density obtained by the atomic hydrogen process is
substantially higher than that obtained by the O2-based ALD
process, Notably, a previous study of van der Zouw et al.
demonstrated that the use of atomic hydrogen as the
coreactant completely diminished the nucleation delay in the
thermal ALD of Mo on a variety of oxide and nitride
substrates.30 Hence, it can be concluded that atomic hydrogen
strongly enhances the nucleation of Pt on the SiO2 surface,
which may arise from the generation of a high density of active
sites on the surface through its interaction with the substrate.
ALD of Pt at a lower coreactant partial pressure. Previous

studies demonstrated that O2 partial pressure strongly
influenced the nucleation and growth of Pt NPs in ALD
using MeCpPtMe3 and O2.

49,50 Mackus et al. observed that Pt
ALD on Al2O3 conducted at low O2 partial pressures (a few
mTorr) did not yield any Pt growth, even after extended
deposition of up to 1000 ALD cycles.50 At an increased O2
partial pressure of 0.1 Torr, Pt growth was achieved but with a
considerable nucleation delay of approximately 160 cycles.
This nucleation delay decreased rapidly with further increases
in the O2 partial pressure. The results from our Pt ALD on
TiO2 NPs at a coreactant partial pressure of 0.5 mbar (i.e.,
∼0.375 Torr) using H2, O2 and atomic hydrogen are presented
in Figures 6a−c and S4. Similar to the process at 1 mbar, no
deposition of Pt is achieved for ALD using H2 after 5 ALD
cycles (Figure 6a). At the same time, ALD using O2 results in
ultrasmall Pt NPs sporadically distributed on the TiO2 surface
(Figure 6b). This reflects the effect of O2 partial pressure on
the deposition of Pt. However, when atomic hydrogen is used,

a substantial deposition of Pt NPs is achieved (Figure 6c),
indicating the better performance of atomic hydrogen with
respect to H2 and O2 at the lower pressure. Nevertheless, a
pronounced effect of partial pressure on the deposition of Pt
NPs is also observed for atomic hydrogen. The PSD of Pt NPs
deposited at the partial pressure of 0.5 mbar (Figure 6d) shows
a broader distribution. The mean diameter of Pt NPs is found
to be 0.7 nm with a standard deviation of 0.35 nm. The smaller
particle size with the larger standard deviation compared to
those achieved by the deposition at 1 mbar suggests the higher
nonuniformity of the Pt NP size at the lower particle pressure.
Such an effect was previously observed for the Pt ALD process
using O2.

49 The decreased uniformity in particle size at the
lower partial pressure can be attributed to the slower ligand
removal rate due to the lower coreactant concentration, which
consequently facilitates the diffusion and coalescence of Pt
NPs.
The deposition of Pt on SiO2/Si substrates at the coreactant

partial pressure of 0.5 mbar is shown Figure 7. The O2-based
ALD process results in Pt NPs (Figure 7a) similar to the
deposition at 1 mbar, however, with a lower uniformity in
particle size. Notably, a closure of the Pt film is also achieved
for the ALD process using atomic hydrogen at this pressure
(Figure 7b). These results once again indicate that atomic
hydrogen can accelerate the closure of Pt films in ALD using
MeCpPtMe3 as the Pt precursor, demonstrating its great
potential for application in microelectronic technology.

■ CONCLUSIONS
In conclusion, by conducting experiments of ALD using
MeCpPtMe3 as the precursor in combination with H2, O2 or
atomic hydrogen as the coreactant, our work demonstrates the
excellent performance of atomic hydrogen for ALD of Pt NPs
and thin films. The use of atomic hydrogen enables the
deposition of highly dispersed Pt NPs with narrow PSDs
(standard deviation <0.3 nm) on different oxide surfaces, i.e.,
TiO2, SiO2, CeO2, and V2O5, which cannot be achieved by
using molecular hydrogen under identical experimental
conditions. This is highly relevant for catalytic applications.
In addition, it enables the deposition of Pt NPs with higher size
uniformity than that of the O2-based process. Importantly,
atomic hydrogen enhances the nucleation of Pt on Si/SiO2
substrate, thereby accelerating the film closure, which is
desirable for applications in semiconductor technology. Our
findings indicate that atomic hydrogen is highly reactive for
precursor ligand removal and strongly affects the nucleation of
Pt, which may pave the way for broader applications of atomic
hydrogen in ALD of Pt and other metals.

Figure 7. SEM images of Pt deposited on SiO2/Si wafers at 300 °C with the coreactant partial pressure of 0.5 mbar for 25 ALD cycles by ALD
using O2 (a) and atomic hydrogen (b).
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