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Nucleation and growth of Pt atomic layer deposition on Al,O; substrates
using (methylcyclopentadienyl)-trimethyl platinum and O, plasma
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The nucleation and growth of Pt atomic layer deposition (ALD) on Al,O; substrates was studied
using (methylcyclopentadienyl)-trimethyl platinum (MeCpPtMe;) and O, plasma as the reactants.
The nucleation of Pt ALD was examined on Al,O; ALD substrates at 300 °C using a variety of
techniques including spectroscopic ellipsometry, x-ray reflectivity, x-ray photoelectron spectroscopy,
and scanning electron microscopy. These techniques revealed that Pt ALD does not nucleate and
grow immediately on the Al,O; ALD substrates. There was negligible Pt ALD during the first 38
ALD cycles. The Pt ALD growth rate then increased substantially during the next 12 ALD cycles.
Subsequently, the Pt ALD growth rate reached a steady state linear growth regime for >50 ALD
cycles. These measurements suggest that the Pt ALD first forms a number of nanoclusters that grow
slowly during the first 38 ALD cycles. These islands then merge during the next 12 cycles and yield a
steady state Pt ALD growth rate of ~0.05 nm/cycle for >50 ALD cycles. The Pt ALD film at the
onset of the steady state linear growth regime was approximately 2-3 nm in thickness. However, the
SEM images of these Pt ALD films appeared corrugated and wormlike. These films also had a
density that was only 50-70% of bulk Pt. Film densities that were consistent with bulk Pt were not
observed until after >100 ALD cycles when the Pt ALD films appeared much smoother and were
4-5 nm in thickness. The Pt ALD nucleation rate could be enhanced somewhat using different O,
plasma parameters. © 2011 American Institute of Physics. [doi:10.1063/1.3555091]

. INTRODUCTION precursors may also contain ligands that bind to the oxide
substrate and block adsorption sites.*> Consequently, there
have been very few reports of the ALD of continuous and
conformal ultrathin metal films on oxide substrates. One of
the most favorable systems is W ALD on Al,O5 substrates
where a continuous and conformal W ALD film is obtained
after 8-10 ALD cycles.®™®

Despite the difficulties, there are many motivations to
deposit continuous and conformal ultrathin metal films using
ALD. For example, various precious metals used in catalysis
need to be employed as efficiently as possible to reduce
costs. An ultrathin metal film on a high surface area support
would be a very cost effective catalytic substrate. In addition,
continuous metal films are important in applications in corro-
sive environments where the underlying support material
would be chemically damaged unless the metal covers the
entire support. Continuous ultrathin metal films are also im-
portant for fabricating thin film architectures in magnetics
and coatings for nanoelectromechanical systems.

Platinum is a precious metal that has many uses in cataly-
sis and electrochemistry. For example, platinum is one of the
best catalytic surfaces for the oxidation and reduction reactions
in fuel cells.”'® Recent research has suggested that ultrathin
conformal Pt films on a high surface area support will exhibit
significantly higher area-specific activity for the oxygen reduc-
tion reaction than an equivalent surface area of Pt nanopar-
ticles.”'' The ALD of Pt films can be achieved using

Atomic layer deposition (ALD) is a thin film growth
technique utilizing sequential self-limiting surface reactions
to deposit films with atomic layer control that are usually
extremely conformal to the initial substrate.'> However,
there are some prominent exceptions. The nucleation of
metal ALD on oxide substrates is very challenging because
metals do not easily wet oxide substrates.” Consequently,
metal ALD on oxide substrates generally results in a disper-
sion of metal nanoclusters that will form a continuous film
only when the metal islands have grown together after
numerous ALD cycles. The nonconformality of metal ALD
on oxide substrates is linked to the higher surface energy of
the metal film relative to the oxide substrate.” Given a suffi-
cient metal atom mobility, the metal atoms will diffuse to
form metal nanoclusters to minimize the system energy.

In addition to the difficulty of the wetting of the metal
ALD film on oxide substrates, achieving nucleation of the
metal ALD film on oxide substrates is also extremely diffi-
cult. As a result, many ALD cycles are typically required to
observe any metal deposition on oxide substrates. This diffi-
culty is related to the absence of the proper surface species
to react with the precursors used for metal ALD. The metal
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(methylcyclopentadienyl)-trimethylplatinum (MeCpPtMes) and
0,."% Since the original report of this Pt ALD process, many
studies have utilized this surface chemistry for a variety of
applications.'* ' However, this Pt ALD chemistry does not
yield continuous and conformal films as is typical for ALD film
growth. Pt ALD growth on oxide substrates is characterized by
the deposition of dispersed nanoclusters and requires numerous
ALD cycles for the initial nucleation and growth of the Pt film.

Recently, plasma Pt ALD using MeCpPtMe; and O,
plasma has been reported to yield Pt films that nucleate and
grow much more rapidly on SiO, than Pt ALD films grown
using thermal chemistry.?*** The in situ spectroscopic ellips-
ometry (SE) studies that were employed in this earlier work
suggest that the Pt ALD process using MeCpPtMes; and O,
plasma nucleated and grew from nearly the first ALD cycle.
In this paper, the nucleation and growth of Pt ALD on Al,O3
ALD surfaces using MeCpPtMe; and O, plasma as reactants
is explored utilizing a combination of SE, x-ray reflectivity
(XRR), x-ray photoemission spectroscopy (XPS), and scan-
ning electron microscopy (SEM). These combined techni-
ques clarify the details of Pt ALD nucleation and quantify
the thickness at which the Pt ALD film is truly continuous on
the underlying Al,Oj3 substrates.

Il. EXPERIMENTAL

A series of Pt ALD films were grown on Al,O3; ALD
substrates at Eindhoven University using 1, 5, 10, 25, 38, 50,
68, 75, 88, 100, 125, 150, 200, and 300 ALD cycles. The Pt
films were deposited at 300°C using alternating doses of
MeCpPtMe; and O, plasma.**** The Al,O; ALD substrates
were grown using trimethylaluminum and O, plasma.** The
thickness of the Al,O; ALD films grown on Si wafers was
~50 nm. The Pt ALD films were deposited in a reactor
equipped with an inductively-coupled plasma (ICP) source
that has been described previously in detail. >

The reactor was pumped by a turbomolecular pump that
was backed by a rotary vane mechanical pump. This pump-
ing system was capable of evacuating the reactor to a base
pressure of <1 x 107> Torr. During the MeCpPtMes doses,
the gate valve to the pump was closed to maximize usage of
the Pt precursor. The MeCpPtMe; (98% purity from Sigma
Aldrich) was held at 70°C in a sealed vessel and vapor
drawn into the reactor. After the Pt precursor exposure, the
gate valve was opened to evacuate the reactor. O, gas was
then flowed through the deposition chamber at 7 mTorr
while the 100 W plasma power was applied for 0.5 s.

Another series of Pt ALD films were grown on Al,O;
ALD substrates at the University of Colorado. The reactor
consisted of a small chamber connected to an ICP plasma
source (Litmus Blue, Advanced Energy). The small chamber
had several ports for precursor dosing and one port for
pumping via a rotary vane mechanical pump. In these growth
experiments, Pt ALD films were deposited at 200 °C using
the MeCpPtMe; and O, plasma. The O, plasma exposures
were performed using an oxygen pressure of 0.3 Torr, an
ICP RF power of 600 W, and a 5 s plasma exposure time.

Ex situ variable-angle SE measurements were recorded
at Eindhoven University on a J.A. Woollam, Inc. M2000D
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ellipsometer at photon energies between 0.75-6.5 eV as
described earlier.”>?®*’ The Pt film was modeled using a
Drude-Lorentz parameterization in which the Drude term
accounts for the intraband absorption at low photon energies
by conduction electrons. XRR measurements were recorded
at the University of Colorado on a Bede D1 diffractometer
from Bede Scientific Ltd. using Max-flux optics (Osmic,
Inc). The x-ray wavelength from the Cu Ko x-ray tube was
1.54 A. XRR was performed with 0.5 mm source and detec-
tor slits and a channel-cut-crystal inserted in the incident
beam. The Bede REFS software was used to fit the XRR
data and determine the density and thickness of the Pt films.

A PHI 5600 x-ray photoelectron spectrometer was used
to obtain the XPS spectra of the Pt film samples at the Uni-
versity of Colorado. Monochromatic Al Ko X-rays at 1486.6
eV were used for the XPS analysis. The pass energy was
58.7-93.9 eV and the step size was 0.250-0.400 eV. An elec-
tron beam neutralizer was employed at 17.8 mA. Data was
collected with Auger Scan (RBD Enterprises, Inc., Bend,
OR). XPS data was analyzed in CASA XPS (Casa Software
Ltd, UK). The XPS spectra were calibrated by setting the ad-
ventitious carbon peak to a binding energy of 285 eV. Peak
fits for the Pt 4d and Al 2s peaks were obtained using a linear
background and 70:30 Gaussian:Lorentzian peaks.

SEM was performed on a Zeiss Ultra 55 microscope at
General Motors. This microscope was equipped with a field-
emission gun and could operate at various accelerating vol-
tages. All SEM images were recorded using an accelerating
voltage of 1 kV and an in-lens secondary electron imaging
mode. The contrast was low and images needed to be
recorded quickly before the contrast was lost. This loss may
have been caused by electron beam-induced deposition of
adventitious carbon. Tests with blank samples confirmed that
the images were real and not artifacts of instrumental noise.

lll. RESULTS AND DISCUSSION
A. Spectroscopic Ellipsometry

Figure 1 shows the Pt ALD film thickness versus the
number of ALD cycles from 50 to 200 cycles as determined
by ex situ SE at Eindhoven University. The thicknesses for
each sample are also listed in Table I. The SE measurements
reveal that the Pt ALD growth rate is approximately linear
after 50 cycles. The measured growth rate of ~0.05 nm/cycle
is consistent with the previously reported growth rate of
0.047 nm/cycle for the MeCpPtMe; and O, plasma pro-
cess.”? This growth rate is also consistent with the growth
rate of ~0.05 nm/cycle reported for thermal Pt ALD using
MeCpPtMes and O, gas.'?

A linear fit of the Pt ALD film thicknesses versus the
number of ALD cycles appears to pass through the origin.
This observation suggests that the MeCpPtMe; and O,
plasma Pt ALD process has very little or no nucleation delay
on Al,O; ALD substrates. However, an earlier in situ SE
study observed a short nucleation period through the first 50
cycles followed by linear growth.?” Due to uncertainty in the
modeling of ellipsometry spectra of metal nanoclusters on
dielectric surfaces, SE exhibits some difficulty in making
reliable determinations of the thickness and morphology of

Downloaded 27 Apr 2011 to 131.155.110.244. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



084333-3 Baker et al.
= S B B B B B e
| MeCpPtMe; / O, Plasma |
300°C, Ellipsometry
10 .0 -
[ L e J
£ -
3 8 - —
15 - @ 4
o & o ]
= | L i
= .®
g 4+ o ® |
E .
2+ . —
(1] - R B B B B
0 50 100 150 200
Number of ALD Cycles

FIG. 1. (Color online) Pt film thickness determined using SE vs number of
ALD cycles for Pt ALD films grown on Al,O3 using MeCpPtMe; and O,
plasma at 300 °C.

metal films during the first few nanometers of film growth.?’
Therefore, the Pt ALD thicknesses for the films grown using
1,5, 10, 25, and 38 Pt ALD cycles are uncertain and are not
shown in Fig. 1.

B. X-ray Reflectivity

Each of the Pt ALD films measured by ex situ SE was also
analyzed using ex situ XRR analysis. In principle, XRR can be
used to determine the thickness and density of Pt ALD films
ranging in thickness from 0.2 to over 50 nm. The XRR model-
ing assumes that the films are continuous and the material inter-
faces present in the sample can be represented by an interfacial
region with finite roughness in which the electron density is a
composite of the interfacing layers in the film.® XRR scans for
Pt ALD films grown using 38, 50, 100, and 200 cycles are
shown in Fig. 2. An XRR scan is also displayed for the initial
Al,O3 ALD substrate. The initial Al,O; ALD substrate had a
thickness of 51-52 nm with surface roughness < 1 nm RMS.
The periodic oscillations with a period of ~300 arc sec result
from x-ray interference in the AlL,O; ALD film. The Pt ALD
film thicknesses that were determined by modeling all of the
XRR scans are listed in Table 1.

J. Appl. Phys. 109, 084333 (2011)
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FIG. 2. (Color online) XRR scans for Pt ALD films grown using 0, 38, 50,
100, and 200 ALD cycles on Al,O3 using MeCpPtMe; and O, plasma at
300°C. The summary of all the XRR scans for the various Pt ALD films
grown using different numbers of ALD cycles is given in Table 1.

As the Pt ALD film thickness increases, a modulation
appears in the XRR scans that increases in frequency for the
thicker Pt ALD films. For example, the x-ray interference
minima at approximately 6500 arc sec in the XRR scan for
the Pt ALD film growth using 50 cycles indicate a film thick-
ness of 2.61 nm. The XRR scans also reveal the densities of
the Pt ALD films that are included in Table I. The densities
are generally lower in the initial nucleation region. The Pt
ALD film density reaches >95% of the Pt bulk density for
>100 cycles. Table I also shows the adjusted XRR thickness
obtained by multiplying the measured XRR thickness by the
fraction of the bulk Pt density as determined by the XRR
analysis.

Figure 3 shows the Pt ALD thickness determined by
XRR measurements versus the number of ALD cycles. The
thickness is negligible for 5, 10, 25, and 38 ALD cycles.
Figure 2 reveals no interference fringes for the Pt ALD film

TABLE I. Summary of the SE thickness, XRR thickness, XRR density % of bulk Pt, density-adjusted XRR thickness and XPS thickness for films grown on

Al,O5 vs number of ALD cycles using MeCpPtMe; and O, plasma at 300 °C.

SE thickness XRR thickness XRR Density Adjusted XRR XPS Thickness
Cycles (nm) (nm) % Thickness (nm) (nm)
25 0.01 93 0.01 0.04
38 0.17 85 0.14 0.29
50 2.25 2.61 55 1.44 0.97
68 3.59 3.38 70 2.37 1.93
75 4.04 3.77 74 2.79 2.07
88 4.13 4.16 81 3.37 2.61
100 4.7 4.58 93 4.26 3.39
125 5.89 5.78 97 5.61
150 7.31 6.91 98 6.77
200 10 9.95 96 9.55
300 15.5 14.6 97 14.16
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FIG. 3. (Color online) Pt film thickness determined using XRR scans vs
number of ALD cycles for Pt ALD films grown on Al,O3 using MeCpPtMe;
and O, plasma at 300 °C.

after 38 cycles. However, there are differences between the
XRR scans for the initial Al,O3 substrate and for the sub-
strate after 38 cycles. These differences suggest the presence
of a perturbing high density material after 38 cycles. The
film thickness determined by XRR increases abruptly after
38 ALD cycles and then increases linearly after 50 ALD
cycles. A similar progression of the Pt ALD film thickness
through 50 ALD cycles was also observed by the earlier SE
measurements.>> However, the transition was not as abrupt
for the SE measurements.

C. X-ray Photoemission Spectroscopy

The Pt ALD film samples were analyzed using XPS to
assess the surface composition and to determine the film
thickness using the Thickogram model.?” The photoemission
peaks of the Al 2p and Pt 4f orbitals, which are commonly
used in Al and Pt analysis, have a significant overlap. There-
fore, the Al 2s peak with a binding energy at 118 eV and the
Pt 4d peak with binding energies at 315 and 333 eV were
used for the XPS analysis. The relative atomic fractions on
the surface of the growing film were calculated using the fol-
lowing equations:

I Ly I
Relative Al 2s XPS at% — (i’) / (ﬁ + ﬂ) (1)
SAl SAl Spt

I Ly 1
Relative Pt 4d XPS at % — (ﬁ> / (i’ + ﬂ) )
Spi Sar Spe

14 and Ip; are the measured peak intensities for the Al 2s
and Pt 4d XPS peaks. Sx; =0.753 and = 19.1 are the sensi-
tivity factors for the Al 2s and Pt 4d XPS peaks from the
CASA XPS software. The plot of the relative XPS atomic
fractions of Al and Pt versus the number of ALD cycles is
shown in Fig. 4.

The relative Al and Pt atomic fractions on the surface
indicate Pt ALD film growth which qualitatively agrees with
the Pt ALD film growth revealed by the XRR analysis. Very
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FIG. 4. (Color online) Relative XPS atomic fraction of Al and Pt vs number
of ALD cycles for Pt ALD films grown on Al,O3 using MeCpPtMe; and O,
plasma at 300°C. The dashed lines show the fit assuming layer-by-layer
growth of Pt on the Al,O3 substrate.

little Pt is deposited during the first 25-38 ALD cycles.
A rapid increase in the relative Pt atomic fraction is observed
at 38-50 ALD cycles. Subsequently, the relative Pt atomic
fraction dominates the near surface region composition at
>60 cycles. The evolution of the relative atomic fraction
with increasing ALD cycles suggests the slow growth of Pt
ALD nanoclusters during the first 25-38 cycles. XPS analy-
sis further indicates that the Pt islands may coalesce between
25-38 ALD cycles and then lead to approximately constant
Pt ALD after 50 ALD cycles. The dashed lines in Fig. 4
show the fit assuming an exponential decay predicted by the
layer-by-layer growth of Pt on the Al,O5 substrate.® The
layer-by-layer growth model is in excellent agreement with
the results for >40 ALD cycles.

The thicknesses of the Pt films grown with 0-100 ALD
cycles were estimated from the XPS signals using the
Thickogram model,29

exp(—t/Aascos 6)

(Tar/sa) 3)
(Ip:/sp)) 1 — exp(—t/4ycosbt)

The Thickogram model assumes a Pt film with a density of
100% of bulk Pt that has atomically smooth Pt-Al,05 and Pt-
vacuum interfaces. Effective attenuation lengths of 1.35 nm
for Al 2s and 1.23 nm for Pt 4d photoelectrons in Pt were
obtained from the NIST electron effective attenuation length
database.®' The thicknesses of the Pt ALD films grown using
0-100 cycles are shown in Fig. 5.

The Pt film thicknesses obtained from the XRR meas-
urements and adjusted for the density are also shown for
comparison in Fig. 5. This density adjusted film thickness is
a more accurate measure of the total Pt deposited on the sur-
face and better suited for comparison with the Thickogram
calculations. No Al XPS signals were observed for the Pt
ALD films grown using 125, 150, 200, and 300 cycles. This
behavior indicates that the Al 2s photoelectrons emitted
from the underlying Al,O5 substrate are completely attenu-
ated by Pt ALD films with thicknesses > 4 nm.
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FIG. 5. (Color online) Pt film thicknesses determined using the density-
adjusted XRR thickness and the XPS Thickogram model vs number of ALD
cycles for Pt ALD films grown on Al,O3 using MeCpPtMe; and O, plasma
at 300°C.

The XRR film thicknesses adjusted for film density and
the film thicknesses determined by XPS using the Thicko-
gram model are in good agreement. Both sets of film thick-
nesses show that 25-38 ALD cycles are required to nucleate
the Pt ALD film. Some of the discrepancy between the thick-
nesses determined by the XRR and XPS measurements may
be caused by the assumptions in the Thickogram model or a
systematic error introduced by uncertainty in the effective
attenuation lengths. In addition, the possible presence of pin-
holes would lead to areas where the Al,O3; ALD substrate is
exposed or where the localized Pt ALD film thickness is
lower than the average film thickness. These areas would
lead to proportionally lower attenuation of the Al photoelec-
trons. Higher emission of Al photoelectrons from these areas
would lead to an underestimation of the Pt thickness by XPS
analysis.

Depth profile XPS analysis was performed on the Pt
ALD film grown using 300 ALD cycles. This Pt ALD film
had a thickness of ~15 nm. Appreciable quantities of carbon
and oxygen were observed on the surface of the Pt ALD film
prior to Ar ion sputtering. These signals most likely originate
from adventitious carbon and adsorbed CO, O,, and H,O.
After sputtering an estimated depth of 1-2 nm, no aluminum,
oxygen, carbon, or other impurities were observed in the
XPS spectra. Therefore, given the XPS sensitivity, the level
of any impurity present in the bulk of the Pt ALD film
is < 1%. This conclusion assumes that the Ar" sputtering
beam does not reduce any PtO, species or selectively sputter
oxygen. The absence of contaminants indicates that the
plasma Pt ALD process using MeCpPtMe; and O, plasma
produces high purity Pt metal films.

D. Scanning Electron Microscopy

Figure 6(a) presents the SEM image of the initial Al,O;
substrate. Figures 6(b) and 6(c) show the SEM images from
the Pt ALD samples after 38 and 50 ALD cycles. Figure 7

J. Appl. Phys. 109, 084333 (2011)

(a) Initial Al,O, Substrate

(b) 38 cycles, 0.1 nm Pt

(c) 50 cycles, 1.4 nm Pt [

FIG. 6. SEM images of (a) initial Al,O5 substrate, (b) after 38 cycles, and
(c) after 50 cycles for Pt ALD films grown on Al,O5 using MeCpPtMe; and
O, plasma at 300°C. The density-adjusted Pt film thicknesses from XRR
analysis are also given.

displays the SEM images from the Pt ALD samples after 68,
75, and 88 cycles. Figure 8 shows the SEM images from the
Pt ALD samples after 100, 125, and 150 cycles. The dimen-
sions indicated in Figs. 6-8 are the density adjusted Pt film
thicknesses for each sample as determined by the XRR
analysis.

The SEM images after 38, 50, 68, and 75 ALD cycles
suggest that the Pt film nucleates on the Al,O; ALD sub-
strate as discrete nanoclusters. The island diameters are <5
nm after 38 ALD cycles in Fig. 6(b). The Pt nanocluster di-
ameter then increases to ~5 nm after 50 ALD cycles in Fig.
6(c). The islands also become more evenly dispersed and
begin to coalesce with adjacent Pt islands. The Pt islands
continue to grow laterally and coalesce with neighboring
islands after 68 and 75 ALD cycles as shown in Figs. 7(a)
and 7(b), respectively. These coalesced islands form corru-
gated and wormlike structures with typical spacing between
adjacent features of ~5-10 nm.

The Pt film density approaches the bulk Pt density as the
corrugated Pt structures coalesce into a conformal film. After
88 ALD cycles the corrugated structure is less pronounced in
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FIG. 7. SEM images after (a) 68 cycles, (b) 75 cycles, and (c) 88 cycles for
Pt ALD films grown on Al,O5 using MeCpPtMe; and O, plasma at 300 °C.
The density-adjusted Pt film thicknesses from XRR analysis are also given.

Fig. 7(c) and the density of the film is 81% of bulk Pt. The Pt
ALD film forms a smoother surface morphology after 100
and 125 cycles as revealed by the SEM images in Figs. 8(a)
and 8(b), respectively. The Pt ALD film also has a density of
97% of bulk Pt after 125 cycles.

The morphology of the Pt ALD film continues to evolve
and shows the presence of island structures with a typical di-
ameter of ~10 nm and density of 97% of bulk Pt after 300
ALD cycles. However, XRR analysis indicates a roughness
of only ~0.7 nm RMS after 300 ALD cycles. The low RMS
roughness and high density suggests that the 10 nm features
are not spherical Pt islands but relatively flat Pt islands on
top of an underlying conformal Pt film.

E. Pt ALD Films Grown Under Different Process
Parameters

A second set of Pt ALD films were deposited on Al,O;
ALD substrates at the University of Colorado using different
O, plasma process parameters. These O, plasma process pa-
rameters were an oxygen pressure of 0.3 Torr, an ICP RF
power of 600 W, and a plasma exposure time of 5s. In
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(a) 100 cycles, 4.3 nm Pt

(b) 125 cycles, 5.6 nm Pt

(c) 150 cycles, 6.8 nm Pt ||

FIG. 8. SEM images after (a) 100 cycles, (b) 125 cycles, and (c) 150 cycles
for Pt ALD films grown on Al,O; using MeCpPtMe; and O, plasma at
300 °C. The density-adjusted Pt film thicknesses from XRR analysis are also
given.

addition, the Pt ALD films were grown on Al,O3 ALD sub-
strates using MeCpPtMe; and O, plasma at 200°C. This
lower temperature was used because of the temperature limi-
tations of the reactor. Figure 9 shows the relative XPS
atomic fractions for Al and Pt derived from the Al 2s and Pt
4d XPS signals versus the number of ALD cycles. The Pt
ALD nucleation is faster for these O, plasma process param-
eters than the nucleation rate observed in Fig. 4.

XRR scans of the films deposited using 25, 50, 100, and
200 cycles are shown in Fig. 10. A summary of the various
film thicknesses grown on Al,Oj3 versus different numbers of
ALD cycles using MeCpPtMe; and O, plasma at 200 °C are
shown in Table II. The density % is also given in Table II.
The films grown using <125 ALD cycles could not be fit
using a single Pt film. Reasonable fits could be obtained
using a much lower density film or a two-layer film contain-
ing a low density film on top of the Pt. For these fits, the
low density film was assumed to be PtO, with a density of
p=10.2 g/cm>. Pt has a density of p=21.45 g/cm®. Note
that the densities of these two-layer films were substantially
lower than the bulk densities of PtO, and Pt. Films that could
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TABLE II. Summary of the XRR thickness and XRR density % of bulk Pt
for films grown on Al,O5 vs number of ALD cycles using MeCpPtMe; and
O, plasma under different process conditions at 200 °C.

XRR Thickness XRR Density

Cycles (nm) %
25 1.78 (PtO,) 76 (PtO,)
50 1.38 (PtO,) 77 (PtO,)

1.99 (Pt) 62 (Pt)
75 1.24 (PtO,) 70 (PtO,)

3.77 (Pt) 64 (Pt)
100 1.59 (PtO,) 78 (PtO,)

2.59 (Pt) 80 (Pt)
125 3.99 (Py) 97 (Pt)
150 4.89 (Pt) 92 (Pt)
200 5.79 (Pt) 99 (Pt)

084333-7 Baker et al.
10@g — T — T~ T T T T 1 —
| -]
c ‘\ J ] -
:g 0.8} ‘AIZS /,' .
o . .
© i \ ~ 4
P ) --®
= 06 ' - .
E . ,’.
] 5 3 .
< ,’ .
7 - 7 e. _
D 04 % ..
x » .
Q B ’ . T
= /) N
et N
c 0.2 ' . .
° . Pt
> L 4d »._ S |
¥ )
00@®, . ., ooy, H
0 30 60 90 120 150
Number of ALD Cycles

FIG. 9. (Color online) Relative XPS atomic fraction of Al and Pt vs number
of ALD cycles for Pt ALD films grown on Al,O3 using MeCpPtMe; and O,
plasma at 200 °C.

be fit using a single Pt film with the bulk Pt density were not
obtained until 125 ALD cycles when the Pt films had a thick-
ness of ~4 nm.

IV. ADDITIONAL ISSUES
A. Previous Results for Pt ALD on Various Surfaces

Many studies have explored thermal Pt ALD on various
substrates using MeCpPtMe; and O,. These investigations
have all revealed that Pt ALD does not lead to the growth of a
continuous and conformal Pt ALD film as expected for ideal
ALD. The original Pt ALD films grown using MeCpPtMe;
and O, were uniform but they were rough.'” The Pt ALD films
with a thickness of 110 nm displayed a surface roughness of
17 = 1 nm."* This roughness was attributed to the film crystal-
linity and could also have been affected by difficulties nucleat-
ing the initial Pt ALD film.

10 LB S s B S B L R B S B ey B
- MeCpPtMe; / O, Plasma —|
200°C, XRR

XRR Intensity

0 2000 4000 6000 8000 10000
Omega (arcsec)

10°

FIG. 10. (Color online) XRR scans for Pt ALD films grown using 25, 50,
100, and 200 ALD cycles on Al,O; using MeCpPtMe; and O, plasma at
200°C. Summary of the data from XRR scans for the various Pt ALD films
grown using different numbers of ALD cycles is given in Table II.

Thermal Pt ALD was also performed using MeCpPtMe;
and O, on yttria-stabilized zirconia and oxide-covered sili-
con."” These studies revealed that Pt ALD films thinner than
18.3 nm were discontinuous and porous.' This porosity was
attributed to an island growth mechanism in which islands of
fixed lateral dimension first grow to a given height before
spreading to cover the entire surface. Additional studies by
the same group also observed that 72 cycles of thermal Pt
ALD on various sputtered metals resulted in Pt clusters.”!
Various degrees of Pt coverage on the different metals were
observed that correlated with expectations from relative sur-
face energies.”!

Platinum nanoclusters were also observed for thermal Pt
ALD using MeCpPtMe; and O, on SrTiO3(001) and stron-
tium titinate nanocubes.'*'* Atomic force microscope and
SEM images both revealed a fine granular structure com-
posed of Pt nanoparticles that nucleated and then coalesced
with increasing ALD cycles. The nucleation of the Pt nano-
clusters was more rapid on SrTiO; than other oxide sub-
strates. The growing Pt islands grew together and produced a
continuous film after 40 ALD cycles at an approximate
thickness of ~8 nm.'® Additional studies by the same group
also revealed that thermal Pt ALD forms Pt nanoparticles on
high surface area Al,O3, TiO, and SrTiO; supports.zo TEM
images revealed the deposition of fairly monodisperse Pt
nanoclusters that may have catalytic applications.

Additional studies on other substrates also indicate that
thermal Pt ALD using MeCpPtMe; and O, does not produce
continuous and conformal Pt films. Pt nanoparticles were
observed on carbon aerogels that exhibited high catalytic activ-
ity for CO oxidation.'® Thermal Pt ALD on carbon nanotubes
also produced Pt nanoparticles that may have applications for
proton-exchange membrane fuel cells.'® Thermal Pt ALD per-
formed in a fluidized bed reactor on micron-sized mesoporous
silica gel also revealed Pt nanoparticles.'’

The previous studies of thermal Pt ALD are all consist-
ent with nucleation difficulties using the MeCpPtMe; and O,
reactants on a variety of substrates. Pt nanoclusters are
obtained instead of a smooth conformal Pt film that would be
expected for ideal ALD. Continuous Pt films may not be pos-
sible using thermal Pt ALD until film thicknesses are >20
nm on all substrates except SrTiO3. In contrast, plasma Pt
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ALD is capable of much more rapid nucleation and
growth.?? This study has shown that plasma Pt ALD with O,
plasma can lead to nearly continuous and conformal Pt films
on Al,Oj at thicknesses of ~4—5 nm.

B. Mechanism of Pt ALD Nucleation and Growth on
Al,O; Substrates

The mechanism of thermal Pt ALD using MeCpPtMe;
and O, has been studied using quartz crystal microbalance
and quadrupole mass spectrometry studies.’? Additional
studies of the surface reactions using gas phase infrared
spectroscopy” and theoretical studies of the reaction mecha-
nism>? are consistent with partial oxidative dehydrogenation
and hydrogenation of the methylcyclopentadienyl and
methyl ligands during the MeCpPtMe; exposure. These reac-
tions lead to the evolution of CO,, CH,, and some H,O from
the surface.>* During the oxygen exposure, oxygen gas dis-
sociatively adsorbs on the Pt surface and the remaining or-
ganic carbonaceous species are effectively burned off via
catalytic oxidation leading to the evolution of CO, and H,O
from the surface. The Pt surface also forms a surface oxide
phase such as PtO, during the oxygen exposure.*>¢

The surface reactions during plasma Pt ALD involve a
more active form of oxygen produced by the O, plasma. The
surface reactions during plasma Pt ALD are believed to be
fairly similar to the surface reactions during thermal Pt ALD.
The change would be that molecular oxygen for thermal Pt
ALD is replaced by atomic oxygen for plasma Pt ALD.
Nucleation is difficult because the initial substrate may not
supply oxygen to initiate the reaction. The MeCpPtMe; may
react with hydroxyl groups as suggested by theoretical stud-
ies.?? However, this reaction may not be efficient. The bene-
fit of the O, plasma may be to provide extra oxygen atoms to
the surface to initiate the reaction by facilitating the reactive
adsorption of MeCpPtMes;. In addition, the O, plasma may
be more effective at promoting the formation of PtO, phases
with higher oxygen content relative to the PtO, phases
formed by O, gas exposures.®

High exposures of O, plasma can oxidize Pt to form
PtO, species such as Pt02.22 The low density of the Pt-con-
taining films grown under different plasma process parame-
ters using <125 cycles at 200°C in Figs. 9 and 10 may be
partially explained by the presence of low density PtO, films.
However, XPS analysis was unable to distinguish between
PtO, and Pt because of the small chemical shift in the Pt 4f
peaks for PtO, and the inherent difficulty in deconvolving
the Pt 4f and Al 2p peaks which overlap significantly. The
deposition of PtO, films is consistent with the observation
that PtO, ALD films can be grown using MeCpPtMe; and
longer O, plasma exposures or lower temperatures.”* The
importance of temperature was also observed in studies of
thermal Pt ALD using Pt(acac), and ozone.>’ Amorphous
PtO, films were deposited at lower temperatures of 120 and
130 °C and metallic Pt films were grown at >140 °C.¥’

The low density Pt film could also be rationalized by a
corrugated and wormlike structure similar to the structure
observed by the SEM images in Figs. 6-8 for the Pt ALD
films grown at 300 °C. However, the Pt ALD films grown at
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200 °C have not been examined using SEM. The results in Ta-
ble II reveal that the low density films grown at 200 °C make
a transition to high density pure Pt films after >100 ALD
cycles. The critical thickness for this transition is ~4 nm.

The presence of PtO, nanoclusters may be important in
the nucleation period because of the role of oxygen in oxida-
tive dehydrogenation of the ligands of MeCpPtMes during
the MeCpPtMe; exposure. Earlier studies have demonstrated
that the oxygen affinity of Pt increases significantly below a
nanoparticle size of approximately 5-10 nm.*® PtO, species
are likely formed during the nucleation period when small
Pt-containing islands below 5 nm in size are present on the
surface. As the PtOy clusters increase in size, the oxygen af-
finity of the Pt-containing clusters decreases, and eventually
favors the formation of pure Pt islands with PtO, surface
species. The formation of PtOy clusters during the nucleation
phase would enhance the Pt ALD growth rate by providing
more adsorbed oxygen to react with MeCpPtMe; during the
MeCpPtMe; exposures. Recent x-ray absorption near edge
structure and extended x-ray absorption fine structure studies
confirm the presence of PtO, on the surface of the initial ox-
ide support during thermal Pt ALD.?°

C. Prospects for Growth of Ultrathin Conformal Pt
ALD Films

The results of this study indicate that an ultrathin contin-
uous Pt ALD film can be deposited on Al,O3 ALD substrates
using plasma ALD with MeCpPtMe; and O, plasma. Readily
available oxygen atoms on the Al,Oj substrate from the O,
plasma facilitate more rapid Pt ALD nucleation compared
with thermal Pt ALD. The nucleation of the plasma Pt ALD
growth is restricted during the first 25-38 ALD cycles. Dur-
ing this nucleation phase, Pt or PtO, nanoclusters are prob-
ably present on the Al,O5 surface. These islands grow and
then coalesce. If a high density of nanoclusters can be
formed during the initial MeCpPtMe; and O, plasma cycles,
then the islands can more readily grow together to form a
continuous Pt film. The growth of ultrathin continuous Pt
films requires a high density of Pt or PtO, islands during the
nucleation phase.

The ideal substrate for the growth of ultrathin and con-
formal Pt ALD films would have a surface energy higher
than the surface energy of Pt. This definition of an ideal sub-
strate ignores the details of the interface adhesion energies
and the surface chemistry and surface kinetics. The simple
idea is that a substrate with a surface energy higher than Pt
would promote layer-by-layer Pt growth because a continu-
ous Pt coating on the substrate would reduce the system sur-
face energy. Pt has a fairly high surface energy of 2.5 J/m>.%°
Very few metals have higher surface energies than Pt. One
metal that has a higher surface energy is tungsten (W) with a
surface energy of 3.3 J/m?.** A Pt film would be predicted to
coat W because the surface energy would be reduced from
3.3J/m’ to 2.5 J/m™.

Previous surface science experiments demonstrate that
platinum wets tungsten surfaces and grows in a Frank-van der
Merwe layer-by-layer growth mode. Auger electron spectros-
copy experiments and temperature programmed desorption
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experiments on Pt overlayers on W(110) revealed that Pt grows
in the Frank-van der Merwe mode for the first few layers.*
Additional high-resolution soft-x-ray photoelectron spectros-
copy studies revealed that Pt films grow in the layer-by-layer
mode on W(111).*! Low energy electron diffraction and x-ray
photoelectron diffraction investigations also reveal that Pt grows
pseudomorphically on W(100) for several monolayers before
forming distorted hexagonal structures.** These studies all
argue that Pt films should easily wet tungsten substrates.
Preliminary experiments have been performed for
plasma Pt ALD using MeCpPtMe; and H, plasma on W
ALD films on Al,O; substrates.*’ These experiments have
shown that plasma Pt ALD using MeCpPtMe; and H,
plasma can nucleate more rapidly on W ALD films than
plasma ALD using MeCpPtMe; and O, plasma on Al,O;
ALD substrates. The more rapid nucleation leads to ultrathin
and continuous Pt ALD films with thicknesses <2-3 nm.
The results of this nucleation and growth study will be pre-
sented in a future publication.

V. CONCLUSIONS

The nucleation and growth of Pt ALD on Al,O5 sub-
strates was examined using MeCpPtMe; and O, plasma as
the reactants. A variety of techniques including SE, XRR,
XPS, and SEM were used to study the nucleation of Pt ALD
on Al,O3; ALD surfaces at 300 °C. These techniques revealed
that plasma Pt ALD does not nucleate and grow immediately
on the Al,O3 ALD substrates. An initial nucleation delay
exists before measurable Pt is monitored on the Al,O5 sur-
face. However, plasma Pt ALD with MeCpPtMe; and O,
plasma nucleates and grows much more rapidly than thermal
Pt ALD with MeCpPtMe; and O,.

Negligible Pt ALD is measured during the first 25-38
ALD cycles during plasma Pt ALD using O, plasma. The
Pt ALD growth rate then increases during the next 12
ALD cycles and reaches the steady state linear growth re-
gime at >50 ALD cycles. A steady state Pt ALD growth
rate of ~0.05 nm/cycle is obtained for >50 ALD cycles.
The measurements suggest that the plasma Pt ALD pro-
cess forms a number of dispersed nanoclusters during the
first 38 ALD cycles. These islands may be composed of
PtO, that could supply oxygen to react with MeCpPtMe;
during the MeCpPtMe; exposure. These islands then
merge rapidly during the next 12 cycles and form a Pt-
containing film that is corrugated and wormlike with a
thickness of ~2-3 nm. These Pt-containing films have a
density of only 50-70% of bulk Pt.

Films that are much smoother and have densities that
are consistent with bulk Pt are observed after >100 ALD
cycles. These higher density films are obtained when the Pt
ALD film is >4-5 nm in thickness. Plasma Pt ALD is able to
produce much thinner continuous Pt films after fewer ALD
cycles than thermal Pt ALD. Plasma Pt ALD must be able to
form a much higher density of Pt-containing islands on the
initial substrate that quickly merge with other islands to form
a thin continuous Pt film. Even thinner Pt ALD films may be
possible for plasma Pt ALD on initial substrates with higher
surface energies than Pt such as W.

J. Appl. Phys. 109, 084333 (2011)
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