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Influence of surface preparation on atomic layer deposition of Pt films*
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Abstract: We report Pt deposition on a Si substrate by means of atomic layer deposition (ALD) using (methylcy-
clopentadienyl) trimethylplatinum (CH3CsH4Pt(CH3)3) and O,. Silicon substrates with both HF-last and oxide-
last surface treatments are employed to investigate the influence of surface preparation on Pt-ALD. A significantly
longer incubation time and less homogeneity are observed for Pt growth on the HF-last substrate compared to the
oxide-last substrate. An interfacial oxide layer at the Pt—Si interface is found inevitable even with HF treatment
of the Si substrate immediately prior to ALD processing. A plausible explanation to the observed difference of

Pt-ALD is discussed.
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1. Introduction

Films having excellent conformation and large area uni-
formity can be grown by means of atomic layer deposition
(ALD)!, Basically a chemical reaction process, ALD pro-
ceeds in a layer-by-layer control manner, based on the foun-
dation of splitting a binary reaction into two half-reactions and
alternating the exposure of the gas phase precursors for each
half-reaction to a targeted surfacel?!. The film growth is con-
trolled by saturative precursor chemisorptions on the growth
surface or by saturative reactions of the precursor with reac-
tive surface groups making the process self-limiting. Once the
deposition is approaching the surface saturation, the process
becomes insensitive to small changes of the precursor dose.
Hence, the thickness of the deposited films can be controlled
accurately simply by altering the cycles of the deposition.

Several ALD processes for different noble metals, such as
ptl3-4] Rulsl, Rhl®!, Pdl7], and Ir'8], have been investigated
in recent years. Those noble metals, especially Pt, are can-
didate materials in applications such as capacitor electrodes
in dynamic random access memories and ferroelectric ran-
dom access memoriest®). Platinum growth by ALD is also
well known for having attractive properties for its potential use
in many applications concerning nanoscale structures. For in-
stance, Pt nano-particles grown by ALD are being studied for
use in nano-crystal nonvolatile memory applications!!?]. Be-
cause of its large work function, Pt by ALD is also appropriate
to be used as a band edge metal gate with high-k dielectrics
in metal oxide semiconductor field effect transistors (MOS-
FET)!'!), Platinum is also widely used in fuel cells owing to
its high catalytic activity['?]. Additionally, Pt can easily form
Pt-silicide in the presence of Si and therefore Pt by ALD could
be suitable for potential use in the source/drain region of future
nano-scale MOS transistors in which ultra-shallow junctions
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are required('3].

Recently, it has been reported that Pt by ALD can
be successfully grown by using (methylcyclopentadienyl)
trimethylplatinum (CH3CsH4Pt(CH3)3) and O, as precursor
gases!> 4], An extensive investigation of the interface between
the grown Pt film and the substrate as well as of the depen-
dence of Pt growth on substrate surface preparation is there-
fore highly desirable. Compared with a conventional physical
vapor deposition processes, ALD process is very sensitively
dependent on the conditions of the substrate surface. In this pa-
per, the influence of surface preparation on ALD of Pt films is
carefully investigated. A model of ALD of Pt films on a Si sub-
strate using CH3CsH4Pt(CH3)3 and O, as the precursor gases
is proposed.

2. Experiments

Silicon wafers, (100)-oriented and p-type with a resistivity
of 8—12 Q-cm, are used as substrates for the experiments car-
ried out in this paper. Since ALD process is very sensitive to
the conditions of the initial surface of the substrate, two kinds
of Si surfaces are prepared. The first kind of Si samples, HF-
last, receives a surface clean in dilute HF solution (1 : 50) prior
to wafer loading for Pt deposition immediately after the stan-
dard RCA cleaning procedure, in order to remove native ox-
ide or chemical oxide on the Si surface. The HF-cleaned Si
wafers are blown dry by N, gas. The second kind of Si sam-
ples, oxide-last, is thermally oxidized in dry O, at 1000 °C for
3 min to intentionally grow a high-quality thin oxide layer on
the Si surface. The thickness of the grown thermal oxide is
measured to be 5 nm by ellipsometry. Notably, to ensure that
Pt would be deposited under identical conditions on the afore-
mentioned two sample sets, both HF-last and oxide-last sam-
ples are loaded and processed at the same time.
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Fig. 1. AFM images of Pt-ALD on (a) HF-last and (b) oxide-last surfaces after different cycles of deposition.

The Pt deposition is carried out in a Beneq TFS200-125
ALD tool using CH3CsH4Pt(CH3)3 and O, as the precursor
gases. The CH3CsH4Pt(CH3)3 precursor is heated to 70 °C
while the temperature in the ALD chamber is kept at 300 °C.
According to previous reports, if the deposition temperature
was set at 300-350 °C, mirror-like Pt films could be ob-
tained®]. When the growth temperature was 350 °C, Pt was de-
posited on the chamber walls of the Pt precursor inlet tube, indi-
cating that the Pt-precursor thermally could decompose at this
specific temperature. On the other hand, since only very thin
films could be obtained at 250 °C, the chamber temperature is
set at 300 °C in our experiments in order to have a controllable
self-limiting process. The deposition further uses O, gas as the
oxygen supplying agent and gaseous N, for purging the reactor
during the deposition process. The pressure during ALD pro-
cessing is kept at 130 Pa. The process parameters for Pt-ALD
are listed as follows: Pulsel (CH3C5H4Pt(CH3)3): 1 s, Purgel
(N2): 3 s, Pulse2 (O3): 160 ms, and Purge2 (N,): 10 s. The
physical and electrical properties of the deposited films are an-
alyzed by atomic force microscopy (AFM), scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS)
and transmission electron microscopy (TEM).

3. Results and discussions

Micro-images of the surface of the two kinds of samples
with various ALD cycles of Pt growth obtained by AFM are
shown in Fig. 1. The Pt growth on the HF-last surface is ob-
served to be significantly retarded compared with that on the
oxide-last surface. As can be seen clearly, the presence of Pt
particles on the oxide-last surface is already weakly detectable
after 100 cycles of deposition and they become clearly visible
after 150 cycles. However, Pt particles can hardly be detected
on the HF-last surface until about 200 cycles, indicating that
there is a significant incubation period for Pt-ALD on a Si sur-
face.

In order to gain a deeper understanding of the Pt growth,
root-mean-square (RMS) values are obtained to quantify the
surface roughness for the aforementioned AFM samples. As

Fig. 2. Variation of RMS values with ALD cycle count for growth of
Pt on HF-last and oxide-last surfaces.

can be seen in Fig. 2, an increase in the ALD cycle count is
accompanied by a continual increase in RMS value for the
HF-last samples. Thereafter, it drops when the cycle count in-
creases above 200. The observations can be understood by re-
ferring to a typical three-step growth model: nucleation, sub-
sequent grain coarsening, followed by vertical thickening. For
the HF-last samples, the Pt growth is apparently mostly con-
fined during the first two steps of nucleation and grain coars-
ening. The initial low RMS values at 100 and 150 cycles are
obviously a consequence of the severely retarded Pt nucleation.
Once nucleated, the rapid increase in RMS value above 150
cycles is a signature of continuous grain coarsening. However,
coalition of the discrete Pt particles/grains seems incomplete
even after 300 cycles of Pt-ALD processing. For the oxide-last
samples, the initial RMS value at 100 cycles is already rather
high, indicating a much easier Pt nucleation compared to that
on the HF-last surface. This is followed by grain coarsening un-
til the ALD cycle count reaches 200. Thereafter, the decrease
in RMS value corresponds to a vertical thickening of a contin-
uous film. The discussion is supported by the SEM and TEM
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Fig. 3. SEM images of Pt-ALD on (a) HF-last and (b) oxide-last surfaces after different cycles of deposition.

Fig. 4. Mean diameter of Pt particles and blocks and coverage rate of
Pt for all samples prepared.

data shown below.

Micrographs of SEM in Fig. 3 demonstrate a more obvi-
ous and persuasive comparison of Pt growth on the two kinds of
substrates. On the oxide-last surface, densely nucleated Pt par-
ticles are already clearly observable after 150 cycles of ALD
processing. The particles or grains continually grow and merge
with one another with increasing cycle counts. For the sample
with a 300 cycle count, a continuous Pt film is achieved. How-
ever, sparsely distributed Pt grains are observed for the HF-last
sample until 200 cycles. Even after 300 cycles, the Pt grains re-
main largely separated.

Image-pro plus, a powerful 2D and 3D image processing
and analysis softwarel'4l, is used to obtain the mean diameter
and number of the Pt particles and blocks deposited on the sam-
ples. The mean diameter is shown in Fig. 4. It can be seen that
almost no Pt is deposited on the HF-last substrate as long as
the cycle count is no larger than 150. Moreover, with the same
cycle count the diameter of the particles of the HF-last sam-
ples is significantly smaller than that of the oxide-last samples.
For the oxide-last samples, Pt particles with a diameter larger
than 10 nm are already visible after 100 cycles of ALD and
the diameter increases drastically with increasing cycle count.

Fig. 5. XPS data of Pt-ALD on HF-last (left panel) and oxide-last
(right panel) substrates.

Coverage rate, defined as the ratio of the summed Pt-covered
area to the total selected surface area, is shown for the samples
in Fig. 4. The coverage ratio for the oxide-last sample at 300
cycle count already surpasses 70%, while that for the HF-last
sample for the same cycle count is still less than 10%. Hence, it
is confirmed that the Pt nucleation and growth on the oxide-last
surface is much easier than those on the HF-last surface.

The Pt-ALD films on both kinds of substrates are exam-
ined by XPS and the results are shown in Fig. 5. For both sam-
ple sets, the intensity of the Pt4f peaks increases with increas-
ing cycle count, indicating an increase of Pt density or thick-
ness, and hence the particle sizel'%. According to the XPS data,
the Pt being deposited can be identified as elemental metallic
ptl10-15-17] In detail, stronger elemental Pt peaks are found
overall for the oxide-last samples rather than the HF-last ones.
No Pt peaks can be found on the HF-last samples with cycle
counts of 100 and 150. The XPS results are consistent with the
AFM and SEM results presented earlier.

The samples with cycle counts 0of 200 and 300 are analyzed
using TEM and the results are shown in Fig. 6. In accordance
with the aforementioned AFM and SEM results, the Pt particles
on the oxide-last substrate are substantially larger in size and
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Fig. 6. Cross-sectional TEM micrographs for substrates (a, b) HF-last
and (c, d) oxide-last.

Fig. 7. Schematic representation of Pt-ALD on an HF treated Si sur-
face.

denser than those on the HF-last substrate. At 200 cycles, the
diameter of the Pt particles on the oxide-last substrate is around
10 nm, which is twice that on the HF-last substrate. An inter-
facial oxide layer about 2.5 nm in thickness is clearly observed
on the HF-last substrate, while it is roughly 5 nm for the oxide-
last substrate. The latter is identical to the thickness of the oxide
layer grown originally. The former 2.5 nm thick oxide layer is
most likely formed during the ALD process at 300 °C, since
after HF treatment the regrown native oxide is measured to be

around 1.5 nm thick after exposure for a few hours under ambi-
ent conditions. Furthermore, the presence of Pt could enhance
Si oxidation, since it is known that noble metals can act as a cat-
alyst during the metal-promoted oxidation['%:1°] and oxygen
can easily diffuse through a Pt film and reach the underlying
Si surface, forming an oxide layer at the Pt—Si interfacel2%].

A plausible explanation to the observed difference in Pt-
ALD on the HF-last versus oxide-last surfaces is discussed as
follows, with reference to Fig. 7 for a schematic representation
of Pt-ALD on the HF-last surface. For the oxide-last samples,
the surface is terminated with —O or —OH which can easily be
broken off the surfacel?!]. When CH3CsH,4Pt(CH3)3 is intro-
duced to the surface, it loses one of its three CH3 radicals and
is adsorbed on the O dangling bond. During the next O, pulse,
the Pt surface becomes terminated with O, leaving the surface
prepared for the next ALD cycle!?2:23], Hence, as the ALD cy-
cles repeat, the Pt growth proceeds in a layer-by-layer manner.
For the HF-last sample, after the HF-last process step, the Si
surface is terminated with chemically stable Si—H bonds which
are very difficult to break up to yield Si dangling bonds[24:25].
Hence, absorption of CH3CsH4Pt(CH3)3 and subsequent nu-
cleation of Pt on the Si surface are inhibited. The subsequent
repetition of O, exposure during ALD cycling could gradually
convert the Si—H bonds to the Si~OH bonds, thereby facilitat-
ing the CH3C5sH4Pt(CH3)3 absorption and Pt nucleation. Con-
sequently, a significantly longer incubation time and less ho-
mogeneous growth for Pt deposition occur on the HF-last sur-
face. Not only can O, convert the Si—H bonds to Si—~OH bonds,
but can also easily reach the underlying Si substrate forming an
oxide layer even after a Pt film has been deposited2%]. Notably,
the schematic representation of Pt-ALD on the HF-last surface
is a simplified explanation for platinum growth and interfacial
oxide layer is not shown.

4. Conclusions

Platinum deposition on a Si substrate by means of ALD is
found to be sensitively dependent on the surface conditions. On
the oxide-last surface, Pt growth is already clearly detectable
after 100 cycles of deposition and a ~10 nm thick relatively
continuous layer Pt is found after 300 cycles. In contrast, on
the HF-last surface, Pt growth is significantly retarded and only
discrete Pt particles are formed even after 300 cycles of depo-
sition. Ascribed to difficulties in breaking the Si-H bonds, ab-
sorption of the Pt precursor can hardly be realized on the HF-
last surface. While continuous O, pulses can create —O dan-
gling bonds or —OH groups which would favor absorption of
the Pt precursor and hence Pt ALD, it also results in a ~2.5 nm
thick interfacial oxide layer through the oxidation process.
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