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DOI: 10.1039/x0xx00000x Rutile structured TiO, films have received great attention as a dielectric of capacitors of the

next-generation dynamic random access memory (DRAM) due to its high dielectric constant
(80 — 150). Ru or RuO,, which is one of the most promising electrode materials in DRAM
capacitors, is dispensable to form the rutile structure. In this work, a series of the Ru-related
layers with compositions ranging from Ru to RuO; via RuO, (x: ~1.12) was used as a bottom
electrode for the ALD growth of TiO, films. It was found that the growth per cycle of TiO, at
the initial growth stage was drastically increased on RuO, (RuO,/Ru mixture) compared to Ru
and RuO,. This is attributed to the drastic increase in the chemical activity of oxygen in the
mixture film of RuO,/Ru. The catalytic decomposition of RuO, with the help of Ru in the film
played the crucial role for the increase in the active oxygen. While RuO, and Ru mostly
retained their structures during the ALD of TiO, or chemical etching using Oz gas, the RuO,
film, which was composed of 56% RuO, and 44% Ru, drastically changed its phase
composition during the ALD of TiO, at 250 °C and became almost Ru. Other chemical effects
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depending on the chemical composition and phase structure were also examined in detail.

I. INTRODUCTION

Atomic layer deposition (ALD) is a highly intriguing thin-
film growth technique with self-regulating and self-terminating
properties due to the saturated chemical reactions between the
adsorption sites and the chemically adsorbing precursor
molecules.'” Such characteristics of ALD provided the films
with high uniformity over a large surface area, having an
extremely topographically complicated shape and atomic-scale
accuracy in thickness control. These optimal thin-film growth
properties very well meet the stringent requirements of the
highly scaled semiconductor fabrication processes, and as such,
many of the conventional film growth processes that depend on
the chemical vapour deposition (CVD) technique are now being
replaced with the ALD processes,” 7 although ALD was
originally suggested for a thicker film growth with high
thickness accuracy over a large glass surface for display
application.®

In such ALD processes, the substrate plays a crucial role by
taking part in the ALD-specific chemical reactions. The surface
of the substrate must provide the chemical adsorption sites,
which would anchor the incoming metal or non-metal
precursors via the ligand exchange reactions. On the same line
of consideration, the surface of the growing film should also
provide the reaction sites for the continuous film growth while
the density and chemical activity of these sites on the growing
film may differ from those on the substrate. In either case, the
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atoms or elements that were already incorporated into the film
during the previous ALD step are generally not supposed to
play an active role in the next ALD step. There are other cases,
however, where the oxygen ions (or atoms) inside the film play
the crucial role in the film growth. It has been reported
experimentally and theoretically that many of the platinum
family metals, such as Ru, Pd, Rh and Ag, come to have
subsurface oxygen when the surface of these metals are
saturated with adsorbed oxygen atoms by the pulse of a
sufficient amount of oxygen gas.” Such subsurface oxygen
atoms do not form a strong chemical bond with the
neighbouring metal atoms and expand the metal crystal
structure, making them highly vulnerable to the chemical
reaction with the ligands of the subsequently supplied MO
precursors. This is the basic mechanism for the noble metal
film growth even when no reducing agent was adopted; the
oxygen atoms contained within the metal film surface
(subsurface oxygen) strongly anchor the incoming MO
precursors during the subsequent MO precursor pulse step.
They eventually react with the ligands of the adsorbed MO
molecules, and the reaction by-products desorb from the
surface.'® Such ALD reaction route could be provided by the
elegant balance between the weak chemical bonding energy of
Ru-O and the stronger reactivity between the ligand and the O
atoms, which were extracted from the subsurface region of the
growing film.
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Another example of the active role of oxygen in the substrate
on the oxide film growth via ALD is the supply of oxygen
atoms from the fully oxidized conducting oxides, such as RuO,
and IrO,, to the MO precursors adsorbing on the surface during
the pulse step of the MO precursors.'' This generally results in
an excessively high growth rate of the oxide films at the early
stage of ALD, and substantial oxide film growth even with only
MO precursor pulses. This is especially serious when the metal
ions in the growing oxide films have a much higher oxidation
potential than Ru or Ir, and when the growth temperature is
higher.'"""* A typical example can be found from the SrO and
TiO,; film growth on those bottom electrode layers at a substrate
temperature (T,) of 370 °C,'" '* which becomes much less
severe when the T, is decreased.'’ Another complication
regarding the substrate-oxygen-induced ALD can be found
when a highly oxidizing oxygen source such as Oj is adopted
for the oxide film growth, which can induce the in-situ
oxidation of the underlying Ru bottom layer.'* '> For the case
of the ALD of TiO, on the metal Ru electrode, using
titaniumtetraisopropoxide (Ti(O(C;H7))4, TTIP) and O; as the
Ti precursor and oxygen source, respectively, the O; in situ
oxidized the Ru substrate, and the resulting ~1-nm-thick RuO,
induced the phase transition of TiO, from anatase to rutile
through the local epitaxial relationship.'* Rutile TiO, thin films
have a dielectric constant of ~130,'® which is the highest among
the reported polycrystalline binary dielectric films with <10 nm
thickness. This is an extremely promising aspect of this
material for the capacitor dielectrics in the future dynamic
random access memory.'” This is also the main research topic

in this work, but with differently pro-cessed RuO, (0 < x < 2)

bottom layers, which were achieved from the reduction process
of the RuO, precursor mediated by H, gas.'® '° Therefore,
understanding the chemical environment and resulting activity
of the oxygen atoms in the underlying RuO, layer is crucially
important in correctly understanding the ALD process of the
TiO, film on top, and in improving the resulting properties.

While the most accessible method of growing Ru (or RuO,)
films must be (reactive) sputtering,’® most of the highly scaled
electronic devices require the conformal growth of these films,
which obviously cannot be achieved through the sputtering
technique. Therefore, the CVD and ALD of Ru and RuO, films
were extensively researched on in the past decades.®'?* As
mentioned earlier, most of these CVD and ALD processes are
based on the oxidative decomposition of the Ru MO precursors
for CVD or on the repeated oxidation-reduction of the growing
layers for ALD.

Recently, an alternative chemical route for the synthesis of
the thin films of Ru and RuO, was demonstrated based on the
thermal decomposition of RuQO,, which is an inorganic Ru
precursor whose various physical parameters are quite similar
to those of AI(CHs3)s, except for the low thermal decomposition
temperature (~150 °C).'"® ' Such a low thermal decomposition
temperature prohibited the ALD-type growth behaviour at T >
~150 °C. The deposition of Ru or RuO, films, however, can be
well controlled in a self-saturating manner by the enhancement
of the chemical adsorption of RuO, on the H,-pulsed surface in
the pulsed CVD (p-CVD) process.'® The primary by-product of
the thermal decomposition of RuO, is RuO,, which can be
further reduced to metallic Ru with the help of H, gas. When a
Ru seed is formed in the RuO, layer, it catalyses the further
reduction of RuO, to Ru, in addition to the enhancement of
RuO, deposition by the Ru nuclei (or seed) via the RuO, + Ru

— 2RuO, reaction route. There can be an intermediate phase,
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however, RuO, (0 < x < 2), when the H, reduction process is
appropriately controlled, but its thermal stability must be quite
limited. It must be an interesting task, therefore, to examine the
influence of this intermediate phase on the ALD of the TiO,
film as well as its own variation. It can also be anticipated that
this intermediate phase may show rather complicated in-situ
reactions with the oxygen source in TiO, ALD, which was O;
in this work, making the accurate understanding of the reaction
kinetics even more challenging.

In this work, therefore, the three different phases of Ru,
RuO, (x: ~1.12), and RuO, were grown by carefully controlling
the Hp(5%)/N,(95%) reduction gas pulse time during the p-
CVD using RuO, as the Ru precursor at a 230 °C T,. The
influence of these phases on the sub-sequent ALD process of
TiO, was carefully studied to reveal the role of the active
“solid” oxygen contained by the underlying RuO; layer.

II. EXPERIMENTAL PROCEDURE

RuO; films were deposited via p-CVD using a RuO, precursor
dissolved in a blend of organic solvents containing fluorinated
solvents (ToRusS, total ruthenium solution, produced by Air
Liquide Co., with a 0.8 M con-centration) and 95% N,/5% H,
mixed gas (N,/H,) as the Ru precursor and reactant gas,
respectively. The deposition temperature was 230 °C, and the
p-CVD sequence consisted of four steps: Ru precursor injection
(0.5 s) — Ar purge (7 s) — N,o/H, gas injection (1-10 s) — Ar
purge (5 s). The N,/H, reactant exposure time was controlled to
produce the desirable oxygen composition of Ru films. The Ru
solution was cooled down to 3 °C to achieve an appropriate
vapour pressure, and no carrier gas was used to introduce the
precursor molecules into the p-CVD chamber. A more detailed
description of the deposition procedure of Ru and RuO, films
using RuO, was reported elsewhere.'® '* The flow rate of the
N./H, gas was fixed to 100 sccm. 5 nm Ta,Os deposited on Si
wafer via CVD was used as the substrate for Ru, RuO,, and
RuO; film growth. The ALD TiO, films were deposited using
TTIP and O (250 g/m>) as the Ti precursor and oxygen source,
respectively, and the sequence consisted of the TTIP feeding (3
s) — Ar purge (5 s) — O3 feeding (3 s) — Ar purge (5 s) steps at
the growth temperature of 250 °C. Ru, RuO, and RuO, films
were deposited immediately prior to the TiO, ALD. There must
be some additional oxygen adsorbed on the film surface, but
this must be much less significant compared with the inherently
included oxygen concentration in the film. Therefore, it must be
safe to ignore the surface contamination effect. The modified
TiO, ALD sequences were also conducted, such as the TTIP-
only sequence, which consisted of TTIP feeding (3 s) — Ar
purge (5 s) — Ar purge (3 s, instead of O3;) — Ar purge (5 s), or
the O3 pretreatment sequence, which consisted of several cycles
of O; feeding (3 s) — Ar purge (13 s) before normal TiO, ALD.
The modified sequences were designed to ensure the same
process conditions, such as the process time, thermal budget,
and chamber pressure, as that of the normal TiO, ALD.

The film thickness of both the Ru and TiO, films were
determined through calculation from the layer density, which
was measured via X-ray fluorescence spectroscopy (XRF,
Thermoscientific, ARL Quant’X), and the film density via X-
ray reflectivity (XRR, PANalytical, X’pert Pro.). XRR was
used to estimate the film thickness too for several cases. XRF
cannot detect oxygen so that the estimated layer density of Ru
or Ti was used to check the amount of the deposited RuO, or
TiO, film, respectively. The chemical properties of the RuO,
films were checked via X-ray photoelectron spectroscopy
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(XPS, VG, Sigma Probe). The depth profiles of the films were
analysed via time-of-flight medium energy ion scattering
spectroscopy (ToF-MEIS, K-MAC, MEIS-K120) using a He-
ion beam with an acceleration energy of 100 keV. Glancing
angle incident X-ray diffraction (GAXRD, PANalytical, X’pert
Pro., incidence angle of 0.5°) was used to examine the
crystallographic structure of the deposited films. The surface
morphology and roughness were observed via atomic force
microscopy (AFM, JEOL, JSPM 5300).

III. RESULTS AND DISCUSSION

Figure 1 shows the variations in the (a) film thickness and bulk
density (both evaluated from XRR) and (b) resistivity (sheet
resistance measured via four-point probe and film thickness)

and surface roughness (via XRR) of the deposited RuO, (0 < x

< 2) film properties as a function of the N,/H, reactant feeding

time (ty/u), which was varied from 1 to 10 sec. Here, the p-
CVD cycle was repeated 90 times for all the cases. When the
tyon Was as short as 1 sec, the film thickness was very low,
suggesting that the film deposition was inefficient under this
condition. When the tyy increased to 5 sec, the film thickness
largely increased, which can be understood from the enhanced
efficiency for decomposing RuO, to RuO, with the help of the
H, gas adsorbed on the growing film surface.”> When the tyy
increased to over 7 sec, the film thickness decreased drastically.
This does not mean, however, that the p-CVD reaction is
retarded under this condition; this is due to the largely increased
film density, as can be understood from the red-coloured data
points in the same figure. Such a variation in the film density
and thickness can be well correlated with the variations in the
film resistivity shown in Fig. 1(b), where the resistivity was
quite high and low when the density was low (the thickness was
high) and high (the thickness was low), respectively. These
variations are consistent with those in the previous report,'®
which indicates that the films with a low tyy (<5 sec) were
RuO, whereas the films with a high tyy (>5 sec) were Ru,
although the transition ty,y value (~6 sec) was slightly different
from that in the previous report (~11 sec). Such difference can
be ascribed to the different RuO, concentration in the ToRuS
solution (0.8 M in the present work vs. 1.6 M in the previous
work). The different phases of the grown films for the two
distinctive tyy regions (RuO,; vs. Ru) can also be confirmed in
this work (the data in Fig. 2 and the related discussions). The
largely increased roughness of the Ru films for tyy >5 sec can
be ascribed to the highly enhanced incorporation speed of the
Ru metal atoms from the autocatalytic effect of the Ru clusters
for the reduction reaction of RuO, to Ru. These observations
are quite similar to those in the previous report.'® In order to
check the phases of TiO, film on the three types of substrate,
the dielectric constants of the dielectric films, which were
grown by a common cycle number of 200, were estimated.
They were 104.1, 103.4, and 102.2 for the t4, t5, and t10
samples respectively. For this electrical test, the Pt top
electrode (~0.3 mm in diameter) was deposited by a DC
sputtering method through metal shadow mask. XRD was not
successful to distinguish the phases because the TiO, film
thicknesses were too thin (< 8 — 9 nm) to show evident
diffraction peaks.

A peculiar finding could be made, however, from the high
resistivity of the film at tyy = 5 sec, whose resistivity was as
high as 334 Qecm whereas those of the films with the RuO, and
Ru phases were 230-280 and 25-30 Qecm, respectively. This
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strongly suggests that something uncommon occurred at the
condition of tyy = 5 sec. Moreover, the ALD TiO, film on
these films were also exhibited extraordinary growth behaviour.
Figure 1(c) shows the variations in the Ti layer density as a
function of the number of TiO, ALD cycles (n.) for the three
different substrates with tyy = 4, 5, and 10 sec (the samples
named “t4,” “t5,” and “t10”), respectively, and Fig. 1(d) shows
the growth rate of the Ti layer density as a function of n,
which could be acquired by differentiating the data in Fig. 1(c).
There was hardly any incubation cycle (n.,, where TiO, did not
grow during the initial ALD stage), suggesting the good
nucleation property of TiO, films on these substrates. Figure
1(d) clearly revealed that the substrates generally enhanced the
TiO, film deposition, where the enhancement was retained up
to 40-50 cycles for samples t4 and t10, whereas the effect was
retained up to 100 cycles for the case of sample t5. The
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Figure 1. (a) Variations of film thickness and its density, and (b) resistivity and
roughness values of deposited RuO, (0 < x < 2) as a function of N,/H, reactant
feeding time. The comparison of (c) layer density and (d) differentiating growth
rate of TiO; films as a function of deposition cycles deposited on samples of t4,
t5, and t10.

enhancement of TiO, growth in the low-n., region on the RuO,
and Ru electrodes has been reported elsewhere, which has been
understood from the CVD-like reaction of Ti(O-iPr),(tmhd),"!
or TTIP?® molecules on the RuO, surface when the precursor
molecules were pulsed. In the genuine ALD reaction route,
there should be no oxide formation at this step; only the
chemical adsorption of the precursor molecules, whose degree
is largely determined by the steric hindrance effect and surface
density of the chemisorption sites. When the substrate provided
the adsorbing molecules with active oxygen atoms, however,
the oxide layer was formed even at the precursor pulse step,
which resulted in an enhanced growth rate. This type of CVD-
like reaction must be retarded as the substrate surface came to
be covered with the growing film because the chemical inter-
action between the RuO, substrate and the TTIP molecules was
interfered with by the growing film.

Nevertheless, the interaction could be maintained up to a
certain TiO, film thickness because the oxygen dissociated
from O; during the O; pulse step could be diffused into the
underlying RuO, layer through the grown TiO, layer, which

J. Name., 2012, 00, 1-3 | 3
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could be diffused back to the film surface and could react with
the TTIP molecules during the subsequent TTIP pulse step.'?
An identical mechanism could be used to explain the growth
enhancement on Ru given the fact that Ru can be oxidized to
RuO, (or even RuO,) during the O; pulse step.

The much higher enhancement of TiO, film growth on
sample t5, which was preserved up to the n., of 100, manifested
that there is another factor that further enhances the TiO,
growth rate. To confirm such peculiarity, the physical and
chemical properties of t4, t5, and t10 were examined in detail.
The chemical structures of the films were evaluated using XPS
analysis. Figures 2(a)-(c) show the Ru 3d XPS spectra (data
points) of t4, t5, and t10, respectively. Also shown in the same
figures are the deconvoluted spectra (lines) assuming the Ru 3d
peaks were composed of Ru 3ds, peaks centred at the 280.0,
280.8, and 281.8 eV binding energies (BE), which correspond
to metallic Ru, RuO,, and RuOj;, respectively. For the t4
sample,
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Figure 2. Peak fits of (a)-(c) Ru3d spectra and (d)-(f) O1s spectra of t4, t5, and t10

on as-deposited films. In Ru3d spectra, deconvoluted carbon peak is indicated as

black colour, and left-side peaks are originated from 3ds;,. Peak deconvolution

was conducted with 3ds,, spectra (right-side peaks).
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the Ru 3d peak was mainly composed of the peak with a 280.8
eV BE and a minor contribution from the peak with a 281.8 eV
BE, suggesting that the film was mainly RuO,. RuO; might
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have been present on the film surface due to the dissociative
adsorption of O, or H,0.?’ The peak located about 282.5 eV
denoted the extended RuO, composition, which was called as
RuO, satellite.'” In contrast, the main contribution to the Ru 3d
XPS peak was made from the peak with a 280.0 eV BE for the
t10 case, suggesting that the film was mainly Ru. The minor
peaks located at 280.8 and 281.8 eV could also have been from
the surface-oxidized layer. Sample t5 shows the intermediate
composition of the Ru 3d peak, as expected, where the peaks
with 280.0 and 280.8 eV BEs had relatively similar
contributions to the total intensity. This reveals that the t5
sample was composed of a mixture of RuO, and Ru. Such
identification of the films was further confirmed by the O 1s
XPS spectra shown in Figures 2(d)-(f) for the same samples.
The O 1s spectra were also deconvoluted assuming the
presence of peaks located at the 529.5, 530.7, and ~532 eV
BEs, which correspond to the oxygen in the bulk RuO,, the
surface adsorbed or subsurface oxygen (O,gssu), and surface
contamination, such as water or hydrocarbons, respectively.
The presence of O, sub has been reported experimentally'® 28-3
and theoretically” 3! which coincide with the oxygen atoms
without forming strong chemical bonds with Ru, as in RuO,.
Considering the reaction kinetics of RuO, and Ru film

formation through the reductive routes in this work (RuO4 —

RuO, + O,, RuO, — Ru + O,, and RuO,4 + Ru — 2Ru0,), it is
not extraordinary to consider the involvement of the RuO,
phase, where x is <2, in the middle of the CVD reaction. The O
Is spectrum of sample t4 showed a strong and sharp peak at
529.5 eV BE, suggesting that the film is mainly well-
crystallized RuO,. The t10 sample showed a much weaker O 1s
peak intensity, which coincides with the fact that t10 was
mainly of the Ru phase. The deconvoluted O 1s spectrum
clearly revealed that there was an evident peak at 530.7 eV BE
with strong intensity, suggesting that the sufficient amount of
O,dssub Was clearly present in this sample. The deconvoluted
peaks of O 1s spectrum of sample t5 (Fig. 2(e)) evidently
showed simultaneous involvements of the Ru and RuO, phases.
The coexistence of RuO, and Ru with O,y atoms has an
important implication on the ALD of the TiO, film on top, as
will be shown later; the RuO, phase decomposed to Ru and
oxygen, which provided the incoming TTIP molecules with
active oxygen atoms even before the O3 pulse was made.

Figure 3(a) shows the ToF-MEIS depth profiles for oxygen
of the three films at the as-deposited states. The high oxygen
concentration at depth 10 — 15 nm of sample t10 corresponds to
the Ta,O5 substrate layer, which was observed at depth 20 — 25
nm for the other two cases. These results corroborate the fact
that the thickness of the Ru film in sample t10 is much lower
than those of the other two (Fig. 1(a)). As expected, sample t4
had the highest oxygen concentration, and sample t10 almost
negligible oxygen concentration, except for its surface, due to
the contamination and surface adsorbed oxygen. Sample t5 had
an intermediate oxygen concentration, which was closer to that
of t4 than t10. The O/Ru ratio of sample t5, estimated from the
oxygen concentration in the middle of the layer, was ~1.12
which suggests that the RuO, : Ru phase ratio was obtained as
0.56 : 0.44, assuming the stoichiometric RuO, and negligible
oxygen concentration in the Ru phase. To understand what
occurred in the chemical states of these films during the ALD
steps, the following experiments were performed on these three
samples, and the oxygen depth profiles were again examined.
First, the five cycles of TiO, ALD (the TTIP and Oj; pulses)
were performed, and the oxygen profiles are shown in figure

This journal is © The Royal Society of Chemistry 2012
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3(b). The high oxygen concentration of the film surface can be
ascribed to the presence of a very thin TiO, layer (with a 0.15
nm nominal thickness, estimated from the saturated ALD rate
of TiO, ~0.03 nm/cycle). While the bulk of the Ru layer in t10
remained almost oxygen-free (black line), the oxygen
concentration of both samples t4 and t5 decreased significantly
after only five cycles of TiO, ALD. The decrease was the most
significant for the case of t5 (Fig. 3(e)), suggesting that the
oxygen in sample t5 was the most vulnerable to the removal
probably by the reaction with TTIP. Figure 3(c) shows the
oxygen signal depth profiles of the three samples after the O3
pretreatments (no TTIP pulse). Sample t10 showed a high
oxygen signal on the surface, and the bulk region showed only
a marginally increased concentration. This suggests that sample
t10 had a relatively high resistance to infiltration of oxygen,
which can be ascribed to the high crystalline quality of the Ru
film in this sample. Samples t4 and t5 showed quite notable
changes after the O; pretreatments; the oxygen concentration of
sample t5 (Fig. 3(e)) was increased both bulk region and
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Figure 3. Depth profile of oxygen atom, where (a) as-deposited, (b) after five
cycles of TiO, ALD and (c) after the O3 pretreatment, and oxygen profile change
in (d) t4, (e) t5 and (f) t10 by subsequent process, analysed by time-of-fight
medium energy ion scattering spectroscopy. Coloured arrows in (d)-(f) indicate
the interface between RuO, (or Ru) on left-side and Ta,Os layer on right-side.

interface, while the sample t4 (Fig. 3(d)) exhibited no
significant change. The slight increase in oxygen signal of t5
can be ascribed to the further oxidation of the Ru phase to
RuO,. The large variation in the oxygen concentration after the

This journal is © The Royal Society of Chemistry 2012
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ALD of TiO, (shown in Fig. 3(b)) appeared to have a close
relationship with the phase evolution of t4, t5, and t10 during
the ALD, and the variations in the initial ALD speed. Figure
3(f) showed that the oxygen behaviour in sample t10 was not
deviated from the usual expectation; bulk of Ru layer remained
almost oxygen-free and only surface contained oxygen atoms.
The chemical composition of Ru, RuO, and RuO, layer after
the deposition of TiO, films by 10 cycles was also checked by
XPS. The results were identical to the MEIS results of Fig. 3
(data not shown).

Figure 4 shows the GAXRD spectra of samples t4, t5, and
t10 before and after the 10 cycles of TiO, ALD. All the as-
deposited films were crystallized without any post-deposition
annealing. The diffraction peaks from the as-deposited sample
t4 indicated that the thin film had crystalline RuO, with a rutile
structure [(110) at 20 ~ 27.9° and (111) at 40.6°]. Metallic Ru
peaks were detected at 20 ~ 38.8° for (100), 42.5° for (002),
and 44.4° for (101) from sample t10. No significant change in
the diffraction pattern was observed even after the deposition of
10 ALD cycles of TiO, in both samples t4 and t10. The
nominal thickness of the TiO, layer was only 0.3 nm, and as
such, the TiO, layer could not show any diffraction peak from
this GAXRD setup but can just slightly mask the underlying
layers from the incident X-ray. In contrast to samples t4 and
t10,

D DD
\,\'\ A SLAA
w0 ST

WM tyy =108

\7‘\
Wi
Wi m
I

Pt tyw = 10 s + TiO, 10 cycle

tyu=5s

1ty =5 s + TiO, 10 cycle

Intensity [arb. unit]

tN,H = 4 s + TiO, 10 cycle
20 25 30 35 40 45 50

26 [deg ]
Figure 4. Glancing angle incident X-ray diffraction spectra of t4, t5, and t10
substrates, and after 10 cycles of TiO, deposition on each substrates.

Table I. GAXRD peak positions (20) of the three samples at the as-deposited
state and after the 10 cycles of TiO, ALD.

RuO, Ru RuO, Ru Ru

Samples (110) (100) (111) (002) (101)
10s 38.75 4248 4432
10 s + TiO; 10cy 38.71 4248 4440
5s 27.94 40.56 42.16 44.13
5s+TiO, 10cy  27.94 38.35 42.29  44.09
4s 27.85 40.59

4s+TiO, 10cy  27.83 40.57
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sample t5 showed diffraction peaks at 20 ~ 27.9 and 40.6°,
which corresponded to RuO,, as well as peaks at 20 ~ 42.2 and
44.1°, which corresponded to Ru, at the as-deposited state,
although the Ru peaks were much weaker than that of sample
t10. This phase composition corroborates the above XPS
results. Despite the low peak intensities, the positions of each
peak can be determined by fitting the spectra with the Gaussian
function. The estimated peak positions are summarized in Table
I. It can be understood that in addition to the coexistence of
RuO, and Ru in sample t5, the peak positions of the Ru phase
are certainly shifted into the lower 20 direction by 0.2-0.3°
compared with t10, whereas that of the RuO, peak showed a
smaller shift into the higher 20 direction by ~0.1° compared
with sample t4. This suggests that the Ru phase in sample t5
had an increased lattice parameter, probably due to the
remaining oxygen in the metallic Ru lattice, while the RuO, in
sample t5 had a slightly decreased lattice parameter, but it was
less obvious compared with that of Ru. In this regard, it is
supposed to be that the Ru phase in sample t5 had the high
concentration of O,gsqw. Another notable finding could be
obtained from the GAXRD spectrum of sample t5 after the 10
ALD cycles of TiO,; the RuO, peak disappeared almost
completely while the Ru peaks quite notably increased in
intensity, with their shifted peak positions maintained. This
suggests that the catalytic decomposition of RuO, to Ru with
the help of the presence of Ru occurred during the ALD of TiO,
on top in this case, as discussed in ToF-MEIS analysis.

The results shown in figures 2-4 well corroborate the
previously reported mechanisms for the RuO, and Ru film
deposition using the RuO, and N,/H, gas as the Ru precursor
and reduction agent.'® RuO, could be thermally decomposed at
this temperature (230 °C) to form RuO,, but the addition of H,
gas enhances the chemical adsorption of RuO, on the H,-
adsorbed RuO, film surface, increasing the RuO, growth rate.
During the long tyy, the deposited RuO, decomposed to Ru
while the oxygen atoms were removed by the reaction with H,.
There was a catalytic activity of Ru that further enhanced the
RuO, reduction when the Ru nuclei were formed. This resulted
in the abrupt phase transition of the depositing film from RuO,
to Ru at a certain critical ty (~6 sec in this case, and ~11 sec in
Ref. 18) When the deposited film became Ru (due to the
sufficiently long tyy), the deposition of the film during the
subsequent RuO, pulse step was further enhanced by the

reaction RuO,; + Ru — 2Ru0,, and the resulting RuO, was

reduced to Ru during the subsequent N,/H, pulse step. The
added knowledge in this work was the revelation of the
intermediate step of the transition from RuO, to Ru (sample t5).
The 5 sec tyy appeared to be just enough time to induce the
reduction of RuO, to Ru but not long enough to induce the full
transformation to Ru. Therefore, the microstructure must be a
physical mixture of RuO, and Ru (with non-negligible amount
of O,gssub), Which induced the abnormally high resistivity in
this case (Fig. 1 (b)) due to the boundary scattering of electrons
between the two phases. The drastic decrease in the RuO, phase
XRD peak and the increase in the Ru phase XRD peak shown
in figure 4 after the 10 ALD cycles of TiO, for the case of
sample t5 manifested what could be the more detailed
mechanism for the reduction of RuO, with the help of Ru.
When pure RuO, was thermally treated under the N,/H,
atmosphere for a short time (tyy <4 sec), which was not
sufficiently long to induce Ru nuclei formation, N,/H, did not
seem to play any crucial role in the reduction. It just increased
the RuO, chemisorption perhaps through the reaction 4H
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(surface) + RuO4; — RuO, + 2H,0 (desorption). Once the Ru

nuclei started to form with the increase in tyy (>5 sec),
however, they could take the oxygen from the nearby RuO,
grains, and the acquired oxygen atoms in the Ru grains (O g5 sub)
could leave the film rapidly because O,qs sy Was unstable. The
direct extraction of oxygen atoms from RuO, by thermal energy
(or even with the help of H, gas) at 200-250 °C appears quite
unlikely due to the phase stability of RuO,. The GAXRD data
shown in figure 4 for sample t4 reveal this point. When TTIP
was pulsed on the film surface, it could take oxygen from the
underlying layer if the binding energy between the oxygen and
Ru was weaker than the Ti-O bond or even C-O (and other
possible reactions between the ligands and oxygen). The Ti-O
bond is much stronger than the Ru-O bond at the ALD
temperature, and as such, in principle, RuO, reduction could
occur during the TiO, ALD, which was indeed observed when
the ALD temperature was 370 °C.'"' The temperature of TiO,
ALD is the critical factor that influences the growth behaviors
on the different types of substrate layer. At 370 °C, the catalytic
decomposition of RuO, during the TiO, ALD was highly
activated by the thermal energy,'' so that the TiO, film growth
rate on RuO,, which is the substrate layer with the highest
oxygen content among the three types of Ru-O films, showed
the highest growth rate. However, at a much lower ALD TiO,
temperature of 250 °C, the thermal decomposition effect of the
stable RuO, was much less severe, so that the inherently
chemical activity of subsurface oxygen atoms in the RuOj
showed the highest chemical activity. At such a relatively low
ALD temperature of 250 °C in this work, however, this reaction
seemed to be kinetically limited, and as such, a substantial
fraction of RuO, remained after the TiO, ALD for the case of
sample t4. The identical growth behaviour on sample t4 and t10
can be explained as follows. Sample t10 had a negligible
amount of oxygen in the bulk of the film, so it had no reason to
show such an effect during the ALD of TiO, on top of it.
However, thin RuO, could be grown on the Ru surface by its
exposure to Os-containing environment.'* Only a few layers of
RuO,, which derived the formation of rutile-structure TiO, on
the Ru electrode when O; was adopted as the oxygen source,
can contribute the over-growth of TiO,. Therefore, the t10
exhibited almost identical growth behaviour to sample t4. The
availability of a catalytic reduction route for the case of sample
t5 via the transfer of oxygen from RuO, to Ru, however, greatly
facilitated the reduction of RuO,. When the TTIP was pulsed,
the reaction by-product of the reduction reaction (RuO, — Ru +
0,), O atoms or O, molecules, could be easily taken up by the
TTIP, which would further enhance the reduction reaction. As a
result, the RuO, phase seemed to be completely disintegrated
even after only 10 ALD cycles on top (Fig. 4). However, the
enhanced growth rate was maintained almost 100 cycles of
TiO, deposition. As aforementioned, the adsorbed TTIP
molecules were oxidized by the oxygen atoms provided by the
catalytic decomposition of RuO, due to the coexistence of Ru
in the substrate layer in case of sample t5, which is suggested
by the data shown in figures 3 and 4. It is also possible that the
reduced Ru could be oxidized back to RuO, during the O; pulse
time, but the incorporated oxygen atoms would be diffused
outward again to the film surface during the subsequent step.
Actually, even after conducting 100 cycles of TiO, ALD,
oxygen concentration of RuO, was ~33 at.% (Fig. 5), which
was comparable to that after five cycles of TiO, ALD (Fig.
3(e)).

This journal is © The Royal Society of Chemistry 2012
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Figure 5. Depth profile of RuO, (tyw = 5 sec) film after conducting 100 cycles of
TiO, ALD.

In contrast, sample t4 showed only a marginal increase in
growth rate, which was almost comparable to that of sample
t10, and the Ru and RuO, phase remained intact after the TiO,
ALD. These factors revealed that RuO, was not decomposed to
Ru under these ALD conditions, which can be ascribed to the
structural stability of RuO,. It could be easily anticipated that
such a drastically different evolution of oxygen from the
substrate layer during the ALD of TiO, would result in different
ALD behaviours for the given TiO, ALD conditions, which
was indeed the case, as shown in figures 1(c)-(d).

The interaction between O3 and the three samples was further
examined in the following manner: the three samples were
treated under the O; pulse sequence, which was identical to the
TiO, ALD process (without the TTIP pulse steps). Figure 6(a)
shows the variation in the Ru layer density as a function of the
O; pulse number for the three samples. While the Ru layer
density decreased only marginally (<11%) for the case of
sample t4, even after 7 cycles of O3 treatment, the Ru layer
density of sample t10 decreased by almost 97%. It has been
reported that the Ru etching by O; proceeded via the reaction

RuO” + O; — Ru0,*? where RuO" coincided with the Ru

atoms with the nearby O atoms existing as the forms adsorbed
on the surface or subsurface region, which has been represented
by Oggssup in this work. When the film had a stable form of
RuO,, the reactivity of this layer towards the reaction with O,
must have been quite limited, and no significant etching was
observed.’” ** The GAXRD data shown in figure 6(b) before
and after the five O; pulse cycles revealed that there was also
no major change in the phase composition. In contrast, as
confirmed by the XPS spectra in figure 2, the Ru film surface
(sample t10) had O,qyssup, Which could be preserved even after
the O; pulse step, so that the etching must be quite active. The
GAXRD data shown in figure 6(d) also revealed that there was
no major change in the phase composition in this case. It is
interesting to note that these etching and GAXRD data indicate
that the RuO,; layer was not majorly formed during the O; pulse
step. It can be imagined that the formation of RuO,, which can
be induced by the reaction between the Ru and O radicals

This journal is © The Royal Society of Chemistry 2012
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Figure 6. (a) Comparison of variations of Ru layer density of sample t4, t5, and
t10 as a function of conducted cycle number of O; pretreatment. Glancing angle
incident X-ray diffraction patterns of (b) t4, (c) t5, and (d) t10 before and after
five cycles of O3 pretreatment.

dissociated from O;, is in competition with the formation of
RuO,; by the aforementioned reaction. In addition, the
formation of a RuO, layer requires the substantial
rearrangement of the Ru atoms from the metal Ru structure
(hexagonal close packing) to the rutile RuO, structure
(tetragonal), which must be kinetically limited by the relatively
low temperature (250 °C). When the Ru film surface was
directly exposed to O; gas, the volatilization reaction by RuO,
formation must have been dominant*° When the TTIP
precursors were also pulsed, however, to grow ALD TiO, films
on the Ru electrode, the desorption of RuO, must have been
suppressed by the presence of a thin TiO, layer on top of the Ru
surface, whereas the dissociation of O3 to O, and O radical on
the TiO, surface could be enhanced.'* The produced O radicals
could be readily diffused to the underlying Ru layer and could
have formed an interfacial RuO, layer, which is the driving
force for transforming the structure of the TiO, clusters from
either amorphous or anatase (which must be the first formed
phase considering the low ALD temperature and
thermodynamic condition) to a rutile structure. The formation
of rutile-structure TiO, on the Ru electrode when O; was
zflsdcz)ép‘gﬁd3 5as the oxygen source has been repeatedly reported.'> '*
The etching behaviour of sample t5 was in between those of
samples t4 and t10. The general trend, however, follows that of
sample t10, suggesting that the Ru phase in sample t5 was
mainly etched. Figure 6(c) shows the GAXRD pattern of
sample t5 before and after O; etching. It will be noted that the
peaks related with the Ru phase almost disappeared while the
peaks related with the RuO, phase remained invariant after O;
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Figure 7. Comparison of deposited TiO, layer density on t4, t5, and t10
substrates as a function of cycle number of Oz pretreatment. Atomic force
microscopy images of (b) before and (c) after three cycles of O3 pretreatment on
the sample of t5.

etching. This clearly indicates that the main etching part in
sample t5 was Ru while the RuO, phase remained unetched.
The effects of O3 pretreatment on the subsequent TiO, ALD
were examined by depositing five ALD TiO, cycles on the Os;-
pretreated samples with different treatment cycles. Figure 7(a)
shows the variations in the Ti layer density as a function of the
O; pretreatment number for the three samples. Sample t4 did
not show any notable variation in the Ti layer density up to the
pretreatment cycle number of 5, except for a small increase
after the first cycle, which can be attributed to the slightly
increased oxygen concentration on the film surface. Sample t10
first showed an increase and then a decrease after three cycles.
The first increase can be understood in the same manner as for
sample t4, and the obvious decrease in Ti layer density after
three cycles may be understood from the large removal of the
Ru material itself after these treatments. The less the Ru that is
left with the increasing O; pretreatment cycle number, the less
oxygen could be stuffed in the remaining Ru layer, and thus,
the less enhancement in TiO, ALD. Sample t5 showed a rather
complicated behaviour; up to three O; pretreatment cycles, the
Ti layer density largely increased, but it finally decreased to the
value of sample t4 after 10 O pre-treatment cycles. The first
large increase may be understood from the increased surface
area as the Ru phase was etched away by the O; pretreatment
cycles. Figures 7(b) and (c) show the AFM topographic images
of the as-deposited sample t5 and after three O; pretreatment
cycles, respectively. It can be understood that the structural
change on the RuO, film surface was made by the O;
pretreatment cycles. On this surface, there was a remaining Ru
phase, which was a very active source of oxygen to the
incoming TTIP molecules. The fact that the Ru phase has
elongated lattice and the O,gs b in its lattice may also enhance
transformation of Ru to RuO,,*> *° and this RuO, could be
contributed to oxidation of TTIP molecules by reduction

reaction (RuO, — Ru + 0O,). This is because the TiO,

overgrowth was retained up to 100 cycles for the case of
sample t5. As the Ru phases etched away, the surface became
more like RuO,, and the TiO, growth rate converged to that on
RuO,; (sample t4).

IV. CONCLUSIONS

The chemical states of RuO, and Ru films as the bottom
electrode for the high-dielectric-rutile TiO, thin film, which
were deposited via pulsed chemical vapour deposition (p-CVD)
based on the reduction reaction of RuO, induced by the N,/H,
gas mixture, were examined in detail. When the ty; was shorter
than 4 sec and longer than 6 sec, the deposited films were
almost single-phase RuO, and Ru, respectively. The film grown

8 | J. Name., 2012, 00, 1-3

at 5 sec tyy, however, was identified to have had a mixture of
the RuO, and Ru phases, where this Ru was the metallic Ru
phase with an elongated lattice parameter due to the
incorporation of subsurface oxygen atoms. The coexistence of
the two phases in a single film drastically increased the
chemical activity of oxygen in the film, largely increasing the
ALD speed of TiO, on top up to 100 ALD cycles. This was
understood as the catalytic decomposition of RuO, into Ru and
oxygen atoms with the help of the Ru phase. The RuO, film
had a high immunity to the chemical etching activity of O; due
to its structural stability while the Ru film showed the lowest
immunity to O; etching. This may be due to the much faster

reaction kinetics for the reaction RuO” + O; — RuO, compared

with that of the oxidation speed of Ru by the oxygen radical
decomposed from O;. Therefore, it was identified that the in-
situ formation of a thin RuO, layer underneath the growing
TiO,, which drove the transformation of the TiO, phase from
anatase to rutile and is highly desirable for a high dielectric
constant, was due to the suppression of direct contact between
Ru and Oj; by the intervening TiO,. The oxygen radical formed
on the TiO, surface could diffuse onto the Ru surface beneath
the TiO,, and could form RuO.
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