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Barium oxide (BaO) is a critical component for a number of materials offering high dielectric constants,
high proton conductivity as well as potential applicability in superconductivity. For these properties to
keep pace with continuous device miniaturization, it is necessary to study thin film deposition of BaO.
Atomic layer deposition (ALD) enables single atomic layer thickness control, conformality on complex
shaped substrates, and the ability to precisely tune stoichiometry. Depositing multicomponent BaO
containing ALD films in a self-limiting manner at low temperatures may extend the favorable bulk
properties of these materials into the ultrathin film regime. Here we report the first temperature and
dose independent thermal BaO deposition using a novel pyrrole based Ba precursor (py-Ba) and water
(H,0) as the co-reactant. The growth per cycle (GPC) is constant at 0.45 A with excellent self-terminating
behavior. The films are smooth (root mean squared (RMS) roughness 2.1 A) and contain minimal impurities

Received 29th October 2015, at the lowest reported deposition temperatures for Ba containing films (180-210 °C). We further show

Accepted 21st December 2015 conformal coating of non-planar substrates (aspect ratio ~ 1:2.5) at step coverages above 90%. Intermixing
DOI: 10.1039/c5tc03561a TiO, ALD layers, we deposited amorphous barium titanate with a dielectric constant of 35. The presented

approach for infusing self-terminating BaO in multicomponent oxide films may facilitate tuning electrical and
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Introduction

Incorporating barium oxide (BaO) with transition metal oxides
forms interesting multinary compounds with mostly perovskite
crystal structures. These electroceramics exhibit high dielectric
constants (BaTiO;"* and BaSrTiO;%), high proton conductivity
(Y doped BaZrO,;*”) and, depending on the crystal arrangement,
ferroelectricity,” piezoelectricity® and photorefractive effects.®
These structures can be applied to low temperature super-
conductors,”® solar cells,”*° high-k capacitors'* and fuel cells.*
Atomic level control of the films’ thickness, composition and
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ionic properties in next-generation ultrathin devices.

crystal structure can be significant for device miniaturization
and for verifying theoretically predicted properties in the ultra-
thin film regime.'”> However, it necessitates a manufacturing
technique capable of fabricating pin-hole free films with the
aforementioned characteristics. In addition, conformal coverage
on complex shaped structures®'*'* is desirable.

Atomic layer deposition (ALD) is well suited to address these
challenges.”>'® Unique self-limiting growth characteristics
allow for the conformal deposition of various metals, insulators
and semiconductors (in both, crystalline and amorphous phases),*®
onto a variety of substrates including high aspect ratio structures'”
and thermally fragile polymers."®'® In ALD, metal precursors
primarily determine the nature of the surface reactions, hence
governing deposition and quality of the thin film. They also control
surface chemistries crucial to drive the self-limiting growth mode,
i.e. the ability to reach surface saturation at each reaction step.

For ALD of multicomponent films containing BaO, the low
volatility, poor thermal stability and weak surface functional
group reactivity of commercially available Ba precursors has
been the bottleneck for deposition of high quality films with
uniform stoichiometry.' Only cyclopentadienyl (cp-Ba)-type pre-
cursors were used for ALD of barium containing oxides with H,O as
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a co-reactant.*”° Using cp-Ba, multicomponent perovskite materials,
such as BaTiO; (BTO),"**" BaZrO;*® and Ba(; St TiO;*>** films
can be grown in a self-limiting manner, independent from the
precursor dosage. Self-limiting growth of binary BaO, the critical
underlying framework for these films, is yet to be reported. One
of the limitations with cp-type precursors is that they exhibit
chemical vapor deposition (CVD)-like behavior: they can readily
react to any oxygen-containing species, not requiring other
oxidants.>* To precisely control the growth rate as well as the
chemical composition, all binary oxide depositions in a multi-
component system should be done under distinct ALD windows.
Whereas TiO,”>* and ZrO,,”® thin films have been deposited in a
self-terminating manner on complex shaped substrates, this has
not been shown with BaO. The development of a self-limiting
deposition process for BaO is crucial for controlling BTO and
BZO deposition. Hence, after roughly 15 years of research and
continuous improvement on cp-type Ba precursors, an alternative
precursor is worth investigating.

In this report, we establish the ALD window for depositing
BaO using a novel pyrrole based barium compound (py-Ba). This
precursor facilitates deposition at substrate temperatures as low
as 180 °C. Using H,O as the oxidant, we show the independence
of the growth per cycle (GPC) with respect to precursor dosage as
well as the number of half-cycles within a full cycle. Excellent
thickness uniformity, low roughness, and minimal impurity
content are manifest of the high thin film quality. The BaO has
been shown to grow conformally on non-planar substrates (aspect
ratio, AR ~ 1:2.5), with step coverage over 90%. To show the
potential of py-Ba to fabricate multicomponent films, we deposit
BTO. Here the deposition of binary BaO under ALD conditions
enables the best dielectric performance of amorphous BTO based
metal-insulator-metal (MIM) devices so far.

Experimental

We used a customized reactor for four inch wafers equipped
with automated temperature, pressure and mass flow controllers

View Article Online
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(MFCs, Alicat Scientific, USA) for the deposition of BaO and
BTO films (Fig. 1). BASF (Ludwigshafen, Germany) developed
and supplied the proprietary py-Ba precursor. Alfa-Aesar (USA)
supplied titanium(wv) isopropoxide (TTIP). All precursors and
oxidants were kept in 50 cm? stainless steel sample cylinders
and heated to 175 °C (py-Ba, based on thermo-gravimetric
analysis (TGA), Fig. S1, ESIt) and 70 °C (TTIP), respectively.
The chamber had three inlet ports. The first attached py-Ba to
the chamber and was backed by an Ar line. The second port
connected the manifold containing the oxidant (H,0O), trimethyl-
aluminium (TMA) and the purge gas (Ar). The third port attached
TTIP. A constant flow of 10 sccm of Ar flowing through the
manifold resulted in a chamber pressure of 0.6 Torr (measured
by a Pirani gauge, Kurt Lesker Company, USA). The chamber
exhaust was connected to a stop valve, pressure gauge (both Kurt
J. Lesker, USA) and a roughing pump (Edwards, USA). Standard
pneumatic ALD valves (Swagelok, USA) pulsed all precursors and
the oxidant into the chamber.

We deposited BaO films on 500 pm thick p-doped (100) Si
wafers. For electrical measurements, an MIM structure with
BTO as dielectric layer was deposited onto 200 nm thick e-beam
evaporated Ru (Innotec, USA) on a 500 pm thick (100) Si wafer
with a 100 nm thermal SiO, insulating layer. H,O pulses prior
to the deposition resulted in an interfacial layer of conductive
RuO,, which served as back electrode.>” Top electrodes (anodes)
consisting of patterned, 200 nm thick Pt pads (680 x 680 pm?)
were evaporated onto the BTO films (e-beam evaporation, Kurt
Lesker company, USA). The equivalent oxide thicknesses (EOTs),
given by EOT = tgro X (&sio /ésro), capacitance-voltage (C-V)
characteristics and dielectric constants of ALD films were mea-
sured using an LCR meter. Current-voltage (I-V) measurements
were conducted using a voltage source ammeter (Keithley
instruments, USA). Leakage currents were measured for applied
biases between 0 and +1.6 V.

The trenches on the Si substrate were fabricated by reactive
ion etching (RIE) in an inductively coupled plasma (ICP) system
(TCP 9400, Lam Research, USA), using hydrogen bromide (HBr),
chlorine (Cl,) and oxygen (O,) as etch gases. Positive photoresist,
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Fig. 1 Schematic of customized ALD reactor for deposition of BaO and BTO films.
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patterned by in-line lithography, was used as the etch mask and
afterwards removed using heated piranha solution (9:1 H,SO,:
H,0, at 120 °C), followed by a polymer descum using O, plasma.

Elemental compositions of the films were analyzed by X-ray
photoelectron spectroscopy (XPS) in a PHI-Versaprobe (Physical
electronics, USA) using Al Ko radiation (1486 eV). The instrument
was equipped with Ar ion sputter guns for surface cleaning and
depth profile analysis. Ar sputtering (2 kV, 1 pA, 1 x 10~ Torr)
was ~6 nm min~ . The thickness of BaO and BTO films was
determined according to an optical model fit to ellipsometer
(Woollam, USA)*® measurements, and roughness was quantified
via atomic force microscopy (AFM) (JSPM 5200, JEOL, USA). The
thickness was confirmed using transmission electron microscopy
(TEM) (Titan ETEM 300 kV, FEI, USA) and X-ray reflectivity (X'Pert
Pro, PANalytical, Netherlands). The sample for cross-sectional
TEM (FEI 80-300 Titan) analysis was prepared using focused ion
beam (FEI Helios) with lift-out technique. All high resolution
TEM (HRTEM) images were taken at 300 kV accelerating voltage
with spherical aberration correction. For BaO thickness measure-
ment, lack of contrast difference between amorphous C and BaO
films made it difficult to directly find out the thickness of the
films, hence, scanning TEM electron energy loss spectroscopy
(STEM-EELS) was performed across the interface at the top, side,
and bottom of the trench. The STEM-EELS acquisition condition
was 300 kV STEM probe with GIF Quantum 966 EELS spectrometer,
point size 0.3 nm, exposure time from 1 to 3 s, 0.1 eV/channel
energy dispersion for Si L & Ba M peaks around 99 eV and 781 eV
respectively.

We performed ab initio calculations to evaluate the precursor
dissociation energies to the metal center. We generated the
starting geometries manually and optimized them using the
universal force field (UFF).”° Using Becke’s three parameter
exchange functional and the Lee-Yang-Parr gradient functional
(B3LYP)***! as implemented in the Gaussian09 package,*> we
performed geometry optimizations to find energy minima
(stationary points). We chose the Los Alamos basis set LANL2DZ
(effective core potential and a double-{ valence shell)** for the Ba
center and the cc-pvdz, Dunning’s correlation consistent basis
set for all other atoms.>*
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Results and discussion
A. Growth of binary BaO films

One cycle of BaO deposition consisted of one py-Ba dosing
sequence with variable boosting®® duration, dwell time of 20 s
and subsequent release for 2 s. 10 H,O (oxidant) doses (1 s
each) separated by purging steps (30 s) followed this step.
Boosting with Ar gas increased the total canister pressure,
assisting the precursor vapor delivery into the chamber. We
will henceforth compare the amount of precursor delivered to
the chamber by the total pressure difference between the
precursor dose and the base pressure of the chamber (see ESIT
for the details). Using a constant boosting time (2 s) followed by
one py-Ba dosing sequence per cycle, we deposited 100 cycles of
BaO in every run. We varied the substrate temperature from
180 °C (slightly above precursor temperature) to 250 °C to
establish the ALD temperature regime for py-Ba. Physical
thicknesses of the films measured using spectroscopic ellipso-
metry*® revealed the GPC as shown in Fig. 2. We identify a
constant growth rate plateau between 180 and 210 °C (0.45 A
per cycle) as shown in Fig. 2a; however the rate decreased as the
temperature increased to 225 °C. At 250 °C, we observed no
deposition. This may indicate desorption of the surface species
at higher temperatures, as for ALD of Al,0;*® and Sr0.*” ALD
temperature regime of this precursor (180 °C and 210 °C) is
lower than for previously reported BaO containing films.**" We
optimized the growth conditions at 210 °C substrate temperature,
well within the established ALD window of the precursor. The
lower thermal budget of deposition is advantageous for applica-
tions where the underlying materials, for example organic
transistors, are temperature sensitive. Usually the hygroscopic
nature of BaO leads to hydroxide formation during the H,O
pulse," which we could overcome with sufficient purge preventing
side-reactions.

To verify self-limiting BaO growth, we investigated the satura-
tion behavior with respect to precursor dose. Initially, the GPC
increases with the increase of precursor dosage reaching a
maximum growth rate of 0.45 A per cycle at a differential
pressure of 1 mbar (pressure of precursor vapor and Ar boosting
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(a) GPC plotted versus substrate temperature (b) GPC versus boosting time (standard deviation: 7 measurements on 4 inch wafer). The downward

arrow indicates the process parameter chosen for further experiments. The y-axis in red shows the calculated total pressure in the precursor cylinder in

mbar as mentioned in the ESI.{
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gas minus base pressure). We measured the standard deviation
(std. dev.) in thickness by performing measurements on seven
different spots on the four inch wafer and its resulting deviation
in the GPC (Fig. 2b, scheme of uniformity measurement in ESL,t
Fig. S2). The region of the wafer close to the precursor inlet is
thicker than the outlet at lower precursor doses (shorter boosting
durations, std. dev.: 12.8 A, marked as error bar). This indicates
an insufficient coverage of available reactive surface sites.'*
Increasing the precursor dose (boosting duration 2 s) improves
the surface coverage (std. dev.: 2.9 A). A further increase in the
dose (boosting duration 3 s) has no effect on the GPC. This directs
to a self-limiting BaO deposition.

To confirm the self-limiting nature of deposition, we varied
the number of Ba dosing sequences per cycle from 1 to 3
keeping the boosting time at 2 s. The BaO growth saturates
with the first precursor pulse; the total thickness remains
unchanged irrespective of the number of dosing sequences
per cycle (Fig. 3a). Varying the number of H,O pulses per cycle
from 1 to 3, we initially noticed higher GPCs and then a steady
state at 5-10 pulses (Fig. 3b). With a minimum of 1 Ba and
5 H,O pulses, the precursor surface reactions are complete,
manifesting the self-terminating BaO deposition obtained.
The overall achieved GPC of 0.45 A per cycle is much lower
than the monolayer thickness reported for BaO (~2.79 A%)
suggesting that only a fraction of a monolayer is deposited
per cycle.

Having established the ALD window and self-limiting
growth regime in both the half cycles, we checked the thickness
uniformity on a four inch wafer. Fig. S3 (ESIT) shows a thickness
map (ellipsometry) of the full wafer. X-ray reflectivity (XRR, ESL T
Fig. S5) validates the fitting. The direction of the precursor flow
drives the overall thickness variation; however a std. dev. of 1.01 A
based on a 55-point measurement shows that this process offers
excellent uniformity.

A precursor’s suitability for ALD strongly correlates with the
metal-to-ligand bond strengths.*® It should allow sufficient
reactivity to the metal while preventing thermal decomposition
as underlying reaction mechanism.*® Having experimentally
established a self-limiting deposition regime for BaO with py-Ba,
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Table 1 Energy (eV) required to break bonds between the first and

second ligand for py-Ba and the commonly used cp-Ba precursors,*®
DFT calculation using Gaussian 09. Optimized geometry is in Fig. S6, ESI

Precursor First ligand Second ligand
py-Ba 4.93 5.13
cp-Ba“ 2.4 1.4

“ Values adapted from ref. 39.

we now look into the dissociation energy differences between py-Ba
and known cp-Ba (Table 1), known to easily thermally decompose.”®
The energy to break both Ba-N bonds linking the metal to
the ligands requires higher energy as compared to breaking the
Ba-C bonds in cp-Ba. This is in line with the theoretical bond
strengths of Ba-C (2.9 e€V) and Ba-N (4.6 eV) calculated in the
same way. The more stable Ba-N evidently prevents thermal
decomposition of the precursor, which has been reported as
a problem for the cp-type precursors with weaker bonding
energies.’® Precluding any runaway growth, the higher disso-
ciation energy may favor a surface controlled reaction at a lower
growth rate and a deposition within the ALD window. The bond
strength of the second pyrrole ligand to the metal center is
higher for the first ligand. This agrees with the experiments in
which several H,O pulses allow the reaction to proceed as also
reported for other known metal-oxide ALD chemistries.*"**

B. Characterization of BaO films

X-ray photoelectron spectroscopy (XPS) depth profile reflects
the overall quantitative Ba and O compositional uniformity
(Fig. 4(a)).

BaO is not stable when exposed to air; it readily forms
hydroxides/hydrates and/or carbonates." When transferring
the samples to the XPS vacuum chamber after the film deposition,
they were not in vacuum. Reactions between the as-deposited film
and air cannot be ruled out. However, from the depth profile, the
disappearance of the adventitious C 1s peak (285 eV)" in the
sputtered region of the film indicates the surface confinement of
C (Fig. 4(b)). The peak at ~290 eV shows BaCO; formation on the
surface®® eliminating possible bulk or molecular C inclusion from
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(a) Film thickness plotted versus number of Ba precursor exposures per BaO full cycle (b) thickness variation as a function of number of oxidant

(H20) pulses. A steady state was attained after 5-10 H,O pulses. 100 cycles were deposited in total.
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peaks on the surface of the film and post surface etching.

the precursor source. The O 1s core level spectra appear asymmetric
on the surface of the film. The major component near the binding
energy of 531.5 eV corresponds to bonding with Ba and the
shoulder at 532.9 eV corresponds to Ba bonding with OH.>® The
splitting in the O 1s peak is ~1.5 eV. Reported values for O 1s
splitting are <2 eV if associated to OH groups and >3 eV if
associated to molecular H,0.** Hence, the dominant feature at
532.9 eV corresponds to bonding to OH groups and not to H,O.
The broad feature disappears after surface sputtering, leaving
behind a single peak at 531.5 eV, which indicates that no OH

2.0 ym

Binding energy (e.V)

Binding energy (e.V)

(a) XPS depth profile of BaO film obtained at 210 °C substrate temperature and 2 s boosting time. (b) C 1s, O 1s and Ba 3ds/, X-ray photoelectron

species are present in the bulk of the film. This is further supported
by the symmetric Ba 3d5/, peak positioned at ~780 eV indicating
the single bonding environment around Ba in the entire film.
We conclude the BaO deposition to be contamination free.

The BaO film deposited shows low surface roughness (root
mean squared (RMS) roughness 2.1 A) as analyzed by AFM
(Fig. 5). In general, RMS-roughness values obtained were less
than 5% of the film thickness.

To investigate the conformality of film growth on non-planar
substrates, ~6.5-7 nm thick BaO was deposited onto a silicon

1.70 nm

0.0 nm

2.0 ym

Fig. 5 A 3D representation of BaO thin film grown at 210 °C. The film thickness is ~4.5 nm and RMS roughness is ~2.1 A from AFM measurement.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6

(a) Cross sectional TEM image of BaO film deposited on patterned Si substrate with aspect ratio ~1:2.5; the central cavity of the trenches are

filled with amorphous carbon for structure protection during ion milling; positions 0, 1 and 2 are highlighted as top, side and bottom of the trench,
respectively. High resolution TEM of the positions 0, 1 and 2 are shown in (b), (c) and (d) respectively, white arrows show the thickness of BaO as obtained

from STEM-EELS line scans (ESI,t Fig. S6).

substrate with vertical trenches. The trenches were 400 nm
wide and 1 pm deep, corresponding to an aspect ratio of 1:2.5.
Cross-sectional, HRTEM images of the interface area show their
uniform coverage with ultrathin ALD BaO. Fig. 6(a) shows an
overview of the trench. HRTEM images of its top, side and
bottom interface are shown in Fig. 6(b-d). STEM-EELS line
scans (Ba M, s and Si L, 3, ESL, Fig. S7) reveal the BaO film
thickness on the top (6.8 £ 1.5 nm, Fig. 6b), side (5.8 £ 0.6 nm,
Fig. 6¢) and bottom (6.55 + 0.8 nm, Fig. 6d). This corresponds
to a step coverage (thickness at the bottom/thickness at the top)
of 91%.

C. BTO deposition and electrical measurements

So far, we showed the successful deposition of self-limiting,
ultrathin BaO films using py-Ba. Following known strategies for
BTO deposition with cp-Ba,"*>' we grew films by alternating
cycles of the binary oxides BaO and TiO,. BaO film deposition is
described in section A. TiO, deposition consisted of a TTIP dose
(0.5 s) and an H,O dose (0.1 s) separated by a purging step (60 s)
for each cycle. The substrate temperature was 210 °C.

70 supercycles consisting of 4 BaO and 2 TiO, cycles were
deposited resulting in a stoichiometric composition of
Ti/(Ba + Ti) = 0.53 (atomic percentage). Fig. 7a shows the uniform
distribution of Ba and Ti atoms throughout the film. C contami-
nation is surface confined indicating a low overall impurity level.
The 1.6 eV shift to a lower binding energy of Ba 3ds, in the BTO
ternary oxide film (ESIL, Fig. S8a) as compared to pure BaO evinces

1950 | J Mater. Chem. C, 2016, 4, 1945-1952

the formation of an intermixed BTO layer rather than sequential
TiO, and BaO layers. As reported elsewhere," ALD BTO films
are generally amorphous after deposition. Selected-area TEM
diffraction (SAD) pattern in ESL 7 Fig. S9 shows absence of any
diffraction rings supporting that our films are largely amorphous.
Cross sectional TEM images reveal the morphology of the films.
Fig. 7a shows the smooth surface, uniform thickness (~7 nm)
over a large area and the absence of phase separation.

To show the potential of py-Ba for fabricating high-k dielectric
devices, we fabricated an MIM architecture (Pt/BTO/RuO,/Ru)
with a ~20 nm thick BTO film (200 supercycles). We measured
a capacitance (C) of 7.2 nF at 1 kHz and 0 V (effective zero bias,
ESI,t Fig. $10), extracting a dielectric constant (egro) of 35 (using
the formula C = egro X &y X Altgro, where A is the electrode area
and tgro is the film thickness). This resulted in an equivalent
oxide thickness (EOT) of 2.2 nm (tzro X (esio,/é510)), Where esio, is
the dielectric constant of SiO,. Our as-deposited film outperforms
existing BTO MIM film devices."*>*® Compared to sputtered
films, the improved dielectric performance was likely due to ALD’s
advantage in continuity, conformality, and obtainable feature
sizes."®*” The improvement over existing ALD BTO' MIM devices
hints towards the formation of non-detected crystallites in their
dominant amorphous surrounding."*"*® This might have evolved
through one or several of the following factors: (a) thermal
annealing of the BTO film due to local heating underneath the
Pt top electrode during its evaporation, (b) the BTO’s deposition
on a Ru substrate potentially enabling the growth of small

This journal is © The Royal Society of Chemistry 2016
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(a) XPS Depth profile of as deposited BTO grown on Si substrate at 210 °C. (b) High resolution cross sectional TEM image of ~7 nm thick BTO film

with stoichiometry at Ti/(Ba + Ti) = 0.53 (Ba: Ti ~ 1:1) on a Si substrate with an interfacial oxide thickness of ~2 nm.
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Fig. 8 Representative leakage current (/-V) characteristics of Pt/BTO/Ru
capacitor measured for a 20 nm thick BTO layer. The top electrode defines
the capacitor area (0.68 x 107°)> m?.

crystallites and/or (c) long exposure to elevated temperatures
during the long depositions that involved extended purge and
pump steps as well as several oxidant pulses (see Experimental).

The BTO device reported here, shows a typical*>*® non-linear
current-voltage (I-V) characteristic as shown in Fig. 8. At low
voltages, we observed a sudden increase of current followed by
an exponential increase at higher voltages. Despite the thinness
of the film, it exhibits a very low leakage current density of only
10°® A cm™? at 1.6 V. Capacitance-voltage (C-V) measured at
1 kHz (ESLY Fig. S10) shows no C-V hysteresis, indicating the
absence of any remanent polarization in the reported MIM
device. This is very likely due to the dominating amorphous
nature of the film."*>°

Conclusion

A new pyrrole based precursor (py-Ba) enabled the first self-
limiting ALD growth of BaO. Using H,O as oxidant, we have
reported the lowest BaO deposition temperature thus far
(180-210 °C) at a GPC of 0.45 A per cycle on Si substrates.
The deposited films show high purity, compositional uniformity,
smooth surface and conformality on non-planar substrates. As a
proof-of-concept for depositing multicomponent BaO containing

This journal is © The Royal Society of Chemistry 2016

films, BTO was grown intermixing BaO with TiO, (TTIP as Ti
precursor and H,O as oxidant). Promising electrical properties on
an MIM structure have been reported for as-deposited amorphous
BTO films. The results show that self-limiting BaO deposition
using py-Ba as precursor allows exploiting the properties of BaO
containing multinary materials in the ultrathin regime. In appli-
cations requiring precise thickness and stoichiometry control,
conformal coverage over large areas and on complex shaped
substrates, low roughness and low deposition temperatures,
py-Ba will likely play a role in future ALD processes involving BaO.
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