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Perovskites exhibit a wide range of remarkable material properties that have the potential to advance
various scientific fields. These properties originate in their unique structure and composition. To
leverage these properties in the ultrathin film regime, atomic-level control of thickness, composition,
and crystal structure will be essential for creating next-generation perovskite devices. Atomic layer
deposition (ALD) has the potential to enable these design prospects. However, its future use in the field
will be dependent on the quality of the link between ALD process parameters and the perovskite phase.
In this overview, we present work on barium and strontium titanate (BTO and STO) ultrathin films for
high-k applications. We present ALD process strategies developed and optimized to achieve both
desired composition and phase, yielding high dielectric constants and low leakage currents at the same
time. We discuss thermal annealing, plasma treatment, and the use of seed layers and specialized
precursors to improve the properties of BTO and STO by different enhancement mechanisms. In the
ultrathin film regime, the understanding of macroscopic material properties will be dependent on the
knowledge of the atomic scale arrangement. In conjunction with advances in manufacturing, we

Received 28th November 2016,
Accepted 8th June 2017

DOI: 10.1039/c6tc05158h
therefore also discuss novel strategies and techniques for characterization that will likely be significant in

Open Access Article. Published on 08 June 2017. Downloaded on 6/18/2025 3:35:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-c

1. Introduction

1.1 Atomic layer deposition

Atomic layer deposition (ALD) is a thin film fabrication technique
that uses a vaporized source for a chemical surface reaction. In this
respect, the ALD process is regarded as a derivative of chemical
vapor deposition (CVD). Unlike in CVD, however, in ALD, film
deposition occurs via the self-saturating mechanism. In the first
cycle of ALD, with the first precursor source containing the target
component, “A,” the self-saturating reaction forms layers of the
“A” material but stops growing at some specific thickness, usually
one atomic layer or less, independent of the supply of vaporized
precursors. The film growth can be continued by changing the
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establishing a valid and reliable ALD process parameter—thin film dielectric property relationship.

precursor source to a different material, “B,” but again, the film
growth stops at a critical atomic thickness regardless of the
precursor dose. By alternating the “A” and “B” cycles at an
appropriate ratio, ALD can produce A-B compound films with a
desired composition. This process is illustrated in Fig. 1(a).
Owing to its self-saturating characteristic, ALD can achieve a
uniform thickness over large areas of substrate surfaces (e.g
thickness error of less than 1% for an area of 240 mm diameter),"
while in CVD, the film growth rate is heavily dependent on the
dose and supply direction of the source chemicals. (Fig. 1(b)
shows the comparison of a variety of thin-film deposition
techniques).”> Depending on the choice of substrate and film
materials, the films initially form either solid layers or islands,
depending on the relation between their respective energies.
With these advantages and design opportunities, ALD has been
utilized for successfully fabricating ultrathin films, nano-laminating
layers, and conformal surface coatings in high-aspect-ratio trenches,
on rods, tubes, and particles.*® Examples of uniform ALD coatings
on the nano-scale are well summarized in a paper published by
Pinna et al."® Another advantage of ALD is its relatively low process
temperature, generally under 400 °C. In a special case of ALD with
AL, O3 using trimethyl alumina (TMA) and water as precursors, the
ALD process can be conducted even at room temperature. This
minimizes the thermal stresses between the layers, reducing related
problems such as film breakage or delamination. In addition,
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Fig. 1 (a) ALD process for A-B compound films, (b) a comparison of other film deposition techniques, and (c) the ALD growth mode as determined by

process temperatures: a. optimal ALD window, b. precursor condensation regime, c. insufficient reaction regime, d. precursor decomposition regime,

and e. precursor desorption regime due to source characteristics.

due to the low process temperatures, a wide range of substrates
can be coated, from ceramic wafers to polymers and organic
fabrics.’*™'* However, the low deposition temperature can also
inhibit a high degree of crystallization, which is closely related
to the electrical properties of the ALD film leading to a low
dielectric constant.'®

ALD has been developed to meet the demand for the
fabrication of ultrathin electroluminescent films and dielectric
layers for semiconductor devices.'®® As an arbitrarily scalable
vacuum technique, ALD can be easily integrated in modern
chip manufacturing. It finds broad applicability for depositing
high-k dielectric layers in metal-insulator-metal capacitors for
dynamic random access memory (DRAM) and for fabricating
gate oxides in complementary metal-oxide-semiconductor
(CMOS) transistors. The state-of-the-art DRAM capacitors currently
require structures with high-aspect-ratios (80-100), which have
become indispensable for semiconductor devices with dimensions
below 100 nm, and the ALD process is currently being used for this
type of device production.*

1.2 Need of ultra-thin high-k films for DRAM capacitors

The dielectric material is an insulator that exhibits dielectric
polarization under an electric field. Owing to dielectric polarization,
the positive charge of the dielectric material shifts in the direction of
the electric field while the negative charge moves in the opposite
direction of the electric field. The degree of shift determines the
dielectric constant, which is an important electrical property for the
performance of a semiconductor device. Dielectric materials have
received much attention owing to their applications in micro-
electronics. The most straightforward applications of dielectric
films are in conventional DRAM capacitors. DRAM has capacitor-
based memory, while the two states of a capacitor (i.e., charged or
discharged) represent the two values of a bit. Capacitance (C) is
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an important electrical property that is expressed by the well-
known equation below:

o SOkA
ot

C (1.2.1)
where ¢ is the vacuum permittivity, & is the dielectric constant, A
is the area, and ¢ is the film thickness. A continuous downscaling
of DRAM capacitors requires reducing the thickness of the
dielectric films (f) to compensate for the lost capacitance.
However, having an extremely thin insulator can result in
leakage current from direct electronic tunneling through the
insulator. This leakage current can become too high, and the
material cannot be used as a capacitor. This can be avoided by
replacing the insulator with a high dielectric constant material
(high-k material), thereby achieving higher capacitance in
thicker films. In this regard, the concept of the equivalent oxide
thickness (EOT) is widely used:

EOT = ( Fox )lhi-k
Khi-k

where k., and ki are the static dielectric constant of SiO, and
the high-k material, respectively, and #,; is the thickness of the
high-k material. The EOT provides an intuitive sense of the
effectiveness of different high-k materials used for this purpose.

As seen in eqn (1.2.1), there are three parameters that can be
adjusted to address the aggressive scale-down trend: (1)
increasing A by making the capacitor feature more corrugated,
as shown in Fig. 2, (2) increasing the dielectric constant of the
capacitor oxide, and (3) decreasing the oxide thickness. As
achieving a higher A involves highly complicated geometry that
can increase the fabrication cost, a breakthrough in enhancing
the capacitance is achievable by only realizing a very low EOT (i.e.,
a very high k/t). The international roadmap for semiconductors

(1.2.2)

J. Mater. Chem. C, 2017, 5, 8000-8013 | 8001


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6tc05158h

Open Access Article. Published on 08 June 2017. Downloaded on 6/18/2025 3:35:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Insulator
(high-k)

Metal I Metal

;

Capacitor—

Bit line
Storage
node

Nod tact
ode contact gt line
contact

Fig. 2 Simplified schematic diagrams of a DRAM capacitor.

defines the EOT target as <0.3 nm, making the use of high-k
materials inevitable.*

1.3 SrTiO; and BaTiO; as high-k dielectric perovskites

Perovskite oxides are materials with the chemical formula ABO;
wherein A and B generally represent cations with charges of 2+
and 4+, respectively, or 3+ and 3+, respectively. The B*"** ions
are neighbored by six oxide ions, whereas the A**" jons are
coordinated with twelve oxide ions at the nearest neighbor
distances. The ideal perovskite oxide cubic structure belongs to
the space group Pm3m in the reference state, while deviations
in temperature and pressure from the reference conditions can
easily transform the crystal structure from cubic to tetragonal,
octahedral, orthorhombic, or rhombohedral. For example,
BaTiO; (BTO) has a cubic symmetry at atmospheric pressure
above the temperature of 120 °C, which is called the Curie
transition temperature, under which the material transforms
into the tetragonal, orthorhombic (<10 °C), or rhombohedral
(< —90 °C) structure.>** The ionic radius of A ions is relatively
large compared to that of B ions. SrTiO; (STO), the most
representative dielectric perovskite oxide, has ionic radii of
Sr** = 1.44 A and Ti** = 0.605 A in the ideal cubic crystals
under standard atmospheric conditions.>* The symmetry of
perovskite materials is easily distorted due to this relatively
large difference in the cation sizes. Most perovskite oxides are
insulators in the cubic phase, while variations in the crystallinity
induce metallic, superconducting, ferroelectric, and ferromagnetic
properties.*>™** BTO exhibits simple dielectric properties with
cubic symmetry. Transitioning to the tetragonal structure,
spontaneous dipole moments arise with the bistable positioning
of Ti*" ions in the Oy octahedra; this results in the well-known
ferroelectricity of BTO while STO has paraelectricity at room
temperature.”® The dielectric constant of perovskites such as
BTO and STO is usually higher than that of binary oxides. This
dielectric property can be explained by polarizability, which is the
degree of charge separation under an electric field. A large
polarizability can lead to large dipole moments, which can lead
to high dielectric constants. In the case of perovskites such as BTO
and STO, the polarizability is much greater than the binary oxides
because of the high travel distance of Ti*" in the Og octahedral
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Fig. 3 Bandgap energy and specific permittivity of various materials.
Reproduced from ref. 52. © 2010 Sunami H. Published in “Advances in
solid state circuit technologies” under CC BY-NC-SA 3.0 license. Available
from: http://dx.doi.org/10.5772/8638.

Table 1 The dielectric constant of various oxides

Dielectric ~ Dielectric constant (k) Phase Ref.
SiO, 3.9 Amorphous 45
ZrO, 30 Tetragonal/cubic 46
TiO, 83-100 Rutile 47
SrTiO; 300 Cubic (single crystal) 48
BaTiO, 1900 Cubic 49
400-4000 (anisotropic) Tetragonal (single crystal) 50
(Ba,Sr)TiO; 6000 Cubic 51

structure under an electric field.** Thus, BTO and STO can exhibit
much higher dielectric constants than SiO, and Al,O;. For a more
detailed comparison, the dielectric constants of the main dielectric
materials are given in Fig. 3 and Table 1.*>7>

2. Perovskite phase in the
ultrathin-film regime

Exploring the fundamental limits in thickness seems especially
difficult with perovskites. In the nanometer regime, ie., at length
scales relevant to the microelectronics industry, perovskites
approach length scales associated with their structure-determined
material characteristics.”® Due to several scaling effects, some key
properties are strongly thickness dependent.>* Deviations from the
infinitely large and ideal crystalline state occur during material
synthesis and affect regions in the thin film responsible for the
material’s paraelectric and ferroelectric properties.”

One can distinguish between intrinsic and extrinsic effects.
Intrinsically, defects cause crystal sizes and domain walls to
decrease until crystal-like perovskite particles become a single
domain. The phase transitions of the material propagate,
thereby decreasing the dielectric response.>®

Extrinsic effects are related to the boundary conditions of
the material. Properties related to perovskites necessitate a
surface termination of the electrical polarization, in which the
normal component of the displacement is continuous. At the
interfaces, this situation cannot exist unless there is sufficient
compensating charge.’®*’

This journal is © The Royal Society of Chemistry 2017
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These effects cause the material to lose its ferroelectric
properties when approaching the nanometer regime.*®* The
difficulty of thin-film processing has posed challenges for
the industrial implementation of ultrathin perovskites in the
microelectronics industry. However, knowledge obtained from
longstanding extensive research has equipped researchers with
certain design rules and knowledge on ideal thin-film perovskite
structures for high-k applications:**

o The dielectric properties of the material should not change
in the temperature range of operation, which means that the
material should always stay in one phase.’® The phase can be
stabilized, for example by using dopants.”®

e The crystal structure shall be uniform to prevent grain
boundaries and crystal dislocations favoring carrier recombination
and potential leakage paths.

e Due to a linear capacitive charge and a relatively slow
polarization reversal process in the saturation arm of the
hysteresis loop, ferroelectric films are undesirable for DRAM
applications.®® They cause an increase in loss tangent and a
limit in the charging and discharging speed of capacitors.
Instead, cubic paraelectric films show no remnant polarization
when the field is removed and the lattice should easily relax
back to the previous state.®!

o The dielectric properties of both BTOs and STOs are strongly
thickness dependent.”>®* This is due to grain size and stress induced
by the substrate. Larger grains increase the electron mobility®* and
lattice mismatches between the substrate and the film induce
different structural distortions changing the perovskite properties.

To overcome induced structural distortions, capacitor electrodes
should meet the thermal expansion coefficient and lattice of the
perovskite film to avoid strain during synthesis and operation.
Furthermore, diffusion of the electrodes into the semiconductor
film has to be avoided to prevent the formation of a depletion layer
with parasitic capacitance.

These design rules are general and independent of the
fabrication technique. However, ALD approaches a thickness
regime where not only processing poses significant challenges.
The desired perovskite thin films are often morphologically
complex, ultrathin, and therefore challenging to characterize.
For example, mostly amorphous BTO with embedded crystalline
moieties that provides a good tradeoff between low leakage current
and high dielectric constant cannot be characterized with conven-
tional X-ray diffraction (XRD).**®* In the following sections, we will
review the strategies that have been developed to date for achieving
high-performance perovskite thin films using ALD, particularly for
STO and BTO. In addition, we will outline the characterization
techniques that provide insights into the structure, composition,
and dielectric properties of ALD perovskites.

3. Recent approaches to produce
high-quality ALD STO and BTO
3.1 Challenges related to ALD perovskite thin film deposition

The ALD method has advantages such as self-limited reaction
that makes it possible to deposit thin films of uniform thickness

This journal is © The Royal Society of Chemistry 2017
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on complex shaped substrates. Thus, the technique can be used
in the production of high-k perovskites for DRAM capacitors.
However, there are some problems in manufacturing high-k
perovskites using ALD. First, the low processing temperatures
(generally below 350 °C) of ALD perovskites are generally not
sufficient to crystallize the film. The low deposition temperature
of ALD perovskites is caused by the narrow process windows of
the ALD precursors. Perovskites with low crystallinity can have a
lower dielectric constant than a crystallized film due to the loss
of the crystal structure in the B-site octahedron, which can
significantly contribute to the polarizability of perovskites.'>**
Therefore, it is necessary to develop an appropriate crystallization
treatment to achieve high dielectric constant characteristics.
Second, ALD perovskites can be easily contaminated by carbonates
and hydroxides, which can increase the leakage current of the film.
Contamination during the ALD process is possible owing to
incomplete removal of the precursor ligand; it can also be due to
the inherent vulnerability of the material to contamination by
carbon and hydroxyl species.®® Furthermore, it is very important to
minimize impurities and defects in dielectric thin films because
of their severe negative effect, as they can possibly lead to high
leakage current. Third, it is still unclear how the properties of
ALD ultrathin perovskites are different from the bulk perfect
crystal. While the characterization of the bulk crystal is relatively
robust, the nanostructure, chemical concentration, and crystal-
linity of ALD ultrathin perovskites are complicated and difficult
to understand. Furthermore, the focus of most recent research
is on tuning the film’s composition, morphology and crystal
structure in various ways to improve its electrical properties.
Therefore, it is important to understand the properties of ALD
ultrathin films by using a powerful characterization tool as the
key factor that links the ALD process to the film’s electrical
properties. In the subsequent sections, we will present a study
on the development of STO and BTO ALD processes, and the
development of high-performance ultrathin perovskite DRAM
capacitors using the latest approaches such as thermal annealing,
plasma treatment, and the use of seed layers and special precursors,
and ALD perovskite thin film characterization techniques.

3.2 Thermal annealing (annealing during every ALD cycle or
post-deposition annealing)

Thermal annealing is important to improve the quality of ALD
perovskite films; the thermal excitation causes the constituent
atoms to move to an energy-stable position. This increases the
crystallinity of the perovskite structure and contributes to the
removal of defects or impurities which are responsible for
the electron leakage path. Depending on the timing, thermal
annealing can be divided into in-cycle annealing (ICA) and
post-deposition annealing (PDA). The former method anneals
samples between deposition cycles, while the latter method
anneals samples after all deposition cycles are over. ICA is not
desirable for two reasons. First, to maintain a high process
throughput, heating and cooling between the ALD process
temperature and the annealing temperature must take place
in a very short period of time to avoid an appreciable increase of
the ALD cycle time.®”*® Second, crystallization, which is strongly
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dependent upon the film thickness, is less likely to occur at the
early stage of deposition, and a very thin film (<10 nm) requires
much higher temperatures for crystallization.®® However, as a
more advanced ICA method enabling shorter annealing times
without alternating between substrate temperatures, flash-lamp
annealing (FLA) might be a plausible option for ICA, wherein
specimens are exposed to high-intensity visible light pulses on
the order of milliseconds, and the temperature of the light-
exposed surface reaches the annealing temperature.®” It is
desirable to anneal ALD films during every ALD cycle utilizing
a short time scale and low thermal budget heating method.
However, FLA has a significant drawback for 3-D structures due
to the directionality of light and the consequent shading effect.

PDA has been extensively studied for STO”®”> and BTQ.%%7
Vehkamdki et al. reported the post-annealing of STO and BTO
films with different Sr/(Sr + Ti) or Ba/(Ba + Ti) atomic ratios in air
at 500 °C for 1 h. They achieved the highest dielectric constants
reported thus far, i.e., 180 and 165 from stoichiometric STO and
BTO, respectively.”® Another report from the same group,®® using
a different barium precursor, Ba(‘Bu;Cp), (‘BusCp = tris(tert-butyl-
cyclopentadienyl)), which is more chemically stable up to 340 °C
and shows a higher deposition rate, showed the effect of PDA on
the electrical performance of 32 nm stoichiometric BTO at 600 °C
under O, to increase the permittivity of the film from 15
(as-deposited) to 70 (annealed) by forming the cubic phase of
BTO while maintaining a low leakage current density (Jg) of
<1077 Acm™? at 1 V.°® With the same precursors and the PDA
protocol, BTO films with various Ba stoichiometries (Ba/(Ba +
Ti) = 33-52 at%) and thicknesses (32-140 nm) were prepared,
and the degree of crystallization after post-deposition annealing
was studied; more stoichiometric BTO tended to be more easily
crystallized.”® Pawlak et al. at IMEC, Belgium, extensively studied the
PDA effects on the crystallization behavior of stoichiometric or
Sr-rich St Ti,0, ALD films.”* After thermal annealing at 500-600 °C
under N,, stoichiometric STO films (9-10 nm) showed a dielectric
constant of >200, although they suffered from a high leakage
current (1072 to 107> A em™? at 1 V), due to the formation of
nanocracks induced by large crystalline grains. Sr-rich STO
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(Sr/(Sr + Ti) = ~ 64 at%, 9-10 nm), however, showed a dielectric
constant of ~50 with a low J; of 107° A cm™2 at 1 V, which is a
largely improved leakage current with some sacrifice of the
dielectric constant due to its different crystallization behavior.
It also exhibited a smaller grain size, no detectable cracks and
bulk-limited trap-assisted leakage, independent of the electrode.
The effect of the A-site cation ratio of Sr,Ti,O, (thickness =
3-20 nm, Sr/(Sr + Ti) = 45-67 at%) on the crystallization
behavior upon post-annealing has been more extensively
studied by in situ XRD phase analyses.” The Sr/(St + Ti) atomic
ratio strongly influences the crystallization temperature and
texture/morphology of crystallized samples. Stoichiometric STO
showed a crystallization temperature range (530-550 °C) lower
than other STO compositions, and for stoichiometric STO,
thinner STO (thickness, 5 nm; crystallization temperature,
550 °C) requires a higher crystalline temperature than that of
thicker STO (thickness, 10 nm; crystallization temperature,
530 °C). Table 2 summarizes the annealing conditions of
various ALD high-k films from previously reported articles.

3.3 Use of plasma (intra-deposition & post-deposition)

While processing techniques such as thermal annealing or seed
layering can provide high-quality ALD perovskite films, these
techniques often necessitate a high processing temperature
(>600 °C), which may damage the underlying components.
In contrast, engineering the properties of ALD perovskite films
by plasma treatment could be advantageous so that further
elevating the processing temperature is not needed. For example,
the level of crystallization, which largely affects the electrical
properties of films, can be easily tuned by facilitating the ionic
bombardment inside the plasma on the top surface of the films;
the kinetic energy transferred from the bombardment into the film
induces the formation of crystalline nucleates. Two different kinds
of plasma depending on the location where the plasma is
generated could be utilized for the treatment of thin films:
direct plasma and remote plasma. Direct plasma is known to
generate a high density and flux of ions close to the substrates.
Therefore, it is advantageous in crystallizing thin films but

Table 2 Summary of ALD high-k perovskites prepared using the annealing process

A-site cation ratio Thickness Annealing

Reactant A/reactant B (at%, Sr/(Sr + Ti) or Ba/(Ba + Ti)) (nm) Tannealing ("C)  environment  Ref.
Vehkamiki et al. )
Sr,Ti,O,  Sr('Pr;Cp),/Ti(O'Pr), 40-60 500 Air 70
Ba,Ti,O, Ba(CpMe;),/Ti(O'Pr), 50 500 Air 70
Ba,Ti,0, Ba('BusCp),/Ti(OMe), 51-52 32 600 0, 66
Ba,T{,0, Ba('BusCp),/Ti(OMe), 33-52 32-140 600 0, 76
Kessel et al.
Sr,Ti,0,  St('PrCp),DME/CpMesTi(OMe)s 46-57 15-30 600/650 N, 71
Sr,Ti,0,  Sr(’PrsCp),DME/CpMe;Ti(OMe), 42-68 30-40 600 N, 78
IMEC
SI,Ti,0,  Sr(‘BusCp)/Ti(OMe), 50, 66 9-10 500-600 N, 72
SI,Ti,0,  St(*BusCp),/Ti(OMe), 45-67 3-20 525-700 N, 73
Hwang et al. )
Sr,Ti,O,  Sr('Pr;Cp),/Ti(O-'Pr),(tmhd), 39-68 18-22 650 N, 79
Sr,TiyO,  Sr(‘PryCp)./Ti(O-'Pr),(tmhd), Ti(Me;Cp)(OMe); 650 N, 80
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could cause structural damage. In contrast, remote plasma is
known to generate a relatively lower density and flux of ions (a
few orders of magnitude lower), which in many cases is
energetically insufficient for crystallizing thin films. A recent
paper from Stanford University reported the possibility of
utilizing remote plasma in crystallizing ALD TiO, thin films.””
Meanwhile, both types of plasma, i.e., direct and remote oxygen
plasma, are also advantageous to the oxidation of ALD films
due to the high chemical reactivity of radicals and ions in the
plasma. Such enhanced oxidation widens up the process flexibility:
the deposition of perovskite thin films using less reactive metal
precursors has been reported to be feasible when oxygen plasma
is used.

Plasma treatment can be incorporated into the ALD process
for perovskite films in two different ways: intra-deposition and
post-deposition treatments. Intra-deposition plasma treatment
is conducted between ALD cycles; therefore, we could regard
the plasma step in plasma-enhanced ALD (PEALD) cycles,
where plasma treatment (usually oxygen plasma) replaces the
oxidation step by water or oxygen in thermal ALD, as a type
of intra-deposition plasma treatment. Intensive research has
been conducted in the area of plasma utilization for intra-
deposition treatment of ALD perovskite films, mostly STO films
(Table 3).°*7%81793 Kil et al. showed that the oxygen remote
plasma (9 s) could be used for depositing STO films using
Sr(METHD), (METHD = methoxyethoxy-tetramethyl-heptane-
dionate) even at a relatively low temperature (~ 250 °C) without
detectable impurities (detection limit ~ 0.1 at%).*"** Notably,
the diketonate Sr precursor, which had been reported not to
react with the most common oxygen sources, successfully
reacted with remote oxygen plasma. Remote-plasma-activated
H,O was also used to oxidize the diketonate Sr precursor,
resulting in the deposition of a STO film with a high dielectric
constant (~95).%* Such a high dielectric constant may imply the
partial crystallization of the film by virtue of the energetic
plasma species. The use of oxygen plasma for partially crystal-
lized STO was also reported, and the dielectric constant of the
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resulting STO was 65 at 50 nm.*> Plasma-activated H,O was not
effective in crystallizing STO films, resulting in a very low
dielectric constant (~20).%¢ ALD STO treated by oxygen plasma
(150 W) showed partial crystallinity in the XRD spectra at
thicknesses >20 nm on the Ru bottom electrode.®” STO films
based on a Cp-based Sr precursor and remote oxygen plasma
were also amorphous.”®?°°> A recent report by Prinz et al.
showed that the crystallinity of thermally grown ALD BTO could
be improved by a remote oxygen plasma treatment after deposition
(ie., post-deposition treatment);** the dielectric constant of the
ALD BTO increased by about a factor of 2 after extensive exposure
(3 hours) to remote oxygen plasma due to the partial crystallization
of the BTO film surface. Prinz et al. also reported the PEALD of
BTO films with remote oxygen plasma.”® In this report, they
showed the formation of 1-2 nm crystallites embedded in the
amorphous matrix, whereas thermal ALD BTO appeared to be
completely amorphous.

3.4 Seed layer scheme

Seed layering is a well-known scheme for crystallizing ALD
films (Table 4). For seed layering, an extremely thin seed layer
(usually <5 nm thick) is deposited on the substrate and
annealed at a high temperature (600-700 °C), usually with
rapid thermal annealing (RTA) for several minutes. The seed
layer thin film is then fully crystallized and helps the overlying
main film to be crystallized more easily, which is crucial for
achieving high capacitance.

Hwang and coworkers used a 5 nm thick STO seed layer
annealed at 650 °C for 1 min with RTA, which resulted in an
improvement in the capacitance (2.7 uF cm™ > without a seed
layer vs. 4.5 uF cm ™2 with a seed layer) and a decrease in the Jg
(107" A cm™? without a seed layer vs. 107> A cm ™ with a seed
layer at 1 V) of the main STO layer.?® They also reported a 3 nm
thick STO seed layer annealed at 600-750 °C for 1 min with
RTA. The capacitance of a 17 nm thick main STO layer
significantly increased by a factor of 5."> A thin SrO layer has
also been used as the seed layer for STO deposition: Roh et al.

Table 3 Effect of the plasma process on the properties of ALD perovskite films

Deposition
Main Intra-or temperature Thickness EOT Leakage current
material Plasma type post-deposition (°C) Crystallinity (nm) (nm) density (A cm™?) Ref.
STO Remote O, Intra 280 — 17.6 1.2 2 x