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ABSTRACT: High-k, low leakage thin films are crucial components for dynamic
random access memory (DRAM) capacitors with high storage density and a long
storage lifetime. In this work, we demonstrate a method to increase the dielectric
constant and decrease the leakage current density of atomic layer deposited
BaTiO3 thin films at low process temperature (250 °C) using postdeposition
remote oxygen plasma treatment. The dielectric constant increased from 51 (as-
deposited) to 122 (plasma-treated), and the leakage current density decreased by
1 order of magnitude. We ascribe such improvements to the crystallization and
densification of the film induced by high-energy ion bombardments on the film
surface during the plasma treatment. Plasma-induced crystallization presented in
this work may have an immediate impact on fabricating and manufacturing
DRAM capacitors due to its simplicity and compatibility with industrial standard
thin film processes.
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■ INTRODUCTION

Dynamic random access memories (DRAMs) are widely used
for computer memory due to their simple structure, which
consists of one transistor and one capacitor.1,2 For high charge
storage density and a long storage lifetime, it is important for
the dielectric film of the capacitor in DRAM to be (1) high-k
(high dielectric constant), (2) ultrathin, (3) electrically
insulating, and (4) conformal over high aspect ratio structures.
In this regard, the use of atomic layer deposition (ALD) is
essential in fabricating high quality DRAM capacitors because
high-k thin films by ALD are known to be conformal over
complex 3D structures and the thickness of the film can be
accurately controlled down to the subnanometer range.3,4

Among high-k materials, perovskite materials, e.g., BaTiO3

(BTO),5−7 SrTiO3 (STO),2,5,6,8 or (Ba,Sr)TiO3 (BST),9,10

are especially interesting due to their high dielectric constants
(>100), even in thin films.
As-deposited ALD films are known to be amorphous due to

their relatively low process temperature (usually <400 °C). The
lack of crystallinity results in much lower dielectric constants
than that of their single-crystalline counterpart. Therefore,
extensive efforts have been made to crystallize the as-deposited
amorphous ALD film using various in-situ or ex-situ techniques
such as seed-layering12 or thermal annealing.5 These
techniques, however, often need a high process temperature
(>500 °C), which exceeds the acceptable thermal budget of
DRAMs.

Crystallization by a plasma treatment is advantageous in that
it does not need an elevated temperature; rather, the film is
crystallized by the kinetic energy of ions transferred to the film
surface by ion bombardment.13 Two major types of plasma
have been employed for thin film crystallization: direct plasma
and remote plasma. In direct plasma, the flux of ions and
radicals is high as the plasma is formed at a close distance to the
substrate. Therefore, the film can be effectively crystallized in
situ, but it may be damaged by the plasma.14 In contrast, in
remote plasma, the plasma source is located further away from
the substrate. Hence, it has a lower flux of ions than direct
plasma does, e.g., ∼1013 cm−2 s−1 for direct plasma (capacitive-
coupling plasma) and ∼1012 cm−2 s−1 for remote plasma
(inductively coupled plasma) at 200 mTorr,30,31 which may
minimize the damage of the film by the plasma. Due to the low
ion density, however, crystallizing a film with remote plasma is
known to be challenging.13,14

In this report, we show that ALD BaTiO3 thin films were
crystallized and densified by a remote oxygen plasma treatment
after deposition, in spite of the presumably low ion density.
Consequently, both the dielectric constant and the leakage
current density of the film improved. Considering that the
remote plasma configuration used in our experiments can be
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readily employed in the current standard thin film fabrication
processes, the findings presented here may have a significant
implication in fabricating and manufacturing high-k thin films
for high storage density capacitors for next generation DRAMs.

■ EXPERIMENTAL SECTION
Two different sets of samples were prepared in this experiment. One
set had only BTO and the other set had BTO along with an Al2O3
layer at the bottom for reducing the leakage current (Figure 1b and
1c). The films were deposited on top of double-side polished Si wafers
with high boron doping of 1019 cm−3 and a resistivity of 0.008 Ω·cm as
conductive substrates. An ohmic contact was fabricated on the back
(cathode) side by sputtering aluminum and annealing in 20% H2 and
80% N2 at 450 °C.

ALD BTO was grown by alternately depositing BaO and TiO2 in
our customized traveling wave type reactor as previously reported.15

Bis(propyl-tetramethyl cyclopentadienyl)barium (Alfa Aesar) was used
as a Ba precursor, and titanium-tetraisopropoxide (TTIP) (Alfa Aesar)
was used as a Ti precursor. Water was used as an oxidant. The Ba
precursor was kept at 200 °C and TTIP at 60 °C. The substrate
temperature was 250 °C, which is inside the reported ALD windows of
BaO and TiO2 with precursor/oxidant combinations stated above.15,16

The BaO to TiO2 pulse ratio was 1:1, in which one BaO cycle and one
TiO2 cycle constituted 1 supercycle. The growth rate was 0.5 Å/
supercycle. The X-ray photoelectron spectroscopy (XPS) (SSI S-
probe) analysis showed that Ba to Ti ratio inside the film is 1 to 1.2,
which is slightly Ti-rich compared to a stoichiometric cation ratio in
BaTiO3 (Figure S1a). No carbon peak was observable (<0.1%) in the
XPS spectra (Figure S1b).
We adopted an ultrathin blocking layer of PEALD Al2O3 (10 cycles,

1 nm in thickness) for the leakage current suppression between BTO
(5 nm) and Si substrate (Figure S2). For Al2O3 deposition, we used
the plasma-enhanced ALD reactor (FlexAl) by Oxford Instruments.
Trimethylaluminum (TMA) was used as an Al precursor, and remote
oxygen plasma (250 W, 15 mTorr) was used for oxidation (Figure 1a).
The substrate temperature was 250 °C. The growth rate of Al2O3 was
∼1 Å/cycle. The plasma exposure time was 3 s, and the substrate
temperature was 250 °C.
After the deposition, samples were treated with the remote oxygen

plasma (250 W, 15 mTorr) at 250 °C in the PEALD station. After the
plasma treatment, 200 nm of patterned top electrodes (anodes) of Al
were deposited by DC sputtering. The top electrode area was 750 μm
× 750 μm.
For the microstructural and compositional characterization of the

film, transmission electron microscopy (TEM) and scanning TEM-
electron energy dispersive spectroscopy (STEM-EDS) were used at

200 kV. For thickness, density, and roughness characterization, the X-
ray reflectivity (XRR) was used (X’Pert Pro, PANalytical). For
roughness characterization, atomic force microscopy (AFM) was used
(JEOL 5200). The equivalent oxide thicknesses (EOTs), i.e.
thigh‑k(kSiO2/khigh‑k), and dielectric constants of ALD films were
measured using LCR meter (Agilent, model no. E4980A). Current−
voltage (i−V) measurements were taken using a Keithley 2636A
SourceMeter as a voltage source and ammeter. The leakage currents
were measured under +0 to +2 V bias.

The native SiO2 layer on the Si electrode was assumed to form a
series circuit with the ALD layer, and therefore its EOT, measured to
be 23.9 Å from a sample without an ALD layer, was subtracted from
the total EOT. Because the Si electrode was extremely highly doped,
the resulting SiO2 tended to be much less insulating compared to a
normal thermal oxide with measured resistivities ranging from 106 to
108 Ω·cm; therefore its contribution to the i−V measurement was
negligible.11,17

■ RESULTS AND DISCUSSION
First, we demonstrate the effect of postdeposition remote
oxygen plasma treatment on the crystallinity of the film. Figures
2a−f show the cross-sectional TEM images of as-deposited, 1-h

Figure 1. (a) Schematic of the ALD reactor with a remote plasma
system.13 Structures of (b) BTO-only sample and (c) BTO with Al2O3
sample.

Figure 2. Cross-sectional TEM images of BTO (5 nm) samples; (a, c,
and e) as-deposited, 1, and 3 h-treated samples, respectively; (b, d, and
f) Zoomed-in images of the yellow boxes in parts a, c, and e,
respectively.
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treated, and 3-h treated BTO samples. As-deposited BTO film
is completely amorphous as shown in Figure 2a and b.
However, the 1- and 3-h treated films are shown to be partially
crystallized (Figure 2c and e); 1−2 nm in size crystalline grains
(1.8 ± 0.3 nm) are clearly shown in the 1 h-treated sample
(Figure 2d) and grains of 3−5 nm (4.1 ± 0.5 nm) are observed
in the 3 h-treated sample (Figure 2f). Lattice spacings in the
crystalline area are measured at 0.198−0.200 and 0.141 nm.
These values correspond well to (100) and (110) directions of
cubic (a 0.394−0.403 nm), tetragonal (a 0.394−0.399 nm, c
0.399−0.404 nm), or rhombohedral (a 0.400 nm, θ 89.5°)
BTOs,18 which implies the formation of single- or multiphase
crystalline BTOs in the film.
It is notable that the crystallization of our BTO films

occurred at a relatively low deposition temperature, i.e., 250 °C.
The local temperature of the film surface during the plasma
treatment does not change significantly, because gaseous
species are not heated in cold plasmas.13 Instead, we speculate
the energy provided by ion bombardments on the film surface
may have been transferred into the film, helping crystalline
grains to form.29 The mean energy of ions in our experimental
conditions, i.e., 250 W remote oxygen plasma at 15 mTorr, is
known to be approximately 20 eV.13 Takagi et al. reported that
ions within this energy range can displace the lattice atoms,
while not sputtering them.19 Similar crystallization behavior in
ALD films has been reported by Kim et al. for HfO2 deposited
using direct plasma ALD.14 Interestingly, in that same paper,
the authors reported that the HfO2 film deposited by remote
plasma ALD was still amorphous, unlike our observations. This
discrepancy seems to stem from the difference in the ion energy
needed for crystallizing different materials: crystallization of
BTO may be energetically more favorable than that of HfO2. It
has been reported that the ratio between the melting point
(Tm) and temperature at which the homogeneous nucleation
rate becomes maximum (Tn), i.e., Tn/Tm, is constant at 0.56 for
inorganic materials.20 This implies the kinetic energy of ions
necessary for BTO crystallization may be lower than that for
HfO2, due to the significantly lower melting point of BTO
(1625 °C) than that of HfO2 (2758 °C).
Figure 3a shows the raw data obtained from XRR, and Figure

3b shows the effect of the remote oxygen plasma treatment on
the density and the thickness of the film. The density and
thickness of the as-deposited film are 3.25 g/cm3 and 16.2 nm,
respectively. When the films are treated with the remote
plasma, however, the density increases while the thickness
slightly decreases. The density of the film increases to 3.97 and
to 4.14 g/cm3 after plasma treatments for 1 and 3 h,
respectively. The thickness of the film monotonically decreases
as the treatment duration increases; it decreases to 13.6 nm
after a 3 h-treatment, which is 16% thinner than the as-
deposited film. Also, the film roughness decreases as the films
are treated longer with plasma (Figure 4): the roughness
decreases from 2.55 nm (as-deposited) to 1.23 and 1.06 nm for
1 and 3 h-treated samples, respectively, when measured with
XRR. It decreases from 0.63 ± 0.18 nm (as-deposited) to 0.45
± 0.01 nm and 0.45 ± 0.02 nm for 1 and 3 h-treated samples,
respectively, when measured with AFM.
Plasma-induced densification of thin films has been

previously reported by several researchers;21,22 thin films shrink
and become denser upon plasma exposure, which corresponds
well to our observations. Sun et al. experimentally proved that
the sealing-off of the nanopores inside the film account for the
densification.21 However, that may not explain the increase of

density in our experiments considering the pinhole free nature
of ALD films (see Figure 2a).3 We believe that the
crystallization of the amorphous material is the main cause
for the increased film density. Indeed, the density of BTO has
been reported to increase as its crystallinity improves
(amorphous 4.30 g/cm3, polycrystalline 5.61 g/cm3, single-
crystal 6.02 g/cm3).23 We attribute the smaller roughness of
plasma-treated samples to the similar mechanism of what Sun
et al. suggested: surface adatoms excited by ions have filled the
surface pores, resulting in a smoother surface.
Changes in the physical properties induced by plasma

treatment improve the electrical properties, e.g., the EOT and
the leakage current density, of the films. The EOT of the as-
deposited BTO-only film (5 nm) is 0.37 nm, and it decreases to
0.24 and 0.16 nm after 0.5 and 1 h/3 h-plasma treatments,
respectively (Figure 5a). Corresponding dielectric constants are
51, 81, and 122 for as-deposited, 0.5, and 1 h/3 h-treated BTO
samples, respectively. The dielectric constant of as-deposited
BTO is lower than that reported for annealed ALD BTO (73−
165 for films <100 nm) due to the mostly amorphous phase;5,7

the comparable dielectric constants of plasma-treated BTO to
the reported values seem to stem from the crystallization. The
dielectric constant of our plasma-treated BTO film is also still
lower than that of thicker (>100 nm) BTO films,7 possibly due
to the intrinsic dead-layer capacitance.25 It is notable that the
as-deposited BTO film shows relatively high dielectric constant
compared to most of those for amorphous BTO films (ε ∼ 9−
43).7,26,27 We think that Ba−Ti−O chemical bondings in our
BTO films may have been more complete compared to those in
other amorphous films fabricated by physical vapor deposition

Figure 3. (a) X-ray reflectivity (XRR) spectra of BTO film: as-
deposited, 1, and 3 h-plasma treated samples. (b) Density and
thickness results derived from the XRR spectra.
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methods, which could cause a higher dielectric constant.27 Also
extremely small nucleates (1 nm or less in size) may have

formed even in the as-deposited film although they are not
observed in the TEM images due to the mostly amorphous
nature of the film. When compared to the dielectric constants
of other ultrathin (<20 nm) high-k films ever reported, e.g.,
108−210 for SrTiO3,

2,8,12,28 83 for Al:TiO2,
1 the observed

dielectric constant for the 3 h-treated BTO film is one of the
highest values. All the BTO-only films show a significant
leakage current density of >1 A/cm2 at +1.6 V (Figure 5b).
The EOT of the as-deposited BTO with 1 nm Al2O3

increases to 0.75 nm with the addition of 0.38 nm to that of
the BTO-only film, which is reasonable considering the
dielectric constant of PEALD Al2O3 (k ∼ 8.6);24 it decreases
to 0.51 and 0.38 nm after 1 and 3 h-plasma treatments,
respectively (Figure 5a). The leakage current density decreases
by approximately one order after the plasma treatment for 3 h,
down to 3 × 10−4 A/cm2 at +1.6 V (Figure 5b).
Generally, the suppression of the leakage current is achieved

at the expense of the increased EOT by an addition of a
blocking layer, an increased physical thickness, or doping, for
example.1 In our observations, to the contrary, the plasma
treatment decreases the EOT while simultaneously lowering
the leakage current density, as clearly shown in Figure 5c. The
plasma treatment improves the crystallinity and thereby
increases the dielectric constant of BTO. At the same time,
the treatment decreases the number of defects or vacancies in
the film, which may have otherwise served as an electrical
leakage path: the oxygen content inside the BTO film increased
from 50% to 55% after plasma treatment for 3 h in XPS
analysis. This result implies that the BTO film became more
stoichiometric after the oxygen plasma treatment, which leads
to a higher film density and lower leakage current.

■ CONCLUSION
ALD BTO thin films were grown at 250 °C on a highly doped-
Si substrate and were post-treated with remote oxygen plasma.
Plasma treatments for up to 3 h induced the crystallization of
the films in approximately 4 nm grains. It also increased the film
density by 27% after a 3 h-treatment, while slightly decreasing
the thickness. The changes in electrical properties of BTO by
plasma treatments were also investigated. With plasma
treatments, the EOT of the film decreased while the leakage
current also decreased. The dielectric constant of as-deposited
5 nm-thick BTO was 51, and it increased to 122 after a 1 h-
plasma treatment. BTO with a 1 nm Al2O3 blocking layer with a
3 h-plasma treatment showed a small EOT (0.38 nm) with a
relatively low leakage current density (3 × 10−4 A/cm2 at +1.6
V). It should be noted, however, that these behaviors could be
different if BTO films were deposited on other substrates, e.g.,
metallic substrates (Ru, TiN). Nevertheless, simultaneous

Figure 4. AFM images of BTO (16 nm-thick) samples: (a) as-deposited, (b) 1, and (c) 3 h-treated. Window sizes are 500 nm × 500 nm, and Z-
scales are identical at 6 nm. (d) Roughness measured with XRR (red square markers) and with AFM (blue diamond markers). The discrepancy
between values from XRR and from AFM stems from the difference in the analyzed area size (XRR ∼cm × cm, AFM ∼μm × μm).

Figure 5. (a) EOT vs the duration of plasma treatment (red diamond
markers BTO-only, blue square markers BTO with Al2O3), (b) the
current density vs applied voltage with different plasma treatment
conditions, and (c) EOT vs the leakage-current plot, of the 5 nm
BTO-only (red diamond markers) and 5 nm BTO with 1 nm Al2O3
samples (blue square markers). The duration of each plasma treatment
is shown next to markers. Leakage current density values were
obtained at +1.6 V.
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improvements of the EOT and the leakage current density from
the use of plasma demonstrated in this work have a significant
implication in fabricating and manufacturing capacitors with
high storage density and long storage lifetime including DRAM
applications.
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