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We compared the suitability of tantalum pentoxide (Ta2O5) films produced via thermal and ozone based atomic
layer deposition (Th-ALD and O3-ALD, respectively) using pentaethoxytantalum (PET) as a Ta precursor for use
as a capacitor insulator in metal–insulator–metal configurations. H2O and O3 were used as reactants for Th-ALD
and O3-ALD Ta2O5, respectively. Both of the processes exhibited ALD mode growth with good self-saturation
behavior and produced pure Ta2O5 films. However, O3-ALD Ta2O5 films showed higher growth rates
(1.1 Å/cycle), density (7.85 g/cm3) and dielectric constant values (~46) compared to those of Th-ALD
Ta2O5 (0.9 Å/cycle, 7.3 g/cm3 and ~40, respectively).

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Among high-k gate oxide materials, tantalum pentoxide (Ta2O5) is
one of the most promising due to its high dielectric constant (22–60),
low leakage current, good dielectric breakdown strength, thermal and
chemical stability, and other qualities [1–8]. Due to its technical im-
portance, a number of thin film deposition techniques have been
employed to deposit Ta2O5, including chemical vapor deposition and
physical vapor deposition [5–14]. Atomic layer deposition (ALD),
however, has received a great deal of attention as a promising method
for the deposition of capacitor electrodes in nanoscale dynamic random
access memory devices due to its excellent conformality and atomic
scale controllability [15–17].

Precursors such as Ta(OC2H5)5, Ta(OCH3)5, Ta(thd)4Cl, and TaCl5
have been studied for ALD and CVD of Ta2O5 [5–14]. While metal
halides including TaCl5 have been widely employed as ALD precursors
due to their excellent thermal stability, there is an increasing need for
halogen-free metalorganic ALD precursors to avoid the formation of
corrosive hydrogen halide byproducts during growth and of halide
impurities in films. Additionally, Ta2O5 ALD growth rates from TaCl5
and water decrease at 280 °C due to etching of the deposited film
[16]. Ta2O5 films deposited using most available tantalum alkoxide
precursors have relatively high levels of carbon impurities when com-
pared to films grown using precursors with chloride ligands [18,19].
rights reserved.
According to previous studies, Ta2O5 films with very low carbon con-
tentsmay be grown from Ta(OC2H5)5 by CVD and ALDmethods [13,19].

The most widely studied oxidant for ALD is water (H2O) [5–11,19].
However, since H2O tends to physisorb strongly onto surfaces, the
purge time needed to sufficiently remove the physisorbed H2O from
the reactor surface may be long, especially at low temperatures [20].
In previous reports, we showed that plasma-enhanced atomic layer
deposited (PE-ALD) oxides have superior properties such as high
film density, high growth rate, low equivalent oxide thickness and
low leakage currents, compared to Th-ALD (thermal ALD) [21,22]. In
addition, a previous report on plasma-enhanced CVD Ta2O5 revealed
extremely low levels of leakage currents for MOS capacitors [23].
Despite these advantages, PE-ALD has not been commercialized
due to difficulties associated with its mass production and poor
conformality [24]. Ozone (O3) is a strong oxidizing agent and is highly
volatile, which makes it one of the most promising alternative oxygen
sources for use in ALD processes. In addition, the electrical performance
of Ta2O5 film is critically dependent on post-deposition annealing in
oxygen or ozone, which is required to lower oxygen deficiencies and
carbon impurities in the film. Therefore, we hypothesized that O3-ALD
Ta2O5 could benefit from same process. The production of O3-based
ALD Ta2O5 using Ta(OC2H5)5 has been reported only rarely, and no re-
ports comparing thermal ALDs (H2O-based ALD) have been published.

Meanwhile, TiN is one of the most widely used materials for top
and bottom electrodes in metal/insulator/metal (MIM) capacitors, as
well as barrier and gate electrodes, since it has a low leakage current
and good voltage linearity due to its good chemical stability and high
barrier height when used with most dielectrics (~2 eV with Ta2O5
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Fig. 1. Growth rates of Th-ALD and O3-ALD Ta2O5 (a) as functions of H2O or O3

exposure time (tr) on TiN substrates at Ts = 300 °C, and (b) as a function of growth
temperature Ts.
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dielectric). In addition, its etching process is well-established com-
pared to those of noble metals including Ru and Pt [25]. However,
TiN thin films have strong oxidation tendencies. Although typical
ALD processing temperatures for high k oxide are relatively low
[26], the presence of highly reactive ozone is expected to enhance
oxidation rates and could result in detrimental effects on device
performance such as high leakage currents caused by TiOx formation
between the dielectric layer and TiN [27].

In this study, we investigated the growth characteristics and
film properties of thermal ALD and O3-based ALD Ta2O5 using
Ta(OC2H5)5 as a Ta precursor and H2O and O3 as reactants. The
growth characteristics were studied as functions of key growth
parameters including reactant exposure time, growth cycles, and sub-
strate temperature. Then, the film properties and electrical properties
were compared using several film analysis techniques. O3-based ALD
Ta2O5 showed superior electrical properties to thermal ALD Ta2O5 for
use as an insulator in MIM capacitors, such as a higher dielectric
constant and lower leakage currents.

2. Experimental details

A commercial ALD chamber (SNTEK Co., ALD5008) equipped with
an ozone generator (ASTeX Inc., AX8406A) was used for this study.
This configuration has a double shower head system to achieve
good uniformity with plasma capability. Pentaethoxytantalum (PET,
Ta(OC2H5)5) was employed as a Ta precursor. The bubbler tempera-
ture for mixtures containing PET was maintained at 160 °C to produce
sufficiently high vapor pressure [13,28], while the delivery lines were
heated to temperatures 10–15 °C higher than the bubbler to avoid
precursor condensation. To improve gas delivery, vaporized precursor
molecules were carried to the reaction chamber using Ar gas, at flow
rates that were controlled using a mass flow controller. For Th-ALD,
a bubbler containing water was immersed in silicone oil for tempera-
ture control and water vapor flow was controlled using a leak valve.
For O3-ALD, oxygen gas and nitrogen were flowed into an ozone gen-
erator that was set to generate ozone at rates higher than 250 g/m3.

Impurity levels, chemical composition, and binding structures
were analyzed by X-ray photoelectron spectroscopy (XPS, Escalab
220i-XL) with a monochromatic Al Kα source (beam energy:
1486.6 eV, analysis energy step: 0.1 eV and analysis area: 100 μm2),
where surface C 1s peak at 284.5 eVwas used as a reference to calibrate
the measured core levels. Film thickness, density, and roughness were
measured by X-ray reflectivity (XRR)with Cu Kα radiation (PANalytical
X'Pert PRO). Information on stacking order and multilayer materials,
including the substrate (TiN 25 nm/SiO2 100 nm), is useful to reduce
degrees of freedom in XRR analysis and simulation. Theta-2theta
(θ–2θ) X-ray diffraction (XRD) measurement with Cu Kα radiation
(Rigaku, DMAX 2400) was carried out in order to compare micro-
structures and crystallization of thermal ALD and O3-based ALD
Ta2O films. The electrical properties of theMIM capacitors were eval-
uated using capacitance–voltage (C–V) and current–voltage (I–V)
measurements.

Ta2O5 MIM capacitors were fabricated on CVD TiN/SiO2 substrates.
For MIM capacitor fabrication, Ru was deposited as a top electrode
through a patterned shadow mask by magnetron sputtering. To re-
duce trap charge densities, post deposition annealing and forming
gas annealing were carried out at 400 °C for 10 min in a nitrogen
environment, and for 30 min in H2 5%–N2 95%, respectively. Electrical
properties including C–V and I–V characteristics were measured using
a Keithley 590 CV analyzer with a Keithley 236 source analyzer unit.

3. Results and discussion

Fig. 1a shows the dependence of film growth rates (thickness per
cycle) of Th-ALD and O3-ALD Ta2O5 films as functions of reactant
exposure time (tr) at a growth temperature (Ts) of 300 °C. In both
cases, saturation in growth rate, which is a typical ALD characteristic,
occurs at tr ≥ 1 s. The saturated growth rate of Th-ALD under satura-
tion conditions is about 0.9 Å/cycle, which is lower than that of
O3-ALD (1.1 Å/cycle). ALD ZrO2, TiO2, Al2O3 and HfO2 exhibited
higher growth rates in previous studies for O3-ALD than for Th-ALD,
agreeing with the results of the present study [29–32]. The increased
growth rates due to the use of O3-ALD are believed to be due to higher
reactivity of oxygen radicals. O3 dissociation into reactive O radicals
occurs at 300 °C, and therefore the elimination of ligands from the
surface by O radicals is expected to be more efficient than when
H2O is used [33].

Based on the saturation curve, we fixed the precursor exposure
time at tr = 2 s for subsequent experiments. Fig. 1b shows the de-
pendence of film growth rates per cycle with increases in growth
temperature from Ts = 100 to 400 °C under saturated conditions
(ts = 2 s and tr = 2 s) for Th-ALD and O3-ALD Ta2O5. In both cases,
three regions are identified (Fig. 1b). In the middle temperature
region, from Ts = 200 to 300 °C for Th-ALD and O3-ALD, the growth
rates are almost constant, indicating the presence of a so-called
“process window.” Meanwhile, the growth rate increases with in-
creased growth temperature in the high and low growth temperature
regions. When Ts = 400 °C for both methods, the growth rates were
slightly increased and expected to exhibit effects associated with
thermal precursor decomposition. These characteristics are ob-
served in previous reports, including ours, regarding ALD of oxides
[15–17,29–32].

Fig. 2a, b and c are XPS spectra of Th-ALD and O3-ALD Ta2O5,
showing that the locations of O 1s (529.4 eV) and two Ta 4f (location
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of low energy peak: 26.7 eV, interval between two peaks: 1.7 eV)
peaks are similar to those observed in previous reports regarding
thermal ALD and CVD Ta2O5 films [18,19]. After surface cleaning by
sputtering with Ar + ion bombardment at an energy of 3 keV and
beam current density of 22.2 μA/cm2 (2 mA induced beam current,
rastered over a 3 × 3 mm2 area), the C concentration was lower
than 1 at.% for O3-ALD Ta2O5, which is also lower than most results
reported for ALD using other precursors [4–8,18]. Similarly, low C
concentrations were observed for Th-ALD Ta2O5, which were slightly
higher than those of O3-ALD Ta2O5. Moreover, although another
group previously reported that ALD Ta2O5 films incorporate low C
concentrations using PET [19], the O3-ALD process with a PET precur-
sor used in the present study has additional advantages such as
higher growth rates and better process compatibility due to the liquid
state of the precursor.

Meanwhile, the peak intensities of Ta 4f and O 1s for O3-ALD were
about 10% higher and sharper than that of Th-ALD. The peak intensity,
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Fig. 2. (a) Ta 4f (b) O 1s and (c) C 1s XPS spectra of Th-ALD and O3-ALD Ta2O3 films.
ITa2O5, is a function of density nTa2O5, photoionization cross section
σTa2O5, and escape depth ιTa2O5 [34].

ILa2O3
¼ nLa2O3

σLa2O3
ιLa2O3

: ð1Þ

Since photoionization cross section and escape depth (which are
determined by the material itself) should be almost the same for
both Th-ALD and O3-ALD, the higher peak intensity of O3-ALD indi-
cates that the film density of O3-ALD Ta2O5 is also higher than that
of Th-ALD. In addition, the sharper shape of O3-ALD Ta2O5 films indi-
cates lower levels of Ta\OH and Ta\O\Ti bonding [35,36].

For more exact determinations of film density and other related
properties, XRR analysis was performed for nominally 15 nm thick
Th- and O3 based Ta2O5. The resulting spectra are shown in Fig. 3
using simulated results. During simulations, we obtained the best-fit
results for density, thickness and roughness using a three-layer model
composed of Ta2O5, TiN (20 nm) and SiO2 (100 nm) (Table 1). The
film thicknesses obtained through simulations of XRR spectra were
consistent with separately-measured ellipsometry data for both films.
The film density (7.85 g/cm3) of O3-ALD was much higher than that of
Th-ALD (7.3 g/cm3), agreeing well with the XPS spectra. The density
values of the XRR spectrum for Th-ALD agree with those previously
reported for ALD Ta2O5 using the same PET precursor and H2O [19].
However, there were no significant differences in surface roughness of
both films.

Fig. 4a shows C–V curves for Ru/20 nm ALD Ta2O5/TiN MIM
capacitors that were fabricated using Th-ALD and O3-ALD. The EOT
of O3-ALD Ta2O5 (1.7 nm) is lower than that of Th-ALD Ta2O5

(2.0 nm). This observation could be explained by Clausius–Mossotti's
equation, which explains the relationship between dielectric constant
and film density [37]. The C–V characteristics of ALD Ta2O5 based on
PET are superior to those of Ta2O5 films based on other precursors. For
example, the C–V curve of CVD Ta2O5 films from Ta(OCH3)5 at 250 °C
showed a lower dielectric constant (~24) [12] than the films fabricated
in the present study (Th-ALD ~ 40, O3-ALD ~ 46). The crystallinities of
Ta2O5 films (Fig. 5) also support our results. Fig. 5 shows out-of-plane
θ–2θ XRD patterns of Ta2O5 films annealed at 400 °C in a nitrogen envi-
ronment by an RTA system. Both of the films exhibited hexagonal
δ-Ta2O5 structure, which is known to have high dielectric constant
values up to 40 [38–40]. This finding agrees with previous reports of
Ta2O5 fabricated using the same precursor [19]. In addition, O3-ALD
Ta2O5 film shows a higher intensity peak of narrow width, which is in
good agreement with the density and leakage data reported below.

Fig. 4b shows leakage current densities according to electric fields
for both samples. The leakage current density of the O3-ALD sample
(1.9 × 10−6 A/cm2) at −1 V is slightly lower than that of the Th-ALD
sample (2.7 × 10−6 A/cm2). Similarly, other groups previously
reported that the leakage current densities of MOS capacitors
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Table. 1
X-ray reflection and ellipsometry of Th-ALD and O3-ALD Ta2O5 films on CVD TiN/SiO2/Si
substrates (roughness of CVD TiN layer: 1.1 nm). The ALD process conditions were the
same for both types of films (ts = 2 s, tp = 5 s, tr = 2 s, and Ts = 300 °C).

Deposition Ellipsometer X-ray reflection

# of ALD cycles Thickness Thickness Density Roughness

Th-ALD 150 14.6 nm 14.3 nm 7.30 g/cm3 1.3 nm
O3-ALD 145 15.7 nm 16.4 nm 7.85 g/cm3 1.3 nm
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Fig. 5. XRD patterns of Th-ALD and O3-ALD Ta2O5 films annealed at 400 °C in nitrogen
environments using the RTA system.
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composed of gate oxide films prepared by O3-ALD were lower
than those prepared by Th-ALD [31,32]. However, it has only
rarely been reported that the O3-based ALD process produces
improved leakage properties for MIM capacitors, as shown in
this study. In addition, compared to the data reported in [11,19],
which includes leakage properties for MIM capacitors fabricated
using ALD Ta2O5, we were able to achieve superior properties even
though the properties were not suitable to adapt device applications.
Thus, the potential problems associated with unwanted oxidation of
the bottom TiN electrode during O3-based ALD appear to be minimal.
However, the slight shift of the O3-ALD leakage current curve that we
observed could be explained by the dipole effect of Ta\O\Ti bonding
caused by oxidation of the TiN bottom electrode and differences in elec-
tronegativity between Ta and Ti. The O3-based ALD process produces
capacitor insulators with improved electrical properties, including low
EOT with slightly change of leakage current. These improvements are
attributed to superior physical properties, such as higher film density,
than conventional Th-ALD using water as a reactant.
-2 -1 0 1 2

1.5

2.0

2.5  Th-ALD
 O

3
-ALD

Applied voltage (V)

Ru/ALD Ta
2
O

5
 (20 nm)/TiN

C
ap

ac
ita

nc
e 

(μ
F

/c
m

2 )

-2 -1 0 1 2
10

-8

10
-6

10
-4

10
-2

 Th-ALD
 O

3
-ALD

Ru/O
3
-ALD Ta

2
O

5
 (20 nm)/TiN

C
ur

re
nt

 d
en

si
ty

 (
A

/c
m

2 )

Applied voltage (V)

a

b

Fig. 4. (a) Capacitance–voltage curves and (b) gate leakage currents of MIM capacitors
with Th-ALD and O3-ALD Ta2O5 as insulators.
4. Conclusions

For this study, we compared the results of Th-ALD and O3-ALD
Ta2O5 processes, including film properties. ALD growth modes were
achieved for both processes, indicating good saturated growth behav-
ior and ALD process windows. Although both Th-ALD and O3-ALD
processes produced pure Ta2O5 films with low C contamination, the
O3-ALD Ta2O5 process resulted in higher growth rates, better film
quality, and better electrical properties than did Th-ALD, with no
major adverse effects caused by TiN electrode oxidation. Thus,
O3-ALD Ta2O5 films fabricated using PET have great benefits for
microelectronic engineering applications.
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