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Abstract: The decomposition of tetraisopropyl orthotitanate (TTIP), a representative precursor used
in the atomic layer deposition (ALD) of titanium dioxide (TiO;) film, and the resulting changes in
the thin film properties of the TiO, film were investigated. TTIP was evaluated after exposure to
thermal stress in an enclosed container. The vapor pressure results provide reasonable evidence
that impurities are generated by the decomposition of TTIP under thermal stress. These impurities
led to changes in the thermal properties of TTIP and changes in the growth rate, morphology, and
composition of the thin film; in particular, these impurities increased the unstable oxidation states
of Ti?* (TiO) content in the TiO, film. The changes in the properties of the TiO, film resulting from
the changes in the physical properties of TTIP led to a change in the properties of the device. We
proved that the thermal stability of the precursor is a factor that can determine the reliability of the
ALD process and the resulting thin film. Additionally, systematic evaluation of the precursor can
provide useful information that can improve the development of the precursor and the consistency of
the process.

Keywords: atomic layer deposition (ALD); titanium dioxide (TiO,); precursor; tetraisopropyl orthotitanate;
thermal decomposition

1. Introduction

Recently, capacitance has decreased due to the high integration of devices because
the area occupied by the metal-oxide-semiconductor (MOS) capacitor, which serves to
store data, is reduced as devices are increasingly integrated to increase performance [1-3].
To solve this problem, the thickness of the 5iO; used as the dielectric layer of the MOS
capacitor is reduced to reach appropriate levels of capacitance. However, there is a limit to
how much the SiO, thickness can be reduced, because critical issues such as leakage current
can occur if the thickness of SiO, decreases to a certain level [4,5]. High electrical permit-
tivity (high-k) materials that can replace SiO,, such as HfO; [6,7], Al,O3 [8], ZrO; [9,10],
LayO3 [11], TapOs [12,13], and TiO; [14], have been widely investigated for the next-
generation of MOS capacitors. Specifically, TiO, has attracted attention as a next-generation
high-k material due to its desirable characteristics, including a high dielectric constant
(anatase~19, rutile~86), low leakage current density, and high thermal stability [15-17].

Various deposition techniques such as atomic layer deposition (ALD), pulsed laser
deposition (PLD), sol-gel, sputtering, etc., can be applied to TiO, thin film deposition [18].
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Among them, ALD, a deposition technique based on self-limiting surface chemistry, is
used to successfully deposit TiO; thin films because of several advantages, including
low process temperature, excellent step coverage, thickness control at the atomic level,
and excellent uniformity [19,20]. To achieve the ideal ALD process, the precursor should
become saturated after a self-limiting reaction with the surface, and unnecessary impurities
such as ligands and hydroxyl groups must be completely removed by a purge gas after a
complete reaction with the reactant [21]. The precursor should not only have high volatility
to offer sufficient reproducibility, but it should also not cause an intra- or intermolecular
reaction [22]. To satisfy the above characteristics, precursors for depositing TiO, thin films
have been designed by employing various ligands, such as halides, alkylamides, alkoxides,
cyclopentadienyls, and heteroleptics [23]. However, most of the precursors are not self-
limiting because exposure to thermal stress during storage and ALD processes causes
decomposition due to intra- or intermolecular reactions. Additionally, these decomposition
reactions not only hinder self-limiting growth and lower the uniformity of the thin film but
also result in a high concentration of impurities [22,24].

The thermal stability of a precursor must be discussed for a successful ALD process,
and many studies have already been carried out [25-28]. However, most of the studies
related to the thermal stability of precursors have measured the decomposition temperature
using thermogravimetric analysis (TGA) or studied the decomposition behavior in the gas
phase by using quadrupole mass spectrometry (QMS) and a quartz crystal microbalance
(QCM) [29-31]. Furthermore, S. Rushworth et al. reported the long-term thermal stability
of three types of hafnium and zirconium precursors using nuclear magnetic resonance
(NMR) [25]. However, the exposure time to thermal stress was as short as 50 h for all but
one kind of precursor.

Nevertheless, the decomposition of a precursor occurs due to exposure to continuous
thermal stress during precursor storage and transportation as well as vaporization in a
canister. In addition, under thermal stress, the generated decomposition products can
change the properties of a precursor, such as the volatility and viscosity, and have a direct
effect on the decreased reliability of a thin film deposited by ALD [32,33]. Therefore, the
long-term thermal stability of precursors must be evaluated rigorously. However, studies
on the long-term stability of precursors and changes in the properties of precursors and
thin films due to impurities generated by thermal stress have not been evaluated.

Therefore, in this study, the long-term thermal stability of a precursor, titanium iso-
propoxide (TTIP, TifOCH(CHzs),]4), which is one of the representative TiO, precursors, was
evaluated under exposure to thermal stress for 7 days under severe conditions (120~180 °C)
using a newly made stainless steel container. The effect of TTIP degradation on the crys-
tallography and composition of a thin film prepared through ALD was studied, an MOS
capacitor device was fabricated, and the electrical characteristics were analyzed through
C-V (capacitance-voltage) and I-V (current-voltage) measurements to analyze the effect of
changes in the characteristics of the device. The relationship between the thermal stability
of the precursor and the reliability of the device is discussed. Understanding the thermal
decomposition of the precursor provides very useful information to achieve a successful
ALD process.

2. Materials and Methods

To investigate the correlation between the changes in the characteristics of the pre-
cursor and the changes in the characteristics of the thin film, including the device, due to
deterioration, TTIP (Sigma Aldrich, 99.999% trace metals basis) (Figure 1a) was deteriorated
in a furnace at 120, 150, and 180 °C for 7 days. In this process, we made a stainless steel
container for heating the precursor, and VCR (vacuum coupling radiation) fittings were
applied to the end of the container to prevent the precursor from exposure to the environ-
ment outside of the container. The VCR fitting was a metal gasket face seal-fitting type
and prevented the precursor from reacting with moisture (H,O) and oxygen (O;), while
precursors deteriorated in the furnace. TTIP was sampled in the stainless steel container in
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a glove box that maintained a Nitrogen (N;) atmosphere with moisture (H,O) and oxygen
(O3) concentrations of 1 ppm or less.

(a) (b) Purge Purge
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Figure 1. (a) Structure formula of titanium isopropoxide (TTIP) and (b) scheme of the atomic layer
deposition process.

TTIPs exposed to thermal stress under severe temperature conditions were analyzed
using vapor pressure (homemade vapor pressure measuring apparatus) and thermogravi-
metric analysis (TGA, NETZSCH, STA 449 F3) to confirm the decomposition of TTIP.

The deteriorated TTIPs were then deposited on a p-type (100) wafer as a TiO, thin
film using ALD. Before the ALD process, the wafer was sonicated in acetone, ethanol,
deionized (DI) water, and isopropyl alcohol (IPA) for 10 min. The pressure of the ALD
chamber was 300 mTorr, and the substrate temperature was maintained at 250 °C. The
temperature of the canister was set to 50 °C, and the line and shower head were set to 120 °C
and 180 °C, respectively, gradually increasing the temperature to prevent condensation
of the precursor. Ozone(O3) was used as the reactant gas; the gas was generated using
an ozone generator (IN USA, Inc., OG-5000) by mixing O3 (99.999%) and Ar (99.999%).
Figure 1b is the sequence of the already optimized ALD process, as follows: (1) source (gas
phase precursor) feeding: 2 s; (2) purging with Ar gas: 5 s; (3) reactant (O3) feeding: 3 s;
(4) purging with Ar gas 5s. The ALD process was repeated for 500 cycles under fixed
process conditions.

TiO; thin films that were deposited using degraded TTIPs were analyzed using X-ray
diffraction (XRD, RIGAKU, D/MAX-2500), X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific, K-Alpha+, Waltham, MA, USA), and atomic force microscopy (AFM, Park
Systems Corp., XE7, Suwon, Korea).

MOS capacitors were fabricated to measure the electrical properties of TiO, thin
films. The top electrodes were formed by patterning a 100 x 100 um square pad using
photolithography and lift-off techniques and depositing 200 nm of aluminum (Al) via
thermal evaporation. Capacitance-voltage (C-V) measurements were performed using a
precision LCR Meter (Agilent, HP4284A, Santa Clara, KA, USA) at 1 MHz in the range of
—2 to +2 V. Current-voltage (I-V) measurements were measured using a semiconductor
parameter analyzer (Agilent, HP 4155B) in the range of —2to 2 V.

3. Results and Discussion

The decomposition of a precursor can be confirmed using TH NMR [25], QMS [30], etc.;
however, the presence or absence of the decomposition of a precursor can also be confirmed
through vapor pressure measurement. This is because decomposition products gener-
ated by thermal stress change both the decomposition temperature and thermophysical
properties, such as vapor pressure.

Figure 2 shows the vapor pressure (at 45 °C, 50 °C and 55 °C) of degraded TTIP,
and Table 1 lists the Antoine equation parameter and vaporization enthalpy (AH) at
each temperature (vapor pressure measurement results are described in Supplementary
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Material Table S1). Vapor pressure was measured using the static method, and the vapor
pressure curve was expressed using the Antoine equation (Equation (1)), as this is the
most widely used correlation method for the extrapolation of vapor pressure in a range
other than the measured temperature. The vaporization enthalpy was calculated using the
Clausius—Clapeyron equation (Equation (2)) [34].
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Figure 2. Comparison of the vapor pressure for TTIP exposed to thermal stress. The solid circles
are the experimental vapor pressure value, and the dash lines represent the fitting of the Antoine
equation corresponding to the experimental vapor pressure values.

Table 1. Antoine equation parameters of TTIP exposed to thermal stress.

Antoine Equation Parameters Vaporization Enthalpy
A B AH (kJ/mol)
Nonheated 32.659 9449.569 78.6
120 °C, 7 days 33.223 9626.489 80.0
150 °C, 7 days 30.784 8844.900 73.5
180 °C, 7 days 33.052 9609.026 79.9

According to the study of B. Blackburn et al., when TTIP is exposed to thermal stress,
C-C bonds, O-C bonds, and Ti-O bonds break, leading to the generation of methyl, propyl,
and isopropyl groups [35]. Therefore, it can be predicted that the generated methyl group
is combined with the surrounding H atom to form methane, or other generated unstable
molecules combine to form heavy molecules.

Considering the vapor pressure results, the vapor pressure at all of the measured
temperatures of TTIP exposed to thermal stress of 120 °C slightly increases compared
to TTIP not exposed to thermal stress, whereas the TTIP exposed to thermal stress of
180 °C decreases. As previously expected, light molecules such as methane exist as major
decomposition products in TTIP exposed to a relatively low temperature (120 °C) for
a long time, which leads to a rise in vapor pressure. Heavy molecules exist as major
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decomposition products when TTIP is exposed to high temperatures (180 °C), which
leads to a decrease in vapor pressure. Thus, the vaporization enthalpy, a quantitative
indicator of the volatilization properties of the precursor, also changes [36]. Therefore, if
the volatilization properties are changed due to decomposition, the process of deposition
may be changed, and consequently, the properties of the thin film may be affected. This is
discussed in the properties of the thin film part of this paper.

Changes in TTIP properties due to the decomposition products of TTIP generated
by thermal stress can also be confirmed through TGA. In general, the decomposition
temperature of the precursor is defined as the temperature at which 0.5% mass loss of
the precursor occurs [25]. Figure 3 shows the results of the TGA that was performed to
confirm the decomposition temperature of TTIP exposed to thermal stress. The 0.5% mass
loss of TTIP not exposed to thermal stress occurs at 93.5 °C, but when TTIP is exposed to
thermal stresses of 120 °C, 150 °C, and 180 °C, the 0.5% mass loss occurs at 93.6 °C, 89.3 °C,
and 86.8 °C, respectively. TTIP exposed to 120 °C thermal stress has a decomposition
temperature similar to that of TTIP not exposed to thermal stress.

(a) (b)

100 + —— Nonheated
100 ——120 C, 7 days
- ~ 99.5 ——150 C, 7 days
X i o ) y
e 50 = 180 C, 7 days
4 @
O 60t o 98 |
-] z D:composition
E-) 40 } g) emperature
o W ) (at 0.5% mass loss)
; ; 96 } Nonheated 93.5 °C
20| —120 C, 7 days 120 °C 93.6 °C
——150 C, 7 days 150 °C 89.3 °C
0 L M 94 180 °C 86.8 °C
50 100 150 200 250 80 100 120

Temperature (°C) Temperature (°C)

Figure 3. TG curves of TTIP exposed to thermal stress with a heating rate of 10 K/min under N,
atmosphere. (a) Full temperature range, (b) 80~150 °C range (related to the decomposition of TTIP).

Figure 4 shows the thickness and planarization information of TiO; thin films grown in
the same ALD process cycle using precursors exposed to thermal stress. As described above,
it can be confirmed that the properties of thin films change because the properties of the
precursor are changed. TTIP exposed to thermal stress of 180 °C showed an advantageous
ALD reaction, indicating that the growth rate of the thin film is clearly improved. However,
it can be confirmed that a thin film with low uniformity resulted from nucleation caused by
heavy molecule impurities that induce a high thin film growth rate. On the other hand, the
TiO, thin film deposited by TTIP exposed to thermal stress of 120 °C has a low thin film
growth rate despite having high vapor pressure. As described above, the vapor pressure
is increased by light molecules such as methane, which are highly volatile, but the rate
of growth of the thin film is decreased because the volatilization of the desired precursor
molecules participating in the thin film growth is reduced.

Impurities due to the deterioration of TTIP affect the composition and crystallinity
of the film, as well as its morphology. Figure 5 shows the XPS results for the TiO, film
deposited by TTIP exposed to thermal stress. Peak shifts at approximately 458.4 eV and
464.2 eV in Ti2p3,, and Ti2py s, are related to Ti** (TiO,), and peak shifts at approximately
456.3 eV and 462.2 eV are related to Ti2* (TiO) [37]. As the temperature of the thermal stress
increases, the peak shifts at approximately 456.3 eV and 462.2 eV increase, which proves
the unstable oxidation states of Ti?* (TiO) in the TiO, thin film also increase [38].
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Figure 4. Properties of TiO; thin films deposited by TTIP exposed to thermal stress. (a) Thickness
of TiO; thin films measured using ellipsometry, (b) RMS and peak to valley of TiO, thin films

determined using AFM.
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Figure 5. Ti2p XPS spectrum of TiO, thin films deposited by TTIP exposed to thermal stress.
(a) Nonheated TTIP, (b) TTIP exposed to 120 °C for 7 days, (c) TTIP exposed to 150 °C for 7 days,
(d) TTIP exposed to 180 °C for 7 days.
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As the temperature of the thermal stress to which TTIP was exposed increases, the
crystallinity of the TiO; film also increases. Figure 6 shows the XRD spectrum for the TiO,
film deposited by TTIP exposed to thermal stress. The XRD peak at approximately 25° is
related to the anatase phase of TiO,. The full width at half maximum (FWHM) of TiO,
film deposited by TTIP not exposed to thermal stress is 1.036, and the FWHMs of TiO,
film deposited by TTIP exposed to thermal stresses of 120 °C, 150 °C, and 180 °C are 1.058,
1.037, and 0.985, respectively. The FWHM of the TiO; film deposited with TTIP subjected
to thermal stress of 180 °C decreases compared with the TiO, film deposited by TTIP not
exposed to thermal stress and exposed to thermal stress of 120 °C and 150 °C. Therefore, it
was confirmed that the crystallinity of the TiO, film deposited by TTIP exposed to thermal
stress of 180 °C increases, which is a result of heavy molecular impurities generated by
exposure to thermal stress acting as the crystal nucleus for thin film growth.

—— Nonheated
\A(101) 120 C, 7 days
——150 C, 7 days
——180 C, 7 days
| \ » A(200)

1 1 1

20 30 40 50
Two theta (degree)

Figure 6. XRD spectrum of TiO, thin films deposited by TTIP exposed to thermal stress.

The decomposition of the precursor not only changes the thermal properties of the
precursor, but also changes the thin film properties and consequently affects the properties
of the device. Figure 7 shows the schematic diagram of the MOS capacitor structure and
connection for performing C-V and I-V measurements and the results of the measurements
that employed a TiO; thin film deposited by TTIP exposed to thermal stress. The k-value
of TiO; film deposited by TTIP not exposed to thermal stress is 29, and the k-values of
TiO, film deposited by TTIP exposed to thermal stress of 120 °C, 150 °C, and 180 °C are
21, 24, and 31, respectively. The k-value decreases for the TiO, films deposited by TTIP
exposed to 120 °C and 150 °C thermal stress. The TiO; film deposited by TTIP exposed
to thermal stress of 180 °C, however, has a relatively high k-value, which is due to the
influence of the thickness of the thin film. In the I-V curve, the asymmetry of the curve is
a result of the interface difference on both sides of the TiO, film [39], and both the MOS
capacitor that employed TiO, film deposited by TTIP not exposed to thermal stress and
TiO; film deposited by TTIP exposed to 120 °C and 150 °C show similar curves. However,
the measured leakage current of the MOS capacitor that employed TiO, film deposited by
TTIP exposed to 180 °C is higher than other MOS capacitors. As mentioned above, this
result is because of the generation of heavy molecular impurities in the film due to the
decomposition of the precursor. These impurities contain carbon and can act as a leakage
path [40]. In addition, impurities can form a trap site in the film and affect the reliability of
the device [41]. Therefore, the results of this study suggest that the deterioration of TTIP
causes not only changes in TTIP properties but also changes in device characteristics. Thus,
the strict management of precursors is required for successful TiO, film application.
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Figure 7. (a) Schematic of the connection to perform the C-V and I-V measurement, (b) C-V charac-
teristics, and (c) I-V characteristics of the Al/TiO, /p-Si MOS capacitor that employed 500 cycles of
TiO; thin films deposited by TTIP exposed to thermal stress.

4. Conclusions

This study investigated the effects of impurities and changes in physical properties
when TTIP, a representative precursor for depositing TiO, films, was exposed to thermal
stress at different temperatures. As the temperature to which TTIP is exposed increases
from 120 °C to 180 °C, the major impurities in TTIP change from light molecule impurities to
heavy molecule impurities. Light molecule impurities in TTIP increase the vapor pressure
but decrease the volatility of molecules effective for the growth of TiO, thin films, thereby
lowering the thin film growth rate. Heavy molecule impurities in TTIP reduce the vapor
pressure but also act as nucleation sites of the thin film, increasing its growth rate and
crystallinity. However, the unstable oxidation states of Ti>* (TiO) in the thin film grow.
TTIP has different behavior during the ALD process according to the characteristics of
the impurities generated, and it can be confirmed that the reliability of the TiO; film is
degraded by changing the characteristics of the thin film and the device. ALD has recently
been applied to various fields not only in semiconductors but also in display and secondary
cells. Therefore, these findings are expected to provide useful information in the selection of
promising precursors, process optimization, and the storage of precursors in various fields.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15093021/s1, Table S1: Experimental data on vapor pressure of
TTIP exposed to 120~180 °C for 7 days.
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