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This research produced high-quality, single-phase nickel titanate
(NiTiOs) thin films, a high-k material for gate dielectrics, by a
modified sol-gel method. The precursor was prepared by reac-
tions of nickel acetate tetrahydrate and titanium isopropoxide in
2-methoxyethanol with a 1:1 ratio of Ni/Ti in the solution. After
coating, the films were post-heat treated between 500° and 900°C.
X-ray diffraction indicated that the films deposited at and above
600°C were single-phase nickel titanate. X-ray photoelectron
spectra of a typical thin film revealed that the binding energies
of Ni 2p3,; and Ti 2p5;; electrons were 855.2 and 457.7 eV, re-
spectively. Raman spectra showed eight absorptions between 200
and 800 cm . Scanning electron microscope images showed
smooth surfaces. Findings showed the dielectric constant of the
NiTiO; film to be 41.36 by capacitance—voltage analysis. The
results show that single-phase NiTiOj3 film can be prepared by
the sol—gel spin coating method and then heat-treated at 600°C.

I. Introduction

METAL titanate-based Perovskite-type oxides, including met-
als such as nickel, cobalt, barium, strontium, ferrite, lead,
zinc, and copper, have received considerable research interest in
recent years due to their chemical and electrical properties. These
materials are widely used in gas-sensors,'> humidity sensors,>>
magnetic recording media,® catalysts,”'° and other applications.
Metal titanates have recently drawn attention as a promising
high dielectric material, which can be used in semiconductor de-
vices like dynamic random access memories, and metal-oxide
semiconductor field-effect transistors to solve current leaking
problems.!'™'* Metal titanates can also be used in organic thin-
film transistors to solve charge transport problems between
different layers,'> and applied in ferroelectric random access
memory due to their excellent ferroelectric properties.'®°
Nickel titanate materials have been prepared previously by
solid-state reactions with a process temperature of over 1000°C.*
Several studies have explored various methods to reduce the re-
action temperature when preparing nickel titanate. Unfortu-
nately, the NiTiO; preparation process results in the formation
of an unwanted byproduct, titanium oxide (TiO,). Several differ-
ent methods, such as nanoparticle-directed solid-state synthesis,!
a wet-chemistry synthesis method,”> a polymeric precursor
method,” and a modified Pechini process,2 have aimed at mit-
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igating this problem and producing pure NiTiO;. However, even
when the temperature was as low as 600°C, these methods were
only available to produce nickel titanate “powder,” not for the
“film.” In 2001, Chao and colleagues produced NiTiOj; thin films
by physical vapor deposition of Ti and Ni films, followed by di-
rect thermal oxidation at 700°C under a diluted oxygen atmo-
sphere.>* Phani and Santucci prepared a single-phase crystalline
structure of NiTiO; at 1000°C in 2001 using the sol-gel spin
coating technique.?> In 2005, Ohya ez al.?® used the dip-coating
method and discovered NiTiO; forms in the interface between
subsequently deposited layers of TiO, and NiO on ITO, leaving
an NiO/NiTiO3/TiO,/ITO structure, in that order. The current
research fabricated thin films of a high-k dielectric material,
nickel titanate, on silicon substrates by a modified sol-gel spin-
coating method involving a sol-like solution as the precursor,
followed by post-heat treatment at low temperatures. This study
also investigated dielectric characteristics.

11.

(1) Preparation of the Precursor Solutions

Titanium isopropoxide [Ti(O'Pr);] (98+%, Acros Organics,
Morris Plains, NJ), nickel acetate tetrahydrate [Ni(OOCCH3), -
4H,0] (99.0%, Showa Chemical Co., Tokyo, Japan), ethanol
(99.5%, Echo Chemical Co., Miaoli, Taiwan), 2-porpanol
(99.8%, Tedia Co., Fairfield, OH), ethylene glycol (99+%,
Acros Organics), 1,2-dimethoxyethane (99+%, Acros Organ-
ics), and 2-methoxyethanol (99+%, Acros Organics) were used
without further purification. Ti(O'Pr), (16.7 mmol, 4.75 g) and
Ni(OOCCH3), - 4H»0O (16.7 mmol, 4.16 g) were dissolved sepa-
rately in 15 mL of different solvents (ethanol, 2-porpanol, ethyl-
ene glycol, 1,2-dimethoxyethane, and 2-methoxyethanol) and
then mixed. The solution mixture was stirred at room tempera-
ture overnight, while the solution gradually turned to a transpar-
ent green color (2-methoxyethanol) or cloudy green color
(ethanol, 2-porpanol, ethylene glycol, and 1,2-dimethoxyethane).
The final concentration of the precursor solutions was 0.1 and
the ratio of Ti(O'Pr)4 and Ni(OOCCHj3), - 4H,O was 1:1.

Experimental Procedure

(2) Preparation of Powders

Two milliliter of each precursor was placed in alumina boats for
a two-stage heat-treatment process. First, the solution was
heated to around 10°C lower than the b.p. temperature of the
solvent. After most solvent was removed, the sample was post-
heat treated at 600°C for 2 h. The final powder products were
light yellow or yellow color.

(3) Preparation of Thin Films
Thin films of the 2-methoxyethanol precursor were spin-
coated on SiO,/Si substrates. The substrates were washed with
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Fig.1. The schematic flow chart of the nickel titanate thin film
synthesis by a modified sol-gel method.

isopropyl alcohol, acetone, rinsed with distilled water, and trans-
ferred into the spin coating chamber for deposition. After spin
coating of the precursor on the substrates, the films were baked
at 80°, 150°, and 200°C for 2 min in air to remove the solvent.
The procedure was repeated 10 times. In the post-heat treatment
step, the thin films were annealed at different temperatures rang-
ing from 500° to 900°C for 3 h in air. Figure 1 shows the details
of the nickel titanate thin-film preparation method.

(4) Thin-Film Characterization

Field-emission scanning electron microscope (FE-SEM) analysis
of film thickness and morphology was performed using the JEOL-
6330 (JEOL Ltd., Tokyo, Japan). X-ray diffraction (XRD) was
performed using the Bruker D§ ADVANCE (Bruker Co., Biller-
ica, MA) and Rigaku Multiflex (Rigaku Co., Tokyo, Japan) using
CuKu radiation to identify film and powder structures. Analysis
of elemental compositions and chemical bonding characteristics of
the thin films was conducted with X-ray photoelectron spectros-
copy (XPS, PHI 1600, MgKa, Physical Electronics Inc., Chan-
hassen, MN). Charge correction for carbon contamination was
applied to the binding energies, with the binding energy of C ls
measured to be 284.5 eV. Raman spectroscopy was carried out
with the Renishaw inVia Raman (Renishaw plc, Gloucestershire,
U.K.) using a 514 nm laser radiation. The high-frequency capac-
itance—voltage (C—V) measurement was performed using an HP
4284A LCR meter (Agilent Technologies Inc., Santa Clara, CA).
The dielectric constant was extracted from C = g, &, A/d, where g,
is the permittivity in vacuum = 8.85 x 10~'* F/cm, &, is the di-
electric constant of NiTiOs, A is the area of the electrode, and d is
the thickness of the dielectric (NiTiO3).

III. Results and Discussion

(1) Solvent Studies

We investigated a simple way of preparing NiTiO; at 600°C us-
ing different precursors. Five precursors with different solvents
(ethanol, 2-porpanol, ethylene glycol, 1,2-dimethoxyethane, and
2-methoxyethanol) were prepared and examined. To analyze the
crystal phases, XRD studies were performed. Figure 2 shows the
XRD patterns of the powder samples obtained from precursors
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Fig.2. X-ray diffraction patterns of the powders with different solvents
post-heat treated at 600°C (a) 2-methoxyethanol, (b) 1,2-dimethoxy-
ethane, (c) ethylene glycol, (d) 2-porpanol, and (e) ethanol.

with different solvents that were heat-treated at 600°C. Figures
2(a)~(c) show that, using 2-methoxyethanol, 1,2-dimethoxye-
thane, and ethylene glycol as the solvents, respectively, precur-
sors produced powders with a single-phase NiTiO3. Figure 2(d)
shows that, with 2-porpanol as the solvent, the precursor pro-
duced a powder consisting mainly of NiTiO; with a trace of
rutile TiO,. Using ethanol as the solvent, the powder yielded
after the heat treatment shows strong peaks corresponding to
the major presence of NiO and smaller peaks corresponding
to the minor presence of NiTiO; (Fig. 2(e)). Using ethanol or
2-propanol as the solvent seems to partially inhibit the forma-
tion of NiTiO;. The correct choice of solvent, namely
2-methoxyethanol, 1,2-dimethoxyethane, and ethylene glycol,
can correct this problem and yield single-phase NiTiOs. These
solvents may be acting as chelating agents,”’ thus suppressing
other reaction pathways such as the formation of TiO, from
Ti(O'Pr)4 and NiO from Ni(OOCCHj;), - 4H,O0. As a result, the
rate for the reaction pathway leading to the formation of the
binary metal oxide, NiTiOs3, is higher than that of the two for-
mer reaction pathways. However, when 1,2-dimethoxyethane or
ethylene glycol was used as the solvent, the resulting precursor
was a gel precursor that can be used to produce “powders” but
not films. The precursor produced using 2-methoxyethanol as
the solvent was a sol precursor that can be used to produce
“films” in addition to powders. We therefore chose to use the
2-methoxyethanol precursor to produce thin films for this study.

(2) XRD and SEM Studies

Figure 3 shows the XRD patterns obtained at various temper-
atures of post-heat treatment of the films. The XRD peaks of
films annealed at 500° and 550°C were broad as shown in Figs.
3(a) and (b), which could be identified as amorphous phases. At
an annealing temperature of 600°C, all diffraction peaks were
well-defined and, with reference to JCPDS card 17-0617 (rho-
mbohedral, a=b=5.03 A, c=13.786 A), showed reflections of
(012), (104), (110), (113), (024), (116), (018), (214), and (030) at
24.09°, 33.02°, 35.61°, 40.82°, 49.43°, 53.97°, 57.47°, 62.41°, and
64.09°, respectively. Lattice parameters of rhombohedral struc-
ture are a=b=5.03 A, and ¢=13.809 A. These diffraction
peaks indicate the presence of anisotropic single-phase ilmenite
NiTiO; in the products, not isotropic as NiTiO; powder. With
the increasing temperature of post-heat treatment, the film
tends to grow more in the (104) plane. The size of the crystal-
lite NiTiO; was calculated by the Scherrer’s formula.?®

k-2

D =
XRD = B c0s0
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Fig.3. X-ray diffraction patterns of the films with different post-heat
treatment (a) 500°C, (b) 550°C, (c) 600°C, (d) 700°C, (e) 800°C, and
(f) 900°C.

where B is the width at half maximum of the diffraction
peaks, 0 is the diffraction angle, Dxyyp is the size of the crystal-
lite, £(0.9) is a constant, and A(1.5418A) is the wavelength of the
X-ray CuKua source. The crystallite sizes were calculated to be
30, 33, 36, and 40 nm at 600°, 700°, 800°, and 900°C, respec-
tively. NiTiOj; crystallite size increased with the increasing tem-
perature. 600°C is the lowest reported temperature for the
formation of single-phase NiTiO; thin film by the sol-gel
method.

Figures 4(a) through (f) are the SEM images from the top of
the films on SiO,/Si substrates annealed between 500° and 900°C
for 3 h in air. The images show that the surface of films was
smooth and the particle size increased with the increasing an-
nealing temperature. The mean particle sizes were calculated to
be 38.6, 57.8, 79.4, and 110.5 nm at 600°, 700°, 800°, and 900°C,
respectively. The crystallite sizes also show the same trend by
XRD method. It is possible because mobility was great at high
temperature and degree of freedom during nucleation was also
great. Thickness of the films annealed at 500°, 550°, 600°, 700°,
800°, and 900°C determined by the SEM cross-sectional view
were 194, 203, 185, 158, 145, and 121 nm, respectively. The film

500 nm
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thickness increased from 194 to 203 nm as annealing tempera-
ture went from 500° to 550°C, possibly due to the oxygen in the
air. When the annealing temperature was raised past 550°C, the
cross-sectional view shows the films becoming thinner and
denser with the increasing posttreatment temperature. This
matches the sol-gel process results.

(3) XPS and Raman Studies

The major components of the film surfaces determined by XPS
sample surveys were nickel, titanium, and oxygen. Figures 5 and
6 show high-resolution XPS at the Ni 2p and Ti 2p region of
films at different posttreatment temperatures. Figure 5 also
shows the shake-up structures of Ni, which suggest ligand-
to-metal charge transfers.?® Broad satellite peaks are found at
approximately 861.3 (2ps,») and 878.5 eV (2p»). For films post-
treated between 500° and 900°C, the high-resolution XPS at the
nickel region shows 2ps/, and 2p,  signals at 855.2-855.4 eV and
872.7-873.1 eV, while the 2p;> and 2p; ), signals were at 457.7—
458.1 and 463.4-463.6 eV at the titanium region, respectively.
During sputtering, some nickel atoms transformed to the
metallic state, con51stent with previously reported findings on
CoTiO; and Ta0,.*°

For film posttreated at 900°C, the binding energies of Ni and
Ti were 855.2 (2p3) and 457.7 eV (2ps»), respectively. The bind-
ing energy of Ni 2p;, in pure NiO was 856 eV and Ti 2p;p, in
rutile TiO, was 458.2 eV.>' The decrease in Ni 2p and Ti 2p
binding energies may be attributed to the weakening of Ni-O
and Ti-O bonds due to formation of Ni-O-Ti bonds. For Ni
2psp» and Ti 2psp; in NiTiOs films, the binding energies shifted
lower with an increased post-heat treatment temperature. This
may be due to the increased crystallinity resulting from higher
annealing temperatures, which can lead to the decreased distance
between layers. Subsequently, the interaction forces between lay-
ers can increase, leading to the weakening of Ni—O-Ti bonds
within individual layers.*> The XRD data are also consistent
with the above results.

Figure 7 shows the Raman spectra in the 200-800 cm ™" range
for the NiTiO; films with posttreatment temperatures between
500° and 900°C for 3 h in air. In the case of ilmenite-type com-
pounds, 10 Raman active modes (5A,+5E,) were observed and
assigned to C3; symmetry and R3space group.>>** Figures 7(a)
and (b) show Raman spectra of the films with post-heat treat-
ment at 500° and 550°C. No Raman active modes of NiTiO; are
apparent, indicating either a high level of structural disorder in

500 nm

#6500 nm

Fig.4. Scanning electron microscopic images of the films with different post-heat treatment (a) 500°C, (b) 550°C, (c) 600°C, (d) 700°C, (e) 800°C, and

(f) 900°C.
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Fig.5. Ni 2p XPS spectra of the films with different post-heat treat-
ment (a) 500°C, (b) 550°C, (c) 600°C, (d) 700°C, (e) 800°C, and (f)
900°C.

the short range or no NiTiOj; structure in the films. In Fig. 7(c),
it appears that post-heat treatment temperatures at 600°C
showed a low intensity of Raman active peaks, confirming the
short range of structural order in the film. Figures 7(c)—(f) show
that stronger Raman peaks were observed with the increasing
post-heat treatment temperature, indicating higher structural
order. Films with post-heat treatment temperatures higher than
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Fig.6. Ti2p XPS spectra of the films with different post-heat treatment
(a) 500°C, (b) 550°C, (c) 600°C, (d) 700°C, (e) 800°C, and (f) 900°C.
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Fig.7. Raman spectra of the films with different post-heat treatment
(a) 500°C, (b) 550°C, (c) 600°C, (d) 700°C, (e) 800°C, and (f) 900°C.

550°C obtained eight of 10 Raman active modes. The peaks are
at 226, 246, 289, 343, 392, 464, 609, and 704 cm~!. The lost
peaks can be attributed to low intensity or their lack of presence
in this area. These Raman results agree with the XRD results
and the literature.”

(4) Dielectric Permittivity Studies

To estimate the dielectric constant of NiTiO; thin film, this
study used thermal oxidation to grow a high-quality SiO, thin
film first. Then, the NiTiO; dielectric film was spun on the wafer
and annealed at 600°C under nitrogen for 30 s by RTA method.
Figure 8 shows the C-V characteristics of both the Si/SiO,/
NiTiO;/TaN, and Si/SiO,/TaN capacitors. Well-behaved C—V
characteristics were observable for both capacitors without flat-
band voltage shift. The capacitance equivalent thickness (CET)
was extracted from C to V curves at 100 kHz without consid-
ering quantum and depletion effects from the silicon substrate.
The CET of gate dielectric layers of SiO,/NiTiO; and SiO,
structures were 6.59 and 5.27 nm, respectively. The physical
thicknesses of 1-coated high-k dielectric NiTiO; and thermal
oxide were 14.0 and 5 nm, respectively. As a result, the exact
dielectric constant of the NiTiOj; thin film was calculated to be
41.36, which was higher than NiTiO3 powder in the literature
(~15.5).3* This is possibly due to the relatively lower number of
defects present in the film. The dielectric constant of the NiTiO3
film is close to the films that were fabricated by directly thermal
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Fig.8. C-V curves of capacitors with Si/SiO,/NiTiO;/TaN and Si/
SiO,/TaN stack structures.
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oxidizing the deposited Ni/Ti films formed by the physical vapor
deposition method.*

IV. Conclusions

This study successfully produced high-quality nickel titanate
thin films at low temperatures. NiTiO; thin films were deposited
on SiO,/Si(100) by the spin coating sol-gel method using tita-
nium isopropoxide, nickel acetate tetrahydrate, and 2-methoxy-
ethanol. The single-phase NiTiO3 was observable by XRD when
the films were annealed at and above 600°C. The film mo-
rphologies were smooth as confirmed by SEM. The XPS and
Raman analysis also indicated the films were of NiTiO3; when
annealed at and above 600°C. In summary, we were able to
produce the single-phase NiTiO; films at the lowest processing
temperature currently known. Future applications of this high-k
film in the semiconductor industry are promising.
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