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Thin films of tantalum oxide were formed on quartz and silicon (111) substrates kept at room temperature (303 K) by reactive
sputtering of tantalum target in the presence of mixture of oxygen and argon gases. The as-deposited films were annealed in air
for an hour in the temperature range 673–873 K. The films were characterized by studying structural, dielectric, electrical, and
optical properties. The as-deposited films were amorphous in nature. As the annealing temperature increased to 673 K, the films
were transformed into polycrystalline. Electrical characteristics of as-deposited and annealed Ta2O5 thin films were compared. The
thermal annealing reduced the leakage current density and increased the dielectric constant. The optical transmittance of the films
increased with the increase of annealing temperature. The as-deposited films showed the optical band gap of 4.38 eV. It increased
to 4.44 eV with the increase of annealing temperature to 873 K. The as-deposited films showed the low value (1.89) of refractive
index and it increased to 2.15 when annealed at 873 K. The increase of refractive index with annealing temperature was due to the
increase in the packing density and crystallinity of the films.

Copyright © 2007 S. V. Jagadeesh Chandra et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

1. INTRODUCTION

Tantalum pentoxide (Ta2O5) thin films have been extensively
used for optical and electronic applications such as antire-
flection coatings for silicon solar cells, multilayer interfer-
ence filters, optical waveguides, and dielectric layers in dy-
namic random access memory devices and electrochromic
devices [1–3]. Many research efforts have been devoted to the
structural and optical properties of as-deposited films which
suffer from the crystallization difficulty. Hence, it becomes
imperative to deposit the films at high substrate tempera-
tures or postdeposition annealing in order to improve the
microstructure of the films. At high substrate temperatures,
a thick silicon dioxide is formed at the interface of silicon
and tantalum oxides, which significantly degrades the phys-
ical properties. Therefore, it is necessary to deposit the tan-
talum oxide films at low substrate temperatures to avoid the
formation of silicon dioxide at the interface. Recently, Huang
and Chu [4] have effectively enhanced the crystallinity of tan-
talum oxide films by using argon gas in mixture with wa-

ter vapor as the working gas. Many annealing techniques,
such as the use of dry oxygen, ultraviolet-generated ozone
and plasma, and two-step process of rapid thermal annealing
for crystallization of tantalum oxide films, have been used
[5, 6]. Different thin film deposition methods such as pulsed
laser deposition, chemical vapor deposition, ion beam evap-
oration, and DC/RF sputtering [7–12] were employed for
the preparation of tantalum oxide films. In this investiga-
tion, an attempt is made in the preparation of tantalum oxide
films on quartz and silicon substrates held at room temper-
ature (303 K) by DC magnetron sputtering technique. The
as-deposited films were annealed in air for one hour at dif-
ferent temperatures in the range of 673–873 K. The effect of
annealing on the structural, dielectric, electrical, and optical
properties of the Ta2O5 films was investigated systematically
and reported in the results.

2. EXPERIMENTATION

DC magnetron sputtering technique was employed for the
preparation of tantalum oxide films on crystalline p-type
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silicon (111) and quartz substrates held at room temper-
ature (303 K) by sputtering tantalum target in an oxygen
partial pressure of 1 × 10−4 mbar. An ultimate pressure of
2 × 10−6 mbar was obtained in the sputter chamber using
diffusion pump and rotary pump combination. Pure oxygen
and argon were used as the reactive and sputtering gases, re-
spectively. The sputter pressure maintained during the depo-
sition of the films was 1 × 10−3 mbar. The required quanti-
ties of oxygen and argon gases were admitted into the sputter
chamber through the fine controlled needle valves, and their
flow rates were monitored individually using Tylan mass flow
controllers. The as-deposited films were annealed in air for
one hour at different temperatures in the range of 673–873 K.
The films were characterized by studying the chemical bind-
ing configuration with Nocolet (model 5700 FTIR) Fourier
transform infrared spectrometer in the wavenumber range of
400–4000 cm−1. Electron core-level binding energies of the
films were analyzed by the X-ray photoelectron spectropho-
tometer (model PHI 5700). The crystallographic structure
of the films was recorded with Seifert (model 3003 TT) X-
ray diffractometer in the 2θ range of 30–65◦. Aluminum top
electrode of 500 nm thickness and 3 mm diameter was de-
posited by vacuum evaporation in order to study the dielec-
tric properties of the Al/Ta2O5/Si structure. The capacitance-
voltage characteristics of the fabricated Ta2O5 capacitors
were measured using MIOKI (model 3532-50) LCR meter.
The current-voltage characteristic of the capacitor was mea-
sured using Hewlett Packard (model HP 4140B) pA meter.
The optical transmittance of the films was recorded with Hi-
tachi (model U-3400) UV-Vis-NIR spectrophotometer in the
wavelength range of 200–800 nm in order to study the optical
properties.

3. RESULTS AND DISCUSSION

Figure 1 shows the Fourier transform infrared spectra of as-
deposited tantalum oxide films and the films annealed at dif-
ferent temperatures. The spectrum of the as-deposited film
showed a prominent absorption band at 630 cm−1 and a
broadband in the range of 700–1000 cm−1. The presence of
broadband was related to the stretching mode of Ta−O−Ta
and 630 cm−1 band corresponding to the stretching mode of
O≡3Ta. The positions of the vibration bands indicated that
the films were amorphous in nature [5]. Similar predomi-
nant band at about 600 cm−1 was also noticed in spin-coated
Ta2O5 films [13]. When the films were annealed at a temper-
ature of 673 K, the intensity of 630 cm−1 band decreased with
the appearance of an additional shoulder at about 520 cm−1.
The presence of the shoulder corresponds to the stretching
mode of tantalum oxide in the polycrystalline phase. It also
showed the presence of another band at about 820 cm−1 re-
lated to the stretching mode of Ta−O−Ta of tantalum oxide
films in the polycrystalline phase. With further increase of
annealing temperature to 873 K, a distinct band at 510 cm−1

was observed along with the bands at 630 and 820 cm−1. It
clearly indicated that the crystallinity of the films improved
with the increase of annealing temperature. Park et al. [14]
observed a prominent band at 635 cm−1 in the case of amor-
phous tantalum oxide films formed at 303 K, while the band

2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm−1)

0

10

20

30

40

50

60

70

80

90

100

Tr
an

sm
it

ta
n

ce
(%

)

As-deposited

673 K

873 K

Annealed at

Figure 1: FTIR spectra of as-deposited and annealed Ta2O5 films.

at 510 cm−1 was noticed when films were annealed at 1223 K.
Recently, Atanassova et al. [15] observed an increase in the
intensity of absorption bands at 650 and 520 cm−1 with the
increase of substrate temperature in laser deposited tantalum
oxide films.

Figures 2(a) and 2(b) show the narrow scan X-ray pho-
toelectron spectra of as-deposited and annealed Ta2O5 films
recorded in the binding energy ranges of 24–30 eV and 527–
533 eV for core-level binding energies of Ta 4f and O 1s, re-
spectively. In the case of as-deposited films, the peaks ob-
served at 25.9 and 27.8 eV related to the Ta 4f7/2 and Ta 4f5/2

core levels of Ta5+ were observed [4]. When the films were
annealed to 873 K, the binding energies of Ta 4f7/2 and Ta
4f5/2 were shifted to 26.3 and 28.2 eV. The films annealed
at 873 K were completely oxidized; hence they were nearly
stoichiometric with a chemical shift of 4.3 eV. The core-level
binding energy of O 1 s in as-deposited film was 529.9 eV. In
the case of the films annealed at 873 K, the binding energy
shifted to 530.2 eV due to the characteristic of O2− anion in
the oxide.

Figure 3 shows the X-ray diffraction profiles of as-
deposited films as well as the films annealed at different tem-
peratures. X-ray diffraction pattern of the as-deposited films
does not contain any reflection indicating that the films were
amorphous. When the films were annealed at 673 K, three
peaks were observed at 2θ = 36.26◦, 39.46◦, and 59.3◦ cor-
responding to (1 11 1), (261), and (400) reflections of or-
thorhombic β-phase of tantalum oxide. In addition to this,
small peaks observed at 44.52◦ and 51.94◦ were related to
the (330) and (351) reflections of tantalum oxide. Increas-
ing annealing temperature to 873 K, the crystallinity of the
films increased. In addition to this, the peak at 39.46◦ dis-
appeared. The observed reflections were in good agreement
with the tantalum oxide JCPDS (71-0639) data. It was re-
ported that the films formed by physical vapor deposition
techniques at room temperature were amorphous, whereas
the crystallinity of the films set in above 673 K [15]. Pigno-
let et al. [5] obtained amorphous films at room temperature,
and the crystallinity set in at 973 K either by rapid thermal
annealing or conventional annealing. Kimura et al. [16] ob-
tained the crystalline films when annealed at 948 K. In the
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Figure 2: XPS core-level binding energy spectra of Ta2O5 films: (a)
Ta 4f and (b) O 1 s.
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Figure 3: X-ray diffraction spectra of as-deposited and annealed
Ta2O5films.

present study, it is to be noted that the setting-in of the poly-
crystalline films was at the annealing temperature of 673 K.
The crystallite size of the films evaluated from the diffraction
peak of (400) increased from 12 to 18 nm with the increase
of annealing temperature from 673 to 873 K, respectively.

The dielectric constant (ε) of Al/Ta2O5/Si capacitor was
obtained from the capacitance measurement at the fixed fre-
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Figure 4: Dependence of dielectric constant on the annealing tem-
perature of Ta2O5 films.

quency of 1 MHz. Figure 4 shows the dependence of dielec-
tric constant on the annealing temperature of Ta2O5 films.
The dielectric constant of the as-deposited film was 17. When
the annealing temperature increased to 873 K, the dielec-
tric constant increased to a value of 28. The low dielec-
tric constant observed in the as-deposited film can be ex-
plained in terms of noncrystalline state which was supported
by the Fourier transform infrared spectra and X-ray diffrac-
tion analysis. The increase of dielectric constant with the in-
crease of annealing temperature was due to the crystalline
nature of Ta2O5 and the increase in the densification of di-
electric layer after annealing [17]. When the films were an-
nealed, the oxygen diffused into Ta2O5 and reduced the oxy-
gen vacancies hence increase in the dielectric constant. It was
also reported that the dielectric constant increased with the
temperature in rapid thermal annealed RF sputtered Ta2O5

films [18].
Leakage current density (J) of the Al/Ta2O5/Si capacitors

as a function of applied voltage is shown in Figure 5. An-
nealing treatment led to the reduction of the leakage current.
The leakage current density of the as-deposited film was in-
dependent on the applied voltage. Leakage current density
at bias voltage of 0.1 V of the films annealed at 673 K was
7.1×10−9 A/cm2; it decreased to 1.2×10−9 A/cm2 when films
were annealed at 873 K. The decrease of leakage current den-
sity was due to the presence of crystalline phase; the addi-
tional oxidation may improve the quality of the interface.

The optical transmittance of the as-deposited films as
well as the films annealed at 673 and 873 K is shown in
Figure 6. The optical transmittance of the as-deposited film
was about 65% at wavelengths (λ) above 500 nm. This low
optical transmittance in as-deposited films may be due to
the presence of unreacted tantalum along with Ta2O5 in the
films. When the annealing temperature increased to 873 K,
the optical transmittance of the films increased to 82%. A
sharp absorption edge was observed at about 280 nm. The
optical absorption edge of the films shifted towards the lower
wavelength side with the increase of annealing temperature.
The optical absorption coefficient (α) of the films was eval-
uated from the optical transmittance data where the reflec-
tion losses were taken into account. The optical bandgap of
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Figure 5: J–V curves of as-deposited and annealed Ta2O5 films.
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Figure 6: Optical transmittance spectra of as-deposited and an-
nealed Ta2O5 films.

the films was estimated from the plots of (αhυ)2 versus pho-
ton energy (hυ) by extrapolating the linear portion of the
plots to α = 0. The optical bandgap of the as-deposited film
was 4.38 eV. The optical bandgap of the films increased to
4.44 eV with the increase of annealing temperature to 873 K.
The optical bandgap obtained in the annealed films was in
good agreement with the reports of reactive sputtered films
[19]. The refractive index of the films was determined from
the interference of the optical transmittance data employing
Swanepoel’s envelope method [20].

The refractive index (n) of the as-deposited film (at λ >
500 nm) was 1.89. It increased to 2.15 with the increase of an-
nealing temperature to 873 K. The observed low refractive in-
dex in as-deposited films was due to the low packing density
of the films because of the amorphous nature. The refractive
index of the films increased with the increase of annealing
temperature due to improvement in the packing density [3]
and the polycrystalline nature of the films. The achieved re-

fractive index was in agreement with the RF magnetron [18]
and pulsed DC magnetron [21] sputtered films.

4. CONCLUSIONS

Tantalum oxide films were deposited on quartz and crys-
talline silicon substrates held at room temperature by sput-
tering of tantalum target in the presence of an oxygen par-
tial pressure of 1× 10−4 mbar and at the sputtering pressure
of 1 × 10−3 mbar employing DC magnetron sputtering. The
as-deposited films were annealed in air for one hour in the
temperature range of 673–873 K. The effect of annealing on
the chemical binding configuration, crystal structure, dielec-
tric, electrical, and optical properties of tantalum oxide films
was studied. The Fourier transform infrared studies revealed
that as-deposited films were amorphous. While the anneal-
ing temperature increased to 873 K, the films were polycrys-
talline. This was also confirmed by the X-ray diffraction stud-
ies. The dielectric constant showed a maximum value of 28
for the films annealed at 873 K. The leakage current density
decreased from 3.1 × 10−9 to 1.2 × 10−9 A/cm2 with the in-
crease of annealing temperature from 673 to 873 K. The in-
crease of optical bandgap from 4.38 to 4.44 eV and the refrac-
tive index from 1.89 to 2.15 for the as-deposited films and the
films annealed at 873 K was due to the improvement in the
crystallinity and the packing density.
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