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ABSTRACT

Tantalum oxide thin films were prepared by using reactive dc magnetron sputtering in the mixed atmo-
sphere of Ar and O, with various flow ratios. The structure and O/Ta atom ratio of the thin films were
analyzed by X-ray diffraction and X-ray photoelectron spectroscopy (XPS). The optical and dielectric prop-
erties of the Ta,Os thin films were investigated by using ultraviolet-visible spectra, spectral ellipsometry
and dielectric spectra. The results reveal that the structure of the samples changes from the amorphous
phase to the 3-Ta,Os phase after annealing at 900 °C. The XPS analysis showed that the atomic ratio of
O and Ta atom is a stoichiometric ratio of 2.50 for the sample deposited at Ar:0, =4:1. The refractive
index of the thin films is 2.11 within the wavelength range 300-1000 nm. The dielectric constants and
loss tangents of the Ta,0s thin films decrease with the increase of measurement frequency. The leakage
current density of the Ta,Os thin films decreases and the breakdown strength increases with the increase

Dielectric properties

of Ar:0, flow ratios during deposition.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ta, 05 thin film is wildly applied for optoelectronic and micro-
electronic applications. In optical and optoelectronic applications,
Tay0s5 thin film is used as a high index and low loss materi-
als for optical waveguides interference filters, high-reflective thin
films mirrors for solar cells, charge coupled devices (CCDs), high
power laser equipments and electroluminescent devices [1-5].
In microelectronic applications, Ta;Os thin film is used in high-
density dynamic-random-access memories (DRAMs) as well as
in metal-oxide-semiconductor field-effect transistors (MOSFETSs)
due to its high dielectric constant, high chemical, thermal stability,
low leakage-current density and being compatible with the micro-
electronic processing technology [6,7]. Deposition techniques such
as thermal evaporation [8], rf and dc reactive magnetron sputtering
[9,10], electron beam evaporation [11], pulsed laser deposition [12],
atomic layer deposition [13], and metal-organic chemical vapor
deposition [14] are employed for deposition of Ta;0s5 thin films.
Among these techniques, reactive magnetron sputtering has the
advantage in the preparation of uniform films on large area sub-
strates by sputtering of metallic tantalum target in the presence of
reactive gas of oxygen. The physical properties of the magnetron
sputtered thin films mainly depend on the process parameters
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such as oxygen partial pressure, substrate temperature, sputtering
power and the distance between the target and substrate. In this
investigation, an attempt was made in the preparation of Ta;Os5
thin films by rf reactive magnetron sputtering technique at var-
ious Ar:0, flow ratios. The influence of Ar:0, flow ratios on the
chemical binding configuration, structure, dielectric and optical
properties were studied systematically. The optical constants of
tantalum oxide thin films at the wavelength range of 250-1000 nm
were first determined and reported. The main factors affecting the
value of the refractive index n and the extinction coefficient k of the
thin films were discussed. The frequency dependence of the dielec-
tric constant and the loss tangent of tantalum peroxide films were
also discussed.

2. Experimental method

The tantalum oxide thin films were deposited by reactive dc magnetron sputter-
ing at room temperature under an Ar/O, ambient. The target was a 75 mm diameter
Ta metal plate placed over one of the cathode. Si and high-purity quartz wafers
were used as substrates. The chamber was pumped down to 6 x 10~4 Pa and back-
filled with the sputtering gas to a pressure of 1.6 Pa. The mixtures of Ar and O, with
various flow ratios of 1:1, 2:1, 3:1 and 4:1 were used. A sputtering voltage of 0.36 kV
and a sputtering current of 0.16 A were applied to the target. The sputtering time
was 60 min. The thicknesses of thin films determined by using an Ambios XP-2 a-
step meter are 57.8, 94.3, 171.8 and 255.0 nm, corresponding to samples deposited
at Ar:0, flow ratios of 1:1, 2:1, 3:1 and 4:1, respectively.

The thin films used for X-ray diffraction (XRD), scanning electron microscopy
(SEM, S-3400N), X-ray photoelectron spectroscopy (XPS) and SE measurements
were deposited onto Si(100) substrates. The thin films used for measurement of
the optical absorption and dielectric constant were deposited onto 20 mm x 10 mm
quartz substrates. The structure of the thin films was analyzed with D/MAX2200
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Fig. 1. XRD patterns of as-grown and annealed films deposited at various Ar:0, flow ratios as indicated: (a) as-grown films; (b) films annealed at 400 °C for 30 min; and (c)

films annealed at 900 °C for 30 min.

VPC XRD before and after annealing at 400 and 900 °C for 30 min in atmosphere.
The ratio of the oxygen to tantalum content in the films was calculated from XPS
high resolution spectra obtained by an ESCALAB 250 X-ray photoelectron spectrom-
eter. The ellipsometric spectra of the films, namely, the ellipsometric parameters ¥
and A, was measured in the 250-1000 nm wavelength range and at an incident
angle of 70° by using a Woollam M-2000U automatic ellipsometer. The measured
ellipsometric spectra of two samples was calculated by using a three-layer model (Si
substrate/Ta,Os/rough surface) and an optimization algorithm [15]. The optical con-
stants of the thin films in the 250-1000 nm wavelength range were obtained. Optical
absorption measurement was carried out by means of a double-beam UV-visible
spectrometer in the 200-700 nm wavelength range in comparison with an uncoated
quartz substrate in the reference beam to eliminate contributions from the sub-
strate. The Ta/Ta;0s/Ta capacitors were made on quartz substrates. Ta electrodes
were deposited on the top by dc sputtering and circular electrodes with an area
of 1.57 x 10-2 cm? were formed during sputtering by using the shadow mask tech-
nique. The frequency dependence of the dielectric constant and the loss tangent for
samples deposited at various Ar:0, flow ratios were measured by an HP 4192 A
LCR meter. The current-voltage characteristics of samples were measured by using
Keithley 6487 pA meter.

3. Results and discussion

3.1. Structure and stoichiometry

XRD patterns for as-deposited and annealed at 400 °C and 900 °C
samples grown at various Ar:0; flow ratios were measured and typ-
ical results were shown for comparison in Fig. 1. The XRD results
indicate that the as-deposited films and those annealed at 400°C
are amorphous. However, for the sample annealed at 900 °C, crys-
tallization is observed, as evidenced by two peaks around 23.1° and
28.5°, corresponding to the (00 1) and (2 00) peak of 3-Ta; 05 thin
films. Dimitrovaetal.[16] observed amorphous to crystalline phase
transition when rf magnetron sputtered samples were annealed
at the annealing temperatures of 600-850°C. Recent report also
described that the minimum required temperature to obtain crys-
talline Ta;O5 layer on Si substrate should be 700°C [17]. The



9760

S3400N 15.0kV 7.1mm x20.0k SE 4/13/2011 10'.12I

» 4 » X0
S3400N 15.0kV 8.4mm x20.0k SE 4/13/2011 09:41

AX. Wei et al. / Journal of Alloys and Compounds 509 (2011) 9758-9763

S3400N 15.0kV 7.3mm x20.0k SE 4/13/2011 10'&]1‘

Fig. 2. SEM image of tantalum oxide films prepared at Ar:0, flow ratio of 4:1. (a) As-deposited films; (b) Annealed at 400 °C for 30 min; (c) annealed at 900°C for 30 min.

structure evolution of the sample as a function of Ar:0; flow ratio
was shown in Fig. 1. It can be seen that more Ar in the Ar:0, ambi-
ent is favorable for crystallization and growth of Ta; O5 thin films. In
addition, the (11 1) and (1 02) peaks of SiO, can be clearly seen for
the as-deposited and annealed thin films. The SiO, interfacial layer
always arises due to the reaction between Ta,;0s5 and the silicon
substrate during deposition of the Ta;Os5 thin films. The thickness
of the SiO; interfacial layer varies with the deposition process and
post-deposition annealing parameters.

Fig. 2 shows SEM images of the as-prepared and annealed at
400°C and 900°C thin films deposited at an Ar:0, flow ratio of
4:1. It can be seen from Fig. 2 that relatively smooth surface was
observed in the as-deposited and annealed at 400 °C sample (Fig. 2a
and b). The smooth surface characterization is due to the amor-
phous nature of these thin films. Such an amorphous phase with
smooth surface was also obtained by Huang [18] in liquid phase
deposited tantalum oxide thin films. As the annealing tempera-
ture increases, the thin films exhibit polycrystalline nature (Fig. 2c),
which is consistent with the XRD data well.

The ratio of the oxygen to tantalum content in the thin films was
studied by XPS analysis. Fig. 3(a) shows a typical XPS spectrum of
thin films deposited at an Ar:0; flow ratio of 2:1. As can be seen, the
Ta 4f, Ta 4d, Ta 4p1, Ta 4p3 and O1s peaks are easily identified. C 1s
peak is also observed. The peaks existing at 27.8 and 29.7 eV come
from the Ta 4f;;, and Ta 4fs,, respectively. The peaks of 27.8eV
is corresponds to +5 oxidation state of Ta. The core level binding
energy of Ta4f;, in elemental tantalum is 22.5eV [19]. A chemical
shift of 5.3 eV was observed in the Ta, O5 thin films sample. Khanuja
et al. [19] also achieved a chemical shift of 4.9 eV in films prepared
by oxide. The O/Ta atomic ratio of the thin films can be calculated
from the ratio of the integrated intensities of the O 1s to Ta 4f lines,
corrected by using the sensitive factors So=0.66 and St =2.40. A
closer look at the XPS spectra suggests that both the Ta4fand O 1s
lines can be deconvoluted into Gaussian components. Examples of

Table 1
Binding energy and chemical atomic ratio O:Ta calculated from XPS data at different
Ar:0, flow ratios.

Ar:0,, flow ratios Ta 4f 7, (eV) Ta 4fs), O1s (eV) O:Ta

1:1 25.7 275 530.5 2711
2:1 254 27.2 530.4 2.70:1
3:1 27.8 29.6 530.1 2.60:1
4:1 27.8 29.7 530.3 2.50:1

such a deconvolution are shown in Fig. 3(b) and (c). There are two
characteristic Gaussian peaks in the Ta 4f spectra and two in the O
1s spectra. The binding energy and the atomic ratio O:Ta calculated
from XPS data at different Ar:0, flow ratio are listed in Table 1. The
only stoichiometric ratio 2.5:1 is achieved for the sample deposited
at a Ar:0, flow ratio of 4:1 from the list of the atomic ratios. These
results indicate that an appropriate amount of Ar in the Ar:0, ambi-
ent is favorable for forming stoichiometric Ta;Os. Our results were
compared to those reported by Wu et al. [20], in which the Ta;05
thin films were prepared by using RF magnetron sputtering with
ceramic TayO5 target in a pure O, atmosphere at different substrate
temperatures. The binding energy and the atomic ratio O:Ta calcu-
lated from XPS data are listed in Table 2. It has been reported [18]

Table 2
Binding energy and chemical atomic ratio O:Ta calculated from XPS data at different
substrate temperatures by Wu et al. [20].

Substrate temperature (°C) Ta 4f7/2 (eV) 0O 1s (eV) 0O:Ta

No-heating 24.7 529.5 2.19:1
100 253 530.1 2.14:1
200 25.5 529.8 2.09:1
300 25.3 529.3 2.23:1
400 26.8 531.7 2.50:1
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Fig. 3. (a) Typical XPS spectrum of films deposited at an Ar:0, flow ratio of 2:1. Typical deconvolution of (b) the XPS O 1s and (c) the Ta 4f spectrum into two Gaussian

components for films deposited at Ar:0, =2:1.

that a comparatively oxidized stoichiometric Ta;Os5 thin film has
superior dielectric property to the non-stoichiometric one.

3.2. Optical properties of tantalum oxide

SE is a non-destructive and powerful characterization technique
which is available for quantitatively measuring the thickness and
optical constants of thin films. The ellipsometric parameters tan y
and cos A were measured as a function of photon wavelength in the
range of 250-1000 nm. The measured and calculated ellipsometric
spectra are shown in Fig. 4(a). A three-layer structure model (Si-
substrate/Ta;Os5/rough surface) was used to simulate the measured
spectra, in which the thickness, refractive index (n) and extinction
coefficient (k) were regarded as the fitting parameters. Remarkably
good fits are obtained in the whole wavelength range. The thickness
of the thin films determined from the simulated SE is in agreement
with that measured by the a-step meter. Values of nand k of the thin
films determined from the simulated SE are shown in Fig. 4(b). The
curves of n and k values as a function of photon wavelength were
determined and reported. The refractive indices are about 2.11 and
2.06 in the wavelength range of 500-1000 nm for the thin films
deposited at Ar:0, =1:1 and 2:1, which are very close to the value
for bulk Tay0s5 of 2.2. The variation of k is not significant in the
long-wavelength range. The discrepancies of n values for different

samples may be attributed to their rough surface. According to the
theory in Ref. [21], the existence of voids decreases n. Voids and
other structural disorder defects can also affect the other optical
properties of the thin films.

Fig. 5 shows transmittance spectra of the thin films deposited
with various Ar:0; flow ratios. An optical transmittance higher than
80% in the visible region of the spectrum is obtained for all sam-
ples. A sharp absorption edge was observed at about 250-300 nm.
The optical absorption edge of the thin films shifts towards the
lower wavelength side and increases with the increase of Ar:0,
flow ratio. The optical band gaps of the thin films may be deter-
mined from the strong absorption edge at the wavelength range
of 250-300 nm. According to the formula E = hc/A, the optical band
gaps of the films are calculated to be 4.97, 4.81, 4.68 and 4.47 eV
for thin films deposited at the Ar:0, flow ratios of 1:1, 2:1, 3:1 and
4:1, respectively. The optical band gaps are very close to the value
reported in Ref. [22]. The strong absorption edge in the wavelength
range 250-300 nm is in agreement with the extinction coefficient
k decreasing in slope in the same wavelength range.

3.3. Dielectric spectra of Ta,Os thin films

For electrical measurement, Ta/Ta;0s5/Ta capacitors with dc
sputtered Ta electrodes were fabricated on a quartz sub-
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strate. Capacitance-frequency (C-f) and loss tangent-frequency
(tan6-f) characteristics were measured in the frequency range
500Hz-13 MHz using an HP 4192 A LCR meter. The dielectric con-
stantis calculated according to C = eggA/d with the known thickness
and area. The experimental results obtained at a bias voltage value
of 1V at the measurement range of 500 Hz-13 MHz are presented
in Fig. 6. It is seen that the dielectric properties of the tantalum
oxide films strongly depend on the frequency. The dielectric con-
stant and loss tangent rapidly decrease with increasing frequency
at the lower frequency range; the capacitance and loss tangent do
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Fig. 5. Transmittance spectra of Ta;Os thin films deposited at various Ar:0, flow
ratios as indicated.
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Fig. 6. Frequency dependence of the dielectric constant and the loss tangent for
Ta, 05 films deposited at various Ar:0; flow ratios as indicated: (a) e-f curve and (b)
tan d-f curve.

not change with frequency at the higher frequency range. Typi-
cal values of the dielectric constant are about 8.8, 14.6, 31.7 and
479 at a frequency of 500Hz, and 3.9, 6.1, 18.2 and 18.7 at a
frequency of 1MHz for the thin films deposited with the Ar:0,
flow ratios of 1:1, 2:1, 3:1 and 4:1, respectively. Typical values of
the loss tangent are about 6.8, 5.8, 6.2 and 6.7 at a frequency of
1MHz for the thin films deposited with the Ar:0, flow ratios of
1:1, 2:1, 3:1 and 4:1, respectively. Typical current-voltage char-
acteristics of Ta/Ta,05/Ta capacitors using Keithley 6487 pA meter
are shown in Fig. 7. The leakage current density decreases with the
increasing of the Ar:0; flow ratios. For thin films deposited at the
Ar:0, flow ratios of 4:1, the leakage current density decreases to
1 x 106 Acm~2. The breakdown strength of the Ta,0s5 thin films
at a leakage current density of 1 x 107> Acm~2 was increased by
increasing the Ar:0, flow ratios as shown in Fig. 7. The thin films
deposited at the Ar:0, flow ratios of 4:1 possesses a high break-
down strength value of 0.54 MV/cm.

Our results were compared with tantalum oxide films prepared
with other methods listed in Table 3. The optical and electrical
properties of Ta; 05 thin films prepared by the reactive magnetron
sputtering are similar with those prepared with other methods.
However, the reactive magnetron sputtering has an obvious advan-
tage, which is the preparation of uniform thin films on large area
substrates by sputtering of metallic tantalum target in the presence
of reactive gas of oxygen.
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Table 3
Our results compared with those obtained by other deposition techniques.

Deposition techniques Breakdown Leakage current Optical band Refractive O:T atomic Average Dielectric constant
strength (MV/cm) density (A/cm?) gaps (eV) index (550nm)  ratio transmittance (%) (1 MHz)
rf magnetron sputtering 0.54 1x10°6 447 2.11 2.5:1 80 18.7
rf magnetron sputtering [9] 4.8 6.1x107° - 2.10 - - -
Pulsed laser deposition [12] - - 418 2.22 2.5:1 82 239
Thermal oxidation [8] 0.7 7 x 10710 - 2.10 - - 19.8
dc magnetron sputtering [10] 1 59x10-1 4.50 2.14 - - 27
Electron beam deposition [11] - - 4.56 2.07 - 80 -
Atomic layer deposition [13] 1 1x10°8 4.20 2.13 2.5:1 90 22-25
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