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Tantalum oxide (Ta,0s) films were deposited on ITO glass substrates by dc reactive magnetron sputtering
in oxygen/argon gas mixture. The performance of Ta,Os films deposited at different substrate bias volt-
ages in the range from 0 to —145 V was investigated in detail. Our results show a decrease both in the film
porosity and the surface roughness as the substrate bias voltage changes within a certain scope, which
interestingly leads to a conspicuous improvement of their electrical properties. Further increasing of

the negative bias voltage, however, results in deterioration of the film packing density, surface morphol-
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ogy, and leakage current as well. Under the optimal substrate biasing condition (—135 V), the Ta,Os films
exhibit attractive electrical properties, namely a permittivity value as high as ~23, a dielectric loss of
~0.01, and a leakage current density as low as 1.45 x 107 A/cm? at 1 MV/cm.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

Present semiconductor technology demands continuous shrink-
age of the device dimensions and improvement of its performance
[1-3]. Amorphous oxide thin-film transistors (TFTs) have attracted
ever-increasing attention as backbone electronics for active-matrix
liquid crystal displays (AMLCDs) and active-matrix organic light-
emitting diode displays (AMOLEDs). Basically, oxide TFTs provide
two principal advantages over traditional Si-based TFTs: less en-
ergy consumption during fabrication and lower cost [4-7]. As a
key element in TFTs, qualified high permittivity (high k) dielectrics
determine the performance of the device [8]. In the search for a
replacement of silicon dioxide films, various high k dielectric mate-
rials such as titanium oxide (TiO,), zirconium oxide (ZrO,), haf-
nium oxide (HfO,) and tantalum oxide (Ta,Os) [9-11] were
investigated for microelectronic applications. Among them, Ta,0s
has been considered as a promising candidate due to its high
permittivity, large refractive index, excellent step coverage and tol-
erable dielectric strength [12-15], and then has stimulated inten-
sive research activities [16,17].

Various deposition techniques such as thermal evaporation,
reactive magnetron sputtering, ion-assisted electron beam evapo-
ration, chemical vapor deposition, pulsed laser deposition, atomic
layer deposition, ion beam deposition and metal-organic chemical
vapor deposition [18-24] were employed for the fabrication of
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Ta,0s films. Among them, reactive magnetron sputtering has the
advantage of the preparation of large area uniform films with rel-
atively high growth rate [25]. Especially, the substrate biasing-as-
sisted sputtering process can offer a new degree of freedom to tune
the film properties more subtly. As a result, a few studies explored
the effect of substrate bias on the properties of sputtered Ta,Os5
films on Si substrates, and a monotonically improvement of the
electrical properties with increasing substrate bias voltage was ob-
served [26,27]. However, the growth and physical properties of
oxide films on ITO glass are different from those on silicon wafer,
since the ITO glass has a quite rougher surface compared to Si. In
this investigation, an attempt is carried out to prepare Ta,0s films
by dc reactive magnetron sputtering technique on ITO glasses un-
der various substrate bias voltages without intentional substrate
heating. The influence of substrate bias voltage on the structural,
optical, and dielectric properties was studied systematically. It is
found that, a proper substrate bias voltage can densify the bulk
film, smoothen the film surface, and improve the dielectric proper-
ties, which offers an opportunity to realize high k dielectrics on ITO
glass for transparent electronics application.

2. Experimental

Prior to the deposition of Ta,Os films, the ITO glass substrates were ultrasonically
cleaned with acetone (10 min), alcohol (10 min), and deionized water (10 min)
sequentially for three times. The Ta,0s films were deposited by dc reactive magne-
tron sputtering using a commercially available tantalum metallic target (2 in. dia-
meter, 5 mm thickness, 4 N purity) under a base pressure of ~10~> Pa. The distance
between the substrate and the target is 14.5 cm and the substrate is unintentionally
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heated during deposition. Before sputtering, the Ta target was pre-sputtered for
about 20 min to get rid of the contamination on the target surface. The sputtering
power was kept at 80 W, and the Ar/O, gas flow ratio was fixed to 7:3 while the total
sputtering pressure was adjusted to be 0.45 Pa. The Ta,0s films were deposited under
various substrate bias voltages (Vs) ranging from 0 to —145 V by keeping the other
process parameters as constant. Then metal/insulator/metal (MIM) capacitors were
fabricated on the Ta,0s/ITO samples for the test of leakage currents and dielectric
properties. Ti/Au (100/20 nm) top electrodes were deposited by electron beam
evaporation through a shadow mask with a contact area of 3.14 x 104 cm?.

The thickness and optical properties were analyzed by a spectroscopic ellipsom-
eter (SE, J.AWoollam Inc.,, M-2000DI) with a spectrum response ranging from
190 nm to 1700 nm at incidence angles of 55°, 65° and 75°. A film thickness of
~120 + 5 nm was obtained with the same deposition time, implying that the sub-
strate bias voltage has a marginal effect on the thickness. The surface morphology
was examined via an atomic force microscopy (AFM, Veeco Dimention 3100). The
leakage currents were measured with a semiconductor parameter analyzer (Keith-
ley 4200-scs) in the dark at room temperature. The dielectric characteristics were
measured with frequency in the range of 1 kHz-2 MHz using an impedance ana-
lyzer (Solartron SI 1260).

3. Results and discussion
3.1. Optical properties

The optical properties of Ta,Os films, such as refractive index
(n), absorption coefficient and band gap, were simulated by SE.
The quality of the fitted results was assessed by the mean-
squared-error (MSE) function, of which the values are always smal-
ler than 10 so as to assure the reliability.

The dependence of the refractive index of Ta;Os films on the
substrate bias voltages is demonstrated in Fig. 1. For clarity, the
refractive index at 2.25 eV is also plotted as an inset in Fig. 1. It
shows that, the n value rapidly increases and tends to be saturated
(~2.12) and then decreases when |Vs| > 135 V. Refractive index is
closely related to the film density, which can be expressed by
introducing the Drude equation [28]:

2
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where n¢is the refractive index of porous materials (here, using the
nvalue at 2.25 eV of the fabricated Ta,0s5 films), n, the refractive in-
dex of bulk material (1, at 2.25 eV of bulk Ta;0s is ~2.16 [29]), and
p the mean value of the porosity, respectively. Based on Eq. (1), the
porosity p of the films under various Vs was calculated and dis-
played in the inset of Fig. 1. A relative small p value of ~4.7% was
obtained for the film at Vs = —135 V. The optical band gaps, another
important factor for high k dielectrics, were calculated to be ~4.3 eV
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Fig. 1. The dependence of refractive index (n) of Ta;Os films on the substrate bias

voltage as a function of photon energy. The inset shows the n and p values as a
function of substrate bias voltage.

(in-between the reported values of 4.2-4.4 eV [30]), indicating a
negligible change of the band gap for the Ta,Os films in this study.

3.2. Surface morphology

AFM images with scan areas of 1 um? and 5 pm? were collected
to examine the surface morphologies of the Ta,0s films. Fig. 2
shows the typical surface morphologies of the films grown under
substrate bias voltages of 0V, —90V, —135V and —145V, respec-
tively. Obviously, the film grown under —135 V has a much more
regular and uniform surface, while a roughened surface composed
of peaks separated by valleys is observed on the other films. This
appearance is also reflected by the variation of the root-mean-
square (RMS) roughness, as demonstrated in Fig. 3. It is evident
that the film grown under —135 V exhibits a smaller RMS rough-
ness compared to the other films. This significant change of RMS
roughness can be attributed to the favorable atom diffusion and
migration on the growing surface.

3.3. Electrical properties

3.3.1. Leakage current

Fig. 4 represents the leakage current density—applied electric
field (J-E) characteristics of (Ti/Au)/Ta;0s/ITO MIM capacitors. It is
defined that top (bottom) injection mode is the direction of current
flowing from top (bottom) electrodes into bottom (top) electrodes.
The asymmetry of leakage current curves between the top and bot-
tom injection modes is ascribed to the difference of the two Ta,0s5/
electrode interfaces. It is obvious that the films prepared by bias-as-
sisted sputtering have much lower leakage current than the film
without substrate bias. As shown in the inset of Fig. 4, leakage cur-
rent density gradually decreases to the minimum at Vs=-135V
and then rebounds with further increasing of Vs. The lowest leakage
current (top injection mode) density of 1.45 x 10~7 A/cm? was ob-
tained at an electric field of 1 MV/cm under a substrate bias voltage
of —135YV, indicating that a much lower defect concentration is
present in that film.

3.3.2. Dielectric characteristics

The dielectric constant (&) and dielectric loss (tand) are very
important physical parameters for dielectric materials [31]. The
dielectric constant of the films was calculated from the capaci-
tance-voltage measurement using the following relation [32],

& =C-d/e-A 2)

where Cis the capacitance, d the thickness of the dielectric, A the
area of the electrode, and ¢, the permittivity of the free space,
respectively. Fig. 5 shows the dependence of the dielectric constant
of the Ta,0s films grown at different substrate bias voltages on the
frequency. It shows that the dielectric constant of the unbiased film
is totally bigger than those of the bias-assisted sputtered films in
the measured range. In the frequency range less than 10° Hz, the
dielectric constant mainly depends on the space charge polariza-
tion which is related to electric polarization arising from the mobile
and trapped charges in the amorphous or polycrystalline solids or
in materials with a lot of traps involved [33,34]. Consequently,
the lower dielectric constants in the bias-assisted sputtered films
might be ascribed to the reduced trap states which also give rise
to the decrease of the leakage current density mentioned above.
The dielectric constant of the unbiased film rapidly decreases with
increasing frequency (severe frequency dispersion of the dielectric
constant), whereas the films prepared by bias-assisted sputtering
have much weaker frequency dispersion of the dielectric constant,
which is not only due to the repair of oxygen vacancies and bond
defects in the initial oxide but also the improvement of the interface
properties [35]. The dielectric constant of the Ta,0s5 films whether
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Fig. 2. Representative AFM images of the Ta,Os films grown under a substrate bias voltage of (a) 0V, (b) =90V, (c) —135 V and (d) —145 V with a scan area of 1 um?.
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Fig. 3. The RMS roughness of all the Ta,Os films as a function of substrate bias
voltage.

at 10 kHz or at 1 MHz firstly displays a downward trend and then
fluctuates around ~25 with varying the substrate bias voltages, as
shown in the inset of Fig. 5. The measured dielectric constants are
similar to the values of 22-28 [36-40] reported in the literature ex-
cept for the unbiased film.

Dielectric loss represents the lost energy that is converted into
heating eventually in a dielectric material when placed in an alter-
nating current electrical field. The plot of dielectric loss (tané) vs.
frequency is exhibited in Fig. 6. The dielectric loss of the films
deposited under 0 V and —65 V gradually decreases with increasing
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Fig. 4. Comparison of J-E characteristics of all the samples. The inset shows the
leakage current density at +1 MV/cm.

frequency in the lower frequency range (<~10° Hz) and then in-
creases at higher frequencies, which is thought to be caused by
the presence of higher leakage currents [41]. The dielectric loss of
the other films changes little in the lower frequency range
(<~10° Hz), but increases at the frequencies higher than 1 MHz. It
is clear that in the whole measured range, the bigger the substrate
bias voltage used, the smaller the dielectric loss obtained. When | V|
exceeds 90 V, the plots are almost merging together, and the dielec-
tric loss approaches a relatively small value (~0.01 at 1 kHz). This
behavior is thought to be associated with the presence of consider-
ably small leakage currents in these films [41], as manifested in
Fig. 4.
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Fig. 5. Dielectric constant of the films as a function of frequency. The inset shows
dielectric constants at 10 kHz and 1 MHz.
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Fig. 6. The variation of dielectric loss with the frequency at different substrate bias
voltages.

4. Discussion

The electrical properties of Ta,0s5 films are closely coupled with
the film density, crystallinity, and surface morphology [42]. The
structural characterizations of the Ta,0s films provide deep in-
sights to understand the effect of the substrate bias voltage on
their electrical properties. It is proved that Ta,Os films deposited
at Vs=-135V have enhanced packing density with flat surface
morphology. Generally, proper ion bombardment conditions
(through substrate bias) favor the growth of more densely packed
films and reduce the presence of pores and microvoids, thereby
restraining the absorption of moisture, other gaseous contami-
nants, and the generation of defect state eventually. The evolution
of the film density and surface morphology is believed to be a re-
sult of the beneficial ‘soft-hammering’ effect of ion bombardment,
which can contribute to activate the mobility of the adatoms arriv-
ing onto the growing film surface. That is to say, the deposited
atoms under a suitable substrate bias have high kinetic energy en-
ough to diffuse more freely on the film surface and to occupy or ap-
proach the equilibrium lattice position. But nevertheless, a further
increase of the substrate bias voltage (|Vs| > 135 V) is found to be
accompanied with a deterioration of both the structural and the

electrical properties. It is believed that the excessive energetic Ar
ion bombardment, being analogous to overshoot, causes either
some Ar ions incorporation into the growing films or the creation
of some oxygen vacancies in the films (as a result of preferential
oxygen sputtering which is well known to occur for oxides
[43,44]). The presence of such Ar impurities and, more importantly,
O vacancies is a highly plausible explanation for the noticeable
electrical degradation for the films deposited with higher substrate
bias voltages (see Fig. 4). These results highlight the crucial role of
substrate bias voltage to optimize the microstructure, and hence,
the electrical properties of the Ta,Os films.

5. Conclusions

In summary, we have investigated the influence of substrate
bias voltage on the optical, structural and electrical performance
of Ta,0s thin films deposited on ITO glass substrates. It is found
that the relatively proper ion bombardment caused by a moderate
substrate bias voltage densifies and smoothens the films and then
improves their electrical properties. Under an optimal substrate
biasing condition (Vs=-135V), Ta,0s films exhibit attractive
physical properties, i.e., relatively large refractive index (~2.12)
and a flat surface (RMS roughness ~0.5 nm), a permittivity of 23,
a small dielectric loss (~0.01) and a low leakage current density
of 1.45 x 1077 AJcm? at 1 MV/cm. Thus, it can be concluded that
the use of a suitable substrate bias voltage is an effective method
to fabricate high-quality Ta,Os gate dielectrics on ITO glass for
transparent electronics applications.
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