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ABSTRACT: High dielectric constant (high-k) Al2O3 thin
films were prepared on ITO glasses by reactive RF-magnetron
sputtering at room temperature. The effect of substrate bias on
the subband structural, morphological, electrode/Al2O3
interfacial and electrical properties of the Al2O3 films is
systematically investigated. An optical method based on
spectroscopic ellipsometry measurement and modeling is
adopted to probe the subband electronic structure, which
facilitates us to vividly understand the band-tail and deep-level
(4.8−5.0 eV above the valence band maximum) trap states.
Well-selected substrate biases can suppress both the trap states
due to promoted migration of sputtered particles, which optimizes the leakage current density, breakdown strength, and
quadratic voltage coefficient of capacitance. Moreover, high porosity in the unbiased Al2O3 film is considered to induce the
absorption of atmospheric moisture and the consequent occurrence of electrolysis reactions at electrode/Al2O3 interface, as a
result ruining the electrical properties.

KEYWORDS: Al2O3 thin films, magnetron sputtering, leakage current, breakdown mechanism, oxygen vacancy,
subband electronic structure

■ INTRODUCTION

Considerable efforts have been devoted to high-dielectric
constant (high-k) materials during the past decade, for the
applications such as thin film transistor, high electron mobility
transistor, and dynamic random access memory, in which high-
k material is required to possess high dielectric constant, low
leakage current, and high breakdown strength.1−3 Binary metal
oxides, such as Al2O3, Ta2O5, HfO2, Y2O3, and ZrO2, have been
intensively investigated for the above-mentioned applications.4,5

Among them, Al2O3 is of great interest because of its
abundance in nature, low-cost, good chemical stability, and
robust physical properties.2,6,7

Recently, high-k oxides including Al2O3 fabricated on
transparent and/or flexible conductive substrates have been
gaining ever-increasing attentions because of their applications
in transparent electronics and flexible electronics.8−10 It is
highly desirable to deposit high-k thin films with low
temperature, which facilitates practical applications of large
area, low-cost plastic or glass substrates. Al2O3 thin films have
been prepared by various methods such as electrochemical
anodization,11 sol−gel deposition,12 spray pyrolysis,13 thermal
oxidation of Al or AlN films,14,15 plasma oxidation of Al films,16

plasma arc deposition,17 chemical vapor deposition,18 atomic
layer deposition,10 and magnetron sputtering.19,20 Among
them, magnetron sputtering has the advantage of the

preparation of large-area uniform films with relatively high
growth rate even at low deposition temperatures for large-scale
industrial application.5 In particular, the substrate biasing-
assisted sputtering process can offer a new degree of freedom to
tune the film properties more subtly.3 Huang A. P. et al. and
Brassard D. et al. have reported on the effect of substrate bias
on the properties of sputtered high-k films (such as TixSi1−xO2,
Ta2O5) on Si substrates.3,21 A small bias was found to densify
the ternary TixSi1−xO2 films because of the beneficial “soft-
hammering” effect and then improve the electrical properties of
the films, but nevertheless higher biases caused the enrichment
of Ti in the films and creation of structural defects.3 For Ta2O5

thin films, a monotonous improvement of the electrical
properties with increasing substrate bias voltage was observed
that was derived from the substrate bias-induced crystallization
effect.21

There were reports on the influence of oxygen partial
pressure, total working pressure, and sputtering power upon the
electrical properties of Al2O3 thin films grown on ITO
glasses.19,22 It revealed that it is a challenge to grow high-
quality dielectric films at low temperatures by magnetron
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sputtering on the plastics or ITO glass substrates with rough
surface. Recent investigation has suggested that the sputtering
of thin film on different substrates is a complicated process
involving chemical interaction, physical nucleation and
diffusion, and thin film growth.23,24 Voigt et al. had reported
that, the so-called shadowing effect can result in self-enhanced
roughening of the surface during the deposition since the
surface diffusion constant is relatively small at a low substrate
temperature, and the rough surface of the substrate can further
promote the shadowing effect and increase the surface
roughness of the upper films.19 In addition, the electrical
properties could be seriously affected by various defects such as
oxygen vacancies and interstitial oxygen,25 which are inevitably
generated during the low-temperature sputtering process.
Could substrate bias make a positive contribution to solve
those problems? Therefore the effect of the substrate bias on
the electrical properties of Al2O3 thin films is required a
comprehensive clarification.
In this work, we systematically investigate the effect of

substrate bias voltage on the subband structural, surface
morphological, electrode/Al2O3 interfacial and electrical
properties of Al2O3 thin films. Particularly, we apply an optical
method to detect the subband absorption, in order to grasp the
electronic subband structure (including the band-tail and the
deep-level trap states). The results demonstrated that, the
leakage currents, the frequency and voltage dependence of the
dielectric property are significantly reduced by applying a
moderate bias voltage, and the correlations among the electrical
properties, film density, surface morphology, and the band-tail
and deep-level trap states are tightly coupled.

■ EXPERIMENTAL SECTION
The Al2O3 thin films were grown on ITO glass substrates by a reactive
RF (13.56 MHz) magnetron sputtering system with a 2 in.-diameter
aluminum target (99.9% purity) at a power of 100 W. The sputtering
deposition process was performed at a chamber pressure of 0.24 Pa
maintaining an argon-to-oxygen ration of 7/1. Aluminum target was
presputtered in a pure argon atmosphere for 10 min before deposition,
in order to get rid of the contaminations on the target surface. The
substrate bias voltage was controlled by an independent RF-power
(13.56 MHz) source. The direct current (DC) substrate bias voltage
(Vs) is defined here as the negative DC potential when the bias RF
power is applied. In this case, argon ions would bombard the surface of
the growing film, and the bombardment strength could be controlled
by Vs. The DC substrate bias voltages were scanned from 0 to −79 V
(the corresponding RF power in the range from 0 to 80 W). The in
situ substrate heating and postannealing were unintentionally carried
out in this study.
For the dielectric characterizations of the sputtered Al2O3 films, Cu/

Al2O3/ITO MIM capacitors were fabricated. Cu (100 nm) top

electrodes were deposited by electron beam evaporation through a
shadow mask with a contact area of 3.14 × 10−4 cm2. The capacitors
were analyzed by capacitance−voltage (C−V) and current density−
voltage (J−V) measurements using an HP4284A precision LCR meter
and a precision semiconductor analyzer (Keithley 4200) in the dark at
room temperature, respectively. The thickness, porosity and subband
absorption properties of the films were characterized by a variable
angle spectroscopic ellipsometer (J.A.Woollam Co., Inc.) in the UV−
vis−NIR range. The morphology of the films and ITO glass substrate
was investigated through atomic force microscopy (AFM, Veeco
Dimention V) measurement. The chemical components of the films
are detected by X-ray photoelectron spectroscopy (XPS, Kratos
Analytical Ltd., UK) equipped with a standard monochromatic Al-Kα

source (1486.6 eV). High dose of argon ions (2 KV) was used to
sputter away the top hydrated and carbon contamination layer (4−5
nm) of the films. Microarea XPS analyses were also carried out by
applying a circular X-ray beam with 110 μm in diameter, in order to
study the chemical evolution of Cu at the Cu/Al2O3 interface. The
binding energy data were calibrated with respect to the C1s signal of
ambient hydrocarbons (C−H and C−C) at 284.8 eV.

■ RESULTS AND DISCUSSION

Subband Absorption and Porosity. In this section, the
electronic subband structure and the porosity of aluminum
oxide films are analyzed by means of the spectroscopic
ellipsometry (SE) measurement in the UV−vis−NIR range
from 0.73 to 6.2 eV. The ellipsometric angle ψ and phase
difference Δ were recorded at incidence angles of 55, 65, and
75°, respectively. The SE spectra were analyzed by a simple
three-phase model consisting of substrate/Al2O3/surface rough
layer (50% Al2O3 + 50% void). In this model, unknown
parameters of film thickness and dielectric constant for Al2O3
films are designated as fitting variables.
Considering the wide bandgap of Al2O3, Cauchy dispersion

model combined with Urbach tail relation usually used for
transparent films was adopted to acquire the dielectric function
of the Al2O3 film in the range of 0.73−6.2 eV (The
spectroscopic elliposmetry data and fitted curves are available
in the Supporting Information). However, the mean-squared
error (MSE) values, as the criteria to evaluate to fitting quality,
are beyond 20 (Generally, the fitting quality is acceptable if the
MSE value is less than 10). Therefore, the absorption related to
defect states is unneglectable, so the Cauchy & Urbach tail
model is incompetent in our case. Consequently, we employed
the Lorentz oscillator model to represent the dielectric function
(ε(hυ)) of the aluminum oxide films, described as follows
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Table 1. Lorentz Parameter Values for Fitting the Optical Functions of the Al2O3 films with Different Substrate Bias Voltages
(VS)

a

VS (V)

0 −20 −40 −55 −66 −79

t (nm) 154.8 151.8 151.8 154.9 151.4 153.0
A1 0.00594 0.00770 0.00683 0.00661 0.00673 0.0129
E01 (eV) 4.82 5.00 5.03 4.91 4.97 5.01
A2 1.777 2.335 9.315 8.473 14.93 12.14
E02 (eV) 6.96 7.24 7.24 7.16 7.17 7.23
MSE 9.212 6.585 5.098 5.354 4.957 4.271

aThe subscripts 1 and 2 stand for the first and second Lorentz function, respectively. t and MSE are the Al2O3 film thickness and mean-squared error,
respectively.
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where Aj, E0j, and Bj are the amplitude, center energy and
damping coefficient of each oscillator in eV, respectively. Two
oscillators are used in the data analysis and the key parameters
are listed in Table 1. A good agreement between the
experimental and fitting spectra is obtained over the studied
range for all the films (seen in the Supporting Information), as
confirmed that all the MSE values are below 10, implying that
the Lorentz oscillator model is applicable in this study.
In Table 1, the oscillator center energies E01 and E02 for all

the samples converge to 4.97 and 7.17, respectively. The E01
value is far below the bandgap energy of aluminum oxide. It is
speculated that the oscillator at 4.97 eV is related to the oxygen
defects. Based on the previous calculation,25 the 0/− level of
oxygen vacancy in amorphous aluminum oxide is located at 4.8
eV above the valence band edge, which is close to E01.
Therefore, the oscillator at 4.97 eV can be assigned to the
transition from the valence band to the oxygen vacancy-related
defect level. The E02 value is in between the theoretical bandgap
energies of amorphous (6.2−6.5 eV) and bulk (8.8 eV)
aluminum oxide,25 indicating that the oscillator at 7.17 eV is
corresponding to the bandgap transition of our aluminum oxide
films.
The refractive index nf and extinction coefficient kf can be

calculated from the dielectric function by
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The optical absorption coefficients αopt can be obtained via αopt
= 4πkf/λ, as depicted in Figure 1a. The absorption spectra of all
the films feature a peak and a band tail, as displayed in the
insert of Figure 1a. The band tails can be fitted by the
exponential law, i.e., the so-called Urbach tail expressed by26
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Here α0 is an absorption parameter, E1 a certain energy of the
order of the band gap, and E0 an empirical parameter describing
the width of the localized states in the bandgap. The Urbach tail
below the fundamental absorption edge is usually observed due
to the disorder structure of the amorphous network. The peak
is believed to originate from the oxygen vacancy-induced
optical absorption since the peak position is calculated to be
assigned to E01. Interestingly, the peak integral area is found to
be proportional to the density of the oxygen vacancy Nt,
because the defect-induced absorption coefficient αdefects can be
expressed in terms of Nt as

27

α = −N Sf f(1 )defects t i f (4)

where S is the optical absorption parameter per defect, while f i
and f f are the occupation probabilities of electrons in the initial
and final states, respectively.
The integral areas of the band tail- and peak-assigned

components are respectively calculated, as highlighted in Figure
1b. The band tail area decreases with increasing bias voltages,
indicating that the band-tail states near the absorption edge are
gradually diminished. The deposited atoms under a substrate
bias have high kinetic energy enough to diffuse more freely on
the film surface so as to occupy or approach the equilibrium

lattice position, which resultantly decreases the degree of
disorder in the sputtered Al2O3 thin films. The peak area that
represents the density of oxygen vacancies, decreases first and
then increases, showing the minimum value at Vs = −55 V. The
decreasing trend of the oxygen vacancy density is believed to be
a result of the beneficial effect of ion bombardment. But
nevertheless, further increase of the substrate bias voltage (|VS|
> 55 V) is found to be accompanied with the rebound of the
oxygen vacancies. The most possible reason is that the excessive
energetic Ar ion bombardment brings about preferential
resputtering of oxygen in the films, which promotes the
formation of more oxygen vacancies. The O/Al atomic ratio
calculated according to XPS spectra (the XPS spectra of typical
films are available in the Supporting Information), increases
first and then decreases, showing the maximum value (∼1.47)
at Vs = −55 V, as displayed in Figure 1b. This evolution is self-
consistent with the variation of oxygen vacancies, indicating
that the optical method based on SE measurement and analysis
is feasible to probe the subband electronic structure of oxide
films.
The refractive index nf at a wavelength of 550 nm is plotted

as a function of Vs in Figure 2a. The refractive index is the
indicator of the packing density of the films, since the volume
fraction of porosity p of each film can be deduced by the
following formula28

= − − −p n n1 ( 1)/( 1)f
2

b
2

(5)

where nb is the refractive index of bulk Al2O3. As |VS| is
increased from 0 to 20 V, the porosity is found to decrease
significantly from ∼15% to 10%, as manifested in Figure 2b.
Then, it increases slowly until reaches to ∼12% at Vs = −79 V.

Figure 1. (a) Absorption coefficient α of the Al2O3 films with |Vs| = 0−
79 V. The insert gives an example that the absorption spectrum can be
deconvoluted into a band tail and a peak. (b) The integral areas of the
band tail and deep-level trap peak as a function of substrate bias
voltage|Vs|. The O/Al atomic ratios of the typical films are also shown.
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The porosity evolution of the films manifests that, the proper
ion bombardment favors growing more densely packed films as
reported in ref 3, whereas excessive energy ion bombardment
would reduce the packing density, revealed by the fact that the
porosity of the film with the largest bias voltage is lower than
that of the unbiased one.
The thickness (t) of the films deposited at various Vs is

maintained around 150 nm by altering the growth time. Figure
2c illustrates the variation of the mean growth rate (Vg) as a
function of Vs. It is evident that the overall trend of the growth
rate is decreasing when the Vs is applied, which is believed to be
a result of whether the densification of the films or the
occurrence of resputtering, especially preferential oxygen
resputtering that is well-known for oxides.3,29 The latter one
might induce the increase of oxygen vacancy, demonstrated by
the increased area of the peak assigned to oxygen vacancy.
Morphological Characteristics. The morphological fea-

tures of the Al2O3 thin films were examined by AFM. Figure
3a−c illustrate the representative surface morphologies of the

Al2O3 thin films deposited at various Vs. The unbiased film has
a relatively rough surface with some valleys and small spherical
agglomerates. Its root-mean-square (RMS) roughness (5.94) is
higher than that of the ITO glass substrate (3.99 nm) due to
self-enhanced roughening of the surface during the deposition.
Fortunately, the applying of substrate bias effectively modified

the surface morphology, as seen the agglomerates grow up
along the surface but collapse in the vertical direction. The
mean lateral and vertical size can be extracted from the phase
images, as shown in Figure 3d. Along with the disappearance of
the so-called profile valleys, the RMS roughness shows an
obvious reduction from 5.94 to 2.73 nm as Vs changed from 0
to −79 V. The surface smoothening effect is also attributed to
the ion bombardment for which the arriving adatoms can
diffuse more freely on the film surface.

Special Phenomena Occurring at the Electrode/
Dielectric Interface. During the electrical measurement for
the aluminum oxide films without applying substrate bias, it was
observed that, the color at the margin of the Cu electrode
became bright blue (see Figure 4a) when a modest positive

voltage (>15 V) was applied on the Cu electrode for several
tens of seconds. It is speculated that the bright blue color
comes from the formation of Cu(OH)2, which was confirmed
by XPS measurements. Figure 4c displays the Cu 2p spectra
obtained from the center (labeled with A in Figure 4a) and
margin (labeled with B in Figure 4a) area of the Cu electrode,
respectively. The Cu 2p spectrum from site A shows two peaks
located at 952.5 and 932.7 eV, which are corresponding to the
2p1/2 and 2p3/2 features of the metallic Cu, respectively. Except
these two peaks, however, two new peaks centered at 954.2 and
934.5 eV in the Cu 2p spectrum from site B were stretched out,
which respectively correspond to the Cu 2p1/2 and Cu 2p3/2 of
Cu(OH)2.

30,31 Moreover, bubble-shaped embossment emerged
one by one on the Cu electrode when a modest negative
voltage was applied on the Cu electrode (see Figure 4b). In
contrast, however, the above phenomena are not observed for
the aluminum oxide films deposited with substrate biases.
Based on the above analysis, it is believed that electrolysis

reactions happened at the Cu/Al2O3 interface during the

Figure 2. Refractive index (a) nf, (b) porosity p, and (c) growth rate υg
of the Al2O3 films as a function of substrate bias voltage.

Figure 3. Three dimensional view of 1 × 1 μm2 morphologies for the
Al2O3 films by AFM at (a) Vs = 0 V, (b) Vs = −55 V, (c) Vs= −79 V.
The inset is the phase image. (d) The mean lateral size (RL), vertical
size (RV) and RMS roughness obtained from AFM observations for
the Al2O3 films with |Vs| = 0−79 V.

Figure 4. Optical microscope pictures of Cu electrodes on the
unbiased film after (a) positive measurement bias and (b) negative
measurement bias. (c) Cu 2p XPS spectra of the Cu electrode at sites
A and B in a.
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electrical measurement. The reactions can be described as
follows

+ → +−Cu 2OH 2e Cu(OH) (when the Cu electrode 

serves as the anode)
2

(6)

+ → ↑+2H 2e H (when the Cu electrode serves as the 

cathode)
2

(7)

These reaction formulas are capable of explaining the
experimental observations (bright blue color and bubble-
shaped embossment formation) very well. The electrolysis
reactions imply that a lot of absorbed moisture is present on the
surface or even in the bulk of the unbiased aluminum oxide
film, because it has a rough surface and a high porosity. This is
proved by the detection of absorbed water in the unbiased film
by XPS measurement (seen in the Supporting Information). In
contrast, the similar phenomena were not observed for the
substrate biased aluminum oxide films, which correlates well
with the smooth surface and densification effect revealed by
AFM and SE measurements.
Electrical Properties. Figure 5a represents the leakage

current density vs. applied electric field (J-E) characteristics

under both top injection (electron injection from the top
electrode) and bottom injection modes. For clarity, the leakage
current density and the breakdown field strength are plotted as
a function of Vs in Figures 5b. For the unbiased films, the
asymmetry of leakage current for the top injection (1.5 × 10−5

A/cm2 @ 1 MV/cm) and bottom injection mode (2 × 10−4 A/
cm2 @ 1 MV/cm) is due to the asymmetrical electrode utilized.
When a small substrate bias (Vs ≈ −20 V) is applied during the
film growth, the leakage current is found to be suppressed

significantly. At Vs = −55 V, the leakage current is reduced as
low as around 1 × 10−8 A/cm2 at 1 MV/cm. Then afterward a
further increase of Vs is found to be accompanied with a little
deterioration of the leakage current. Moreover, the biggest
breakdown field strength (∼ 2.7 MV/cm and ∼1.8 MV/cm for
the top and bottom injection mode, respectively) is also
obtained at Vs = −55 V. The breakdown field strength of
sputtered Al2O3 thin films (<300 nm) reported in the
literatures is ranging from 2 to 5 MV/cm.19 The usage of Cu
instead of Al as the electrode material can reduce the
breakdown field strength, as formerly observed by Yip et al.2

They reported that the Al/Al2O3/Al capacitors display a
breakdown field strength beyond 4 MV/cm, while that of the
Al/Al2O3/Cu capacitors is less than 1.5 MV/cm, which is
comparable to the value of our Cu/Al2O3/ITO capacitors.

The normalized capacitance density vs. applied voltage (ΔC/
C0−V), shown in Figure 6, can be obtained by fitting the
measured data with a second-order polynomial equation32

α βΔ = +C V C V V( ) ( )0
2

(8)

where C0 is the capacitance density at V = 0 V, whereas α and β
represent the quadratic and linear voltage coefficients of
capacitance, respectively. Since the linear voltage coefficient
(VCC-β) can be reduced to zero by appropriate circuit design,
VCC-α is the most important MIM capacitor parameter for
analogue circuit applications.32 The film deposited at Vs = −55
V exhibits the smallest VCC-α of ∼15.6 ppm/V2 at C0 = 0.51
fF/μm2, as seen in the inset of Figure 6, It is reported that
TaN/Al2O3/TaN capacitors on Si wafer show a VCC-α of
∼795 ppm/V2 at C0 = 6.05 fF/μm2.33 Considering that VCC-α
generally increases linearly with 1/t2 (i.e.,C0

2 for the same
material),34 the VCC-α value of our Cu/Al2O3/ITO capacitors
is a little higher, partly because of the relatively rough ITO
electrodes.
The dielectric constant (k) of the Al2O3 thin films was

evaluated from C0 and shown in Figure 7. The dielectric
constant of the fabricated Al2O3 varies between 8.8 and 10, in
accordance with the pervious reports.7,19 It is seen that the Vs
has limited effect on the dielectric constant. However, the
dielectric dispersion was reduced significantly by applying Vs,
which is evident from the fact that the variation of dielectric
constant in the operating frequency range (100 Hz to 1 MHz)

Figure 5. (a) J−V curves of Cu/Al2O3/ITO capacitors at different
substrate bias voltages. (b) Leakage current density and breakdown
field of the Al2O3 films as a function of substrate bias voltage.

Figure 6. ΔC/C0−V characteristics of sputtered Al2O3 thin films at
various substrate bias voltages. The inset plots the quadratic voltage
coefficient α of capacitance as a function of substrate bias voltage |Vs|.
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is changed from ∼26% for the films without substrate bias to
12−14% for the biased ones (see the inset of Figure 7).The film
deposited at Vs = −55 V shows a dielectric constant of ∼8.8,
and an acceptable frequency dispersion of ∼13%. Taken the
leakage current density, breakdown field strength, VCC-α,
dielectric constant and dielectric dispersion into considerations,
the Al2O3 film deposited at Vs = −55 V has the optimal
electrical performance in this study.

■ DISCUSSION
The subband structure, morphology, and interface studies of
the films offer a deep insight into understanding the effect of
the substrate bias voltage on their electrical properties.
When applying a substrate bias around −20 V, the leakage

current is greatly improved. In fact, the films with larger
porosity have more pores and microvoids in the films,3 which
facilitate absorbing the moisture in the air (proved by XPS
measurement, as seen in the Supporting Information) to trigger
the electrolysis reactions (Figure 4). The electrolysis reactions
at the electrode/dielectric interface inevitably involve chaotic
charge transfer at the interface, which is in line with the large
leakage current of the unbiased aluminum oxide films (around
2 orders of magnitude higher than the −20 V-biased films, as
seen in figure 5).
As |VS| increased from 20 to 55 V, the film leakage current

decreases by about 1 order of magnitude, and the breakdown
field strength are remarkably improved, in accordance with the
variations of the subband trap density and the film surface
roughness (Figures 1 and 3). The repair of oxygen vacancies
and attenuation of band-tail defects would cause the improve-
ment of the electrical properties. In fact, oxygen vacancies can
drastically govern the electrical properties of dielectric oxides;25

whereas the accumulation of band-tail states can narrow the
band gaps35 and reduce the band offsets between the electrode
and dielectric oxide, and as a result boost the leakage current.
Furthermore, the pristine smooth surface of the Al2O3 films
favors to form a sound electrode/oxide interface, giving rise to
the improvement of the electrical properties of the MIM
capacitor.
Upon higher substrate bias voltage (|VS| > 55 V), however, it

is found that both the breakdown field strength and the
quadratic voltage coefficient of capacitance (VCC-α) are
getting degenerated. The actual mechanism of the destructive
breakdown is rather complicated. Nevertheless, the dielectric
breakdown mechanism can be roughly classified into the
intrinsic breakdown model and the extrinsic or defect-related

breakdown section.36 The intrinsic breakdown mechanism is
hard to capture, provided only that all the extraneous variables
have been isolated.37 The breakdown phenomenon in the real
experiment undoubtedly belongs to the defect-related process.
The accumulation of oxygen vacancies is one of the most
possible explanations for the degradation of the breakdown
field strength. In addition, the VCC-α value is getting bigger
along with the increase of the oxygen vacancies, just acting as a
hint to describe the amount of deep traps.34

■ CONCLUSION
In this work, the subband structural, morphological, and
electrode/Al2O3 interfacial properties of room-temperature
sputtered Al2O3 thin films on ITO glasses were comprehen-
sively investigated, in hope of in-depth understanding the effect
of the substrate bias voltage on the electrical properties. The
subband electronic structure, deduced by the optical method,
could be divided into the band-tail state and deep-level trap
state, in which the deep-level one was assigned to the oxygen
vacancy due to its energy level (4.8−5.0 eV above the valence
band maximum). The decrease of subband defects was found to
be in line with the improvement of the leakage current density
and breakdown field strength, while the rebound of oxygen
vacancies under higher voltage bias negatively contributed to
the breakdown field strength and quadratic voltage coefficient
of capacitance. In addition, electrolysis reactions were
demonstrated at the Cu electrode/unbiased-Al2O3 interface,
which mainly accounts for the big leakage current density of the
unbiased films. Under the optimal substrate bias (approximately
−55 V), the room-temperature deposited Al2O3 thin films on
ITO glasses were found to exhibit competitive electrical
properties, i.e., a dielectric constant about 8.8 with small
dielectric dispersion (∼13%) and quadratic voltage coefficient
(15.6 ppm/V2) of capacitance, a leakage current as low as 1 ×
10−8 A/cm2 at 1 MV/cm, and a breakdown field strength
higher than 2.7 MV/cm. It is suggested that one can take the
advantage of the substrate biasing to improve the electrical
properties of the Al2O3 gate dielectrics, which paves the way to
realizing low-temperature-processed high-k dielectrics for
transparent electronic applications.
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Sańchez, M. Use of Low-Temperature Nanostructured CuO Thin
Films Deposited by Spray-Pyrolysis in Lithium Cells. Thin Solid Films
2005, 474, 133−140.
(31) Kerber, S. J.; Bruckner, J. J.; Wozniak, K.; Seal, S.; Hardcastle, S.;
Barr, T. L. The Nature of Hydrogen in X-ray Photoelectron
Spectroscopy: General Patterns from Hydroxides to Hydrogen
Bonding. J. Vac. Sci. Technol., A 1996, 14, 1314−1320.
(32) Chang, K. C.; Huang, C. C.; Chen, G. L.; Chen, W. J.; Kao, H.
L.; Wu, Y. H.; Chin, A.; McAlister, S. P. High-Performance
SrTiO3MIM Capacitors for Analog Applications. IEEE Trans. Electron
Devices 2006, 53, 2312−2319.
(33) Ding, S. J.; Huang, Y. J.; Huang, Y.; Pan, S. H.; Zhang, W.;
Wang, L. K. High density Al2O3/TaN-based metal−insulator−metal
capacitors in application to radio frequency integrated circuits. Chin.
Phys. (Beijing, China) 2007, 16, 2803−2806.
(34) Huang, C. C.; Cheng, C. H.; Liou, B. H.; Yeh, F. S.; Chin, A.
Effect of Ta2O5 Doping on Electrical Characteristics of SrTiO3 Metal-
Insulator-Metal Capacitors. J. Appl. Phys. 2009, 48, 081401.
(35) Wang, X. J.; Zhang, L. D.; Zhang, J. P.; He, G.; Liu, M.; Zhu, L.
Q. Effects of Post-Deposition Annealing on the Structure and Optical
Properties of Y2O3 Thin Films. Mater. Lett. 2008, 62, 4235−4237.
(36) Verweij, J. F.; Klootwijk, J. H. Dielectric Breakdown I: A Review
of Oxide Breakdown. Microelectron. J. 1996, 27, 611−622.
(37) O’Dwyer, J. J. Breakdown in Solid Dielectrics. IEEE Trans.
Electr. Insul. 1982, 17, 484−487.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4055589 | ACS Appl. Mater. Interfaces 2014, 6, 2255−22612261


