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Abstract Amorphous Yttrium-doped aluminum oxide
thin films were deposited on Pt/Ti/SiO,/Si substrates by
sol-gel. It was observed by field emission scanning elec-
tron microscope that the surface morphology was smooth
and homogeneous. From Fourier Transform Infrared
Spectroscopy, a broad absorption band at 700—1000 cm ™"
owing to vibrations of aluminum oxide was observed. The
absorption peaks strength relating to hydroxyl group
decreased with the increase of Y doping concentration. The
electrical properties were investigated in terms of Y doping
content and relative humidity. The results show that the
existence of hydroxyl and absorbed water makes a signif-
icant influence on the electric properties of films. The
electric conduction characteristics and dielectric break-
down properties are modified by the decrease of content of
hydroxyl and absorbed water, leading to a lower leakage
current and higher dielectric strength. It can be seen that
the leakage current of films decreases with the Y doping,
and could be reasonably deduced that leakage current can
be effectively tuned by Y doping.

1 Introduction
Aluminum oxide is one of the most widely used materials

with excellent characteristics of stable chemical and
physical properties. In particular, aluminum oxide films
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have been important in both pure and applicative scientific
research [1]. Over the past decade, aluminum oxide film
has been used as a protective coating for its high resistance
to radiation and corrosion [2, 3]. And owing to its out-
standing insulating property, aluminum oxide film is also
applied as insulator layers in electronic devices [4, 5].
Aluminum oxide film has accordingly received an
increasing amount of interest and attention due to its
widespread application [6, 7]. For instance, for its excellent
insulating performance, aluminum oxide films have been
being investigated as alternatives of gate oxides to SiO, on
metal-oxide—semiconductor (MOS) based structures and
relevant researches have been reported [8—11]. It is also
indicated from simulations that Al,O5; deposited by sput-
tering is thermally stable and mechanically hard [12],
which may be good for the gates of flash memory circuits.
The reason is that Al,Oz with higher dielectric constant
increases the capacitive coupling and circuit speed by three
orders of magnitude, compared to SiO, [13]. Moreover,
due to its high breakdown strength, aluminum oxide film is
expected to be employed in solid state capacitors as one of
the high energy storage dielectric materials. As many
papers report, the relative permittivity and, more impor-
tantly, breakdown strength are the key parameters for
energy storage dielectrics [14]. It is obviously seen that the
improvement of energy storage density of dielectrics
depends on the enhancement of relative permittivity and
breakdown strength [15]. In addition, the reliability of
electric devices is closely relative to leakage current and
breakdown of dielectrics. Therefore, the relative permit-
tivity, breakdown strength and leakage current are critical
to the energy storage dielectrics. In the past years, many
investigations have been carried out to study the high
energy storage dielectrics and try the best to further
improve the energy storage density [16, 17].
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Defect chemistry is the study of deviations from perfect
order in inorganic compounds and effects of such disorder
on their properties, including ionic conductivity and elec-
tronic conductivity. The presence of local deviations from
perfect order can make a remarkable influence on the
transport of mass or charge [18]. The generation of defects
associated with doping usually acts as a two-edged sword
in the aspect of dielectric properties of materials. The
widely applied technology of doping, where atoms or ions
of appropriate element are added to a basis material, is
favorable to modify the materials to yield hybrid materials
with desirable properties [19, 20]. So in our current work,
we have been doing the research in order to study the
leakage current and dielectric breakdown properties of
aluminum oxide films by the doping technique.

To the best of our knowledge, the electric properties of
Y-doped Al,O5 thin films deposited by sol-gel in MIM
structures have not been reported till date. Therefore, the
aim of this paper is to characterize Y-doped Al,O; thin
films prepared by sol-gel and evaluate their compositional
tenability in terms of permittivity, leakage current and
breakdown strength, which are important for the applica-
tions of energy storage dielectrics.

2 Experiment

For the preparation of aluminum oxide and Y doping sols,
Aluminum isopropoxide (Al(OC3;H5)3) and Yttrium nitrate
hexahydrate (Y(NOs3);-:6H,O, 99 %), glacial acetic acid,
glycol ether and acetylacetone, which were all of reagent-
grade purity and available commercially, were used with-
out further purification. Firstly, Aluminum isopropoxide
and Yttrium nitrate hexahydrate were dissolved in glycol
ether with continuous stirring for 30 min at 60 °C. Then,
acetylacetone as chelating agent was added to the above
solution and stirred for another 30 min. Lastly, the mixture
solution with the addition of a certain amount of glacial
acetic was heated to 80 °C, followed by stirring for 30 min.
Subsequently, the mixture was cooled down to room tem-
perature to obtain a clear, translucent, homogeneous and
stable sol. The resultant sol was aged for 24 h and served as
the coating sol. Platinized silicon (Pt/Ti/SiO,/Si) wafers
used as substrates were washed with acetone, ethanol and
distilled water in an ultrasonic bath for 10 min, respec-
tively, and then blow dried with N,.

The coating sols were deposited on substrates by spin-
coating at 3000 rmp for 20 s. To reach the desired thick-
ness, spin-coating should be repeated many times. After
each deposition, the films were preheated in a tubular
furnace at 150, 300, 450 °C for 5 min respectively to
obtain solid films. The target sol—gel films were annealed at
450 °C for 3 h in a muffle furnace.

The phase structure of films was identified by Grazing
incident X-ray diffraction (GIXRD) on a Rigaku D/max-
2550 X-ray diffractometer with Cu Ko radiation. The
chemical composition of the films was characterized by
Fourier Transform Infrared Spectroscopy (FTIR, Nicolet
IN 10, USA). The surface morphology was observed by a
field emission scanning electron microscopy (FESEM) (S-
4700, HITACHI, Japan). The thickness of the films was
measured by the cross-sectional FESEM images. For
electrical measurements, samples were in the form of MIM
structure parallel-plate capacitor with gold-plated circular
electrodes as top electrode and Platinum as down electrode.
Au electrode pads being 1 mm in diameter were sputtered
by DC sputtering. Current—voltage was performed to
measure leakage current and dielectric strength by using a
Keithley 2400 electrometer connected to a computer with
built-in self-programmed software. By using a voltage
stress probe station, positive voltage was applied on the top
electrode in a successive voltage step of 0.2 V with delay
time of 0.1 s until the leakage current increased abruptly
indicating the dielectric breakdown of the films. The
dielectric properties were measured by using a Precision
Impedance Analyzer Agilent E4980A LCR meter.

3 Results and discussion
3.1 Phase identification and morphology

Aly_»,Y»,05 films were deposited on Pt/Ti/SiO,/Si sub-
strates by sol-gel described above in detail. According to
the X-ray diffraction patterns of Al;O3 (AO), Alj.96Y0.0403
(AYO-2), A11.9Y0.103 (AYO-S) and A11'8Y0'203 (AYO-
10), it indicates an amorphous phase independence of Y
doping. As seen in Fig. la, the surface micrograph of
undoped aluminum oxide films is selected to be shown in
this paper. The micrograph shows a smooth and homoge-
neous surface, suggesting an amorphous structure. From
the cross-section micrograph, the thickness of thin films is
obtained and crystalline grains have not been found. It
further verifies the amorphous structure independent of Y
doping. The thickness of Al, ,,Y»,O3 (x = 0, 0.02, 0.05,
0.1) films is 234, 234, 190, 201 nm, respectively.

3.2 FTIR spectra

Figure 2 shows the FTIR spectra of Y-doping aluminum
oxide thin films. It can be observed that a broad absorption
band located from 700 to 1000 cm ™ 'in spectra, which is
typical of the vibrations of Al,O;. The absorption band
consists of the contribution of the vibrations of aluminum
oxide which change their shape, position and transition
probability depending on the chemical form of the
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Fig. 1 Surface morphology of Al,Oj3 thin film (a); XRD patterns of
Aly_54Y,O3 thin films (b); cross-section FESEM micrographs of
Aly_»,Y5,05 thin films (¢—0 mol%, d—2 mol%, e—5 mol%, f—
10 mol%)
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Fig. 2 FTIR spectra of Al, ,,Y»,O5 thin films

aluminum oxidation [21]. The absorption peak at about
920 cm ™~ 'should be attributed to LO mode peak, which is
considered to be the combination of different phase
(amorphous 959 cm ™ v-ALLO; 917 cm™' [22]). This
result turns out that the films may be the combination of
amorphous and y-Al,Os3, despite the fact GIXRD indicates
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an amorphous structure. The explanation for the difference
between FTIR and GIXRD may be that the y-Al,O3 crys-
talline grain is in nanometer scale, which cannot be iden-
tified by GIXRD. And the phase structure of aluminum
oxide is independent of Y doping.

It is important to remark that a broad absorption peak
with a band center at 3400 cm™' and a small shoulder
around 3200 cm ™" are observed. The broad absorption at
3200-3470 cm ™' is related to Alanol groups (Al-OH)
while the absorption peak centered around 1642 cm™" is
assigned to the bending mode of absorbed water. It should
also be noted that there is a small absorption around
3800 cm™'. It may be identified as isolated hydroxyl
groups that become hydrogen-bonded to molecular water
[23]. As Y doping content increases, there is a large
decrease in intensity from 3000 to 3800 cm ™. The results
indicate that aluminum oxide films doped with Y have a
relatively higher stability against water absorption than
pure aluminum oxide films when kept at air atmosphere at
room temperature.

3.3 Analysis of leakage current

Leakage current is crucial to the reliability of electric
devices. Small leakage current is beneficial to the appli-
cation of dielectrics. Figure 3 shows the current density
versus electric field (J-E) characteristics of thin films.
Current—voltage (I-V) measurements were tested in an test
chamber maintaining ambient atmosphere at a temperature
of 25 °C and relative humidity of 25 %. At low field region
(0-140 MV/m), leakage current decreases with the
increase of Y doping concentration. Leakage current den-
sity of AYO-10 is two orders of magnitude lower than the
pure aluminum oxide films at 50 MV/m. Usually, ionic
conductivity is small in the crystal structure, since the ionic
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Fig. 3 The dependence of leakage current density on electric field for
Aly_5,Y,,03 thin films based on MIM capacitors
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mobilities are small. However, we cannot rule out the
possibility of rapid diffusion which result from the amor-
phous or microcrystalline nature of insulator [24]. Thus, it
is reasonable to deduce that ionic migration can be trig-
gered under the electric filed in amorphous structure.

The decrease of leakage current at low field region can
be attributed to the inhibition of ionic migration and the
increase of defect associates with low mobility. On the one
hand, the ionic radius of Y>T (0.9) is larger than AIPT
(0.535). The difference of ionic radius leads to the local
lattice defects which hinder the ionic migration and dif-
fusion. On the other hand, the combination of two intrinsic
ionic defects is referred to as a defect associate [18]. The
bound vacancy associates have no net charge and do not
contribute to the conductivity. Therefore, the augment in
defect associates also results in a lower leakage current. It
is deserved to note that the incorporation of Y>" into Al,O;
films can exert a great inhibiting effect on leakage current.
Moreover, it can be reasonably deduced that the leakage
current of aluminum oxide films can be effectively tuned
by Y doping.

4 Analysis of dielectric breakdown

It is known that the weak-spot breakdown occurs before the
intrinsic breakdown. The existence of defects will make
significant influence on the dielectric strength. For better
reliability of results, weibull distribution is used to take the
analysis of breakdown voltage to predicate the reasonable
value of breakdown voltage [25]. For comparison, the
breakdown voltage has been converted into breakdown
strength according to the formula of E = U/d, where U is
voltage, d is thickness of films, E is electric strength.
Figure 4 depicts the dielectric breakdown characteristics
for Y doping aluminum oxide films, while the inserted
figure shows the breakdown strength dependence of the Y
doping content. As shown in Fig. 4, the breakdown
strength of Y-doped aluminum oxide films is a litter lower
than the pure aluminum oxide thin films, which means that
Y doping has no positive influence on the breakdown
strength.

The weakening effect of Y doping on breakdown
strength of aluminum oxide films may be ascribed to the
structure defects generated by the substitution of Al by Y
atoms. The increasing defects greatly accelerate the
occurrence of weak-spot breakdowns which are the
destruction for films and thus decrease the dielectric
strength of films. It is evident from the real time observa-
tion shown in Fig. 5 that reveals the occurrence of weak-
spot breakdowns in advance. Generally speaking, there are
three dielectric breakdown forms for dielectrics in MOS
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Fig. 4 Weibull distribution of the Breakdown Voltage of the
Aly_54Y,O3 thin films. Inset shows the dependence of breakdown
strength on Yttrium molar fraction of the Al,_,,Y,,O5 thin films (U is
the breakdown voltage of each specimen, P; is the cumulative failure
probability, E is the average breakdown strength)

devices [26]. Likewise, we have also founded the same
dielectric breakdown forms for alumina films in MIM
structure, including single-hole breakdown, propagating
breakdown and the maximum voltage breakdown. As
illustrated in Fig. 5, Y doping improves the occurrence
frequency of the first two kinds of breakdown events which
decreases the final breakdown strength.

However, as the further increase of Y doping content,
the dielectric strength increases. It is shown by the FTIR
analysis that the content of hydroxyl and absorbed water
decreases with the increasing of Y doping. And the exis-
tence of hydroxyl and absorbed water is harmful to the
dielectric strength of films. In this way, the dielectric
strength will gain some enhancement for the increasing of
Y doping content. Moreover, we did the breakdown
property test with different relative humidity at the same
temperature. The variation of relative humidity changes the
amount of water absorbed in films. By this way, we study
and get to know the role of absorbed water on leakage
current and breakdown behavior of aluminum oxide films.
It is seen in Fig. 6 that the increase of relative humidity
lead to a greater leakage current and smaller dielectric
strength, which is further evidence that hydroxyl and
absorbed water is harmful to the dielectric breakdown
property.

Based on the above investigations, it can be concluded
that the incorporation of Y>* makes negative influence on
dielectric breakdown properties. The reliability of Y-doped
aluminum oxide films is somewhat lower than undoped
aluminum oxide films in the case of dielectric strength. But
in the Y-doped thin films, breakdown strength increases
with the further Y doping. It is the result of two factors,
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Fig. 5 The real time
observation of the Al, »,Y,,03
films during breakdown process
recorded with a metallographic
microscope

Fig. 6 Leakage current
density—electric field
characteristics of Al,_»,Y>,03
films measured with different
relative humidity at room
temperature

including defects caused by substitution of Al by Y and the
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effect of absorbed water. Therefore, the 10 mol% Y-doped

Al,O; film is a potential dielectric that can be expected to
be used in many applications due to its lowest leakage

current and high dielectric strength.
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5 Analysis of dielectric constant and loss

Figure 7 shows the dielectric constant and dielectric loss
changing with the frequency ranging from 20 Hz to

2 MHz. It is observed that the frequency dependence of
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both permittivity and dielectric loss can be divided into two
different sub-regions. For frequencies above 10 kHz, the
dielectric constant and dielectric loss remains almost fre-
quency independent. However, for frequencies below
10 kHz a steep increase of the dielectric constant and loss
factor is observed.

At the frequency of 1 MHz, dielectric constant and
dielectric loss of Al,_,,Y>,03 films are between 7-8 and
0.05-0.07 respectively, the concrete values are not mark-
edly different from each other. Therefore, Y doping do not
make a remarkable difference on dielectric properties of
aluminum oxide films at high frequencies.

According to dielectric relaxation, at low frequency, the
dielectric constant and loss are associated with increased
conduction losses [27, 28]. In addition, the dielectric con-
stant increases with the increasing of dipoles polarization.
Since conduction loss and dipoles polarization relate to the
hydroxyl and absorbed water existing in films, which is in
good agreement with the leakage current measurement, the
decrease of the content of hydroxyl and absorbed water as
increasing of Y doping may lead to the smallest dielectric
constant and loss for 10 mol% Y-doped aluminum oxide
films.

6 Conclusion

In conclusion, we have prepared amorphous Al,_,,Y»,03
thin films by sol-gel. The influence of Yttrium doping on
leakage current and dielectric properties of aluminum
oxide films has been studied. The substitution doping of
Yttrium leads to a lower leakage current and then improves
the reliability of aluminum oxide films. It should be noted
that the leakage current of aluminum oxide films can be
effectively tuned in right content of Y doping. However, in
respect to dielectric strength, it is observed that Y doping is
helpful to the breakdowns at defects or weak spots in the
films and thus decreases the dielectric strength. But with
the further increase of Y doing content, dielectric strength

Frequency (KHz)

increases on account of the influence of absorbed water.
So, in a nutshell, the 10 mol% Y-doped Al,O; films is
provided with the lowest leakage current and excellent
dielectric properties. It is reasonable to deduce that sub-
stitution of Y into aluminum oxide films may be a
promising way to enhance the reliability of dielectric films.
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