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Abstract

Alternating current(AC) experiments have been carried out from room temperature up to 5008C in order to obtain dielectric
properties of Al O amorphous films deposited by ultrasonic spray pyrolysis. Temperature-dependent complex impedance of the2 3

films studied results in classically shaped spectra. Up to 3008C, this shows a single relaxation process described by a non-largely
depressed semicircle, as in single-phase material. Above this temperature, a second relaxation process arises due to spatial charge
accumulation in the vicinity of the electrode region. Bulk electric characteristics were determined proposing equivalent circuits
constituted by resistive(R) and capacitive(C) elements. A current-fitting routine has permitted an acceptable calculation of these
parameters. The dielectric constant was determined as a function of the temperature and frequency and it was found to be constant
for a wide range of frequencies. The dependence on frequency and temperature of the totals (v,T) conductivity was alsot

investigated. The temperature dependence ofs (v,T) shows a wide region where it is almost temperature-independent. Usingt

frequency-dependent conductivity results, it was established that a jump-charge carrier mechanism is the principal responsible for
electrical conductivity in these films. This mechanism involves both electronic and ionic charge carriers, and follows the Jonscher
power law,s (v,T)ss qAv . We report the temperature dependence of theA and s parameters.� 2001 Elsevier Science B.V.s

t 0
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1. Introduction

Insulator thin films are currently used in different
electronic devices. The functional characteristics
required for the insulators depend on their specific
application. For example, the insulator films used in
alternating-current thin-film electroluminescent(ACT-
FEL) devices, such as metal–insulator–semiconductor–
insulator–metal(MISIM) structuresw1x, must have both
high electric-field strength(E ) to withstand the voltageb

pulses applied to the structure and high dielectric con-
stant (´9) to reduce the threshold operation voltage.
These are stringent requirements for the insulators, since
E and´9 are commonly inversely proportional to eachb

* Corresponding author.
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other. Another aspect that must be taken into account
for the application of insulator films in this type of
device is their electrical response as a function of the
frequency of the applied voltage, as well as their stability
under different working conditions(temperature, humid-
ity, etc.). Various oxides, such as Al O , Y O , TiO ,2 3 2 3 2

HfO Ta O and SiO , have been used as insulators in2, 2 5 2

ACTFEL devices with the aim of finding the most
suitable insulator for this applicationw1–7x. However,
most of these studies have been devoted to characteriz-
ing the efficiency of the electroluminescent devices andy
or the charge transfer mechanisms, mainly focussing on
the properties of the semiconductor active layer and the
insulator–semiconductor interface. The spectral dielec-
tric response of these insulator films is commonly pre-
assumed andyor it is only implicitly studied as a part
of the complete electroluminescent device, but to our
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Fig. 1. Experimental and simulated impedance data at selected tem-
peratures. A single semicircle is observed at low temperatures, while
two arcs can be distinguished at high temperatures. Equivalent circuits
are also included.

knowledge it has been scarcely evaluated in a separate
way. The aim of the present work is to characterize the
frequency and temperature dependence of the dielectric
properties of aluminum oxide(Al O ) films deposited2 3

by spray pyrolysis, which have been recently used as
insulating films in ACTFEL devicesw8x.

There are a number of formalisms that can be used
for characterizing dielectric andyor electric properties
of insulators w9x. The most frequently used methods
w10x for analyzing electrical properties as a function of
frequency are: impedance(Z*); admittance wY*s
(Z*) x; relative permittivity w´*s( jvC Z*) x; andy1 y1

0

electric moduluswMs(´*) x. An appropriate choicey1

would emphasize particular aspects of the electrical
response from a system. In this study, we have selected
the complex impedance spectroscopy technique for ana-
lyzing the electrical response of spray pyrolysis-depos-
ited Al O films. Impedance spectroscopy studies have2 3

been previously carried out on several types of compos-
ite solid electrolytes incorporating Al Ow11,12x; how-2 3

ever, these studies have been scarcely applied to study
amorphous Al O films, and in these cases the films2 3

have been obtained by techniques different to that used
in this work w13,14x.

2. Experimental

The Al O films were deposited by the ultrasonic2 3

spray pyrolysis technique. The apparatus used for dep-
osition has been described earlierw15x. It basically
consists of an ultrasonic atomization chamber linked to
the pyrolysis reactor by a transport nozzle. The substrate
temperature was 4808C. The starting solution was 0.05
M aluminum acetylacetonate(AlAcAc, Aldrich) dis-
solved in one part of high-purity methanol and three
parts of deionised water, with the subsequent addition
of 3 ml of acetic acid per liter of this solution. In order
to determine the electrical characteristics of the films,
they were deposited onto Pyrex glass coated with an
antimony-doped tin oxide transparent conductive layer.
A small part of the substrate was covered during
deposition with a cover glass slide, to allow deposition
of a metallic electrode. Aluminum contacts were ther-
mally evaporated onto the Al O films to fabricate the2 3

metalyoxideymetal structures needed for the electrical
measurements. A mask was used to produce aluminum
dots with an area of 0.352 cm .2

The sandwich configuration used here is similar to
that observed in EL devices of the MISIM type, where
an insulating film is deposited onto a transparent con-
ductive contact.

The composition, structural, optical and DC electrical
properties of these films have been reported elsewhere
w16x. The films in the present study have the following
characteristics:(1) amorphous;(2) oxygen-rich, OyAl
ratio of 1.74;(3) resistivity r(10 V cm; (4) refrac-14

tive index ns1.647; and(5) bandgap wider than 6.2
eV. The thickness of the films deposited was measured
by means of a Dektac IIA profilometer, having values
of the order of 150 nm.

In order to perform the AC experiments, films were
placed in a normal electrical furnace. Pt wires were used
as contacts between the metallic electrodes deposited
and the measurement device. A chromel–alumel ther-
mocouple placed close to the sample(3–4 mm) was
used to detect the several set temperatures, which have
an associated error of"3 8C. The AC measurements
were performed in the frequency range from 5 to 13
MHz, using a Hewlett-Packard HP4192A automatic
impedance analyzer controlled by a PC microcomputer.
The temperature interval investigated was from room
temperature up to 5008C. Measurements were carried
out every 30 min in order to guarantee thermal equilib-
rium conditions in the films studied. The applied voltage
was 1 V.

3. Results

The general characteristics of the data from impe-
dance experiments were as follows. At room tempera-
ture, it was not possible to obtain any electrical response
from the films. Identifiable experimental information on
impedance plots were only obtained above 1508C. At
this temperature, an incipient arc appears at the impe-
dance plane; however, for temperatures from 200 up to
340 8C, well-formed single semicircles are observed.
Above 340 8C, a second semicircle appears in the
impedance plane in the low-frequency region. Fig. 1
shows the impedance spectra for two selected tempera-
tures, 226 and 4058C, where both previously mentioned
behaviors are clearly evident. Both curves show a shift
from the origin of co-ordinates of the high-frequency
response, which becomes larger at higher temperatures.
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Fig. 2. Temperature dependence of conductivity:(a) bulk conductiv-
ity; and (b) dynamic conductivity plotted at selected frequencies.

This shift is related to a small impedance contribution
from the instrument and leads. The impedance analysis
was performed for those frequencies on the resultant
curves where only dielectric properties of the film
determine the impedance spectra, which define the
corresponding dielectric window. Deviation from Debye
ideality was also observed in the full circular arcs. This
type of response commonly occurs in a single-phase
ceramic material, but more frequently in glass or in
disordered solids.

The impedance spectrum for 2268C, shown in Fig.
1, is composed of a single arc, which indicates that a
single relaxation process is occurring in the film. There-
fore, in this case it is possible to use a simple parallel
RC-equivalent circuit to simulate the electrical response,
whereR and C are discrete elements to be determined
from the impedance expression:

y1Ž .Z*s 1yR qjvC (1)w xb b

where v is the angular frequency andjs6y1. The
subscript b for parametersR and C in Eq. (1) denotes
that they describe bulk properties, as will be shown
later. As is well known, the value ofR is given by theb

diameter of the semicircle andC can be determinedb

w17x from the relationv R C s1, which holds at themax b b

semicircle maximum.
Above 3408C, for instance at 4058C in Fig. 1, the

impedance data can be simulated by two parallelRC
circuits connected in series. The associated impedance
is given by:

y1 y1Ž . Ž .Z*s 1yR qjvC q 1yR qjvC (2)w x w xb b 2 2

where the parallelR C circuit characterizes the second2 2

semicircle.
The evaluation of theR and C elements was made

both by direct calculation from the impedance plots, and
by the use of theNLLS fitting routine by Boukampw18x.
The latter was performed in order to obtain reliable
calculations. Discrepancy between both procedures was
less than 4 and 8% forR andC, respectively. Neverthe-
less, this is not an evaluation of experimental uncertain-
ty, it is rather a consequence of manipulation of the
apparent geometry on the impedance curves. Above 340
8C and at high frequencies, impedance curves show
strong dispersion of the imaginary component, as if an
inductive component were involved. Since this effect
cannot be explained in terms of the physical behavior
of the film, it can be attributed to the external circuit,
as suggested inw19x. Thus, inductive elements were
considered only to simulate experimental curves above
340 8C. The fitting of the simulated and experimental
data in this case is illustrated in Fig. 1 for 4058C.

Using theR values calculated and transforming them
to conductivity through the formulas sgyR, wheregb

(sfilm thicknessyarea of one electrode) is a geometri-
cal factor, the dependence of the bulk conductivity on

temperature was determined. Fig. 2a shows this depend-
ence fors values calculated from both plots exhibitingb

a single semicircle(T-340 8C), and plots with two
semicircular arcs(T)340 8C). It is widely accepted
w20x that the high-frequency response is associated with
bulk properties when an appropriate(;1–100 pF)
capacitance value is found. Values ofC from the filmsb

studied were found to fulfill this requisite at the high-
frequency arc.

An almost temperature-independent bulk conductivity
behavior can be observed from 250 to approximately
400 8C. As a consequence, quite a small activation
energy is involved((0.06"0.003 eV), while at tem-
peratures above 4008C, the bulk conductivity decreases.
This stage corresponds to the development of the two
semicircles on the impedance plane.

Additional characteristics of the frequency and tem-
perature dependence of the conductivity can be found
by working out the totals (v,T) conductivity, given by:t

2 2Ž . Ž . Ž .s v,T sgZ9y Z9 q Z0w xt (3)

whereZ9 andZ0 are the real and imaginary components
of the complex impedance, respectively.

The temperature dependence ofs (v,T) is shown int

Fig. 2b. These plots were constructed by selecting data
at the frequencies 0.01, 0.1, 1, 10 and 100 kHz and 1
MHz. None of these curves follows a linear behavior.
Conductivity dispersion due to relaxation effects can be
observed through all frequencies; furthermore, curves
for the highest(100 kHz, 1 MHz) frequencies exhibit
additional dispersion due to the inductive component
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Fig. 3. Logarithmic-scaled plots of conductivity vs. frequency. These
data follow the relationsys s1q(vyv ) . The inset shows the tem-s

0 0

perature dependence ofA ands. TheA parameter was extracted from
the universal power-law behavior,s (v)ss qAv , not shown.s

t 0

Fig. 4. Frequency dependence of the capacitance with increasing
temperature.

that was previously mentioned. Nevertheless, it is
observed that in the range of temperatures studied,
s (v,T) follows a similar trend ass does.t b

Plots of logs (v,T) vs. logv show that the conductiv-t

ity tends to be a constant at low frequencies. There is
also a frequency at which the conductivity starts to
increase following a frequency power law,s (v,T)st

s qAv ( Jonscher’s laww21x). This behavior has beens
0

observed in a wide variety of materialsw22x, and
computed simulationsw23x also predict the existence of
a power law-dependent conductivity in disordered mate-
rials. In this power law,s is identified with the DC0

conductivity, while the termAv , with s-1, character-s

izes dispersive phenomena. AlthoughA and s are tem-
perature-dependent and the corresponding curves are not
exhibited here, we have calculated bothA and s para-
meters, and in an equivalent way, we also show
log{ s (v,T)ys } vs. log(vyv ). These scaled plots aret 0 0

shown in Fig. 3. Scaling factors,s and v , were0 0

determined from the logs (v,T) vs. logv plots. Thist

was carried out by taking the limit condition Lim
s (v™0)™s , and from the point where the curvest 0

change their slope from the frequency-independent
behavior to the dispersive stage, respectively. The resul-
tant scaled curves in Fig. 3 are properly described by
the scaling lawsys s1q(vyv ) w24x, the behaviors

0 0

of which agree with the prediction of the jump relaxation
model by Funkew25x. It must be pointed out that a
master curve cannot be constructed with the scaled
curves, and this fact indicates that features in the spectra
do not have the same activation energy.

Bulk capacitance has been used to calculate the
dielectric constant, ´ 9sgC y´ , where ´ sb b o o

8.854=10 F cm . C can be considered as they14 y1
b

effective self-charging of a parallel-plate capacitor,
where the film thickness determines the plate separation.
Thus, ´ 9 should be considered as an overall bulkb

characteristic. ExperimentalC values show a smallb

("0.4) variation as a function of temperature, and
therefore´ 9 can be given as an averaged value(7.2) inb

the temperature range investigated.
The time-dependent response of charge movement

can be given by the corresponding relaxation time,t ss

RC, which was calculated from the impedance arcs. In
this case, the time-dependent response lies in the interval
10 –10 s.y5 y6

As mentioned in Section 1, for technological appli-
cations of these Al O films in ACTFEL devices, the2 3

dependence on frequency of the dielectric constant,
´9(v)sgC(v)y´ , is important. Fig. 4 shows the vari-o

ation of the capacitance with frequency at two selected
temperatures. Although capacitance dispersion can be
observed in this figure at low and high frequencies, the
capacitance is almost constant with respect to the fre-
quency and temperature over more than two decades of
the frequency range analyzed. Thus, films are rather
stable over quite wide intervals of temperature and
frequency. An averaged value of the frequency-depend-
ent dielectric constant is 10.6.

4. Discussion

The fact that electric response from the films can
only be obtained at relatively high temperatures must
be linked with the very wide energy gap()6.2 eV)
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Fig. 5. Temperature dependence of the loss tangent at two selected
frequencies.

determinedw16x at room temperature for this material.
We propose that the conductivity measured for the
amorphous Al O films in the present work comprises2 3

a mixture of electronic and ionic charge carriers.

4.1. Electronic contribution

Below 250 8C, most of the charge carriers are elec-
trons tunneling from the metal Fermi-energy of elec-
trodes into the conduction band of the Al O film. As2 3

electrons enter the insulator, a fraction of them will be
trapped in trapping states of the film, to be released
later by a tunnel emission mechanism, in a similar way
as that suggested by Mehta and co-workersw26,27x in
the trapping behavior of the SiyAl O yAl system. This2 3

is the main charge source at this stage. As is known,
tunnel emission is essentially independent of temperature
w28x, and thus this component remains, even at high
temperatures, and strongly influences the conductivity
features up to 4008C.

4.2. Ionic contribution

The common ionic charge carriers in a disordered
system are cations, although anions may have apprecia-
ble mobility, particularly O . According to the X-ray2y

analysisw16x, the Al O films studied are considered as2 3

a three-dimensional network structure, without any long-
range order, and as stated before, they are oxygen-rich
materials. The probable existence of varying Al–O bond
distances in the films provides a degree of structural
openness, which will favor oxygen atom diffusion into
the film. Assuming this possibility, it is proposed that
from approximately 2508C, an ionic component is
thermally activated, with O participating as a mobile2y

species. Thus, O diffusion becomes a charge carrier2y

component of the conductivity measured. In addition,
we must mention here that another characteristic of the
Al O films is that within the detection limits of the IR2 3

technique, the films are free of O–H and of Al–OH
groupsw16x. However, we cannot exclude the probable
presence of low concentrations of these groups, which
may arise from the preparation stage. If that is the case,
they must necessarily contribute to the ionic activity.

There is also the possibility of an effect of proton
(H ) injection from the aluminum top electrode con-q

tributing to the AC conductivity, due to chemical reac-
tions between the aluminum electrode and the ambient
moisture, in combination with a phenomenon of field-
assisted transport of ions similar to that observed in
commercial soda-lime silica glassw29x. For example, a
possible chemical reaction between the Al electrode and
H O in the air that produces protons can be: 2Alq2

3H O™Al O q6H q6e .q y
2 2 3

The motion of large charge carriers should be asso-

ciated with dielectric loss; in Fig. 5 we show the
behavior of tand at the selected frequencies of 100 Hz
and 100 kHz in the temperature interval studied. In fact,
both data sets show a relatively strong dielectric loss at
approximately 2508C, the origin of which may be
attributed to the dynamic behavior of large charge
carriers.

Ionic mobility also promotes negative charge accu-
mulation very close to the electrode region. The second
arc on the impedance plane appears, at approximately
4008C, due to the distortion of the potential distribution
in the film, caused by the accumulated spatial charge.
Because of this, at the highest temperatures an incipient
spike starts to develop at the low-frequency tail of the
impedance curves, which is commonlyw20x present for
the impedance response of ionic conductors. An approx-
imate capacitance value has a magnitude of several 100s
of mF; the value can be calculated byC(1y(2pfZ0),
where f and Z0 are values of the frequency and of the
imaginary part of impedance in the very low-frequency
region on the spike. This is a very large capacitance
value, and it is characteristic of a double layer effect.
Another important consequence is that the presence of
the double layer inhibits the conductivity at the highest
temperatures measured. This is shown in Fig. 2a,b for
both s (v,T) ands .t b

Above 2508C, there are mainly two different mech-
anisms supporting bulk conductivity, the first one being
basically non-thermally affected(electronic), and a sec-
ond one arising from a diffusion mechanism(ionic).
Their associated physical processes are responsible for
the dielectric behavior.

The negative charge-space build-up very near the
film–electrode interfaces has an associated charge trans-
fer resistanceR , and a capacitanceC . Non-pronounced2 2

variation of the temperature dependence ofR was2
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observed, and thus we consider that neitherR nor C2 2

deserve much further analysis.
Electrical resistivity values reportedw30x for Al O2 3

films deposited onto InP were 5=10 V cm12

(s(20=10 V cm ) at room temperature, withy14 y1 y1

an applied electric field of 10 V cm . In the same6 y1

work, it was also found the value of the dielectric
constant increases from 8 to 10 when the frequency
decreases from 1 MHz to 1 Hz. Meanwhile, Meiners
w31x reported´9(v)(6 at 1 MHz, and the resistivity
ranged between 10 and 10V cm atV s10 V. Metha11 14

g

et al. w26x report a dielectric bulk permittivity of
8.42=10 F cm , which results in a dielectricy13 y1

constant of(9.5 for Al O deposited on(100) silicon.2 3

By extrapolating conductivity data, we have made an
approximate calculation of the conductivity at room
temperature of(10=10 V cm . We have men-y14 y1

tioned that ´ 9s7.2 and ´9(v)s10.6, i.e. there is ab

deviation of almost 30% between the values. This
difference is explained by considering that´ 9 is ab

parameter essentially independent of frequency, while
´9(v) is affected by the dipolar activity associated with
the ionic mobility. Therefore, values of the dielectric
parameters calculated in the present work are in agree-
ment with those for Al O films obtained by other2 3

techniques.
The conductivity dispersion observed in Fig. 2b is

attributed to relaxation phenomena. As the electrical
signal varies, upward or downwards, a major or minor
number of charges fail in their attempt to jump towards
a new position w22x, diminishing or increasing the
conductivity measured. This means that forward–back-
ward hopping is responsible for the frequency conduc-
tivity dispersion. Similar behavior ofs (v,T) as at

function of frequency and temperature have been
observed in electronic andyor ionic semiconductors
w32,33x.

The parameters has attracted attentionw32x, especially
in relation to its physical significance. Giuntini and co-
workers w33x presents as an evaluation of the ratio of
the thermal movement of charge carriers to the energy
required to trap them in their own sites. This model
mainly considers a combination of mechanical and
electrostatic energy, as if they were the main source of
the potential energy barrier to be overcome for the
charge carriers. The authors report decreasing values of
s as temperature rises. A similar mechanism as that
mentioned by these authors may be operating in the
films studied. However, the parameters involved were
not adjusted here.

The inset in Fig. 3 shows the behavior ofA and s as
a function of temperature for bulk properties only. The
A parameter exhibits a very similar temperature depend-
ence as the electrical conductivity does, while the
temperature dependence ofs shows a decreasing trend,

similar to that observed in several glassy systems
w32,33x.

The secondAv term is present above 3878C, thes

origin of which is associated with the spatial charge
described before. In Fig. 3, the additionalAv term iss

observed at 4058C. No attempt was made to calculate
A and s in this last case.

5. Conclusions

The AC electrical response from amorphous Al O2 3

films has been used to obtain dynamic,s (v,T), andt

bulk, s , conductivity, as well as dielectric characteris-b

tics. Both electronic and ionic charge carriers are respon-
sible for the total conductivity, and a hopping mechanism
is involved in the charge transport process. The temper-
ature dependence of conductivity does not exhibit linear
behavior. In the temperature range studied, conductivity
lies in an interval of a slightly more than two decades
(10 –10 ) of the logarithmic scale. The calculatedy6 y8

dielectric constant obtained here adequately compares
with that reported for amorphous Al O films deposited2 3

by other techniques.
The results indicate that the amorphous Al O films2 3

studied in this work are rather stable over wide ranges
of frequency and temperature, which is advantageous
for their technological application in ACTFEL devices.

Deviation from ideal Debye behavior should be linked
with relaxation effects of polarization originating from
coulombic interactions between electrons and ions with
virtual charge-compensating centers. The frequency
dependence ofs (v,T) follows a classical power lawt

ws (v,T)ss qAv x. To the best of our knowledge, wes
t 0

present here data for theA and s parameters from
amorphous films for the first time. The temperature
dependence ofA follows a behavior compatible with
the conductivity, whiles decreases, as occurs in a wide
variety of glass materials.

We conclude that relaxation phenomena in the Al O2 3

films studied strongly depend on structural disorder, as
in other glass substances.
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