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Abstract

Alternating current(AC) experiments have been carried out from room temperature up t6G@0 order to obtain dielectric
properties of A} Q@ amorphous films deposited by ultrasonic spray pyrolysis. Temperature-dependent complex impedance of the
films studied results in classically shaped spectra. Up to°8)Ghis 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 charg
accumulation in the vicinity of the electrode region. Bulk electric characteristics were determined proposing equivalent circuits
constituted by resistivéR) and capacitivéC) 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(tefEl conductivity was also
investigated. The temperature dependencer &é,T) shows a wide region where it is almost temperature-independent. Using
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,o(0,T)=0,+Aw’. We report the temperature dependence ofArend s parameters© 2001 Elsevier Science B.V.

All rights reserved.
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1. Introduction other. Another aspect that must be taken into account
for the application of insulator films in this type of
Insulator thin films are currently used in different device is their electrical response as a function of the
electronic devices. The functional characteristics frequency of the applied voltage, as well as their stability
required for the insulators depend on their specific under different working condition@emperature, humid-
application. For example, the insulator films used in ity, etc). Various oxides, such as Al O ,.Y O, TiO,
alternating-current thin-film electroluminescefACT- HfO,, Ta,Os and SiQ , have been used as insulators in
FEL) devices, such as metal-insulator—-semiconductor—ACTFEL devices with the aim of finding the most
insulator-metalMISIM) structures[1], must have both ~ suitable insulator for this applicatiofl—7]. However,
high electric-field strengtliE,) to withstand the voltage =~ most of these studies have been devoted to characteriz-
pulses applied to the structure and high dielectric con- ing the efficiency of the electroluminescent devices/and
stant (¢') to reduce the threshold operation voltage. Or the charge transfer mechanisms, mainly focussing on
These are stringent requirements for the insulators, sincethe properties of the semiconductor active layer and the

E, and ¢ are commonly inversely proportional to each in'sulator—semiconducto_r interfacg. The spectral dielec-
tric response of these insulator films is commonly pre-

* Corresponding author. assumed anfbr it is only implicitly studied as a part
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knowledge it has been scarcely evaluated in a separate

. ; : 400

way. The aim of the present work is to characterize the o Measurement Cp
frequency and temperature dependence of the dielectric © Simulation ) RC=1
properties of aluminum oxidéAlO;) films deposited . s 38 o .
by spray pyrolysis, which have been recently used as a o ¥ ° ®e f"
insulating films in ACTFEL device$8]. 2 o % Cy Co ©226°C

There are a number of formalisms that can be used 3, 2007 % Mﬂﬁ_ *e ]
for characterizing dielectric an@r electric properties ! oo:. LW A
of insulators [9]. The most frequently used methods 185 o S % -
[10] for analyzing electrical properties as a function of Cq0 % 405 °C %
frequency are: impedancéZz*); admittance [Y* = y \ l1
(z*)~1; relative permittivity [e* =(jwCoZ*)~1]; and 0 T T T T T
electric modulus[M=(&*)~1]. An appropriate choice 0 200\ qy *° 600

would emphasize particular aspects of the electrical

response from a system. In this study, we have seIeCteq:ig. 1. Experimental and simulated impedance data at selected tem-
the complex impedance spectroscopy technique for ana-peratures. A single semicircle is observed at low temperatures, while
lyzing the electrical response of spray pyrolysis-depos- two arcs can be distinguished at high temperatures. Equivalent circuits
ited AlLO; films. Impedance spectroscopy studies have are also included.

been previously carried out on several types of compos-

ite solid electrolytes incorporating Al 9[11,19; how-  tive indexn=1.647; and(5) bandgap wider than 6.2
ever, these studies have been scarcely applied to studgV. The thickness of the films deposited was measured
amorphous Al @ films, and in these cases the films by means of a Dektac IIA profilometer, having values
have been obtained by techniques different to that usedof the order of 150 nm.

in this work [13,14. In order to perform the AC experiments, films were
placed in a normal electrical furnace. Pt wires were used
2. Experimental as contacts between the metallic electrodes deposited

and the measurement device. A chromel-alumel ther-

The AlLO; films were deposited by the ultrasonic mocouple placed close to the samge-4 mm was
spray pyrolysis technique. The apparatus used for dep-used to detect the several set temperatures, which have
osition has been described earligt5]. It basically ~ an associated error o3 °C. The AC measurements
consists of an ultrasonic atomization chamber linked to were performed in the frequency range from 5 to 13
the pyrolysis reactor by a transport nozzle. The substrateMHz, using a Hewlett-Packard HP4192A automatic
temperature was 48TC. The starting solution was 0.05 impedance analyzer controlled by a PC microcomputer.
M aluminum acetylacetonatéAlAcAc, Aldrich) dis- The temperature interval investigated was from room
solved in one part of high-purity methanol and three temperature up to 508C. Measurements were carried
parts of deionised water, with the subsequent addition out every 30 min in order to guarantee thermal equilib-
of 3 ml of acetic acid per liter of this solution. In order rium conditions in the films studied. The applied voltage
to determine the electrical characteristics of the films, was 1 V.
they were deposited onto Pyrex glass coated with an
antimony-doped tin oxide transparent conductive layer. 3. Results
A small part of the substrate was covered during
deposition with a cover glass slide, to allow deposition  The general characteristics of the data from impe-
of a metallic electrode. Aluminum contacts were ther- dance experiments were as follows. At room tempera-
mally evaporated onto the Al O films to fabricate the ture, it was not possible to obtain any electrical response
metal/ oxide/ metal structures needed for the electrical from the films. Identifiable experimental information on
measurements. A mask was used to produce aluminumimpedance plots were only obtained above 260 At
dots with an area of 0.352 ¢m . this temperature, an incipient arc appears at the impe-

The sandwich configuration used here is similar to dance plane; however, for temperatures from 200 up to
that observed in EL devices of the MISIM type, where 340 °C, well-formed single semicircles are observed.
an insulating film is deposited onto a transparent con- Above 340 °C, a second semicircle appears in the
ductive contact. impedance plane in the low-frequency region. Fig. 1

The composition, structural, optical and DC electrical shows the impedance spectra for two selected tempera-
properties of these films have been reported elsewheretures, 226 and 408C, where both previously mentioned
[16]. The films in the present study have the following behaviors are clearly evident. Both curves show a shift
characteristics(1) amorphousy2) oxygen-rich, Q' Al from the origin of co-ordinates of the high-frequency
ratio of 1.74;(3) resistivity p=10'* Q cm; (4) refrac- response, which becomes larger at higher temperatures.
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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 22€, 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:

Z* =[(1/Ry) +jwCy| * (1)

where o is the angular frequency ang=,/—1. The
subscript b for parametet® and C in Eq. (1) denotes
that they describe bulk properties, as will be shown
later. As is well known, the value @i, is given by the
diameter of the semicircle and, can be determined
[17] from the relationwma., R« v=1, which holds at the
semicircle maximum.

Above 340°C, for instance at 405C in Fig. 1, the
impedance data can be simulated by two parati€l
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Fig. 2. Temperature dependence of conductivig): bulk conductiv-
ity; and (b) dynamic conductivity plotted at selected frequencies.

temperature was determined. Fig. 2a shows this depend-
ence foro, values calculated from both plots exhibiting
a single semicircle(T<340 °C), and plots with two

circuits connected in series. The associated impedancesemicircular arcs(7>340 °C). It is widely accepted

is given by:
*=[(1/Ry) +joCo *+[(1/R) +joC] 2

where the paralleRr,C, circuit characterizes the second
semicircle.

The evaluation of theR and C elements was made
both by direct calculation from the impedance plots, and
by the use of theuLLs fitting routine by Boukam18§].
The latter was performed in order to obtain reliable

[20] that the high-frequency response is associated with
bulk properties when an appropriate~1-100 ph
capacitance value is found. Values @f from the films
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 °C. As a consequence, quite a small activation
energy is involved(=0.06+0.003 e\), while at tem-

calculations. Discrepancy between both procedures wasperatures above 40Q, the bulk conductivity decreases.

less than 4 and 8% fat and C, respectively. Neverthe-
less, this is not an evaluation of experimental uncertain-
ty, it is rather a consequence of manipulation of the

This stage corresponds to the development of the two
semicircles on the impedance plane.
Additional characteristics of the frequency and tem-

apparent geometry on the impedance curves. Above 34(perature dependence of the conductivity can be found

°C 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 w

of the film, it can be attributed to the external circuit,
as suggested if19]. Thus, inductive elements were
considered only to simulate experimental curves above
340 °C. The fitting of the simulated and experimental
data in this case is illustrated in Fig. 1 for 406.

Using theR values calculated and transforming them
to conductivity through the formula,=g/R, whereg
(=film thickness/ area of one electrodds a geometri-
cal factor, the dependence of the bulk conductivity on

by working out the totab-(w,T) conductivity, given by:

olw,T)=¢Z'/[(Z')*+(Z")7] 3

hereZ' andZ” are the real and imaginary components
of the complex impedance, respectively.

The temperature dependencemfw,T) is shown in
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 MH2 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 relationr/oo=1+ (w/we)°. The inset shows the tem-
perature dependence 4fands. The A parameter was extracted from
the universal power-law behaviar(w) = 0o+ Aw®, Nnot shown.

that was previously mentioned. Nevertheless, it is
observed that in the range of temperatures studied,
ow,T) follows a similar trend asr, does.

Plots of logr(w,T) vs. logs show that the conductiv-
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(w,T)=
oo+Aw* ( Jonscher’s law21]). This behavior has been
observed in a wide variety of materialR2], and
computed simulationf23] also predict the existence of
a power law-dependent conductivity in disordered mate-
rials. In this power law,o, is identified with the DC
conductivity, while the termiw?, with s<1, character-
izes dispersive phenomena. Althoughands are tem-

perature-dependent and the corresponding curves are not

exhibited here, we have calculated bethand s para-
meters, and in an equivalent way, we also show
log{ o (w,T)/ oo} Vs. logdw/wy). These scaled plots are
shown in Fig. 3. Scaling factorsy, and w, were
determined from the lag(w,T) vs. logw plots. This
was carried out by taking the limit condition Lim
ofw—0)— o, and from the point where the curves
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 lawo / 0o=1+ (0 /wo)* [24], the behavior

of which agree with the prediction of the jump relaxation
model by Funke[25]. It must be pointed out that a
master curve cannot be constructed with the scaled
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Bulk capacitance has been used to calculate the
dielectric  constant, &,/ =gCy/e, Where e,=
8.854x10 F cnmr!. C, can be considered as the
effective self-charging of a parallel-plate capacitor,
where the film thickness determines the plate separation.
Thus, &, should be considered as an overall bulk
characteristic. Experimental}, values show a small
(+£0.4) variation as a function of temperature, and
thereforee,’ can be given as an averaged va(ie?) in
the temperature range investigated.

The time-dependent response of charge movement
can be given by the corresponding relaxation timges
RC, which was calculated from the impedance arcs. In
this case, the time-dependent response lies in the interval
107°-10° s.

As mentioned in Section 1, for technological appli-
cations of these Al @ films in ACTFEL devices, the
dependence on frequency of the dielectric constant,
&g'(w)=gC(w)/ &, is important. Fig. 4 shows the vari-
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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curves, and this fact indicates that features in the spectrarig. 4. Frequency dependence of the capacitance with increasing

do not have the same activation energy.

temperature.
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determined[16] at room temperature for this material.

We propose that the conductivity measured for the Of 0o ca o0gmo0 u . .
amorphous Al Q films in the present work comprises es 8 o0 .
a mixture of electronic and ionic charge carriers. _al © .
L]
am
4.1. Electronic contribution D sl " o
S L o co oo

Below 250°C, most of the charge carriers are elec- + L
trons tunneling from the metal Fermi-energy of elec- L 100 2
trodes into the conduction band of the,ALO film. As 16hm 100 KHz
electrons enter the insulator, a fraction of them will be
trapped in trapping states of the film, to be released ok
later by a tunnel emission mechanism, in a similar way o . e
as that suggested by Mehta and co-worki@8,27 in 100 200 300 400 500
the trapping behavior of the BAI 05/ Al system. This T(°C)

is the main charge source at this stage. As is known,

tunnel emission 'S_essem'a”y mdepend_ent of ter‘nper‘ﬁ’l?ureFig. 5. Temperature dependence of the loss tangent at two selected
[28], and thus this component remains, even at high frequencies.

temperatures, and strongly influences the conductivity

features up to 400C. ciated with dielectric loss; in Fig. 5 we show the

behavior of tad at the selected frequencies of 100 Hz
4.2. lonic contribution and 100 kHz in the temperature interval studied. In fact,
both data sets show a relatively strong dielectric loss at

The common ionic charge carriers in a disordered approximately 250°C, the origin of which may be
system are cations, although anions may have appreciaattributed to the dynamic behavior of large charge
ble mobility, particularly 3~ . According to the X-ray carriers.
analysis[16], the AL O; films studied are considered as  lonic mobility also promotes negative charge accu-
a three-dimensional network structure, without any long- mulation very close to the electrode region. The second
range order, and as stated before, they are oxygen-richarc on the impedance plane appears, at approximately
materials. The probable existence of varying Al-O bond 400°C, due to the distortion of the potential distribution
distances in the films provides a degree of structural in the film, caused by the accumulated spatial charge.
openness, which will favor oxygen atom diffusion into Because of this, at the highest temperatures an incipient
the film. Assuming this possibility, it is proposed that spike starts to develop at the low-frequency tail of the
from approximately 250°C, an ionic component is impedance curves, which is commoriB0] present for
thermally activated, with & participating as a mobile the impedance response of ionic conductors. An approx-
species. Thus, © diffusion becomes a charge carrierimate capacitance value has a magnitude of several 100s
component of the conductivity measured. In addition, of wF; the value can be calculated lfy=1/(2wfZ"),
we must mention here that another characteristic of thewhere f andZ" are values of the frequency and of the
AlO; films is that within the detection limits of the IR imaginary part of impedance in the very low-frequency
technique, the films are free of O-H and of AI-OH region on the spike. This is a very large capacitance
groups[16]. However, we cannot exclude the probable value, and it is characteristic of a double layer effect.
presence of low concentrations of these groups, whichAnother important consequence is that the presence of
may arise from the preparation stage. If that is the case,the double layer inhibits the conductivity at the highest
they must necessarily contribute to the ionic activity. ~ temperatures measured. This is shown in Fig. 2a,b for

There is also the possibility of an effect of proton both o(w,7) and oy,
(H™) injection from the aluminum top electrode con-  Above 250°C, there are mainly two different mech-
tributing to the AC conductivity, due to chemical reac- anisms supporting bulk conductivity, the first one being
tions between the aluminum electrode and the ambientbasically non-thermally affecteelectronio, and a sec-
moisture, in combination with a phenomenon of field- ond one arising from a diffusion mechanistionic).
assisted transport of ions similar to that observed in Their associated physical processes are responsible for
commercial soda-lime silica glagg9]. For example, a  the dielectric behavior.
possible chemical reaction between the Al electrode and The negative charge-space build-up very near the
H,O in the air that produces protons can be: 2Al film—electrode interfaces has an associated charge trans-
3H,0—- Al O ;+6H" +6€ . fer resistance,, and a capacitana€,. Non-pronounced

The motion of large charge carriers should be asso-variation of the temperature dependence Ryf was
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observed, and thus we consider that neitRgmor C, similar to that observed in several glassy systems
deserve much further analysis. [32,33.

Electrical resistivity values reporte[80] for Al O, The secondAw® term is present above 38T, the
films deposited onto InP were »610"2 Q cm origin of which is associated with the spatial charge
(6=20x10"* QO ~* cm~') at room temperature, with ~ described before. In Fig. 3, the additionéh® term is
an applied electric field of 10 V cmt . In the same observed at 405C. No attempt was made to calculate

work, it was also found the value of the dielectric A ands in this last case.

constant increases from 8 to 10 when the frequency _

decreases from 1 MHz to 1 Hz. Meanwhile, Meiners 5- Conclusions

[31] reported &' (w)=6 at 1 MHz, and the resistivity ,

ranged between 10 and #Q) cm atV,=10 V. Metha _ The AC electrical response from amorphousz Al O
et al. [26] report a dielectric bulk permittivity of fIms has been used to obtain dynamiey(w,7), and
8.42x10- 1 F cnT!, which results in a dielectric bulk, oy, conductivity, as well as dielectric characteris-
constant of=9.5 for AlLLO, deposited or{100) silicon. ti_cs. Both electronic and ipnic charge carr_iers are respon-
By extrapolating conductivity data, we have made an sible for the total conductivity, and a hopping mechanism

approximate calculation of the conductivity at room is involved in the charge transport process. Th? temper-
temperature of=10x 10~ O cm-*. We have men- ature dependence of conductivity does not exhibit linear

tioned thats,/=7.2 and £(0)=10.6, i.e. there is a peha_lwor. In the temperature range studied, conductivity
o . lies in an interval of a slightly more than two decades
deviation of almost 30% between the values. This S P 2
difference is explained by considering that is a (107°-10"®) of the logarithmic scale. The calculated
Pl ! 0y 9 . _dielectric constant obtained here adequately compares
parameter essentially independent of frequency, while

£'(w) is affected by the dipolar activity associated with \év;/ﬂ:)tt::rt tfcpr?r:?ggefg ramorphous Al films deposited
the ionic mobility. Therefore, values of the dielectric '

lculated in th K ; The results indicate that the amorphous Al O films
parameters calculated in the present work are in agreeyqieq in this work are rather stable over wide ranges
ment with those for Al Q@ films obtained by other

) of frequency and temperature, which is advantageous
techniques. _ o . for their technological application in ACTFEL devices.

The conductivity dispersion observed in Fig. 2b is  peyjation from ideal Debye behavior should be linked
attributed to relaxation phenomena. As the electrical ity relaxation effects of polarization originating from
signal varies, upward or downwards, a major or minor ¢qylombic interactions between electrons and ions with
number of charges fail in their attempt to jump towards i tyal charge-compensating centers. The frequency
a new position [22], diminishing or increasing the dependence ofr(w,T) follows a classical power law
conductivity measured. This means that forward—back- [0(w,T)=0o+Aw’]. To the best of our knowledge, we
ward hopping is responsible for the frequency conduc- present here data for the and s parameters from
tivity dispersion. Similar behavior ofr(w,7) as a  amorphous films for the first time. The temperature
function of frequency and temperature have been dependence oft follows a behavior compatible with
observed in electronic arf@r ionic semiconductors  the conductivity, whiles decreases, as occurs in a wide
[32,33. variety of glass materials.

The parameter has attracted attentid82], especially We conclude that relaxation phenomena in the Al O
in relation to its physical significance. Giuntini and co- films studied strongly depend on structural disorder, as
workers [33] presents as an evaluation of the ratio of in other glass substances.
the thermal movement of charge carriers to the energy
required to trap them in their own sites. This model Acknowledgements
mainly considers a combination of mechanical and
electrostatic energy, as if they were the main source of The authors are indebted to Roberto de Lira Hueso
the potential energy barrier to be overcome for the and Raul Reyes for technical assistance. We also
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