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Bi,Ti;0;;

amorphous films have been obtained by dc magnetron sputtering. The electro-physical properties of the films have been

investigated in a wide temperature range. In the range of low temperatures (100-Ty) K the charge transfer in Bi,Ti;O,, amorphous films takes
place due to the variable range of hopping. In the range of high temperatures the activation energy gradually varies with a successive change of
three different mechanisms of the charge transfer: the hopping electrical conductivity with a constant length of hopping; the activation of holes to
the edge of the valance band followed by their motion through hoppings to the mobility edge. The thickness dependence of conductivity. is
explained by hopping mechanism of the charge carrier transfer and by structural transformations of the amorphous films (polymorphism).
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1. Introduction

The increasing interest in studying the complex disordered
systems is primarily due to certain peculiarities of their physical
preperties not found in crystalline states. The ternary compound
BiyTi:0;; (BTO) belongs to the compounds with perovskite
structure formed by perovskite-like layers obtained on section
of cubic perovskite lattice paralle! to (001) plane alternating
with bismuth-oxygen layers | 1]. Besides; significant differences
in atomic masses and ionic radii of constructive ions in BTO
are responsible for the tendency to structural disorder.

BTO has useful properties for electro-optic, piezoelectric
and memory applications [2,3]. For the memory applications,
electrical properties on the BTO thin films should be
investigated thoroughly [4-7]. In the thin film structure, high
electric fields cause non-hnear electrical behaviors. The
practical applwatlon of films with a complex chemxcal
composition is in many respects restricted by poor
reproducibility of their electro-physical properties. Their
appears to be no definitive report of the measurement and
interpretation of the dielectric response function in bulk
nanocrystalline ferroelectric BTO; the difficulty relates to the
fabrication process by which a stable and reproducible material
can be obtained. The Raman spéctrum in the nanocrystaline
BTO is different from that in the nanocrystaline BaTiO; Pb,
TiOs, etc. [8], which suggests some important values of this
material. Thus it is necessary to find a proper technique to
synthesize the BTO nanoparticles.

Unlike one-component thin-film substances, a large-scale
potential relief leading to the strong dependence of electro-
physical properties on the film thickness is realized in the
disordered complex compounds [9]. Earlier investigation of the
crystal structure showed that Bi,Ti;O,; is characterized by
bismuth oxide (Bi,0,)*" layers positioned between the
perovskite-like (BisT3010)” layers [10]. Cubic Bi;O; is known
as a fast-ion oxygen conductor, [12] the high conductivity
might happen in the internal (Bi, 0,)** layer, which has been
proven in BiyTi;04, ceram1cs [11] whereas the ion conductivity
between the (Bi,0,)*" layers is very weak due to low

conductivity in the perovskite-like (BigTiz010)* layers.
Therefore, the first the dielectric peak in B14T13O,2 in fact
orl%mates from the induced polarization of the ions in the (Bi,
0,)*" layers across the potential barrier of the perovskite-like
(B14Tx301¢)2' layers. The ionic polarization has a strong
dependence on the external electric field frequency and shows a
dispersion in the dielectric response:

The crystai lattice of Bi;Ti;0y, with the perovskite layered
structure shows an increased distortion with decreasing grain
size {12,13], the lattice distortion affects the ionic conductivity
in the (Bi,0,)*" layers, and increases the potential barrier of the
perovskite-like layers. As a result of this, the first peak in the
curve -of temperature dependence of e (dielectric constant)
shifts to a higher temperature with decreasing grain size [13].

Leakage' current behaviors in some ferroelectric thin films
have been investigated, and various conduction models,
including oxygen vacancy diffusion, grain boundary potential
barrier height, tunneling space-charge-limited (SCL) emission,
Poole-Frenkel (PF) emission, and Schottky emission, have been
proposed [14,15). Moreover, different physical origin, such as
electrode kinds, charge injection, film composition, and micro-
structures were suggested [16,17]. Therefore, studies of
thickness and temperature - dependence of  electrical
conductivity in amorphous Bi Ti;O,, film are important for
most electrical application.

2. Experimental

The BiTi;0;; thin films obtained by dc magnetron
sputtering were used for investigation [18]. Before sputtering
the pressure in the chamber was about 1.2x10 Torr. Then the
sputtering was carried out in argon-oxygen atmosphere of
1.2x107 and partial pressure of Ar 95% and O, S5 %. The
structure of the deposited films was investigated using electron
diffractometer EP-100 and electron microscope EM-14. The
chemical composition of the films was determined by local X-
ray spectral method on scanning electron microscope REM-101
M by comparison of spectral line intensity relation for films
and standard sample. The glass ceramics plates cooled to 250 K
with the chorium-copper-silver contacts were used as
substrates. Three layers of contacts provide their strong
electrical conductivity, heat conduction and adhesion. The
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investigation of the current flow through the contact areas and
amorphous films revealed a linear character of the dynamic
current-voltage characteristics for the currents of 25 mA
confirming the ohmicity of the contacts. The reproducibility of
the shape and mutual positions of contacts and amorphous films
were achieved using bimetallic masks obtained by
photolithographic techniques. The electrical conductivity was
measured by the two-probe method. In a previously published
series of articles, difference can arise from the use of different
electrode materials. A relative error of the electrical
conductivity measurements without taking into account a
systematic error due to the definition film thickness was +
1.5%.

The relationship between current and. voltage for a space
charge limited system is well known (as the Langmuir-Child
Law). In vacuum the space charge current Jis given by

J=(-4/9) & (2e/m) *?ad"?v*"? (1)

Where ¢, is the permittivity of free space; A- the area of the
capacitor cell; d - its thickness; and V - the applied voltage.
However, in a solid Eq.(1) is significantly modified. As
discussed in detail in, for example, Tredgold’s monograph {17-
19]

J=a (V/d) +b (V/d)* @
in solids that have a low trap density and a high dielectric
constant,

In Eq. (2) the coefficient a is a constant independent of the
electrode materials, but the coefficient b depends strongly on
the nature of the cathode material. At very high current
densities the dependence upon films thickness becomes d™,
rather than the bV 2d™? dependence shown in Eq.(2); but for
the low leakage current values appropriate to our films, the
inverse square dependence on thickness given in Eq.(2) is
correct.

The presence of such a work function mismatch at the
electrode interface can in principle result in several different
kind of electron emission and leakage current: Schottky
emission, Frenkel-Poole emission, and tunneling (field)
emission can be identified by their voltage and temperature
dependencies, which are, respectively, T2exp (hV?/?7°1/2 -
eF/kT), Vexp(2hV¥/?"1/2_eF/kT), V?exp(-m/V).
In general it is not easy to distinguish among these three
mechanisms and that of space-charge limited currents Eq.(2);
one must measure current I versus temperature T and thickness
d, in addition to voltage to separate out each contribution. At
high fields (10° V/cm) and high temperatures (above ambient)
the dominant process is expected to be Frenkel-Poole emission.
At slightly lower fields and temperatures (300 K and 10*-10°
V/cm), Schottky emission should dominate [20,21]. The
Schottky emission and space-charge limited current are not
independent of each other, as Sze emphasizes explicitly, “For
large space charge effect, the tunneling characteristic is found
to be very similar to the Schottky-type emission”. The space-
charge limited current resuits from carriers injected into the
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insulator where no compensating charge is present. (A Schottky
barrier may our may not exist at the interface.) At high voltages
this is almost indistinguishable from Schottky emission, for
which a plot of In (I/T%) versus 1/T yields a straight line with
slope given by the effective dielectric constant of the
ferroelectric film.

3. Results and discussions

The behavior of the temperature dependence of electrical
conductivity of the BTO amorphous film is shown in Fig.1. The
activation energy continuously with decreases temperature. It is
typical of the variable range of hopping mechanism of the
charge transfer.
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Fig. 1. The temperature dependence of electrical conductivity of
BTO amorphous films  for different thickness d: 1-
0.006 um; 2-0.13 um; 3-0.42m; 4-0.9um; 5-1.62m; 6- 2.4 um.

Initial dielectric investigations in single crystal of Bi Ti;0;,
revealed that there are two dielectric maxima at about 300° and
500°C in the direction of the ¢ axis, besides a dielectric jump at
the Curie temperature (676°C) [22]. Later, Ehara could not
repeat the peak at 300°C and attributed the difference to the
surface charge due to nonohmic contact of electrodes [23]. The
peak at S00°C shows a strong dielectric dispersion and
disappears as the frequency increase to 5 MHz, the origin
considered by Fouscova is related to the intrinsic charge
polarization [22]. The temperature dependence of the dielectric
constant indicates that there are three peaks in most samples
with different grain sizes. The peak at 30°C, as reported by
Fouskova and Cross in single crystal Bi,Ti;0,, [22), disappears
from the curves due to the difference in the nature of the
electrical contact [23].

As is known, in materials with the Fermi level in the range
of the localized states, a low-temperature dc conductivity is
established by the carrier hopping through the states in the
energy and above the Fermi level and decreases with
decreasing temperature [24]. Such a conductivity is
characterized by so-called "moving” activation energy and is
determined by the distribution of the states (in coordinate-
energy space).

Three additional nonlinear conduction theories that may be
observed in thin-films materials can be described with
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J=J.exp (BEY?/kT) 3)

* Included among these conduction theories are Schottky-
barrier-controlled  conduction,  Poole-Frenkel  hopping
conduction, and Poole-Frenkel hopping conduction with
shallow traps. In Eq.(3), and J, is a constant and 8 is a constant
that changes value with changes in the conduction mechanism
[16,25]. The constant 8=f; is given by

Bs=(e’/4 meoKeo)1/? )

For Schottky-barrier-controlled conduction; Koo is the high
frequency dielectric constant.

Poole-Frenkel hopping conduction and Poole-Frenkel
hopping conduction with shallow traps are represented by
using B=f=2B8 and PB=f.-s=4Bs for Poole-Frenkel
conduction and Poole-Frenkel conduction with shallow traps,
respectively. Since all three of these conduction methods are
described by Eq.(3), the dominant conduction mechanism is
differentiated by determining the slope of the In (UJ) -v*/?
curve. The refractive index of the material may be calculated
from the slope by using the relation n=k*’%w0 ; comparison of
the calculated refractive index to a measured value of the
refractive index reveals which conduction mechanism is
operative.

The conclusions of laws for hopping conductivity [26] are
strongly simplified in the assumption of the energy
independence of localization radius. In this approximation, the
conductivity is described in terms of the distribution of the
density of the localized states, by possible correlation effects
such as the large-scale fluctuations decreasing in some cases
the effective dimensionality of the coordinate space, by the
interaction of carriers decreasing the density of states near the
Fermi level, or by the nearest narrow (defect) bands responsible
for decrease of the density of states, on average, through the
narrowing energy band of hoppings. Taking into account these
effects for the conductivity ¢ when g (E) =g, 1 E|" (E is the
energy from the Fermi level) in the case of the arbitrary
dimension J, we have

o=0,exp- (To/T)* %

x=n+1/(n+é+1)

Where o , is the constant, T, is the value depending on the
density of electron states near the Fermi level, & is the
dimensionality of space, n is the index of power dependence of
the electron density of states near the Fermi level on the change
carrier energy [26]. In the lack of correlation, i,e. at the chaotic
distribution of states n=0, 5=3, x=0.25 and the expression (5)
transforms to the well-known Mott law [24}. Due to
correlations, the temperature dependence becomes stronger
leading to the large values of x. The Exp.(5) is usually
confirmed experimentally by a satisfactory “linearization” of a
low-temperature region the curve of log o as a function of T°*,
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For analysis the Zabrodski method was used [27]. According
to this method, the expression (5) is given in the form of the
equation system:

Log w =A-xlog(T),
w=l/T[€logo) /8(1/7)]

Where A is constant [28]. Then, by the graphical method,
the x value is determined using the depending on the density of
electron states near the log(w)=f(log(T)) dependence.
Figure 2 shows the graphs of log(w)=f(log(T))
corresponding to the temperature dependence of electrical
conductivity of BTO amorphous films given in Fig.1.
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Fig.2. The logw=f (1ogT) dependence of Bi,Ti;0,; amorphous
films with different thickness d: 1-0.006um; 2-0.13 um; 3-

0.4um; 4-0.9um; 5-1.6 um; 6-2.4m.

The linear part of the diagram (Fig.1.) indicates the hopping
mechanism  of electrical conductivity determining the
temperature dependence of the activation energy. The linear
regions pronounced form films of large thickness are also
observed in the above diagrams at x=(0.26-0.28) £0.02. With
decreasing film thickness the relation (5) does no longer
describe the temperature dependence of the activation energy of
the electrical conductivity. In the temperature dependence of
the electrical conductivity in the range from T, (T, is the
temperature of the deviation of the Jog (o) ~T* dependence)
to 300 K continuous decrease of activation energy with
decreasing temperature takes place. Due to a total
reproducibility of the temperature reverse behavior of electrical
conductivity, one can assert that there is a lack of irreversible
processes of film crystallization in the above temperature
region. Therefore to explain, a continuous change of activation
energy at T >T, an additional analysis of possible mechanisms
of the current transfer typical of the disordered systems is
needed.

The probability of hopping from one localized states to
another one is determined according to [29] by the relationship

P=Vexp (-2aL-A/KT) (6)
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where V is the value depending on the phonon spectrum, a
determines radius of a localized state, L is the hopping length,
4 is the difference in energies of the two states between which
the hopping takes place.

At temperature of T >T, in the exponent of (2) the
summand A/KT determining the temperature dependence of
the activation energy dominates. At T>T, the summand A/KT

becomes negligible and the probability of hopping is -

independent of temperature. In this case, at temperature close to
T, the hopping length will be constant and the hopping
electrical conductivity is determined by the following
expression

o=0;exp (~-AW;/KT) N
where o is a constant, AW, is the activation energy of hopping
[28].

Hence, T >T, just near Ty the linear regions with x=1
should be observed. However as seen in Fig.2, such regions
near the T, are lacking for the thin films that can be due to
energy position of the active centers [28]. At T, the sing of
thermal elf in films is positive {30] and the conductivity can be
realized due to the change of state of holes at the edge of the
valence band E,,, followed by hopping to the mobility edge
[28]. Then,

g=0eXp (EF, EV—AW1) /KT %)

Where o, is a constant, AW; is the activation energy of
hoppings through the localized states as the holes move from
E, to E.. In the range of high temperature (7~300 K) a charge
transfer is determined by the holes excited to the mobility edge
E. separating the localized states from the nonlocalized ones. In
the case

0=Onin €Xp (Er—Ec) /KT ©
where o,;, is a minimum metallic conductivity [28]. Hence, T
>T, three electrical conductivity mechanism determined by the
expressions (7)-(9) are possible, and the smearing of
temperature limits of the transition from one charge transfer
mechanism to another one leads to a principal change of
activation energy.

As the investigation show, electrical conductivity of BTO
amorphous films was found not to be saturated up to the
thickness of 2.6 um that is the major peculiarity of such films.
A similar result can be explained by the effect of two factors.
First, as the film thickness increases, a structural transition from
one amorphous state to another (polymorphism) is possible
[31]. Secondly, the dependence of electrical conductivity on

thickness can be due to a hopping mechanism of the charge
transfer when the following relationship is fulfilled:

Ino (o) /o (d) ~(L/d)*” (10)

where o (o) is the electrical conductivity of infinitely thick
films, o(d) is the electrical conductivity of films with the
thickness d, L is the hopping length v is three dimensional
index of correlation radius [31].

v
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Fig.3. The dependence of the correlation radius index von o(e0)
of BTO amorphous films

If the polymorphism in films of different thickness can be
reduced to minimum by specific technological methods, then
the hopping mechanism of the charge transfer is a necessary
and a sufficient condition for the presence of the thickness
dependence of electrical conductivity obtained from the
relationship (10). As the v in (10) is independent of the film
composition and numerically is equal to ~ 0.9 [31] one can
determine a three dimensional index of correlation radius by
studying the dependence log
loglo(w)/o(d) ]*f(logd). The dependence vsffoc
(o0) ] is shown in fig. 3. As seen in fig. 3, v=0. 9ato(w)<10’
@'m?. A similar numerical value of o () is typical of
thickness of ~ 0.6 pm. :

Hence, the saturation of hopping conductivity with increase
of the thickness should be observed at d~0. 6um, and the
deviation from the dependence (10) can be explained by the
short-range order structural variations of films with the change
in their thickness.

4. Conclusion

Thus, in the range of low-temperatures (100-T,) K the
charge transfer in BTO amorphous films takes place due to the
variable range of hopping. In the range of high temperatures the
activation energy gradually varies with successive change of
three different mechanisms of the charge transfer: the hopping
electrical conductivity with a constant length of hopping; the
activation of holes to the edge of the valance band followed by
their motion through hoppings to the mobility edge. The
dependence of thickness is explained not only by the hopping
mechanism of the charge transfer but also by particular shot-
range order structural variations. '
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M.M. Penahov
AMORF Bi,Ti;0;; TOBOQOLORININ ELEKTRIK KECIRICILIKLORININ TEMPERATUR VO
QALINLIQDAN ASILILIGININ B9’Zi XUSUSIYYOTLORI

BisTi3012 amorf nazik tebegasi sabit cereyanda maqgnetron tovlanmasi ile alinmdir. Onlann elektrofiziki xasselori genis temperatur
oblastinda tedqiq olunmusdur. Asa temperatur oblastinda (100-T,) K amorf BisTi:012 tebeqgalerinde yiikdaginmasi sigrayls mexanizmi
ile bag verir. Yiiksek temperatur oblastinda aktivlesme enerjisinin deyismesi, yikdasinmanin iig mexanizminin gdsterilen deyigmesi ilo
bag verir: sabit uzunluqlu sigrayish elektrik kegiriciliyi, desiklerin valent zonasimin kenarna dogru aktivlesmesi ve onlarin sigraysla
kegirici zonanin kenarina kegidi. =~ ,

Kegiriciliyin qalinhqdan asthilif yiikdagmmanin sigrayis mexanizmi ile ve amorf tobegalerin struktur deyigmeleri ile izah olunur.

M.M. ITanaxos

HEKOTOPBIE OCOBEHHOCTH JIEKTPUUYECKOH ITPOBOIUMOCTH B AMOP®HBIX TNIEHKAX
Bi,Ti;0;; B 3ABUCMMOCTH OT TEMIIEPATYPBI H TOJIILHAHBI IVIEHKH '

Awmopgusie nienkn BigTi;O; 6bin noay4eHbl MarHETPOHHEIM PaClbUICHUEM Ha HOCTOSHHOM TOKE, Dnexrpodusutecckue caolicTra OblM
MCCTEAOBAH! B UIMPOKOM TEMIEDATYPHOM MHTEpRajne. B 06nacTi HM3KHX TEMNEpaTyp (100-T,) K:nepeHoc 3apsaa B aMOP(HEIX TLIEHKaX
Bi,Ti;0;, npoucxoaut 6narozaps MpebkkaM. B 061acTy BBICOKMX TEMMCpaTyp SHEPrus aKTHBALMH 3HAMKTENIBHO HIMCHACTCA CICAYIOUMMH
M3MEHEHUAMH TPEX PasIMuHbIX MEXaHWU3MOB NEPEHOCA 3apANA. MPEDKKOBAS NEKTPUYCCKasd NMPOBOAMMOCTH C NMOCTOAHHOW JUIMHOH TIPBIKKA,
aKTMBAUMA IBIPOK Ha Kpal BaIEHTHOH 30HHI C MOCIENYIOMIMM MX IPHDKKOBBIM IIEPEXOJOM Ha Kpa# 30HBI NPOBOAMMOCTH. 3aBHCUMOCTH
TIPOBOAMMOCTH OT TOMHIMHBI OGBACHAETCA MPBLKKOBLIM MEXAHH3MOM NMEPEHOCA 3apSNa M CTPYKTYPHBIMU M3MEHCHUAMH aMop(HBIX MIECHOK
(nonumopdusm). .
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