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Conduction mechanisms in BaTio3 thin films
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We report the observation of two types of BaTiO3 thin films, one exhibiting the Poole-Prenkel
transport mechanism and the other the field-enhanced Schottky mechanism. A factor-of-2
difference in the slope of the log, o(I/V)-vs-V' curves has been measured for these two types of
films. Also, we have unambiguously determined that the static dielectric constant should be used to
describe the carrier transport in these films.

The study of carrier transport in insulating films is im-
portant both from the fundamental and the practical
points of view. Although the conduction mechanisms in
insulating films have been studied very broadly, ' the
subject is still controversial and very often confusing.
Many experimental results show that thin dielectric films
subjected to an external high electric field displayed a
linear relationship in the log, o(I/V)-vs-V'~ plots, where
I is the current passing through the film and Vis the volt-
age applied across the film. This dependence is attributed
to either the field-enhanced Schottky (ES) (Ref. 3) or the
Poole-Frenkel (PF) mechanism. The former is a
Schottky emission process [Fig. 1(a)] across the interface
between a semiconductor (metal) and an insulating film as
a result of barrier lowering due to the applied field and
the image force. The latter is associated with the field-
enhanced thermal excitation of charge carriers from
traps, sometimes called the "internal Schottky effect"
[Fig. 1(b)]. These two transport mechanisms are very
similar, except that in the PF mechanism the barrier
lowering is twice as large as in the ES mechanism due to
the fact that the positively charged trap in the PF mecha-
nism is immobile and the interaction between the electron
and the charged trap is twice as large as the image force
in the ES mechanism. This phenomenon leads to the
doubling of the slope, which is given by (q /m. e)'~, in the
logic(I/V)-vs-V' plot. q is the electronic charge and e
is the dielectric constant of the film.

A natural way to distinguish these two mechanisms is
the following. By plotting the current-voltage (I-V)
curve in the form of logio(I/V) vs V', which should be
a straight line, the slope P can be measured. The slope
can also be calculated using the dielectric constant mea-
sured from an independent measurement. For the two
different mechanisms, the slopes are given by the follow-
ing relations:

PpF=(q /ere)'~ for the PF mechanism,

PEs=(q /4rrE)' for the ES mechanism.

By comparing the slopes determined from an indepen-
dent measurement of the dielectric constant with the
slope measured from I-V characteristics, the mechanism
can be determined in principle. But thus far, the factor-

of-two difference in the slope of the ES and PF mecha-
nisms has not been demonstrated unambiguously in an
experiment. This is because in most experiments the cal-
culated and measured slopes are not very close. Most
studies were done on materials of low dielectric constant.
Thus the difference caused by the factor of 2 in the two
mechanisms is comparable to the experimental uncertain-
ty, making it difficult to draw an unambiguous con-
clusion. A related issue, which has caused much con-
fusion, is choosing the value of e to be used in describing
the conduction mechanisms. The use of both the static
and the optical ' dielectric constant have been proposed.
Both suggestions are supported by experimental data re-
ported in the literature. ' An effective "dynamic
dielectric constant"" has also been suggested to describe
some experiments. The key issue is how fast a carrier is
assumed to move in the dielectric materials. A fast car-
rier induces only the electronic component of the polar-
ization and the dielectric response should be optical. On
the other hand, if the carrier is slow, such as in the pola-
ron model, then the static dielectric constant should be
used.

In this study, we have unambiguously differentiated the
Poole-Frenkel transport mechanism from the field-
enhanced Schottky emission transport mechanisms in in-
sulating films experimentally. Both types of transport
mechanism were found in BaTi03 thin films deposited us-
ing the partially ionized beam technique under different
deposition conditions. %'e have also determined that the
carriers in the films are polaronlike so that the static
dielectric constant is involved in the conduction of the
electrical current.

0
BaTi03 thin films 610 A thick were prepared on n-type

Si substrates, using the reactive partially ionized beam
deposition technique. Details of the technique have been
described previously. ' The Si substrate has a resistivity
of 2—4Q cm. Separate crucibles were employed for the Ti
and the Ba evaporations. The evaporation was per-
formed in an oxygen ambient with a partial pressure of
10 Pa. Oxygen gas and Ti vapor were partially ionized
during evaporation using electron impact ionization to
give 3% of ions in the evaporated beam. The percentage
was calculated from the knowledge of the deposition rate
and the current collected by the substrate. The films

43 14 261 1991 The American Physical Society



14 262 BRIEF REPORTS 43

Electrode Insulating Film

(a)

were deposited under two different conditions. It has
been shown that thin-film properties can be modified very
dramatically using the partially ionized beam tech-
nique. ' Type-I films were deposited with the bias of 1.2
kV applied between the substrate and the Ti crucible so
that the films were growing under a constant bombard-
ment of the ions (3%). Type-II films were deposited with
the substrate Aoating electrically. All films were deposit-
ed at room temperature and have an amorphous struc-
ture. As discussed in an early report, ' however, the films
grown under a constant bombardment of ions can have
very different physical properties from the Aoating one.
First of all, the chemical reaction between the partially
ionized oxygen gas and metal atoms is related to the ener-
gy of the oxygen ions. ' lf the oxygen ions have sufficient
energy, a more complete reaction between the oxygen
and the metal atoms can be achieved. Type-I films were
deposited under the bombardment of energetic oxygen
and Ti ions and these ions can promote the Ba-Ti-0 reac-
tion to form BaTi03 thin films. Second, the involvement
of energetic ions during the deposition can increase the
surface mobility' and enhance the bond formation be-
tween surface atoms and the film underneath. ' There-
fore, the type-I films should have much fewer charged
traps or dangling bonds than type-II films due to the
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FIG. 2. We plot the measured C-V characteristics of the
BaTi03 films on n-type Si substrates. Al dots were used as the
top electrodes. The area of the capacitor is defined by the top
electrode. For the type-I film the Aat-band voltage is about 0.3
V and dielectric constant is —16. For the type-II film the Hat-
band voltage is larger than 10 V and the dielectric constant is
—13.

more complete oxygen-metal reaction and enhanced bond
formation.

The deposited films were annealed at 250 C for half an
hour in vacuum. Circular Al dots with a diameter of 0.6
mm were then deposited on the insulating films to fabri-
cate a metal-insulator-semiconductor (MIS) capacitor for
electrical measurements. The back side of the Si sub-
strate was also covered with Al to ensure a good electri-
cal contact. Both capacitance-voltage ( C- V) and
current-voltage (I V) characte-ristics were measured. The
capacitance was measured at 1 MHz. The optical indices
of refraction of the films were determined to be 1.85 and
1.84 for type-I and type-II films using the ellipsometry
technique with a wavelength of 6328 A.

Figures 2 and 3 show the measured C-V and I-V
characteristics of both type-I and type-II films. The
current in Fig. 2 is plotted as a function of V' . The ca-
pacitance was obtained from the C-V characteristics in
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FIG. 1. A schematic diagram displaying (a) the enhanced
Schottky (ES) emission transport mechanism and (b) the Poole-
Frenkel (PF) transport mechanism.

FIG. 3. We plot the measured I-V characteristics of the
BaTi03 films on n-type Si substrates. The leakage current was
measured in the accumulation region. The solid circles denote
the type-I film and the open circles denote the type-II film.
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the region of accumulation, in that the MIS capacitor
was under a positive bias and the total capacitance of the
sample is from the contribution of the BaTiO3 films.
From the capacitance and the film thickness, the static
dielectric constants of the films were determined to be
16+0.8 and 14+1.0 for type-I and type-II films, respec-
tively, using a parallel plate capacitor model. The calcu-
lated slopes for the different transport mechanisms are
listed in Table I. Notice the large difference between the
optical dielectric constant (which is the square of the in-
dex of refraction) and the dielectric constant measured at
1 MHz, which, for our purpose, can be considered to be
approximately the "static" dielectric constant.

With the above information, many important con-
clusions can be drawn from the I-V plots shown in Fig. 3.
First of all, the log, z(I/V)-vs-V' plots show a straight-
line behavior over a wide range of voltage. It is an indi-
cation of either the ES or the PF transport mechanism.
Second, the difference in the slope is approximately 2.
Third, for the type-I film the measured slope (0.76) ob-
tained from Fig. 3 is not consistent with the calculations
if the value of the optical dielectric constant is used, nei-
ther for the ES model, for which (q /4ne)' =1.94, nor
for the PF model, for which (q A.e)'~ =3.88. As shown
in Table I, the measured slope for type-I films is close to
the calculated slope using the ES model while the mea-
sured slope for type-II films is close to the value calculat-
ed using the PF model. The static dielectric constants
used for calculating slopes were measured independently
using the C- V technique described above.

From these results, we conclude that the carrier veloci-
ty is slow (polaronlike) so that the static dielectric con-
stant should be used to describe the carrier transport
through the insulator. The factor-of-2 difference in the
slope of the two types of insulators is a display of the two
types of conduction mechanisms, namely the ES mecha-
nism and the PF mechanism. The keys to the success of
the present experiment and the unambiguous interpreta-
tion of the results are (a) the dielectric constant of
BaTi03 films is high and there is a large difference
between the static and optical dielectric constants in Ba-
Ti03 films, and (b) the static dielectric constant of the
two types of films is about the same and the thickness of
the films is the same.

Jonscher and Hill' pointed out that the conduction
mechanisms in insulating films is intrinsically related to

the density of the charged defects in the films. If a film
contains a very high density of positively charged traps, a
PF mechanism should dominate, otherwise an ES mecha-
nism is possible. Also, a pure ES conduction mechanism,
in principle, can only exist in contact with no significant
intrinsic barrier, namely, a neutral contact. Otherwise
the dependence of log, o(I/V) on V will have a different
form. Here the intrinsic barrier refers to the barrier
formed either due to the difference in the Fermi levels or
due to the existence of surface states and a high charged-
trap density in the film and at the interface. Figure 4 is
the energy-band diagram of the Si-BaTi03 contact. The
band gap of the BaTi03 film is about 3.9 eV (Ref. 18) and
the amenity is about 2.52 eV. ' As shown in Fig. 4, the
Fermi levels are almost aligned. Hence the energy bar-
rier due to the difference in the Fermi levels is excluded.
On the other hand, as pointed out by Shockley, the en-
ergy level of surface states in ionic solids is very close to
the band edges. Therefore the occupancy of these elec-
tronic surface states is almost the same as that of the
bands themselves. In this case the surface states should
not induce a significant energy barrier at the interface.
Amorphous BaTi03 is closer to an ionic solid. Hence the
surface states are likely to play a minor role in this case.
The contact between the BaTi03 film and n-type Si is
therefore close to a neutral contact. Hence if a film con-
tains very few charged traps, the ES conduction mecha-
nism can be observed.

It is well known that the total charge density in an in-
sulating film can be measured by the C-V characteristics.
Compared with the ideal case (an insulating film without
any charged traps), the C-V curve for an insulating film
with a certain amount of charged traps will show a volt-
age shift, known as the Hat-band voltage, which is given
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VFB =p~. —Q, /C

Here, P, is the work-function difference between the

TABLE I. A summary of the measured slopes of log&0(I/V)-
vs-V' and the calculated slopes by using different transport
mechanisms. The dielectric constants used in the calculations
were calculated from the C-V characteristics. P, The slopes
measured from the I-V characteristics (Fig. 2); Pzs, the slopes
calculated from the measured dielectric constant using the ES
model; ppF, the slopes calculated from the measured dielectric
constant using the PF model.
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FIG. 4. A schematic diagram showing the energy-band struc-
ture at the BaTi03 (n-type Si) interface. The resistivity of the Si
substrate is 2-4Q cm.
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metal of the top electrode and the semiconductor (Si) sub-
strate, C, is the capacitance per unit ares, and Q, is the
total charge density in the insulating film. It is clear that
the magnitude of V„Bis proportional to the density of
charged traps in the insulating films and the direction of
the shift is related to the sign of the charge. For the PF
mechanism, traps should be positively charged. This
would correspond to a large negative Oat-band voltage.
For the ES mechanism, the density of charged traps
should be low to avoid the formation of an intrinsic bar-
rier at the interface. Hence, VFz should be very small.

Based on the above considerations, we see that there is
a correlation, at least qualitatively, between the conduc-
tion mechanisms and the measured C-V characteristics.
As shown in Fig. 2, there is an obvious large negative
flat-band voltage shift () 10 V) in the type-II film. The
density of total positively charged traps at the interface
and in the insulating film can be calculated from the Aat-
band voltage using the above equation and is found to be
higher than 10' /cm . These positively charged traps
provide a natural means for the electrons to travel
through the insulating film via the "internal Schottky"
emission process. On the other hand, the Aat-band volt-
age of the type-I films is unusually small ( (0.3 V). The

density of the total charged trap is two orders of magni-
tude smaller than that of the type-II film. With the band
structure shown in Fig. 4, an ES mechanism of conduc-
tion is therefore very likely.

In the above analysis, only the well-known one-
dimensional theories for the conduction of carriers in in-
sulators are considered. Numerous modifications to the
original theories have been proposed in the literature.
However, we believe that inclusion of the more sophisti-
cated analysis should not qualitatively affect the main
conclusions of the present work.

In summary the conduction mechanisms in BaTi03
thin films were studied. We found that the carriers in the
films are polaronlike so that the static dielectric constant
is involved in the conduction. We have unambiguously
differentiated experimentally the Poole-Frenkel transport
mechanism from the field-enhanced Schottky emission
transport mechanism in insulating films. A correlation
has been established between the conduction mechanisms
and the measured C- V characteristics.

We thank Professor G. Salinger for reading and com-
menting on the manuscript.
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