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Abstract—The contribution of electrons and holesto the electrical conduction of titanium dioxide TiO, in the
Si/TiO,/Al structure is determined in experiments on the injection of minority carriers from n-type and p-type
silicon layers. It is established that both el ectrons and holes contribute to electrical conduction of the titanium
dioxide layer in the Si/TiO,/Al structure; i.e., the electrical conduction of titanium dioxide has a two-band
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1. INTRODUCTION

Scaling of metal-insulator-silicon devices is
accompanied by a shortening of the channel and a
decreasein the thickness of the gate dielectric. Over the
past four decades, therma silicon dioxide SIO, has
been used as the primary gate-dielectric material in
field-effect devices. A decrease in the thickness of the
silicon dioxide layer to 10-15 A leads to an unaccept-
ably high intensity of the leakage current. A radical
approach to the reduction of the leakage current
through a gate dielectric consists in replacing silicon
dioxide with so-called aternative dielectrics (dielec-
trics with a high permittivity, i.e., high-k dielectrics).
The use of alternative dielectrics makes it possible to
increase the physical thickness of the dielectric layer
and, consequently, to suppress the tunnel current [1, 2].
Another application of alternative dielectrics is associ-
ated with their use in charge storage capacitors of ran-
dom-access memory cells [2]. In recent years, it has
been proposed to use alternative dielectrics for the pur-
pose of increasing the operational speed of Flash mem-
ory devices [3]. Titanium dioxide TiO, is one of the
most promising materials for use as an alternative
dielectric. There exist four phases of titanium dioxide,
namely, amorphous titanium dioxide, rutile, anatase,
and brookite [4]. Titanium dioxide possesses a high
permittivity (¢ = 80) with aband gap E, = 3.2-3.8 eV
[5, 6]. In general, the electrical conduction in dielec-
tricsis provided by electrons and holes. The sign of the
charge carriers in semiconductors is determined using
either the Hall effect or thermopower. These techniques
are not applicable to diel ectrics because of the low con-
centration of mobile carriers. The purpose of this work

was to determine the contribution made by electrons
and holes to the electrical conduction of dielectric tita-
nium dioxide layersin a Si/TiO,/Al structure prepared
through oxidation of metallic titanium evaporated on a
silicon substrate.

2. SYNTHESIS OF TiO, LAYERS

The SI/TiO,/Al structures were synthesized on n-
Si(100) and p-Si(100) plates with an electrical resistiv-
ity of =10 Q cm. Titanium dioxide layerswere prepared
through high-temperature oxidation of metallic tita-
nium films. Thermal evaporation of titanium onto asil-
icon substrate heated to a temperature of 100°C was
performed from a tungsten vessel under vacuum at a
residual pressure of 6.7 x 10~ Pa. The thickness of the
metal film was checked against the electrical resistance
measured on a specia quartz substrate immediately in
the process of evaporation. The dependence of the elec-
trical resistance of the titanium films on the film thick-
nessin the range 50-350 A was preliminarily measured
using ellipsometry. As is known [7, 8], surface oxida-
tion of titanium films can lead to a deficit of diffused
oxygen inthe bulk of the oxidized layer with theforma-
tion of TiO, _, suboxides whose chemical composition
significantly deviates from stoichiometry. In order to
suppress this effect, the formation of titanium oxide
was performed in two stages. At each stage, after the
deposition of ametal film 200 + 50 A thick, the samples
were subjected to oxidation in air in a platinum vessel
at a temperature of 750°C for 7 h. According to the
ellipsometric measurements, the total thickness of the
titanium dioxide layers varied in the range from 600 to
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Fig. 1. RHEED pattern (65 kV) of the surface of the tita-
nium dioxide film prepared through titanium oxidation at a
temperature of 750°C.

1000 A. The contact pads suitable for electrical mea-
surements were formed by thermal evaporation of alu-
minum films ~2000 A thick through a mask under vac-
uum at aresidual pressure of 6.7 x 10 Paand at a sub-
strate temperature of 150°C.

After each stage of oxidation, the phase composition
of the layers was controlled by recording the reflection
high-energy electron diffraction (RHEED) patterns. A
typical RHEED pattern is shown in Fig. 1. In al four
cases, the surface phase was identified as polycrystal-
linerutile. The RHEED patternswereindexed using the
tabul ated parametersfor rutile. The results obtained are
presented in the table.

3. ELECTRICAL MEASUREMENTS

The current—voltage and capacitance-voltage (at a
frequency of 100 kHz) characteristicswere measured at
room temperature. The illumination was performed
with the use of atungsten lamp. Figure 2 showsthe cur-
rent—voltage characteristics of the p-Si/TiO,/Al struc-
ture measured for two polarities of the potential applied
to the metal: (i) in the enhancement mode (with a neg-
ative potential acrossthe aluminum layer) and (ii) inthe
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Fig. 2. Current—voltage characteristics for the p-Si/TiO,/Al

structure in the depletion and enhancement modes (solid
lines). Points represent the current—voltage characteristic
measured in the depletion mode under illumination. The
thickness of the titanium dioxide layer is 800 A.

depletion mode (with apositive potential acrossthe alu-
minum layer). In the depletion mode, when the poten-
tial across the aluminum layer in the dark is positive,
the electric current reaches saturation and depends only
weakly onthevoltage. Under illumination, theintensity
of the electric current increases. The saturation of the
electric current in the depletion mode is caused by the
injection of the minority charge carriers (in our case,
electrons) from silicon into the dielectric. In the
enhancement mode, when the potential acrossthe metal

Interplanar distances dg,,, and intensities |, of the spectral lines for the surface phase of titanium dioxide prepared through tita-

nium oxidation at atemperature of 750°C

Joxpr A lexp s A (o hki
3.29 Very strong 3.248 100 110
251 Strong 2.487 50 101
231 Weak 2.297 8 200
221 M edium-weak 2.188 25 111
2.07 " 2.0%4 10 210
1.70 Strong 1.687 60 211
164 Very weak 1.624 20 220

* Powder Diffraction File: Inorganic Phases, Joint Committee for Powder Diffraction Standards, International Center for Diffraction
Data, 1601 Park Line, Swarthmore, Pennsylvania, 19081, United States, Data Cards, set 21-1276.
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Fig. 3. Schematic energy diagramsfor (a—c) p-Si/TiO,/Al and (d—f) n-Si/TiO,/Al structures (a, d) with no external applied voltage,

(b, f) in the depletion mode, and (c, €) in the enhancement mode.

layer is negative, the intensity of the electric current
increases exponentialy with an increase in the poten-
tial. Theillumination does not affect the intensity of the
electric current. In this case, virtually all the applied
voltage drops across the dielectric layer.

The schematic energy diagrams for the Si/TiO,/Al
structures with p-type and n-type silicon layers are
depicted in Figs. 3a-3f. The band gap for TiO, is
assumed to be equal to 3.2 eV [5], and the barrier height
for electrons at the SI/TiO, interface is taken to be
1.0eV [9]. Inthis case, the band gap for siliconis 1.12
eV and the barrier height for holes at the Si/TiO, inter-
faceis equal to 1.1 V. The Fermi level for aluminum
coincides with the conduction band edge for silicon.
Consequently, the barrier height for electrons at the
AlITIO, interfaceisequal to 1.0 eV. Figure 3 showsthe
schematic energy diagrams for the p-Si/TiO,/Al and n-
Si/TiIO,/Al structures with positive (Figs. 3b, 3e) and
negative (Figs. 3c, 3f) potentials applied to the metal.

In the depletion mode, the voltage applied to the p-
Si/TiIO,/Al structure is distributed between the dielec-
tric layer and the nonequilibrium depletion layer (see
Fig. 3b). Thiscan beexplained by thefact that theinjec-
tion current of minority carriers (electrons) is compara-
bleto the rate of their generation in silicon. The illumi-
nation brings about an increase in the rate of generation
of minority carriers, a decrease in the thickness of the
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depletion layer, a decrease in the voltage drop across
the depletion layer, an increase in the voltage drop
across the dielectric layer, and, consequently, an
increase in the electrical conductivity of the dielectric.
Thus, the current—voltage characteristics of the p-
Si/TiO,/Al structurein the depletion mode (Fig. 2) indi-
cate that, for the case of a positive potential across the
aluminum layer, the dominant contribution to the elec-
trical conduction of the titanium dioxide layer is made
by the injection of electronsfrom silicon (Figs. 3b, 3e).
Theflow of holesfrom the dielectric into silicon is neg-
ligible as compared to the counterflow of electrons
from siliconinto the dielectric. When thereisanegative
potential across the metal layer in the enhancement
mode (Fig. 3c), all the applied voltage drops across the
dielectric layer. It is reasonable to assume that, in this
case, electrical conduction in the dielectric material is
also provided by electrons injected from silicon,
because the barrier heights for electrons at the Si/TiO,
and Al/TiO, interfaces are equal (Figs. 3a, 3d).

A similar behavior of the current—voltage character-
isticsis observed for the n-Si/TiO,/Al structure (Fig. 4).
With a positive potentia across the meta layer in the
enhancement mode, al the applied voltage drops across
the dielectric layer (Fig. 3€). It can be assumed that, as
in the p-SiI/TiO,/Al structure, the charge transfer in the
dielectric layer in the n-Si/TiO,/Al structure occurs
through electrons injected from silicon (Fig. 3e). For
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Fig. 4. Current—voltage characteristics for the n-Si/TiO,/Al
structure in the depletion and enhancement modes (solid
lines). Points represent the current—voltage characteristic
measured in the depletion mode under illumination. The
thickness of the titanium dioxide layer is 900 A.
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Fig. 5. Schematic diagram illustrating the passage of the
electric current through the Si/TiO,/Al structure with (&)

positive and (b) negative potentials across the metal. In the
depletion mode, the rate of generation of minority carriers
is assumed to be higher than the rate of their injection into
the dielectric material.

the case of a negative potential applied to the metal in
the depletion mode, the current—voltage characteristics
reach saturation (Fig. 4). The illumination leads to an
increase in the intensity of the electric current. This
means that a nonequilibrium depletion layer develops
in silicon due to the injection of holes from silicon into
the dielectric (Fig. 3f). As follows from the data
obtained for n-Si near the Si/TiO, interface, the electric
current is provided by holes injected from silicon into
the dielectric material.
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It is reasonable to assume that, in the p-Si/TiO,/Al
structure with a negative potential applied to the metal,
the charge transfer in the dielectric layer is aso pro-
vided by holes injected from silicon (Fig. 3c). In the
general case, electrons are injected into the dielectric
from the negatively biased electrode whereas holes are
injected into the dielectric from the positively biased
electrode. There is experimental evidence that titanium
dioxide contains traps [10-13]. Figure 5 illustrates the
two-band mechanism of the passage of the electric cur-
rent provided by electrons and holes in the Si/TiO,/Al
structure for two polarities of the potential applied to
the metal. According to this model, titanium dioxide
contains both electron and hole traps, which act as
recombination centers. Let us consider in greater detail
the passage of the electric current through the structure
when the polarity of the potential applied to the metal
is positive (Fig. 5a). In this case, electrons are injected
from silicon into titanium dioxide, in which they are
trapped. Part of the electrons are ionized from the traps
either according to the Frenkel mechanism or through
the multiphonon mechanism [13, 14]. Then, conduc-
tion electrons recombine with holes trapped in the
vicinity of the anode (metal). Holes are injected from
the positively biased anode into the valence band of the
dielectric and trapped and then recombine with free
electrons. Part of the hole traps are ionized, and the
released holes move toward silicon and recombine with
localized electrons. This model explains the develop-
ment of the nonequilibrium depletion layer in n-type
and p-type silicon semiconductorsin terms of theinjec-
tion of minority carriers into the dielectric. A similar
situation takes place when a negative potential is
applied to the metal (Fig. 5b). The proposed model is
similar to the model of an electric current flowing in sil-
icon nitride [14-16].
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