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Abstract—The degradation of the characteristics of silicon metal—oxide—semiconductor (MOS) structures
with oxides of rare-earth elements under the effect of electric fields with intensities of 0.1—4 MV/cm during
the course of electroforming is studied. A specific feature of electroforming consists in the possibility of mul-
tiple switching of the structures from the insulating state to the low-resistivity one and back. The temporal
characteristics of the degradation of MOS structures during the course of electroforming are exponential. The
current—voltage characteristics follow the power law in the range of 0.2—3 V; the effect of an electric field
brings about a variation in the distribution of the energy density of traps responsible for currents limited by
space charge. It is established that multiple cycles of electroforming lead to an increase in the density of sur-
face states at the Si—oxide interface and to a variation in the energy position of the trap levels, which affects

the charge state of the traps.
DOI: 10.1134/S1063782615080199

1. INTRODUCTION

Metal—oxide—semiconductor (MOS) structures
represent a necessary component of MOS transistors,
energy-independent memory components, charge-
coupled devices, and so on. Most attention is typically
focused on the thickness of the oxide film and on the
quality of the oxide—semiconductor interface. The
thickness of a gate-oxide film is considered optimal if
it provides the necessary high capacitance and, at the
same time, a low through leakage current. The ten-
dency to satisfy these requirements has led to a situa-
tion where the traditional gate oxide SiO, is replaced
in MOS structures with oxides with a larger permittiv-
ity, i.e., with so-called high-k insulators.

The technology of the fabrication of MOS struc-
tures with the SiO, gate oxide has been studied for
rather a long time and allows the formation of a fairly
perfect Si—SiO, interface. However, even with respect
to such a structure, there is at present no complete
understanding of the pattern of degradation of the
electrical properties, which occurs under different
conditions of MOS-structure use. The surface elec-
tron states (SESs) present at such an interface, i.c.,
P, centers, arise due to the difference between the lat-
tices of the bulk Si and the oxide [1, 2]. The main para-
magnetic defect in the SiO, bulk is the oxygen vacancy,
which traps a hole (the £ center) [3—6].

Oxides of rare-earth elements (REEs) are the pre-

ferred candidates for the material of gate insulators in
the near future [7—9]. Due to their relatively high per-

mittivity these materials belong to the class of high-k
insulators. One of the main problems in the applica-
tion of REE oxides is a high concentration of charged
defects, which induces a shift in the threshold voltage
of the transistor. These charged defects are typically
intrinsic defects, such as oxygen vacancies and inter-
stitials. In addition, it is established that a layer of sili-
cate is generally formed at the REE—silicon interface;
the thickness of this layer amounts to 0.7—2 nm [10].
Also, the formation of an intermediate SiO, layer (or
the formation of a SiO, layer only) in many cases is
observed between the silicate and the REE oxide.
Defects in the oxide film and at the interfaces give rise
to degradation of the electrical properties of MOS
structures. Consequently, a decrease in the concentra-
tion of charged defects and a study of the conditions of
their formation are important problems, which
require solution.

In this work, we report the results of our studies of
silicon MOS structures, in which films of REE oxides
are used. The prospects for the use of MOS structures
with Aigh-k insulators, which have been considered in
recent years, are fairly promising; this fact gives rise to
new challenges related to studies of Aigh-k insulators
and devices on their basis. In connection with this,
studies of the reliability and service life of devices
based on MOS structures with high-k insulators are
topical. The aim of this study is investigation into deg-
radation of the electrical characteristics of MOS struc-
tures with REE oxides under the effect of an electric
field.
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Fig. 1. Capacitance—voltage characteristics of an

Al—Gd,05—p-Sistructure in the initial state and after sev-

eral cycles of electroforming (the number of cycles is indi-
cated).

2. EXPERIMENTAL

Single-crystalline n-Si or p-Si wafers with a resis-
tivity of 4.5—5 Q cm and the orientations (111) or
(100) were used as substrates for the MOS structures.
The thermal evaporation of rare-earth elements was
performed using a setup for vacuum deposition; the
initial materials for deposition were provided by sub-
stances with a purity of 99.6—99.98%. The oxidation
of metallic REE films was conducted in a flow of dry
oxygen or in air in a laboratory-type furnace at tem-
peratures of 500—700°C for 20—30 min. Prior to the
deposition of a rare-earth metal layer, all of the silicon
wafers were subjected to treatment in acetone in an
ultrasound bath and were then treated in a dilute solu-
tion of hydrofluoric acid. The obtained REE-oxide
films with thickness of 0.1—0.3 pm were polycrystal-
line; their composition was nearly stoichiometric. The
permittivity of the Dy,0; and Er,O; thin films was
~11; in the case of Gd,0;, the permittivity was equal
to ~(13—14). In order to obtain MOS structures by the
method of thermal evaporation in vacuum through a
stencil, aluminum electrodes were deposited with an
area of ~0.2 mm?. The lower aluminum electrode was
deposited as a continuous layer.

We studied the effect of electric fields on the
obtained structures under conditions where these
fields gave rise to the electroforming effect. The pro-
cess of electroforming consists in that, under the effect
of electric fields, ~(0.1—-4)MV/cm), a local inhomo-
geneous region (a conducting channel with metallic-
type conductivity) is formed in the initially homoge-
neous oxide film. However, this state is not irrevers-
ible; at reverse polarity of the applied voltage, there is
the possibility of transforming the studied structures
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back to the insulating state via a conducting current.
We used the possibility of multiple switching of the
structures from the high-resistivity state to the low-
resistivity one and back; since the MOS structures
under investigation with films of REE oxides feature
the property of bistable switching [11, 12].

3. EXPERIMENTAL RESULTS
3. 1. Experimental Capacitance—Voltage Characteristics

We studied the effect of an electric field on the sam-
ple during the course of electroforming with subse-
quent monitoring of the parameters of the structures
after each cycle of electroforming. These data were
obtained from an analysis of the high-frequency
(1 MHz) capacitance—voltage (C—V) characteristics
of the MOS structures with REE oxides in the high-
resistivity state.

Upon consideration of the C—V characteristics, we
can note that electroforming gives rise to degradation
of the electrical parameters of MOS structures with
REE oxides as insulators. The C—V characteristics are
more extended along the voltage axis after several elec-
troforming cycles, which is indicative of an increase in
the density of surface states and a variation in the flat-
band voltage (Fig. 1).

The flat-band voltage Upgg is the voltage at which
the surface potential acquires zero value:

UFB = q)ms+(_g9’ (1)

where @, is the difference between the work functions
for the metal and the semiconductor, Cj is oxide
capacitance, and Q is the effective charge. By the
effective charge here is meant the total density of the
charge of traps at the oxide—silicon interface (Q,,) and

in the oxide bulk (Q; ):
Qf = Q;k + 0, (2)

The distribution of the energy density of surface
states D, in the band gap of silicon was obtained from
the dependence of the surface potential on the voltage U
using the formula

l) + %, 3)
e

D, = %)(g—(—] -
e (I)s
where C, is the capacitance of the space-charge region,
@, is the value of the surface potential, and e is the ele-
mentary charge. This method yields a U-shaped
energy distribution of D;, in the band gap of silicon for
the structures under study. In this study, the value of D,
was taken equal to that at the minimum of the distri-
bution.

For all studied structures, the charge varies in a
complicated way; however, experimental results show
that, while an increase in the density of surface states
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Fig. 2. Variation in the effective charge in relation to a variation in the density of surface states in the case of multiple cycles of
electroforming for MOS structures with REE oxides based on (a) #-Si and (b) p-Si.

is observed during the course of electroforming, a ten-
dency toward an increase in the negative charge is
observed for structures based on p-Si whereas positive
charge increases in the structures based on #-Si. Since
the structures were switched from the high-resistance
state to the low-resistance one at a voltage polarity
corresponding to the inversion mode this possibly
indicates that charge carriers from the inversion chan-
nel are involved in degradation of the structures.

The dependence of the effective charge Qr on the
density of surface states D, in the case of multiple
cycles of electroforming can be approximated by
straight lines as is shown in Figs. 2a and 2b for MOS
structures based on #n-Si and p-Si, respectively. The
proportional dependence indicates that the variation
in the charge in MOS structures based on REE
compounds as a result of electroforming is mainly
caused by a variation in the SES density at the
oxide—silicon interface. Starting with the values of
~(2—4) x 102 eV~! ¢cm™2, a tendency toward a
decrease in the absolute value of Q,is observed as the
value of D, tends to zero.

3.2. Experimental Current—Voltage Characteristics

We studied the mechanisms of conduction by mea-
suring the current—voltage (/—V) characteristics in a
number of successive cycles of electroforming. The
conductance of the MOS structures with REE com-
pounds can be controlled by the introduction (injec-
tion) of excess free charge carriers into these struc-
tures.

In the case of an insulator, which does not contain
traps for electrons, and also in the case of an insulator

SEMICONDUCTORS  Vol. 49 No.8 2015

with shallow-level monoenergetic traps, the current
density is described by the dependence

_ soquz )
3 b
d

where p is the mobility of charge carriers in the oxide,
€ is the permittivity of the oxide, and d is the oxide
thickness. Such characteristics were observed by
Jinesh et al. [13] (in the range from 1 to 3 V) for silicon
MOS structures with erbium-oxide films obtained by
layered atomic deposition.

If charge carriers injected from the contacts are
trapped by local centers and form space charge in the
insulator, then the currents passing through the insula-
tor are currents limited by space charge. In the case of
capacitance-based consideration of this issue, the
charge density 0, is related to the specific capacitance
of the capacitor Cj, and applied voltage as

0,=CyU= S°ZU. (5)

The current through the insulator is given by

j =eunkE, = eunf—;, 6)

where # is the concentration of electrons in the oxide
conduction band. E, is the field intensity in the oxide
and U is the voltage drop across the oxide layer. The
presence of traps leads to a decrease in the current
since the corresponding levels trap an overwhelming
portion of injected electrons and form space charge
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Fig. 3. Forward portions of the /—V characteristics under the effect of multiple cycles of electroforming for (a) an Al-Dy,03—n-Si
structure and (b) an Al-Dy,03;—p-Si structure. The number of cycles is indicated.

near the oxide—semiconductor interface. The con-
centration of electrons #, in the traps is given as

- gelU

ed of°

(7

According to Boltzmann statistics, the concentra-
tion of electrons in the conduction band of the insula-
tor is given by

n= Ncexp(—ﬁ), 8)
kg T

where N, is the effective density of states in the con-

duction band of the insulator, €, is the energy of the

conduction-band bottom in the insulator, € is the

Fermi-level energy, ky is the Boltzmann constant, and

T is the absolute temperature.

Due to considerable structural disorder of the lat-
tice, especially near the insulator—semiconductor
interface, local electron centers of any type, both
those related to impurities and those attributed to
intrinsic defects can be markedly spread in energy. In
this case, the distribution of trap levels over energy can
be quasi-continuous with the bottom of the conduc-
tion band blurred. The so-called tail of the conduction
band penetrates deep into the band gap; the states in
the tail are localized and act as traps for electrons. The
tail of the traps, the energy density of which p(¢é)
increases exponentially as the conduction-band bot-
tom is approached is described as

p(€) = pyexp [—(%f—_%)}

gkyT ©

where p is the energy density of traps at the conduc-
tion-band bottom, and g is the distribution factor
related to the specific features of traps.

Almost all injected electrons are immobilized in
traps, the total concentration of which is given by

10
kT (10)

¥ €. -¢
n= [pCe)ds = New| L= 2],
(gF
where N, is the concentration of traps near the con-
duction-band bottom. Removing the Fermi level from
expressions (8) and (10), we obtain

g +1
en N(Eﬁ) v
eN d2g+ 1

In coordinates log j versus logU the I—V character-
istic is bound to be expressed by a straight line with the
slope g + 1. The I—V characteristics of the studied
MOS structures were practically symmetric. Figure 3
shows the forward branches of the /—V characteristics
of silicon MOS structures with dysprosium oxide in
the initial state and after several cycles of electroform-
ing. These dependences are fairly well linearized in
double logarithmic coordinates, which is indicative of
the power-law dependence of the current on voltage.
Similar power-law dependences with an exponent of
3—4 were reported by Rozhkov and Petrov [12] for
MOS structures with a film of gadolinium oxide

obtained by the method of high-frequency ion—
plasma deposition on silicon.

In this study, the exponent (the slope of the /I—V
characteristic) for the Al—Dy,0;—n-Si structures was
found to be g + 1 = 1.5—2.5 in the range of voltages
0.2—1.3 Vand the conductance sequentially increased
with an increase in the number of electroforming

J = an
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cycles (Fig. 3a). As the voltage was further increased,
the slope increased to the values g + 1 = 2.2—2.9. In
contrast, for the Al—Dy,0;—p-Si structures, the con-
ductance decreased as the number of the electroform-
ing cycles was increased. The exponent was g + 1 =
0.7—1.1 in the range of voltages 0.2—3 V; with a further
increase in voltage, the exponent decreasedtog + 1 =
0.35—0.65 (Fig. 3b). The reverse portions of the /I—V
characteristics featured similar behavior, i.e., the cur-
rent sequentially increased with an increase in the
number of electroforming cycles for structures based
on n-Si and sequentially decreased for structures
based on p-Si.

Although the studied films of REE oxides in gen-
eral featured a polycrystalline structure, a thin transi-
tion layer, whose structure is close to amorphous, can
be observed, at the REE oxide—silicon interface. In
addition, a transition layer of silicate or SiO, with an
amorphous nature is often observed at this interface
[10]. Therefore, we may assume the presence of the
tail of traps whose energy density is described by an
exponential law (9).

In the context of this approach, we can also explain
a variation in the /—V characteristic as a result of elec-
troforming. If we assume, in the first approximation,
that n, = const in expression (10), then, to retain con-
stancy, the value of &V, is bound to decrease as the factor
gisincreased and vice versa. Then, for MOS structures
based on n-Si, where the g factor tends toward an
increase with increasing number of electroforming
cycles, the value of N, is bound to decrease, which,
according to formula (11), leads to an increase in the
current density. In contrast, for structures based on
p-Si, the factor g tends to a decrease with an increase
in the electroforming cycles; in this case, the value of
N, increases and, consequently, the current density
decreases.

Thus, the effect of electric field during the course of
electroforming brings about a variation in the g factor,
i.e., it varies the distribution of the energy density p(€)
of the traps responsible for currents limited by space
charge.

4. DISCUSSION OF RESULTS

In order to study the effect of the degradation of
MOS structures with REE oxides, we investigated the
kinetic characteristics of electroforming. The charac-
teristic parameter of the kinetic characteristics of elec-
troforming was investigated. The characteristic parame-
ter of the kinetic characteristic of electroforming is the
presence of a specific delay time 7, after which the
sample rapidly transforms from one state to another in
the time 1, (the intrinsic electroforming time). The
delay time decreases as the amplitude of the applied
voltage pulse is increased, the intrinsic switching time
is practically independent of the applied voltage pulse.
For the studied structures with REE films, the time T,
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Fig. 4. Dependence of the delay time 14, in the structures
subjected to electroforming on the electric-field strength.

amounted to ~0.2 ps. Figure 4 shows the dependences
of the delay time of electroforming t,4, on the electric-
field strength. These dependences are well linearized
in semilogarithmic coordinates and are described by
the formula

1 Eo
Tget = To€ (12)

where T, is a constant for the structure under investiga-
tion, E, is the field strength in the oxide, and 7 is the
parameter of field acceleration.

During the course of electroforming, the electric
field can facilitate the formation of defects at the inter-
face and in the bulk of the insulator. This field
strengthens bonds at the interface and thus reduces the
strength of bonds in the bulk of the insulator. These
weakened bonds can be additionally excited or cata-
lyzed by interaction with either the induced current of
electrons, or holes, or hydrogen ions.

Analysis of the experimental data shows that a
dominant contribution to a variation in the charge
state of MOS structures with REE oxides, which
occurs during the course of electroforming, is pro-
vided by a change in the SES charge. This is indicated
by the fact that the variation in the effective charge is
proportional to the density of the SESs. According to
their charge status, the surface states can be of two
types, i.e., of the donor and acceptor types. The states
of the donor type are positively charged if their level is
located above the Fermi level and are neutral if the
level is below the Fermi level. The states of the accep-
tor type are neutral if their level is above the Fermi level
and are negatively charged if this level lies below the
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Fermi level. In the majority of cases, as the experiment
shows, SESs of the acceptor type have their levels in
the upper half of the band gap while SESs of the
donor type have their levels in the lower half of the
band gap [14].

It can be assumed that, as the density of SESs
increases, the traps change their energy €, i.e., in an
n-type semiconductor, for newly formed or already
existing traps, the difference

AE, = C.-C, (13)
decreases; here, €, is the energy corresponding to the
bottom of the semiconductor conduction band. In this
case, an acceptor trap becomes shallower and becomes
located higher with respect to the Fermi level € and
loses its negative charge. For the upper half of the sili-
con band, the charge formed by acceptors is given by

€ €

Qi = | [D(E(EYTE+ [D(E)f(E)dE|, (14)
8 €,

¢

where f(‘€) is the function determining the extent of
the involvement of surface states in changes in the
capacitance and €, is the Fermi level in an intrinsic
semiconductor. As the density of surface states
decreases, the absolute value of the contribution of the
second term in (14) to the total sum and, conse-

quently, the total measured charge Q;, of all surface
traps becomes more positive.

We can similarly describe the processes taking place
at the interface between p-Si and a REE oxide. As the
SES density increases, the difference

A€, = €,-€,, (15)
decreases; here, €, is the energy of the valence-band
top. Crossing the level €, the trap loses positive
charge; in this case, the total charge of all surface traps

becomes more negative as the density of surface states
is increased.

In the range of SES ~(2—4) x 102 eV-! cm™2, a
kink in the behavior of the dependences shown in
Fig. 2 is observed; this can also be explained in terms
of the above approach. It should be assumed that,
before the kink point is attained, the energy position of
the newly formed traps is below the Fermi level for
acceptor traps and above the Fermi level for donor
traps (i.e., closer to the midgap of silicon).

As was shown by Ang et al. [15], the physical struc-
ture of defects in a gate high-k oxide depends on the
applied voltage; in this case, new energy states of the
trap can be formed, both stable and metastable.

Consequently, multiple cycles of electroforming
lead to an increase in the SES density at the Si—(REE
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oxides) interface and to a change in the energy posi-
tion of the levels of traps, which, as a result, brings
about a change in their charge state. In addition, the
fixed charge in the REE oxide is bound to introduce
specific features into the general pattern of variation in
the charge state of a MOS structure in each case.

5. CONCLUSIONS

We studied silicon MOS structures, in which the
films of oxides with a large permittivity, namely, of
oxides of gadolinium, erbium, and dysprosium. We
studied the effect of electric fields ~(0.1—4) MV/cm,
at which the effect of electroforming is observed, on
the process of their electrical degradation.

The temporal characteristics of degradation upon
electroforming are described by exponential depen-
dences. The electric field, which is in effect during the
course of electroforming, serves to strengthen and
weaken bonds, which can be additionally excited or
catalyzed by interaction with the induced current of
electrons, or by holes, or by hydrogen ions.

The current—voltage characteristics of the studied
MOS structures are practically symmetric. Assuming
that there is a tail of traps, whose energy density
increases exponentially as the bottom of the conduc-
tion band is approached, we found that the /—V char-
acteristics under the condition of space-charge-lim-
ited currents, which is observed in the range of 0.2—
3V for various studied structures, are described by a
power law. It was established that the effect of an elec-
tric field during the course of electroforming leads to a
variation in the distribution of the energy density p(¢€)
of the traps responsible for currents limited by space
charge.

An analysis of experimental data shows that multi-
ple cycles of electroforming lead to an increase in the
density of SESs at the silicon—(REE oxide) interface
and to a variation in the energy position of levels of
traps, which, as a result, brings about a change in their
charge state. In the case of an n-type substrate, an
increase in the density of SESs results in the formation
of acceptor traps whose levels are above the Fermi
level. Alternatively, some fraction of the traps with lev-
els located previously below the Fermi level change
their energy position to that above the Fermi level.
Similarly, for a p-type substrate, a fraction of traps with
levels located earlier above the Fermi level change
their position and shifts to a position below the Fermi
level (or new donor traps are formed with levels
located below the Fermi level.
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