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N-AND S-TYPES IN THE Al-Al2O3-Ag TUNNEL STRUCTURE
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We have analyzed the scientific publications of research the electrophysical properties
of thin films metal-oxide-metal (Al-Al2O3-M) (MOM) structures. Some of them reported
either the N-type or the S-type negative resistance on the I-V characteristics of these
structures. The differing results are due to oxide layer was fabricated in a variety of ways and
selection of upper electrode. On the characteristics of the Al-Al2O3-M structures with the
oxide layer, produced by air exposit and silver as an upper electrode, we observed the regions
of negative resistance of the N-and S-type for the first time.
The procedure of fabricating an Al-Al2O3-Ag structure was as follows: an oxide layer
(Al2O3) 30-80 Ǻ thick was grown exposing to air the Al film thermally deposited onto glass,
ceramic or any other neutral substrate, heated to 150-1700C, in vacuum ~5*10-6mm. mercury
column. Aluminum oxide obtained in this way is free of impurities and best of all corresponds
to stoichiometric composition [1].
The upper electrode was then vacuum deposited onto the obtained oxide. The I-V
characteristics were recorded statistically by standard technique and on bi-co-ordinates
characteriograph. Fig. 1 shows the statistic and oscillogram of the I-V characteristics for an
Al-Al2O3-Ag structure with effective area ~1.07 sq.mm and oxide thickness ~60 Ǻ at room
temperature.

Fig. 1. Statistic I-V characteristic and oscillogram for the Al-Al2O3-Ag structure
at room temperature.

We started to record the I-V characteristics with the application of negative bias to
aluminum electrode. As one can see, at low voltages the samples are in low-ohmic (open)
state, which is conserved to a voltage of U≤1.0V. At U=0.8-1.0V the current reaches its
maximum and decreases with the increasing voltage. At ∼2.0V the current passes through a
minimum. Thus, the N-type negative resistance is observed. Continued increase in voltage
leads to monotonic increase of the current and at ∼3.7V it increases sharply, i.e. the S-type
negative resistance is observed. New low-ohmic state has a larger steepness than that of the
N-shaped portion of characteristic. The I-V characteristic is symmetric at both polarities of
the applied voltages. Consequently, the characteristic of the Al-Al2O3-Ag structure is unusual,
namely: at room temperature the structure has a I-V characteristic with the N-and following it
S-portion.
The representative parameters of switching-cutoff voltage and current (Ucutoff, Icutoff)
voltage and current in the minimum of N-shaped portion of the I-V characteristic-(Umin, Imin),
voltage and current of switching-on (Uon, Ion) and switching-off (Uoff, Ioff) of the sample
assume the following values: Ucutoff ≤1.0V, Icutoff ≤30mA; Umin ≤2.3V, Imin ≤2mA; Uon ≤3.8V,
Ion ≤10mA. Residual voltage (Ures) on the structure in the switched state does not exceed 1.5V,
while the residual current (Ires) ∼100mA, and is also limited by the external circuit resistance.
In decreasing the voltage to zero the structure remailns in low-ohmic state, which is retained
even on changing the polarity of the applied voltage up to the value of current Ioff ≥Iresidual at
which the structure is switched over into the high-ohmic state. In this state Ires ≥ Ion and Ures ≥
Uon. As the voltage decreases the current essentially follows the same high –ohmic
characteristic, preceded switching.
At repeated measurements the course of the observed phenomenal and the values of the
above parameters are retained. Cut out the applied voltage and changing the polarity one the
structure keep in memory its final state. The obtained the I-V characteristics proved to be
sensitive to the environmental temperature. Fig. 2 shows the I-V characteristics of the
structure in the temperature interval 77-363 K-Al.

Fig. 2. Temperature dependence of the I-V characteristic (T, K); 1-363; 2-348; 3-323; 4-300;
5-273; 6-250; 7-213; 8-183; 9-173. Above: Temperature dependence of the “on” voltage.

One can see that the S-and N type switching is observable both-at high and low temperatures.
N-type state evident is seen at room temperature. Rise above of room temperature the
switching from low-ohmic to high-ohmic state (N-type) appeares under change of applied
voltage polarity.
The value for the switching-on voltage (Uon)-the voltage at which the structure transfers
from high-ohmic state to low-ohmic one-turned out to be a temperature dependent value.
Above of fig. 2 represents the plot of lgUon as a function of 103/T, from where it follows that
in the interval 273-363 K Uon is strongly dependent on temperature, as compared with the
interval 173-273 K.
It’s clear from fig. 2 that the steepness of the I-V characteristics on it low-ohmic portion
decreases with increasing temperature. This points to metal character of the resistance of the
structure in low-ohmic state.
Prior to temperature measurements, the samples were subjected to heat treatment. For
this purpose they were first placed into liquid nitrogen, then heated to 1000-1100 C and again
cooled to room temperature. Our investigations revealed that the obtained results are
adequately reproduced after such a heat treatment.
The analysis of the I-V characteristics revealed that at low-ohmic branches the Ohm’s
Law is executing. Fig. 3 depicts the high-ohmic branch of the I-V characteristic (the second
ascending portion of the N-shaped I-V characteristics) at various temperatures (173-36 K).

Fig. 3. The high-ohmic branch of the I-V characteristic for the Al-Al2O3-Ag structure in
Fowler-Nordheim coordinates at various temperatures (T, K): 1-173; 2-183; 3-213;
4-250; 5-273; 6-300; 7-323; 8-348; 9-363.
One can see that in the whole temperature interval the I-V characteristics fall well on a
straight line in coordinates described by Fowler-Nordheim dependence:
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This indicates to the presence of tunnel conduction mechanism, i. e. tunnel-effect
stimulated transfer of charge carriers through the oxide film.
The slope of the characteristics remains practically unaffected with the temperature
change. From the temperature dependence of the current through the structure (fig. 4) at fixed

values of the applied voltage it will be obvious that the current increases proportionally to T2
in accordance with the expression.:

Fig. 4. Temperature dependence of the current through the Al-Al2O3-Ag structure in its highohmic state at fixed values of voltage.
j(T)=j(0)+ αT2 (where α is the coefficient of the current variation with temperature), which
also speaks in favor of tunnel effect.
Using the tunnel characteristics one can find the effective height of the potential barrier
(Ф) on the oxide interfaces-one the significant parameters determining the current through the
system involved. The Gundlach function [2].
Q=(1/∆u) ln[I(u+∆u)/I(u)

(2)

constructed to the currents I1 and I2, flowing in different directions has sharp peaks at voltages
near Ф1 and Ф2.
Fig. 5 represents the voltage, corresponding to Q1 and Q2. To judge by the position of
peaks, the heights of the potential barriers on Al-Al2O3 and Al2O3-Ag interfaces are equal to
∼2.2 and 2.26 eV, respectively.
The analysis of the I-V characteristic in the region 0.7-2.0 V showed that the
dependence of the current through the structure on the applied voltage in the region 0.8-1.2V
is well described by the exp(u1/2) law, peculiar to the Schottky emission. Indeed, as one can
see from fig. 6, the I-V characteristic is well approximated by a straight line in the lgI∼ u1/2
coordinates.

Fig. 5. Variation of Q1 and Q2-logarithmic derivations of I1 and I2 found by the I-V
characteristic of the Al-Al2O3-Ag structure-with voltage at room temperature.

Fig. 6. The high-ohmic branch of the Al-Al2O3-Ag structure in the Schottky coordinates
between 0.8 and 1.3 V.

In the region 1.2-2.0V the Richardson-Schottky conductivity transfers to tunnel emission. The
slope of the lgI∼f(u+1/2) determined from fig. 6 gives the value equal to∼2.51V-1/2 (βs).
According to the relation [3]:
0.43q 3 / 2
(3)
β s=
kT 4πε r ε 0 d
In the expression:
T-absolute temperature;
εr-relative dielectric constant of the insulator;
ε0-electric constant of vacuum;
k-the Boltzmann's constant;
d-thickness of dielectric layer;
qϕ-height of potential barrier on contact-dielectric interface;
E-electric field;
q-electron charge.
Calculation by the formula (3) at εr=12 d=60 Ǻ showed that βs=2.40V-1/2 which is very
close to the experimental value βs (2.51V-1/2). An agreement between the theoretical and
experimental values of the coefficient βs provides support for the presence of the Schottky
(above barrier) emission into aluminum oxide film in the region 0.8-1.2V. This allows to
calculate the height of the potential barrier (Ф=qϕ) on the oxide Al2O3 interfaces. From the
expression (3) it follows that
kT
I
qϕ=lg
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where:
A-Richardson’s constant-120A/cм2*grad2;
S-the area of the structure under investigation (1.07 sq. mm);
I-the cutoff current which can be found by extrapolating the linear portion of the I-V
characteristic in the lgI∼U1/2 coordinates (fig. 6) to the zero voltage. The substitution of
numerical values into the expression (4) gives ϕ=0.73 eV for the height of potential barrier on
lower electrode-oxide (Al-Al2O3) interface. The height of the potential barrier on the oxideupper electrode interface, (Al2O3-Ag) estimated in the similar way turned out to be ∼0.79 eV.
As on the theory, the difference in the estimated values for ϕ1 and ϕ2 (0.06 eV) coincides with
the difference in the work function (∼0.05 eV) of aluminum and silver. As may be seen from
fig. 6 at ∼1.3 V one observes a deviation from the Schottky law. By the magnitude of this
voltage the authors [4] have proposed a simple and precise method of determining the
effective electron mass (mx) in insulators and semiconductors by the formula:
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where:
h-the Plank’s constant;
q-electron charge;
ε-dielectric constant of the mateial;
E-electric field intensity, at which one observes a deviation from the Schottky law in the
region between thermoelectric and field thermionic emission.
mx
= 1.62 which is close to the value for
Calculation by the formula (4) at εr=12 gives
mo
the effective electron mass-1.78mo for Al2O3 found in [4].
A knowledge of the effective mass in its turn, also allows to estimate the height of
potential barrier on the oxide interfaces.

In accordance with the Fowler-Nordheim formula(1) the slope of the lgI∼U-1
dependence is given by the formula:
0.43 * 4 m x (qϕ ) 3 / 2
(6)
tgα=
3qh
with mx 1.62m0gives the value of ϕ=0.71 eV on Al-Al2O3 interface which is very much like a
height of the barrier on the same interface, we have determined from the low for Schottky
emission (∼0.73 eV)
Discussion of the results
The presence of the N-and S shaped portions on the current-voltage characteristics of
the Al-Al2O3-Ag structure results from the fact that at low voltages its reactive impedance has
a capacitate character which further increase of voltage converts to the inductive one, i. e. a
negative current feed-back gives way to a positive feed-back. The internal negative current
feed-back seems to be due to the fact that increase of the applied field leads to an increase in
capture cross section of the levels in the Al2O3 forbidden band in the process of depositing
silver electrode. In the Al-Al2O3-M structures, with other materials of the upper electrode (Al,
Zn, Cu, Su) or in the presence of intermediate semiconducting layer between the oxide and
upper electrode (MOSM-structure) no N-shaped portion of the I-V characteristics is available.
The internal positive current feed-back conditioning the S-type negative resistance
region is produced by the fact that at a voltage almost equal to a half width of the Al2O3
forbidden band (~3.7 V), the Fermi level of positively charged electrode (anode) is so
decreased that it nearly coincides with dielectric valence band and electrons tunneled from
dielectric valence band into electrode prevail in the conductivity. Because of this the current
through the structure sharply increases and the structure transfers to high-conducting state.
The temperature dependence of “on” voltage (fig. 2) points to thermal activation trap levels
superimposing starting from ~273 K.
The analysis of field and temperature dependencies of conductivity for the structures
studied illustrated current through them to be due to tunnel effect and Schottky effect.
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Al-Al2 O3 ßÑÀÑËÛ ÒÓÍÍÅË ÑÒÐÓÊÒÓÐËÀÐÄÀ ÊÅ×ÈÐÈÚÈËÈÊ ÌÅÕÀÍÈÇÌÈ
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ßËßÊÁßÐÎÂÀ Ø., ÙÀÚÛÉÅÂÀ Ý., ßÙÌßÄÎÂ È., ßÁÄÖË-ÇÀÄß Í.
Èëê äÿôÿ Al-Al2 O3 (60Ǻ)-Ag struktóðóíóí âîëò — àìïåð àñûëûëûüûíäà Í âÿ îíóí àðäûíúà Ñ —
òèï ìÿíôè ìöãàâèìÿò àøêàð åäèëèá, éÿíè êè÷èê ýÿðýèíëèêëÿ ðåàêòèâ èìïåäàíñû òóòóì ñÿúèééÿëè
îëàí ñòðóêòóð, ýÿðýèíëèê àðòûãäà èíäóêòèâ õàðàêòåð êÿñá åäèð. (173 - 363)Ê èíòåðâàëûíäà úÿðÿéàí
— êå÷èðìÿ âÿ àøèðìà ìåõàíèçìè þéðÿíèëèá. Úÿðÿéàíûí òåìïåðàòóð âÿ åëåêòðèê ñàùÿñèíäÿí
àñûëûëûýûíäà òÿéèí åäèëèáêè ùÿìèí ñòðóêòóðäà úÿðÿéàíêå÷èðìÿ òóííåë âÿ Øîòòêè ìåõàíèçìè èëÿ
òÿíçèìëÿíèð. Í- òèïëè ìÿíôè ìöýàâèìÿò Àë2Î3 òÿáÿãÿñèíèí ãàäàüàí çîëàüûíäàêè òÿëÿëÿðÿ
åëåêòðîíëàðûí úÿçá îëóíìàñû, Ñ — òèï ìÿíôè ìöãàâèìÿò èñÿ òóííåë åôôåêòè — éÿíè îêñèä ëàéûíûí
âàëåíò çîëàýûíäàí åëåêòðîíëàðûí ýöúëö åëåêòðèê ñàùÿñèíèí òÿñèðè èëÿ åëåêòðîäà êå÷ìÿñèéëÿ èçàù

îëóíóð. Îêñèä — ìåòàë ñÿðùÿääèíäÿ ïîòåíñèàë ñÿääèí ùöíäöðëöéö âÿ Àë2Î3 — äÿ åëåêòðîíëàðûí
åôôåêòèâ êöòëÿñè òÿéèí îëóíóá.
МЕХАНИЗМ ЭЛЕКТРОПРОВОДНОСТИ И ОТРИЦАТЕЛЬНОЕ
СОПРОТИВЛЕНИЕ N – И S –ТИПОВ В ТУННЕЛЬНОЙ
СТРУКТУРЕ Al-Al2O3-Ag
АЛЕКПЕРОВА Ш., ГАДЖИЕВА Г., АХМЕДОВ И., АБДУЛ-ЗАДЕ Н.

Впервые на ВАХ тонкопленочной структуры Al-Al2O3-Ag, с окисной пленкой 60 Ǻ ,
полученной зкспонированием на воздухе алюминиевой пленки, обнаружено
отрицательное сопротивление (ОС) N-и следующее за ним S-типа. В широком
интервале температур изучены явления переноса и переключения в этих структурах. Из
полевой и температурной зависимостей проводимости структуры установлено, что
токопрохождение через нее обусловлено туннельным эффектом и эффектом Шоттки.
ОС N-типа инициировано захватом электронов на ловушки в запрещенной зоне Al2O3, а
S-типа туннелированием электронов из валентной зоны окисла в электрод под
действием сильного электрического поля. Определены высоты потенциальных
барьеров на границах окисла с металлом и эффективная масса электронов в Аl2O3.
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