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Studies on Conductance Switching in Iron Oxides

Masaaki Miyamoto™

Synopsis: Memory switching in electric conduction was found in polycrystalline ferric oxides treated
with an electric breakdown. Current-voltage characteristic was symmetric with the polarity of applied
voltage, and the switching was observed from 77 to 500 k. A series of experiments demonstrate that space-
charge-limited current flows after filling of traps with injected carriers. The sample which shows switching
has a filamentary conductive path of magnetite. But the phase of magnetite is covered with a very thin
layer of reoxidized hematite. The memory switching occures in magnetite-hematite-magnetite sandwitch
structure. Under the condition of current limited, I-V characteristic showed Lampert’s triangle. By using
the triangle, carrier density n, trap density &, and electron mobility u, were calculated. The threshold
voltage of switching changed systematically with the number of cyclic switching. The change of threshold
voltage is explainable with the relaxation process such as charge trapping and release. Double-pulse
measurement suggested the mechanism of single carrier injection process. Under the condition of large
current, threshold voltages begin to change with the switching cycles in the conditions of various surroun-
ding gas atmospheres. The mechanism of this change consists of the structural change of the surface (ox-
1dation or reduction) in magnetite-hematited-magnetite sandwitch structure as the result of Joule heating
by the flowing current after every switching. The change of threshold voltage under the various condition
of ambient gas is also reported.

1. Introduction

Current-controlled negative resistance (CCNR) has been observed in a variety of oxides
such as Nb,Os"?, NiO*?, Cu-doped Fe,05;Y, MoO?, Oxide films of Nb, Ta and Ti”, TiO,?,
Cu, 0%, Si-doped YIG'’, SiO,'”, Cd boracite’”, and Sn0Q,-VO,-PdO'". Electronic
mechanisms such as injection of carriers’®”!" or others**, and thermal ones**'? are propos-
ed for the explanation of CCNR. In these oxides, memory switching effects have also been
reported’> ™'Y, Memory switching effects have been considered to require some structural
changes'. Electronic effects such as injection of carriers®, or delocalization of charge car-
riers¥ and thermodynamic effects such as phase transitions'”!'® or precipitation of metallic
phases”'” have been proposed as causes of structural changes. The negative resistance in cop-
per-doped Fe,O; ceramic could be ascribed to the difference in oxygen content in the phase”.
The possibility of magnetite-filament formation has been suggested in Si-doped YIG
memory switching'’. A basic problem of memory switching concerns the origin of the high-
conductive state which is attainable after the removal of the source voltage. Negative
resistance and memory switching in sintered ferric oxides have reen reported*>*). The forma-
tion of magnetite filament has been confirmed through the low-temperature measurement of
[-V characteristic*”. In this paper the causes of the change of memory state were clarified by
the measurements of I-V characteristics under the various conditions. It was found that
SCLC (Space-Charge-Limited-Current) and TFL (Trap-Filled-Limit) theories were useful

for explaining the mechanisms of electronic switching in ferric oxide as reported in other
materials'®!1¢33,
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2. Sample preparation and measurement

Ferric oxide powder (99.9%: pure sample) and mixed powder with 0-20 mol?% oxides
(such as ZnO, TiO,, CuO, NiO: mixed sample) were compacted into discs of 10 mm
diameter and 0.3~0.5 mm thick at 1 ton/cm? and sintered at 1150-1300 ° C in air for two
hours. Silver paint (Dupong #6216) was used as electrode material. In order to reduce the
sample resistance, breakdown voltage was applied between upper and lower sides electrodes
or between two electrodes on one side of the disc using the constant current supplies under
the condition of current limited (1~100 mA). This process is called ‘‘forming’’*?. Iron films
evapolated on the Pt electrode on alumina substrate were oxidized gradualy to magnetite in
alkali solution, and oxidized into hematite during one hour heating at 600 " C in air.

Resulting hematite films are 500~ 1000 nm thick and show memory switching as same as
sintered hematite ceramics®¥. This thin films of hematite sandwitched with silver paint and
Pt electrode are measured as models of sandwitched structure for the conductive path. (:
thin film sample) I-V characteristics were measured with PA DC Voltage source (YHP
4140B) and DC constant current supply. These were connected to micro computer system
(NEC PC8801) with GP-IB cable and measured data were stored and treated systematically.
Ordinarilly measurement of I-V characteristic in low temperature region were done in
vacuum case which was set in the criostat and was connected to the voltage source with triax-
1al cable and BNC connector. Current limiting voltage source, DC double pulse generator,
oscilloscope and X-Y recorder were used for the measurements of continuous cycles of I-V
curves and characteristics of the switching phenomena such as change of threshold voltage
(Vi) or switching delay time or switching time.

3. Results

3.1 Forming process

Electrical breakdown occurred in several seconds after the voltage application. A thin
conductive path was formed between the electrodes®”. The thickness of the path had a
tendency to increase with increasing flowing current during the electric breakdown. (In this
treatment, constant current-supply was used and current was limited to 100 mA.) Ordinari-
ly, this treatment was done at room temperature in air. A thin conductive path (50~100 um
in diameter) was produced. Apparent resistance of the sample decreased 3-4 orders of
magnitude owing to the formation of the conductive path. After the removal of applied
voltage, apparent resistance returned to the initial value (10°-10'° ohm), and the sample
showed memory switching. Stable switching was observed after flowing an appropriate cur-

rent. No forming was needed for thin films of hematite to show memory switching®?.

3.2 Threshold voltage of switching
AC I-V characteristic of the formed sample (typical in mixed samples) 1s shown in Fig.

Initially the sample had a resistance of more than 10° ohm. When the increasng voltage
applied to the sample, switching from off to on-state occurred at a threshold voltage Vi.
The sample retained the on-state if the maximum current 7,, was sufficient, but the reduction
of I, resulted in the hysteresis effect. In a large current region, orange-red light emission was
observed in the conductive path as reported by Lo¥. Threshold voltage Vi, in some of the
mixed samples changed in accordance with the change of ambient gas condition as shown in
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Fig. 1 AC I-V characteristic of the formed sample. Cuve A-B corresponds to the off state. Curve A-E-F to the
on-state. Normally, the time sequence of switching is A-B-E-F-A and Switching Occurs from B to E. The

reduction of 7, resulted in the hysteresis, curve A-B’-C’-D’ which was accompanied by the decreasing in
Vin-

Fig.2. Threshold voltage Vi, in every six seconds were recorded. This change of Vi, seems to
have the strong correlation to partial pressure of oxygen in the ambient. For the observation
of this change of Vy, I, larger than about 1 mA was needed. The switching was also observ-
ed under the current-limited condition. (Z,, <10 uA, typical in pure sample and thin film sam-
ple) DC I-V characteristic showed switching as in Fig. 3. This characteristic was not affected
by the change of partial pressure of oxygen in measurement but changed with the number of
switching cycles. At first, lamp voltage was applied to the sample. When the current reached
a set value, the voltage was removed instantly. After a few seconds, lamp voltage was ap-
plied again®®. This cycle was repeated automatically, and the sample voltage vs time
characteristic was recorded by X-Y recorder. The maximum voltage which was recorded in
each cycle corresponded to V.. At the same time, the appearance of I-V characteristic was
checked with an oscilloscope on every cycle. As the switching was repeated, V,, decreased
and the conduction changed from ohmic to non-ohmic in the region near Vi, as shown in
Fig. 3. The threshold voltage Vi, decreased with increasing number of the continuous cyckes
of switching and increased with the pause of switching cycles as shown in Fig. 4. But V¥,

remained constant in every cycle of switching at low temperature as in LN and switching
itself was very stable.
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Fig. 2 Typical change of V,;, of mixed sample with the change of ambient gas condition. Change of ¥}, in cyclic
switching in every six seconds were recorded. Maximum current J,, was 3 mA.

3.3 Static DC I-V characteristic

Static DC I-V characteristics were measured by PA DC voltage source. Typical I-V
characteristic is shown in Fig. 5. In low electric fields, ohm’s law was obeyed i.e., loc V| then
the steepness region in the curve was followed by the curve in which power law was obeyed
i.e., loc V? or loc V2. Under the current limited condition (Z,,<10 uA), no hysteresis was
observed in the I-V characteristic. This I-V characteristic sustained the powe relationship
(as mentioned above) between 77 and 500 K. In low electric field, the currents were small and

the curve steeper at low temperature. Similar I-V relationships have been reported in
polycrystalline TiO, thin films and CdS single crystals®>?9.

3.4 Pulse measuremernts

Ordinarilly V; remained constant at low temperature, so, the pulse measurement was
done at 77 k. Switching delay time was detected by the application of voltage pulse. Swit-
ching delay time depended on the applied voltage as shown in Fig. 6. Overall delay time of
the double pulse test is also presented in Fig. 7. Double pulse test consists of the application
a positive voltage pulse, whose amplitude is greater than the threshold voltage for switching,
followed immediatery by an equal amplitude negative pulse applied before switching occurs.
Overall delay time corresponds to the time required for the occurrence of switching from the
application of the first positive pulse. When the same amplitude of voltage was applied,
overall delay time was longer than that for single pulse alone. The responses of the sample
current for the voltage pulse are shown in Fig. 8.
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Fig. 3 DC I-V characteristics of a sample under the current limited condition. 7,, was limited to 5 uA. DC lamp
voltage was applied to the sample and switching was observed at V. Vertical scale: 1 uA/div. horizontal
scale: 1 v/div.

4. Discussions

Conductance switching was obtained in sintered ferric oxide after the formation of the
conductive path by the dessociation of hematite to magnetite. Ferric oxide dessosiates into
magnetite at 1392°C in air. The possibility of the appearance FeO or metal Fe can be discard-
ed from the phase diagram of the system Fe-O. High conductive ohmic on-state was ob-
tainable in the forming process. This on-state memory showed breaks at 120 k in the curve
of log. R vs 1/T characteristic as same as the Verwey transition in magnetite*”. These facts
indicate that the on-state memory is a result of the formation of a magnetite filament. The
formed filament must be covered with the reoxidized hematite layer. X-ray back Laue
method indicated the phase of hematite on he surface of the conductive path.

The appearance of the reoxidized layer (hematite) causes the resistance increase and
makes the ohmic characteristic change into non-ohmic and finally results in the appearance
of the off-state. Thus, the change between memory states (ohmic on-state and others) are
mostly affected by thermally induced chemical reaction in the conductive path. The
resistance of the ohmic on-state memory began to increase at about 600 K in air. This in-
crease of resistance was suppressed in N, gas or in vacuum. Similar increase was obtained at
room temperature in air by flowing current in the path. This increase of resistance was the
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Fig. 4 Threshold voltage V};, 1n the switching cycles. Fig. 5 Static DC I-V characteristics. In the low
Change of V,, as a factor of the continious cycles of voltage region ohmic resistance increased the value
switching and as the length of the pause time. with temperature. Lampert’s triangle was observed.

result of the surface oxidation of magnetite as reported by Bevan et al.”® The conduction
path of the switching sample i1s same as that of magnetite-hematite-magnetite sandwitch
structure.

AC I-V characteristic in Fig. 1 showing negative resistance and memory switching con-
tains the effect of the load resistance in the measuring circuit. Joule heating by the flowing
current after switching resulted in the change of the characteristic of memory state. The
mechanism of this change consists of the structural change of the surface in magnetite-
hematite-magnetite sandwitch structure. So. the resistance of the off-state was affected by
number of cycle switching and by the atomospheric partial pressure of oxygen. Then Vi, of
cach switching was also affected by the partial pressure of oxygen as in Fig. 2. However,
under the condition of small current, V., was not affected by the partial pressure of oxygen.
So, the change of Vi, in the case presented in Fig. 3 and Fig. 4 1s not a result of the structural
change (oxidation or reoxidation) of the sandwitch structure. From these facts mentioned
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above, Joule heating can be ruled out from the primary cause of switching in ferric oxide.

Static DC I-V characteristic presented in Fig. S is indicative of the space charge limited
current. Lampert’s tirangle®” is seen in the I-V characteristic. At low electric fields charge
carriers are thermally equilibrated (ohmic region) and at high electric fields injected carriers
exceed the number of thermally equilibrated ones at a critical voltage Vi. (Eq. 2) And then,
[-V characteristic begins to show the relationship loc V2. This relationship may be covered
by the presence of traps and when traps are all filled with charge carriers, the relationship
loc V2 will appear in the I-V characteristic. Trap-filled-limit voltage Vrp. at which the transi-
tion from ohm’s law to SCL current flow takes place i1s given by

eN.L?
VirL = 8 (D
and
L2
V== ()

where L, e, g, n and N, are spacing between electrodes, electron charge, static dielectric cons-
tant, density of free carriers and density of trap, respectively. In the case of this study, L cor-
responds to the thickness of hematite layer in magnetite-hematite-magnetite sandwitch struc-
ture and remaines constant. In the case of thin film samples the value of L corresponds to
the thicness of hematite, and can be estimated actualy. Then, from the curves i1n Fig. 5, n, N,
and u, were culculated using equations (1), (2) and Child’s equation. Results are given in
table 1. Temperature dependence of u, and 1/R (R: ohmic resistanse in the curves of Fig. 5
‘in low voltage region) are shown in Fig. 9. Activation energies for u, and 1/R from curves in
Fig. 9 are 0.23 and 0.29[ eV ] respectively. On the other hand, n seems to have a weak correla-
tion with temperatures. So, the temperature dependence of ohmic resistance is due mainly to
the change in electron mobility. The value of ¢ is assumed to be constant in the experiment
of continuous cycles of switching when the increasing late of applied lamp voltage and am-
bient temperature are constant. Injected carriers may fill traps at Vy, and switching occurs.
After the removal of applied lamp voltage, effective density of traps increases with time.
This means that charge carriers are released from filled traps according to some types of
relaxation process. If there are different types of traps and paticular-type traps among others
have large capture rate of charge carriers, effective density of traps N..g corresponds to the
density of the paticular type. Fig. 10 shows the equivaelent circuit for the relaxation process.

Nteff=Nt{1 —exp (—-f;) } (3)

Table 1 Culculated value of n, N, and y, from curves shown in Fig. 5. Film thickness: L =880 nm |

T C] nlcm=3] N,(cm~3] u.cm?/V-sec) R(Q]
20 1.77 X 1013 1.57 X 1014 8.73x10° 3.75 x 107
—20 5.43 X 10 2.74 X 104 7.89 X107 4.00 x 108
—40 3.09 x 1013 3.66 x 10 2.55 %1077 1.70 x 10°
—60 2.17 x 1013 4.57 X 1014 1.23 X107 5.70 X 10°
— 80 1.26 < 1013 4.23 X 104 2.62 X108 4.00 x 1010
— 100 0.83 x 10 6.00 x 1014 4.37x1077° 3.90 x 10!
— 120 1.09 x 1013 5.03 X 1014 1.67 %107 1.00 < 1012
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Fig. 9 Temperature dependence of log 1/R and log u, R: Ohmic resistance obtained from curves in the low
voltage region u, : electron mobility Both R and u, are culculated from data shown in Fig. 5

From equations (1) and (3),

el *N, t
Vin=VrrL= : {1 —exp (——) } (4)
&€ T
where
R++r
C, G

If R+r corresponds to the off state resistance (~10° ohm), and C,=C,=10"°[F] then
t=0.5[s]. From equation (4), the change of V, in the experiment of continuous cycles of
switching, shown in Fig. 4 can be explainable. In the continuous cycles of switching, charges
filled in the paticular-type traps drop into other ones during the time after removal of ap-
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Fig. 10 Equivalent circuit for the explanation of relaxation process such as charge trapping and release. C, and
C, correspond to traps of different type.

[ T T ) ——I_—l
Fy
0.9 —
300K
0.8+ -
A
. @
a:o.‘?'—- M
L
S ~ A
> 77K
0.6 Q -
()
A
®'
L
05— O
—T
..
0.4 —~
A
- 1 — A T
2% 101 102 5 x 102
Time (sec]

(after the removal of source)

Fig. 11 Potential defference observed between electrodes of switching sample after removal of voltage source.
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plied voltage. As charges in the other traps increase, residual charges in the paticular-type
traps increase at every switching. Then effective trap density N.qs In equation (3) decreases
and Vy, (V1r) also decreases gradually. The increase of Vi, with increasing the length of
pause time 1s the consequence of discharging of all traps.

Residual charge in the sample after the removal of source produced the potential
difference between the electrodes. And this potential difference decreases as time as shown in
Fig. 11. This characteristic may be the result of the exitation of trapped carriers. Pulse
measurement denied the possibility of double injection mechanism in hematite switching
sample. The fact that overall delay time for double pulse was shorter than delay time for
single pulse indicated the possibility of a single carrier injection mechanism. But, no detailed

nature of traps and mechanisms of injection has been obtainable only through the present
data.

5. Conclusions

Conductance switching in iron oxides was observed both in sintered samples and thin
films. In sintered samples, switching occurs after the formation of the conductive path com-
posing a sandwitch structure of magnetite-hematite-magnetite. At high electric fields single
carrier injection occured and space-charge-limited current flows through high resistive Fe,O;
(hematite) layer which has some types of traps. Trapped charges caused the potential
defference between the electrodes. No structural change occured in the sandwitch structure
when the flowing current was small and Joule heating was negligible. In this case the
characteristic of stable switching had no dependence on the change of surrounding gas at-
mosphere. Threshold voltage Vi, corresponded to trap-filled-limit voltage VrgL in Lampert’s
triangle. The change of effective density of traps caused by trapping or release of charge car-
riers gave the systematic change of V. However, if large current flow after switching, Joule
heating caused the structural change in the sandwitch structure and Vi, of each switching
was affected by the change by the change of sorrouning gas atmosphere.
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