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Some electrical properties of thin film 
sandwich assemblies of Si0N205 

F. A. S. A L - R A M A D H A N ,  C. A. HOGARTH 
Department of Physics, Brunel University, Uxbridge, Middlesex, UK 

Thin films of the complex dielectric material SiO/V2Os-were prepared by a co-evapor- 
ation technique and used as the insulator material in MIM structures in which the metal 
M was copper. Most of the samples could be electroformed at between 4 and 9 V applied. 
They then exhibited a voltage-controlled negative resistance associated with an emission 
current into vacuum whose density was of the order of 10 -5 A cm -2. Voltage-memory, 
thermal voltage-memory and ambient pressure-memory effects were also observed. 
A polyfilamentary model was used to interpret these properties. 

1. Introduction 
It is now well established that a large variety of 
thin film amorphous oxides can be electroformed 
and show interesting and potentially useful elec- 
tronic effects such as voltage-controlled negative 
resistance (VCNR), switching and memory effects, 
electron emission into a vacuum and electro- 
luminescence. Electroforming is a process which 
takes place when a relatively low voltage, well 
below the normal dielectric breakdown voltage, 
is applied across the dielectric thin film sandwich 
so that the current increases rapidly, typically by 
two or more orders of magnitude at a fixed 
voltage. The process is accompanied by the develop- 
ment of the variety of effects listed above. 

Much of the early work was reported by 
Hickmott on A1203 films [1] where VCNR and 
large circulating current densities were observed. 
The voltage-current (V- / )  characteristics were 
explained by him in terms of a space-charge- 
limited conduction mechanism. Simmons and co- 
workers [2, 3] performed basic experiments using 
SiO as the dielectric material and the work on thin 
film complex dielectric materials initiated by 
Hogarth and Wright [4] was extended to the study 
of electroforming phenomena. Initially thin 
films of 70% SIO/30% B/O3 were studied by 
Taheri et al. [5] and found to give considerably 
higher electron emission currents than thin films 
of SiO investigated under similar conditions. Abidi 
and Hogarth [6] studied similar phenomena in 

the thin films of 70% SIO/30% BaO, and Rakhshani 
and Hogarth [7] also studied SiO/BaO samples 
having different compositions. They both reported 
electron emission; the latter paper also reported 
observations of the thermal voltage-memory effect 
and used the filamentary model originally postu- 
lated by Dearnaley et aL [8] to interpret the 
experimental results. 

A number of models have been suggested to 
account for the forming process and related 
phenomena and these are of two main types. The 
first type of model deals with iso-energetic tunnell- 
ing of electrons through a band of localized states 
within the insulator band gap as in the models of 
Simmons and Verderber [2], Hickmott [9] and 
Verderber et al. [3], or describes the electrical 
conduction by means of a combination of ionic 
and tunnelling mechanisms as reported by Barriac 
et al. [10, 11], or by electron tunnelling through 
chains of defect centres produced during the 
forming process as a result of solid-state elec- 
trolysis as given by Greene et al. [12]. The second 
type of model, the polyfilamentary model which 
was first proposed by Dearnaley et al. [8] and 
extended by Ralph and Woodcock [13], has had 
considerable success in explaining the various elec- 
trical properties of the electroformed devices. 
Dearnaley et al. [8] have suggested that electrical 
conduction through each filament is ohmic in 
nature and Joule heating-assisted rupturing of the 
filaments is responsible for the differential negative 
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resistance effect. In the model of Ralph and Wood- 
cock [13] a band structure is associated with each 
filament and conduction then occurs by iso- 
energetic tunnelling at low voltages. At higher 
voltages the electrons enter localized states both 
within and outside the filaments and eventually 
lead to a reduction in the current flow. 

In earlier work at Brunel, much attention has 
been given to complex materials whose component 
oxides would form a glassy structure if melted 
together above the appropriate glass-forming tem- 
perature. Preparation of quasi-glassy films by the 
co-evaporation technique provides a series of 
interesting dielectrics in thin film form and which 
are capable of exploitation as passive or active 
electronic components. In this paper some results 
for thin films of oxide complexes based on the 
system SiO/V2Os are reported. No information is 
reported in the literature on such amorphous thin- 
film complexes but much work has been published 
on V2Os to which a glass former such as P2Os has 
been added. This system was extensively studied 
as an example of displaying the semiconducting 
properties resulting from a hopping process due to 
the existence of reduced oxidation states of 
vanadium ions V 4+. Conduction is a consequence 
of small polarons hopping between V 4+ and V s+ 
ions [14].::~In such glasses even with as much as 
90mol%V2Os as one constituent [15], the elec- 
trical conductivity is found to increase with 
increasing V2Os content and at the same time the 
activation energy for conduction decreases. 

2. Exper imental  work  
2.1. Sample  fabricat ion 
The samples were deposited on to cleaned 1 in. x 
3 in. (2.54 cm x 7.62 cm) 7059 Corning glass sub- 
strates by the vacuum deposition of successive 
layers of metal-insulator-metal at pressures of 
about 8 x 10 .6 torr in a Balzers BA 510 coating 
system, with a substrate temperature of 150~ 
for the dielectric and 100~ for the electrode 
depositions. The warming of the substrate improved 
the adhesion of the thin films. The rate of evapor- 
ation was monitored and controlled during the 
evaporation by the use of a number of quartz- 
crystal monitors and the rates were 2 nm sec -t for 
V2Os and about 0.8 nm sec -1 for the SiO and the 
metal electrodes, but the values were varied to 
obtain films of differing but controlled compo- 
sitions. Two quartz crystal monitors were used so 
that the individual evaporation rates of the two 

Substrate- 

Active a r e a  Counter electrode ~ Base electrode 

Dielectric layer 

Figure 1 Arrawement of the specimens. 

oxides were continuously controlled and recorded 
following a co-evaporation technique developed by 
Hogarth and Wright [4]. Six samples were deposited 
on each substrate with a common base electrode 
of copper. This was followed by the deposition of 
six copper electrodes of different thicknesses 
(60 to 100nm) as counter-electrodes. Each device 
had an active area of 10mm 2. Fig. 1 shows the 
arrangement of the samples. 

2.2. Forming experiments 
Electrical measurements were made by conven- 
tional methods using a subsidiary vacuum system 
at a pressure of about 10 -6 torr and the forming 
experiment was started by increasing the applied 
voltage by a 1 V step min -1 until the circulating 
current, Ic, through the device started to increase 
rapidly and continued to do so until no further 
change was noted and the forming process was 
then complete. The voltage-current character- 
istics were recorded and then emitted electrons 
were collected b y  a copper anode positioned 
1.5 cm vertically above the substrate and biased 
at + 100V with respect to the base electrode of 
the device. The emission current was measured 
using a Keithley 610 C solid-state electrometer. 
The sample temperature during the experiments 
could be monitored approximately by the use of 
a fine copper-constantan thermocouple attached 
to the counter-electrode. Silver paste was used to 
make good contact between the counter electrode 
and the pressure contacts. 

2.3. D.c. v o l t a g e - c u r r e n t  characterist ics 
Fig. 2a shows a reproducible V - I  characteristic 
of a sample composition 68mol%V2Os/32mol 
% SiO, having a thickness of 159 nm, and with a 
32nm thick copper counter-electrode. Initially 
ohmic behaviour is observed but at an applied 
voltage of 9 to 10 V the current starts to increase 
rapidly to a level between 100 and 1000 times the 
current before forming. The new state of the 
sample is shown in the "formed" part of Fig. 2a 
and the sample does not revert to the initial 
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Figure 2 (a) Voltage-current characteristics of a 32 tool% Si0/68 tool% V~O~ sample. (b) Curves showing voltage- 
memory effect. (Memory state induced at 40 V applied.) (c) Curves showing thermal voltage-memory effect at -- 67 ~ C. 
(d) Effect of ambient pressure and curves for pressure voltage-memory in a Cu-67 mol% Si0/33 tool% V2Os-Cu 
sample. 

unformed state when the applied voltage is reduced 
to zero. In the formed state regions of  differential 
negative resistance are observed. 

The power dissipated in the device just before 
the forming process starts is "~ 0.01 mW but after 
forming the peak power is ~--3 mW, the type of  
power level often relevant to signal-translating 
electronic circuits. 

2.4.  M e m o r y  e f fec t s  
A vol tage-memory effect exhibited by the same 
sample at room temperature is shown in Fig. 2b. 
It was found that a high-resistance memory state 
could be induced if the voltage were lowered 
rapidly from any point on the VCNR trace to zero, 
followed by the switching off  o f  the power supply 
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for a very short time. When the voltage is re-applied 
the original high-resistance state is re-generated up 
to a particular threshold voltage where the current 
increases sharply to join up the previous high- 
conductivity state in the VCNR region. 

A thermal vol tage-memory effect can also be 
generated in our samples as shown in Fig. 2c when 
the sample temperature is reduced to --  67 ~ C. The 
first curve traces the same V - I  characteristic as 
normally recorded after forming but when the 
applied voltage is reduced to zero, a high-resistance 
memory state is generated and preserved during 
subsequent measurements of  V - I  characteristics. 
The high-resistance state is similar in characteristic 
to the original unformed sample. Raising the sample 
to room temperature again develops the low- 
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resistance state characteristic of  an electroformed 
device. The latter state may also be obtained by 
temperature cycling of  the sample. 

Pressure vol tage-memory effects could be 
observed using another procedure involving 
changes in the ambient atmosphere around the 
sample. An electroformed sample having an 
insulator thickness of  500nm and a composition 
33 tool% V2Os/67 mol% SiO was tested at differ- 
ent ambient pressures from ~ 1 x 10 -6 to 760 tort 
as indicated in Fig. 2d. The current passing through 
the sample was found to follow more or less the 
same V - I  characteristic as is seen in a good vacuum 
(1 • 10 -6 torr) with the peak current decreasing as 
the pressure increases. At atmospheric pressure the 
current followed the same characteristic up to a 
certain threshold voltage V w. Increasing the voltage 

above V T caused a decrease in the current and the 
development of  a high-resistance state. This was 
maintained by reducing the voltage to zero, when 
the current then assumed a different value depend- 
ing on the ambient pressure. Increasing the voltage 
again and then reducing it to zero generated a 
high-resistance memory state at atmospheric 
pressure. This could be erased by reducing the air 
pressure to 10 -6 torr again and applying a bias 
voltage of  40 V across the sample. 

The value of  the voltage corresponding to the 
change in the conduction state and to the loss of  
the memory depends on the character of  the change 
in pressure [16]. When it increases the threshold 
voltage is 25 V while for a decrease it is about 
40V. In the first case the degree of  forming 
decreases; in the second it increases. 
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T A B L E I Some parameters of thin V~Os/SiO thin films 

Sample Forming Voltage for Composition Maximum Power 
thickness voltage maximum (tool %) current dissipated 
(nm) (V) current (A) (roW) 

(V) V20 s SiO 

190 - 50* 100 - 5 X 10 -6 0.25 
159 9 8 68 32 3.8 X 10 -4 3 
500 6 15 33 67 8.0 X 10 -3 128 
545 9 15 30 70 9.7 X 10 -3 146 
750 9 20 24 76 9.5 X 10 -3 190 
340 6 12 17 83 1.3 X 10 -2 33 
520 2-4 4 - 100 1.6 X 10 -2 64? 

*For 100 mol % V20 s there is no forming at our applied voltage and the current shown is simply the value at 50 V our 
maximum applied p.d. 
?Data taken from Gould [17 ]. 

2.5. Composit ion studies 
It is known t h a t  the electrode material used can 
have a major effect on the properties of  formed 
MIM devices since some of  this material is intro- 
duced into the insulator during the etectroforming. 
In the present work we have kept  to copper as an 
electrode material as it has been shown to lead 
to good forming and emission effects in many 
materials used in this type of  experiment.  

The effect of  the composition of  the oxides on 
the maximum current, /max, and the power 
dissipated, Pmax, at this current has been studied 
for a variety of  samples as listed in Table I. In 

general it is found that the addition of  V2Os to 
the complex material leads to a decrease in the 
electrical conductivity of  the film, unlike the 
result for vanadate glasses when the addition of  
V2Os generally increases the conductivity.  The 
pure V2Os film reported in the table displayed an 
ohmic characteristic with very low values of  current 
and as the SiO content increased so did the con- 
ductivity. Another general result was that thinner 
films generally displayed a low power dissipation 
a t /max and in any application of  these devices this 
feature may be of  technical importance in the 
design of  precisely specified devices. 

2.6. Transmission coefficient measurements 
Significant electron emission was observed in a 
number of  samples. The results of  one such experi- 
ment are shown in Fig. 3a for a sample of  insulator 
thickness 50Onto, composit ion 33mo1% V2Os/ 
67 tool % SiO, and with 80 nm thick copper elec- 
trodes. The bias voltage was increased gradually 
in 1V steps. The circulating current started to 
increase substantially at 6X) applied and it was 
left at this value for some 16 rain at which point 

the current flowing stabilized. During this period 
the emission current started to increase. The bias 
voltage was then further increased in 1 V steps and 
at 13 V the circulating current again rose sharply 
to 8 x 10 -3 A at 16 V applied and in this range the 

emission current rose by over four orders of  mag- 
nitude to a value o f ~  2 x 10 -6 A at 26V applied. 

On reducing the value of  Vb to zero the sample 
remained in the formed condition. Fig. 3b shows 
how the emission current is reduced rapidly by 
several orders of  magnitude when the applied 
voltage is reduced to zero, following a curve only 
slightly displaced from the curve obtained for an 
increasing value of  Vb. 

The second run for the formed sample is shown 
in Fig. 4a where the initial curve up to 40 V shows 
an ohmic characteristic and a fairly high current 
level suggesting a stable arrangement of  conducting 
filaments as discussed later. At 45 V applied there 
is a major change in the disposition of  the conduct- 
ing paths and a rapid decrease in current by  one or 
two orders of  magnitude. On reducing the applied 
voltage a further ohmic regime with a current level 
about one-tenth of  the original current level for 
increasing applied voltage is seen. Fig. 4b shows 
how the transmission coefficient varies with 
applied voltage for the first and second runs. In 
the second run the transmission coefficient, c~, 
defined as the ratio of  emission current to circulat- 
ing current for a given applied voltage (a "~ Ie/Ie) 
is found to increase rapidly at about 40 to 45 V 
and to show much less fluctuation for the applied 
voltages at which significant electron emission is 
recorded. Maximum values of  a are ~ 2.5 x 10 -4 
for the first run and 6 .4x  10 -4 for the second 
run. 

Values of  emission current density at the higher 
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Figure 3 (a) Formed characteristics with emission current, Ie, as a function of bias voltage, V b. (b) Variation of emission 
current with bias voltage for the sample in (a). 

ends o f  the curves given in Figs. 3b and 4b are of  
order 10 -s Acm -2. 

3.  Discussion o f  results 
The generation of  conducting filaments during the 
electroforming process as originally suggested by 
Dearnaley et al. [g], developed by Ralph and 

Woodcock [13] and by Rakhshan ie ta l .  [18], and 
their subsequent rupturing at the higher applied 
electric fields can explain many of  the details of  
the properties of  active MIM devices. So far as 
the memory effects are concerned a qualitative 
explanation may be offered based on the filamen- 
tary theory. 
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Figure 4 (a) Second run for the sarnpfe of Fig. 3a giving an emission current virtually free from fluctuations. (b) T~ans- 
mission coefficient, c~, as a function of bias voltage. 

The simple vol tage-memory effect (as shown 
in Fig. 2b) arises as follows. On the initial appli- 
cation of  a higher voltage to the formed device the 
VCNR region is developed as the filaments rupture 
under the high rate of  Joule heating dissipated in 
the conducting filaments surrounded by a poorly 
thermally conducting matrix. On reducing the 
applied voltage rapidly to zero the current falls 
rapidly to zero but the ruptured filaments have no 

time to reform and thus the sample finds itself in a 
high-resistance state and only reverts to the low- 
resistance state when an adequate voltage is applied 
to provide a healing of  the original rupturing and 
filamentary re-establishment. 

The thermal vol tage-memory effect may be 
explained by considering a resistance distribution 
of  the filaments as postulated by Dearnaley et  al. 

[8] and as considered for the SiO/B203 dielectric 
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system by Hogarth and Kompany [19]. Once a 
thermal voltage-memory is induced, it remains in 
the high-resistance state until all the broken fila- 
ments are re-joined. The recovery of the low- 
resistance state will be delayed until the high 

polarization of the dielectric near the ruptured 

region of the filament is reduced by a relaxation pro- 
cess involving thermally activated Poole-Frenkel  

emission of trapped electrons. The sample may be 
heated up to room temperature in an unbiased 
condition or the sample may be loaded with a 

bias voltage for a very long time. In general, as the 

maximum resistance of the broken filaments 

increases, it takes longer for the filaments to re- 

join. This is consistent with the field-assisted 

emission of trapped electrons at lower effective 

electric fields around the broken parts of the high- 

resistance filaments. 
The pressure-memory effect may be explained 

by stating that as with the case of A1203 films 
reported by Emmer [16] we assume the decrease 

in electrical conductivity associated with the 
increase of gas pressure to be due to the voltage- 

stimulated adsorption of oxygen. The low resis- 
tance regime has for the main conduction process 

electrons crossing the insulator via the filaments 
and the motion of these electrons will be to a 
certain extent controlled by surface states on the 
walls of the conducting filaments. By the adsorp- 
tion of oxygen these electrons become immobilized 
since the surface states are occupied or satisfied 
and the quasi-hopping mechanism cannot take 
place. By again reducing the ambient oxygen 
pressure and gradually reducing the trapped 
oxygen, the low-resistance state may again be 
restored. It is clear that any effects of this nature 
will be more readily observed in thin film rather 

than bulk dielectric samples. 
The other basic effects, i.e. the development of 

VCNR and electron emission, have been discussed 
at length in the references cited in this paper. 
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