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Introduction
Thin layers of insulators sandwiched between two metal
electrodes exhibit a number of interesting properties. If the
insulating layer of a metal-insulator-metal (MIM) device is
relatively defect-free and sufficiently thin (< 50Å), it will
conduct duo to quantum mechanical tunneling (Simmons,
1963a; Fisher and Giaver, 1961). Once the voltage across
the device is sufficiently high so that the conduction band of
the insulator at the negatively biased electrode-insulator
interface is energetically below the Fermi level of the posi-
tively biased electrode then the I-V characteristics obey
Fowler-Nordheim characteristics:

where I is the current in mA, V is the voltage in V, t is the
thickness in Å, A is the barrier area in m2 and ϕois the barrier
height in eV (Simmons, 1963b).

The device is then said to be in the field emission regime. At
higher insulator thickness, the electric field is not usually high
enough for the tunnel current to be measurable and any one of
a number of other conduction mechanisms dominate, e.g.,
Schottky emission (field assisted thermal injection of carriers
into the insulator from the metal), Poole-Frenkel emission
(field assisted thermal emission of carriers from traps inside
the insulator) or space charge limited conduction (Kao and
Hwang, 1981).

If the thickness of the insulating layer of a metal-insulator-
metal (MIM) device is in the correct range (100-10000 Å)
and the device is placed in a vacuum (< 10-4 mbar) at a high
enough temperature (room temperature or above), it under-
goes a process known as electroforming when a sufficiently
high voltage (greater than the forming threshold voltage) is
applied across it. Filaments are thought to be created between
the metal electrodes which bridge the insulating gap, and the
device is said to be electroformed (or simply formed) (Sharpe
and Palmer, 1996). This process can lead to the emission of
energetic electrons from the device into the vacuum. Hence,
when a bias voltage is applied across an unformed sample, an
electroforming process takes place in the dielectric layer and
its resistance is decreased. After electroforming, devices in
which the dielectric is an oxide or oxide complex generally
show a voltage-controlled negative resistance, electrolumi-
nescence, electron emission into a vacuum and a possible
memory effect. The mechanism of electron transport through
thin insulating films sandwiched between metal electrodes has
been the subject of a number of theories to explain the current
and voltage and related characteristics. One of the models
which successfully explain thin layers of insulators sandwiched
between two metal electrodes, has been put forward by
Dearnaley et al. (1970). Their model explains the conduction
of field induced metallic filaments in the dielectric matrix sand-
wiched between the two electrodes thereby providing low
resistance paths for the current, and electron emission takes
place from the ends of these filaments at the top positive elec-
trode. To study the energy loss mechanism in these samples,
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the transfer ratio is measured as a function of thickness of
the top or the insulator layers which in turn leads to direct
measurement of the hot electron attenuation lengths in these
layers (Ilyas and Hogarth, 1983). Ghaforyan et al. (2008) has
shown that, the transfer ratio is defined as the ratio of electron
emission current Ie to the circulating current Ic for a given
voltage applied across the sandwich. Results of such experi-
ments indicated a strong attenuation of electrons in the top
metal electrode and also provided evidence of inelastic inter-
actions of the injected electrons in the top layer (Mordvintsev
et al., 1998; Oxley, 1981; Hickmott, 1962). In the present
experimental paper, measurements are reported on Au/MgF2/
Au sandwiches and the usual phenomena of electroforming,
negative resistance and electron emission into a vacuum are
observed for MgF2 layer.

Materials and Methods
Specimen preparation. Thin insulator layers, used in this
experimental work, were prepared by thermal evaporation
of magnesium fluoride from a tantalum source in a Balzers
510 coating unit. This unit consisted of evaporation facili-
ties and a vacuum system capable of producing a vacuum of
10-6 torr;  lower pressures of the order of  10-7 torr could be
achieved with the addition of a liquid nitrogen trap. A radi-
ant small heater was mounted in the vicinity of the substrates.
Masks below the substrates could be rotated by an external
rotary seal and a maximum of four different layers could be
deposited. For deposition of Au layers, a tungsten crucible
with Al2O3 layer was used to control the deposition rate and
the thickness of the samples; two separate quartz crystal
monitors were used. All samples used in this study were pre-
pared by successive evaporation of various layers without
breaking the vacuum.

Measurements. All electrical measurements were carried out
in a vacuum system capable of maintaining the samples at a
pressure of about 5 × 10-6 torr. The I-V characteristics were
measured by traditional methods. To measure the temperature
dependence of the  I-V characteristics and also the electron
emission from Au/MgF2/Au specimens, a small heater made of
nichrome wire was used along with a metal cryostat. The heater
was placed between the cryostat which could be filled conti-
nuously with liquid nitrogen. It was so designed that it would
not have an undesirable magnetic influence on the electron
emission characteristics. The circuits used are sketched in
Fig. 1(a and b). A Kitley G10 electrometer was used for mea-
surement of the emission currents with the accuracy of 10-15 A.

A constant power supply unit was used to feed the heater. By
the judicious use of cryostat and heater, the required tempera-
tures could be obtained. Device temperatures were recorded

on a copper constantan thermocouple at the surface of the
substrate. Electron emissions into vacuum were collected at a
copper anode (2.5 cm × 7.5 cm × 0.1 cm) placed at a distance
of 1.0 cm from the specimens; anode was kept at a potential
of 100 volt with respect to earth. As shown in Fig. 2 (a and b),
for one evaporation procedure, six specimens were prepared
on each substrate.

Attenuation length measurements. Measurement of the rela-
tive numbers of electrons emitted through the thin top layer as
a function of layer thickness yields values of the hot electron

Fig. 1. Circuits for measurement of (a) circulating
currents (b) emission currents.

Fig. 2(a) View of the set-up implemented in this work
(b) Schematic view of the set-up.
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attenuation length directly. To determine λMgF2
 experimentally,

samples with constant top electrode thickness but with insula-
tor layers of different thickness were prepared.

Results and Discussion
Electrical characteristics. The conductivity of the samples
increased by several orders of magnitude when they were
formed at the room temperature in vacuum. As the voltage
across the sample was increased, critical voltage was reached
at which a sharp increase in current through the insulator layer
occured. On lowering the current through the sample, a
pronounced negative resistance region occured. On raising the
voltage to successively higher values, the current voltage char-
acteristic continued to show a negative resistance region for
both the increasing and decreasing voltage. Currents through
the MgF2 layer were noisy and highly erratic during the first
time that a voltage range was covered. However, on succes-
sive tracing of a characteristic, the currents were much less
erratic. The electroforming process consisted of cycling the
voltage, applied across the sandwich between 0 and 14 V with
top electrode positively biased. The voltage required for the
forming increased with the increase or dereasing insulator
thickness and it was found possible to form sandwiches
electrically in which the insulator thickness was 1.5 μm. The
forming voltage increased with the decreasing temperature.
The voltage at which the maximum peak current occured
varied between 2 and 3 V for diodes having different material
(Au and Cu) and seemed to increase only very slightly with
the increase or decrease thickness of the insulator layer. The
onset of electron emission into a vacuum occurred for the same
applied voltage as that at which the voltage controlled nega-
tive resistance (VCNR) occurred. A typical curve illustrating
the circulating and emission currents in a Au/MgF2/Au sand-
wich is shown in Fig. 3 and 4.

Temperature dependence of electrical characteristics. The
electrical conductivity and the shape of the I-V characteris-
tics were very sensitive function of temperature after the sand-
wiches had been electrically formed and significant conduc-
tivity had been established at room temperature (Gravano and
Gould, 1992). As the temperature was lowered to 238 K, the
maximum circulating current and the general current level
decreased gradually. The current including the peak value in-
creased considerably as the temperature was raised to 333 K.
Fig. 5 shows the temperature dependence of specimen con-
ductivity at three different temperatures for a freshly made
Au/MgF2/Au sample.  Electron emission into a vacuum was
observed as conductivity developed in the insulator and this
emission current was also temperature dependent.

Attenuation length measurements. Fig. 6 shows log α =
log Ie / Ic as a function of thickness of the MgF2 layers for
different values of applied voltage. The slopes of the lines are
steeper for electrons emitted at lower applied voltages and
indicate that the electrons of lower energy are more heavily

Fig. 3. Variations of circulating current vs the applied
voltage for Au/MgF2/Au sample (at room temp.)

Fig. 4. Variations of emission current vs the applied vol-
tage (at room temp.)

Fig. 5. Variations of circulating current vs the applied
voltage at three different temperatures.
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attenuated than those of higher energies. Experimental evi-
dence for the energy loss is provided by the fact that, in gen-
eral, the transmission ratio increased with the increase in the
applied voltage. From the slopes of the graphs (Fig .4), an
attenuation length was derived for each value of the applied
voltage in the range of 6-15 volts. The values of λMgF2

 were
approximately constant (1200Å) in the range 7-13 V and then
inceased with the increase of voltage to a value of 1800Å at
15 V applied.

Conclusion
Reasonably good electron emission properties were found and
hot electron attenuation lengths were determined. The gen-
eral electrical properties of Au/MgF2/Au sandwich structure
were similar to those of the other metal-insulator-metal struc-
tures and point to the existence of a barrier layer near the
cathode which can cause free electrons to get accelerated to
very high energies, sufficient to penetrate the remainder of
the insulator, the top metal electrode and emitted into vacuum.
Increase in circulating and emission currents at a given bias
voltage observed at high temperature is expected since more
thermal energy is available for transfer to the total energy of
the electrons. The reduction density observed was of the or-

der of 1×10-6 A. cm2. One of the more successful models of
these phenomena is the filamentary model (Dearnaley et al.,
1970), in which it is assumed that the electroforming process
establishes a population of ohmic filaments within the insu-
lating matrix, which spans the metal contacts. The VCNR
behaviour results from progressive cessation of conduction in
individual filament owing to Joule heating effects. By postu-
lating plausible probability distributions of filament resis-
tances, Oxley (1980) obtained typical I-V charac-teristics
which accorded with our experiment.The polyfilamentary
model of gold seems to indicate that a practical emission level
of emission current was achieved. The circulating current ini-
tially increasesed with voltage faster than expected according
to Ohm’s law, following typically either an Iα I0 sinh(V/V0)
or an 1α I0 (V/V0)2 dependence, where I is the current through
the sample, V is the applied voltage, and I0 and V0 are con-
stants (Dearnaley et al., 1970). The conducting filaments were
initially characterised in terms of a probability density distri-
bution of filament resistances P(ρ) which was triangular, where
P represents the filament resistance. Later work on the form
of the function P(ρ) suggested that a parabolic distribution
equally well described the experimental results (Gould, 1979),
while it was also argued that a normal distribution of filament
resistances was more fundamental (Ray and Hogarth, 1985),
and that the earlier suggested distributions were merely ap-
proximation to this. More recently the present authors have
suggested that there is not a priori reason for suggesting that
the filament resistance is normally distributed, and that more
basic attributes such as the filament radius (Gravano and
Gould, 1992) or cross-sectional area (Gravano and Gould,
1994) may be normally distributed. Indeed, both of these
assumptions have been shown to yield computed characteris-
tics in accordance with our experiment.

The transport and energy loss mechanism of hot electrons in
metal films have been extensively studied both theoretically
and experimentally (Carey and Silva, 2001). To study the
energy loss mechanism in these samples, the transfer ratio α is
measured as a function of the thickness of top or the insulator
layers. The transfer or transmission ratio is defined as the
ratio of electron emission current Ie to the circulating current
Ic for a given voltage, applied across the sandwich. Results of
such experiments indicated a strong attenuation of electrons in
the top metal and also provided evidence of inelastic interac-
tion of the injected electrons in the top layer. Thurstans and
Oxley (2002), described a new model of the electroformed
metal-insulator-metal structure which explained its various prop-
erties including electron emission, electroluminescence, memory
effects and, for the first time, a complete account of differential
negative resistance (Silva et al., 2001). Measurement of the

Fig. 6. Variations of transfer ratio vs (α = Ie / Ic)
the thickness of MgF2 layers.
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relative numbers of electron, transmitted through the thin layer
as a function of thickness of the layer, yields  direct measure-
ment of the attention length. By extending the range of the
measured insulator thicknesses, it is possible to find out the
values of attenuation length of hot electrons in the insulator.
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