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A study of the electrical characteristics,
before electroforming, of thin SiO, films with
laterally-spaced electrodes
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The sample structure comprises two laterally-spaced electrodes joined by a thin dielectric
film. The electrodes make a blocking contact to the dielectric with a barrier height

~ 0.75¢eV. The voltage—current characteristic is studied between 213 to 413 K. Below
room temperature the effect of hopping conduction on such contacts is explained. At
room temperature and at high fields where hopping conduction is expected to be less
effective, the conduction is controlled by the contact. Above room temperature and at
tow fields localized state conduction (hopping) becomes effective again with activation

energy ~ 0.07 eV and an estimated charge carrier mobility of 1.3 X 10 2cm?V "'sec™™

1

The density of ionizable impurities is estimated to be in the range 1 to 6 X 10'8cm™3

and the density of surface states is of the order of 1 X 103cm

-2

1. Introduction

Silicon monoxide has been used widely in tech-
nology as a dielectric in thin film capacitorsand asa
passivating layer. As an active material it has been
used in thin film M—SiO,—M structures (M =
metal), and after electroforming it shows voltage-
controlled negative resistance (VCNR), electron
emission and memory effects [1—4]. Before form-
ing, samples subjected to high electric fields
usually show a log 7, « V/* dependence [1],
where I, is the circulating current through the
device and ¥, is the applied voltage. Such behav-
iour is normally indicative of Schottky or Poole—
Frenkel effects. In the conventional SiO, sandwich
structures the conduction is believed to be con-
trolled by the bulk material and to conform with
the equations describing the Poole—Frenkel effect,
while Schottky emission, i.e. the dependence of the
Vi, —{, characteristic at high fields primarily on the
electrode material, has been discounted in SiO,
films [5—8]. However, in the interpretation of the
results to be described in this paper, the equations
for the Poole—Frenkel effect or even their modified
versions give inconsistent parameters, and it is sug-
gested some other barrier lowering mechanism at
impurity sites may be involved [9, 10] .
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It has been reported [11] that discontinuous
gold films on an insulating substrate in a planar
arrangement showed a non-ohmic Vy, -/, character-
istic, before electroforming, and this was attributed
to Schottky emission as the main high-field
transport mechanism with space-charge effects and
tunnelling from island to island taking place.

In this work the samples are SiO,, films between
metal electrodes, laterally spaced, in a planar
arrangement. The voltage—current characteristic
before electroforming is studied in the temperature
range 213—413 K. Nonlinear Vj,—/, behaviour is
noticed and explained in terms of Schottky
emission due to a blocking contact as the dominant
process, with hopping conduction also taking place
particularly at low temperatures. At higher tempera-
tures and at the lower fields the contribution from
hopping conduction becomes more important.

2. Experimental technique

2.1. Preparation of samples

Cu—S8iO,--Cu thin film structures were deposited
on Corning 7059 glass substrates held at a tem-
perature of ~ 150° C in a vacuum of 1 to 5 x 107°
torr using a Balzers BA 510 coating unit, Molyb-
denum or tantalum boats were used for evaporating
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the materials. Evaporation rates were monitored
by an Edwards quartz crystal monitor device and
these were generally 0.8 to 1.0nmsec™ (Copper)
and 0.6 to 0.7 nmsec™! (Si0,). Up to ten samples
were fabricated on each substrate. Configurations
different from the conventional MIM sandwich,
were employed in our study and are shown in
Fig. 1 where the electrodes are laterally spaced.
This configuration is created by the simple tech-
nique of fixing a wire in the path of the evapor-
ating metal atoms which leaves a central region
literally clear of deposited metal but which also
gives rise to two penumbral regions. Initially a thin
dielectric layer (10 to 12 nm) was evaporated onto
the substrate before evaporating the electrodes,
thereby reducing any substrate effect on the
effective area and then on the top of the electrode
edges a thick layer of dielectric was evaporated to
fill the gap between the electrodes and to cover
the edges of the effective area.

The layer thicknesses were measured using a
M 100 Angstrometer multibeam interferometer.
The geometrical separation between the electrodes
was measured using a Reichert—Jung Microstar
110 optical microscope.

2.2. Electrical measurements

Electrical measurements were performed in a
vacuum system maintained at a pressure of 1076
to 10 5torr. The d.c. bias voltage was provided by
a Coutant LB 500.2 power supply and the current
was recorded by an electronic Avometer EA 113,
The voltage across the sample was monitored by a
digital voltmeter. The temperature was lowered by
firmly attaching the substrate to a brass enclosure
containing liquid nitrogen. Intermediate tempera-
tures between — 60 and 130° C could be obtained
by using this in conjunction with a small resistive
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Figure 1 Device structure: M—metal electrode, [—insu-
lator, S—substrate.
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heater. Sample temperatures were monitored with
a small chromel--alumel thermocouple attached
to the substrate. The dielectric constant could be
calculated after measuring the capacitance, using a
Wayne Kerr Autobalance Universal Bridge B641.

3. Results and discussion

In these samples reasonable and consistent values
of parameters were obtained if we use as parameter
an effective electrode separation dg and effective
area A.g in the calculations instead of the geo-
metrically calculated values dgeom and Ageom.
where degs < dgeom aNd Aet > Ageom- Considering
the dimensions of the boat and the mask and their
distance from the substrate where a penumbra is
expected, it is found that

dos =(’ﬁ—1)6—}ﬂa )

where /4, and /s, are the heights of the substrates
and of the mask from the boat, respectively, § is
the boat width and « is the width of the wire
(obstacle).

3.1. Voltage—current dependence at low
temperature

A point of interest is the nonlinear dependence of
current on voltage as shown in Fig. 2. The inter-
pretation of these curves based on the assumption
of a simple Poole—Frenkel or Schottky effect (i.e.
by plotting log Z, against V'?) leads to values of
parameters incompatible with the theory and to
unreasonably low values of dielectric constant.
Good theoretical agreement with the results is
obtained on the assumption that a blocking con-
tact exists, leading to a modified form of Schottky
emission. At such contacts a space charge will be
created in a depletion region due to the difference
in the work functions of the metal and of the
insulator and if there is an adequate density of
donors Ny (positive when empty) in the insulator,
then electrons will be emitted from these states
into the metal until thermochemical equilibrium
is'achieved. This depletion region will extend to a
distance A and will give rise to an electric field
in the region much higher than in the bulk. The
depletion region is more resistive than the rest of
the bulk due to the absence of mobile carriers
and the applied potential difference will almost
entirely drop across this region. The electric field
E and subsequently the field-lowering contact
barrier A¢ are determined by the depletion width
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Figure 2 Voltage—current characteristics for a planar
sample at several temperatures showing the absence of
ohmic conduction.

A\, which in turn is determined by the density Ny
of ionizable impurities according to the relation

[12-15]
1/2
€V,
~ 1052 {—— 2

d

where V, is the effective potential across the con-
tact, ¢ = 1.6 x107°C, €, = 8.854 x 107¥Fem™
and e, is the relative dielectric constant. The
dielectric field at this contact is given by

1/2 1/2
2N, Y, VN,
E, = (ﬂ—c) ~ 19 ><10"3(Li)
€0 €y €,

3)

The interaction of this field with the image force
lowers the contact barrier by an amount A¢ given

by

q3Nd Vc 1/4
2(87)%e3 €
Nd Vc)1/4

~ 8,26 x 10—6(](?—

A¢=q(

¢

)

Since the potential drop across A is V, then the
relation governing the emission current, which is
independent of the insulator thickness, is of the
form [12]

I, = AA*T?

[ 6 —8.26 x 10—6q(NdVb/ei)““]
X exp|—

kT
()

where A is the effective area, 4™ is the effective
Richardson—Dushman constant, 7" is the absolute
temperature, k is the Boltzmann constant (8.62 x
1075eVK™) and ¢ is the contact-barrier height.
V4, is the applied voltage (assumed, approximately,
equal to V).

The surface density of charge N, per unit area,
which is required to screen the internal field £ is
given by [15]

Ny = ANg (©6)

Using Equation 5, a plot of log/, against V{4
would give the value of N4. This plot is shown
in Fig. 3. Using Equations 2 to 6, the average
values of the parameters are Ny ~6 x10*¥cm™,
A~2x107%cm, E,~4x10°Vem™ and N, ~
1.1 x10%cm™.  The contact-barrier height is
found to be 0.55 eV as shown in Fig. 4.

3.2. Temperature dependence of current
through the blocking contact

The effects of temperature on such a contact are
studied over the same range of voltages. According
to Equation 5, a plot of log(/,/T?) against 1/T is
shown in Fig. 5. If the transfer of electrons is only
through such a contact then a straight line would
be expected to satisfy the equation, but in Fig. 5
a transition from a straight line with low gradient
to one with a higher gradient, as the temperature
is increased from 213 to 296K, is seen. The tran-
sition is gradual and takes place within the tem-
perature range — 8 to — 13° C. This suggests that
more than one conduction mechanism is involved.
The curves in Fig. 5 produced parameters whose
values were consistent with results from the pre-
vious section, i.e. ¢o==0.55eV and Ng~6 x 10'®
em”>,
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Figure 3 Data from Fig. 2 analysed on the assumption of
the existence of a blocking contact.

The high density of donor centres which exists
in the bulk of the SiO, may affect the conduction
in certain temperature ranges.

Fig. 6 shows a plot of log/, against 1/7T which
has no significant influence on the gradients com-
pared to Fig. 5, but the lower part is more pro-
nounced and gave activation energy values in the
range 0.07 to 0.14eV. These low activation
energies may be attributed to hopping conduction,
which is expected at such low temperatures.

If the contribution of hopping current is sub-
tracted from the total current, then the remaining
component of current should be due to the
contact-barrier lowering., This plot is shown in
Fig. 7 where the gradients of the straight lines
yield activation energies between 0.54 and 0.68eV
according to the bias voltage. Fig. 8 shows the
plot of the activation energies against Vi'*; the
slope yields Vg~ 6.56 x 10"®cm™ and e, >~ 4.85,
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Figure 4 The intercept of I, at ¥y, = 0 in Fig. 3 plotted
against 1/7. Intercept of I, /T?*at 1/T=0is 046 AK™

values which are consistent with the previous
results, within the accuracy of the measurements.
The intercept at Vi, =0 gives a contact-barrier
height of 0.75eV, which is higher than the pre-
vious result (0.55eV). We can see that the bulk
conduction (hopping) can affect the calculation of
the height of the barrier at the contact by at least
0.2 eV. Moreover, considering the effect of surface
states the actual contact-barrier height is expected
to be fractionally higher.

At room temperature and higher fields where
the hopping conduction is expected to be reduced,
the barrier height was calculated to be equal to
0.7eV and the characteristic is shown in Fig. 9.
The density of donors is ~ 1.34 x 10'8cm™ and
the depletion region thickness is ~ 7.2 x 10 % cm.
We notice that there is a gradual decrease in the
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Figure 5 Temperature dependence of a blocking current
at different voltages.

slope at about 12.5V accompanied by a decrease
of the barrier height to 0.62 eV and the depletion
region was then estimated as somewhat wider
(132 x10%cm). The surface state density at
lower voltages is ~ 9.7 x 10'2¢m ™2, while at higher
voltages this quantity takes on a higher value of
approximately 1.8 x102®cm™. This decrease in
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Figure 6 Current as a function of inverse temperature
showing a transition from hopping to contact-controlled
conduction.

the slope may involve yet another mechanism at
higher fields.

A comparison between the two sets of samples
E7510 and E7S11 is shown in Fig. 10, which
displays the /,—V}, characteristics at low voltages
and at room temperature. The higher the current
level the higher is the donor density and density
of states, and the narrower the depletion region.

If we assume that the depletion regions
penetrate to a distance \==d/2, then, according
to our results, the necessary pinch-off voltage
would be around 1 MV for devices No. E7S10 and
as high as 5MYV for devices No. E7S11 depending
on NVy.
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Figure 7 The difference between total current and hop-
ping current as a function of inverse temperature at
various applied voltages.

3.3. High-temperature and low-field
characteristics

A typical I,—V,, characteristic is shown in Fig. 11

and is ohmic up to ~ 3 V. The current at low field
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Figure 8 The activation energy, calculated from Fig. 7
as a function of W/*. The barrier height at ¥V, =0 is
¢ =0.75¢eV.
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Figyre 9 Current as a function of V{™ at room tempera-
ture for a planar sample.

varies with temperature in accordance with the
equation

I, = lyexp (—AE/KT) )

where AF is the activation energy for donors or
traps, and
£

Io = CIHNd_C'I,_A (8)
where ¢ is the electronic charge, u is the mobility,
Ny is the impurity density, ¥}, is the bias voltage,
d is the effective electrode separation and A is
the effective area.
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Figure 10 Comparison between two sets of devices, show-
ing the parameters which affect the current level at room
temperature.

A plot of log I, against 1/T is shown in Fig. 12.
According to Equation 7 the gradients for these
slopes vyield a consistent value of activiation
energy, AE ~0.07eV, at different voltages. Using
Ny~6x10®cm™ the mobility was estimated
to be 1.3 x102cm?V ™ 'sec™ . This low value of
mobility and activation energy with an ohmic
1.—V}, characteristic is an indication of a localized
state conduction (hopping) at low fields and high
temperature.

4. Conclusions

A blocking contact occurs in our planar geometry
samples due to a high density of ionizable impurities
~ 6 x 10" cm™, As a result a positive space-charge
layer forms at the electrodes with a density high
enough to terminate most lines of force from the
electrodes and thereby absorb most of the applied
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Figure 11 Voltage—current characteristics of sample

E7S11D4 above room temperature.

voltage. The electric field at the contact becomes
thickness independent and will be determined by
the impurity or donor density. The depletion layer
thickness of ~2 x107%cm is established with a
barrier height of 0.7 to 0.75 eV at the contact. This
barrier will be affected by hopping conduction at
lower temperatures by 0.2eV. The estimated
hopping mobility of 1.3 x10™2em?Vtsec™ is
associated with a 0.07eV activation energy at
higher temperatures. The breakthrough voltage is
inversely proportional to the donor density and
density of surface states, and this feature is
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Figure 12 I as a function of inverse temperature for vari-
ous applied voltages for the sample described in Fig. 11.
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important in the fabrication of microelectronic
circuits.

In further publications we shall show that such

devices may be electroformed and display VCNR
analogous to the normal MIM sandwich structures.

A major advantage of the planar structure is

that direct electron microscope observation is
possible.
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