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ABSTRACT

Metal-aluminum oxide-metal structures are prepared by evaporation in vacuum on
silicon wafers using Au, Cu or Pd on top and Al as bottom electrode. The aluminum
oxide laver is deposited by electron beam evaporation with a thickness of 200 nm. The
diameter of the top electrode is varied between 0.1 and 1.9 mm. Capacitance
measurements reveal a relaxational dielectric permittivity as expected for aluminum
oxide. Applying ramp voltages results in single breakdown spots on the electrode hefore
the structure finally becomes conductive. The breakdown spots, as characterized with
an AFM, are in the form a crater, reaching 500 nm into the silicon. However, for the
smallest electrode, the calculated electrostatic energy stored in the capacitance is not

high enough to form the craters.

Index Terms — metal-aluminum oxide-metal structures, partial electrical
breakdown, breakdown spots, AFM, hydrogen, cold fusion

1 INTRODUCTION

ELECTRICAL breakdown of dielectrics has been reported
in countless articles and in many books, Even the literature of
breakdown in aluminum oxide can hardly be overviewed. An
important book which lays down basics is certainly the one by
O’Dwyer [1]. Here it is already pointed out that the breakdown
field in aluminum oxide increases with decreasing thickness of
the sample. Evaluating his data, the tendency to reach a plateau
below a thickness of 100 nm can be seen. This plateau is clearly
shown by Neusel and Schneider [2]. They report for alumimim
oxide with a thickness below 100 nm a constant breakdown
field of about 1 MV/em. A similar breakdown field of 1.2
MV/cm is found for aluminum oxide with a thickness of 200—
800 nm produced by a wet chemistry route [3]. In amorphous
aluminum oxide films of thickness 210 nm the breakdown field
is about 4 MV c¢cm ' in a dry sample and 7.6 MV/em in a
hydrated sample [4]. An ultrathin ALO; film of only 0.7 nm
thickness was investigated in [5]. The authors find a breakdown
field of 11 MV/cm.

Thus the above mentioned plateau of the breakdown field
below 100 nm becomes questionable. The classical route to
produce aluminum oxide is the anodic oxidation as used in
electrolyte capacitors. Here De Wit and Crevecoer find
breakdown fields of 9 MV/cm for film thicknesses between 23
and 169 nm [6]. Another route is the preparation of ALO; by
thermally oxidizing AIN. For all thicknesses of 25 to 435 nm
the breakdown strength is about 5 MV/cm [7]. Al;O: can also
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be obtained by atomic layer deposition [8]. The breakdown field
here is 7 MV/cm. Voigt and Sokalowski prepared ALO; films
of thickness 160 nm on ITO covered glass by magnetron
sputtering. Before final breakdown appears at about 1 MV/cm
gpikes in the current indicate partial breakdowns [9]. Cur
measurements reveal breakdown fields of 1.8 to 4.25 MV cm’
in films with thickness 200 nm. This is in line with the values
reported in the literature. Another test method is the application
of a step voltage and the measurement of the time to breakdown
[10] or the charge to breakdown in SiQ; [11]. To describe the
statistical nature of breakdown events also distribution functions
like the Weibull-distribution are used [12].

We employ the following approach: To a flat metal-
insulator-metal (MIM) structure on silicon a ramp voltage is
applied. Before a final breakdown of the sample occurs single
breakdown spots are visible at the surface of the top electrode.
Inspection of the spots with an optical microscope as well as
with an atomic force microscope (AFM) reveals crater like
holes. On top the diameter of the holes is about 10 pum or less.
Their depth reaches into the silicon base.

The appearance of breakdown spots in metalized thin
polymer films is known since long times [13] and has been
analyzed theoretically for example by Tortai et af [14]. After
the breakdown the capacitor recovers. This so called self-
healing effect takes place in the dielectric for instance at
impurities and the heat production evaporates the electrodes at
both sides. Instead, here the electrode is bumnt away on the top
and at the bottom side a crater is built into the thick electrode
material which is in the main focus of this paper.
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2 SAMPLE PREPARATION AND
MEASUREMENT TECHNIQUE

Samples were prepared on a flat silicon wafer. The wafer is
covered with thermally evaporated copper of 600 nm
thickness and aluminum of 40 to 80 nm thickness. Then,
without breaking the vacuum ceramic aluminum oxide from
Chempur with a purity of 99.99% is evaporated to form an
aluminum oxide film on the aluminum surface. This step is
carried out by electron beam evaporation in an oxygen
atmosphere of 10°° mbar. The evaporation rate was 0.1 nm per
second measured by a quartz crystal balance. After achieving
a standard film thickness of 200 nm a shadow mask was
shifted under the sample. Also this step was performed in
vacuum. The shadow mask with holes of diameter 0.1 to 1.9
mm allows the evaporation of the top electrodes. Gold, copper
and palladium top electrodes with a thickness of about 80 nm
were prepared on the aluminum oxide surface.

The contact to the sample was accomplished with a
homemade station using an elastic needle with a spring. All
measurements were carried out at ambient atmosphere. To
assess the quality of the samples first the capacitance-frequency
C(f) curves were probed with a LCR-meter, Using a source
meter, a ramp voltage with a speed 1V/s was applied to the
sample. So the experiments are performed in direct-current
condition. The source meter has an intemal resistor of 300 kQ2
to protect the instrument against short circuits. This implies that
the resistor is always in series to the sample and limits the
current flow. The current to the sample is measured during the
application of the voltage ramp and recorded simultaneously. In
parallel to the voltage application and current measurement the
surface of the electrode was inspected by an optical microscope.
Images were recorded with a speed of 20 frames per second
using a CCD camera. The breakdown spots were characterized
with respect to lateral size and depth using an AFM.

3 EXPERIMENTS

All experiments are conducted at room temperature in
environmental conditions. First measurements are carried out
using the structure with the Cu-electrode of diameter 1.9 mm.
Au electrodes yield almost the same result. The ramp voltage
is applied and the current to the structure is measured (Figure
1). After a slow increase of the current we find a final
breakdown at 85 V corresponding to 4.25 MV cm’ indicated
by the straight line. This line refers to the 300 kQ internal
resistor of the source. Although in the current record only 21
peaks are visible we find more than 140 breakdown spots on
the electrode after the wvoltage ramp experiment. This is
illustrated with the optical image of the electrode depicted
with Figure 2. The breakdown events start to appear at fields
above 1 MV cm™.

Within the small areas where the electrode apparently is
burned away tiny dark dots can be seen. A closer look to the
breakdown spots is possible with the tip of an atomic force
microscope. Figure 3a shows one of the holes from the
electrode depicted in Figure 2.
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Figure 1. The current-voltage curve of a structure with an electrode of 1.9

mm 1n diameter recorded using a ramp with 1V/s. Peaks m the current only
appear for voltages above 70V The total mumber of recorded peaks 15 21

Figure 2. The optical image of the electrode used for Figure 1 with 1.9 mm
diamneter after voltage application. More than 140 breakdown spots are found

The different colours give an idea of the form of this crater
like hole. The light parts indicate heightenings and the dark
parts indicate deepenings. A more quantitative evaluation is
possible using the cross section through the crater shown in
Figure 3b.

The diameter of the hole is approximately 7 pum, the depth
is about 1 pm. Considering the thicknesses of the top electrode
with 85 nm, the oxide with 200 nm, the Al bottom layer with
80 nm and the copper bottom layer with 600 nm it becomes
evident that the hole reaches down to the silicon substrate. The
other spots have a similar appearance.

Next, electrodes with a diameter of 1.1 mm were
investigated. Again we find several breakdown spots. They
appear at voltages below 75 V where the structure finally
breaks down. By AFM measurement a single breakdown spot
and its cross section is depicted in Figures 4a and 4b.

The hole has at the surface a diameter of about 3 pm while
the electrode is bumt away on a diameter of about 9 um. The
depth of the crater with a maximum of 1.2 pum reaches again
into the silicon substrate. The silicon is melt and evaporated
down to a depth of about 300 nm. The simultanecusly recorded
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Figure 3. (&) An AFM image of one of the holes on the electrode depicted in
Figure 2. Electrode diarneter iz 1.9 mm. Light regions denote heightenngs,
dark regions dencte deepenings The scale is given on the upper left side. (b)
The cross selection of the hole from Figure 3a The measured curve 15 the
surface of the sample with the breakdown spot.

A5pm

I(U) curve and the optical microscope movie demonstrate that
this hole is created at about 60V applied. The movie also shows
that the holes are formed at different voltages one by one.

Finally a structure with an electrode diameter of 0.1 mm is
investigated. The capacitance — frequency curve (Figure 5)
exhibits a steady decrease of the capacitance with increasing
frequency for 20 Hz =<f <1 MHz

This is due to a relaxational process with a distribution of
relaxation times as discussed and interpreted in former
publications [15, 16]. At a fiequency of 3 kHz we find a
permittivity & = 7.9. At this frequency a voltage sweep is
carried out from U = 0 to + 40V, + 40 to — 40V, and - 40
towards + 40V where the structure has a final breakdown at
+ 36 V. Figures 6a and 6b depicts the C(V) curve as well as
the tand(V) curve. The optical inspection of the electrode
yields only one single breakdown spot. With the appearance of
this spot the area of the electrode decreases by about 5%.
Since a step down of the capacitance during the sweeps before
breakdown is not observed the spot must appear at the
breakdown voltage of 36 V. Figure 7 shows the AFM records
of the crater (Figure 7a) and the depth profile (Figure 7b).
Again the electrode around the hole is burnt away now on a
diameter of about 20 um (Figure 7a).
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‘Figure 4. (&) An AFM image of a breakdown crater on an electrode with
1.1 rm diameter. Colors represent different heights. Scale: see upper left side.
by The cross section of the crater from Figure 4a
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Figure 5. The C(f) measurement at a MIh-structure with 0.1 mm diameter.

Figure 7b depicts the cross section of the breakdown spot as
well as the layers Cu, AlOx, Al, Cu and the silicon surface. It
is visible that the breakdown spot extends 500 to 600 nm deep
into the silicon wafer.

Both the final breakdown voltage and the appearance of the

spots seem not to be significantly dependent on the electrode
area. The ratio of largest to smallest area is (1.9)*/(0.1)*= 361.
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Figure 6. (&) C(V) curve for the MIM structure with O 1 mm diameter

Breakdown appears at 36 V. (b) Tan & (V) curve for the MIM structure 0.1
o in diameter

An almost homogeneous field is expected in the dielectric film
even for the smallest electrode since the ratio of diameter and
film thickness here is 10*m/2-10"m = 500.

Final breakdown voltages are between 36 and 835V,
However. to perform a meaningful statistical analysis of the
breakdown voltages there are not enough measurement data.
In this paper we focus on the depth of the breakdown spots.

A last experiment was carried out using a Pd-electrode
(Figure 8). After voltage application we find an approximately
three to four times higher density of holes than in the case of a
Cu-electrode. A similar observation was reported by Ball [17]:
Pd-electrodes can exhibit an electrochemical mechanical
damage upon H; evolution. Before electrochemistry the Pd
cathode is uniform and after electrochemistry the Pd cathode
is speckled because of high H flux and H; evolution. When the
solid electrolyte BZCY (ceria- and yttria-doped barium
zirconate) is coated with a Pd film as electrode, the Pd film
delaminates, and the ceramic grains are fractured and ejected.

The breakdown spot depicted in Fig. 7 was achieved with
the connection of the sample to a LCR-meter in biasmode with
a low intemal resistance while the spots in Figures 3 and 4
were measured with a source having an internal resistor of 300
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Figure 7. (a) Breakdown crater at the electrode with 0.1 mm diameter. The
electrode around the hole 15 burnt away for about 20 prm in diameter. (b) The
corresponding cross section of the crater from Figure 7a. The structure of the
sarnple with the different layers 15 depicted.

Figure 8. Optical image of a Pd-electrode with diameter 1.1 mm after voltage
app lication

k@ as mentioned above. In spite of the different resistivities
the breakdown craters have a similar appearance. Further, it is
seen with Figure 8 that breakdown craters also at the blue-
green edge of the Pd-electrode are found. This colour indicates
a very thin Pd-film resulting from the edge of the shadow
mask. Thin Pd films can exhibit resistivities of 10° Qm while
the bulk value is 107Qm which increases gradually with
decreasing thickness [18]. Although we have not measured
these spots at the edge by the AFM, from their optical
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appearance they seem to be similar to the spots in the
electrode’s center. Thus, the electrode resistivity seems not to
be of primary importance for the spots.

4 DISCUSSION
Several observations have to be interpreted:

I) The local breakdown spots can be initiated by defects in
the oxide. During the formation of the spots current spikes in
the external circuit are not detected for each hole. This can be
interpreted by the following mechanism; The breakdown
channel appears and produces heat. This heat burms away the
electrode around the channel. Only the partial capacitance in
the electrode’s area that is burnt away has discharged. Now
this area is no longer connected to the circuit and cannot be
reloaded. This is illustrated with the equivalent circuit in
Figure 9. Before breakdown there exists the electrode
represented by a number of small resistors and the dielectric
represented by small capacitances. At the breakdown moment
a short circuit is found which immediately bumms away the
electrode's area around the breakdown channel. A hole is
formed and no capacitance can be reloaded. Similar
observations of breakdown spots in aluminum oxide were
reported in [19]. The authors find holes in the electrode like in
our Figure 2 detected optically and by scanning electron
microscopy. They also observe sharp tips in the holes which in
our case result in the craters depicted in Figures 3b, 4b, 7b.
They explain the absence of current spikes in their
measurements with the short period of the breakdown event of
the estimated 10 to 10” s which could not be resolved.
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Figure 9. An equivalent circuit representation of the formation of a hole The
electrode 15 represented by resistors, the dielectric 15 represented by
capacitors; (a) before breakdown, (b) short circuit m the moment of
breakdown, and (¢) burnt hole.

IT) The size of the breakdown craters is up to a certain point
independent of the electrode’s area. The ratio of largest to
smallest electrode area is (1.97 / (0.1)* = 361. Therefore the
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energy dissipated in the breakdown event cannot be related to
the electrostatic energy W, stored in the capacitance C which
is proportional to the electrode’s area,

1
W, =—CU? (1)
2
This observation is in line with point I). If only the area close
to the breakdown channel discharges the breakdown crater is
independent of the electrode's area.

III) An estimate for the energy necessary to produce the
breakdown crater shall be derived. This energy is compared to
the electrostatic energy.

It is assumed that the crater is formed by melting and
evaporating the craters material. This consists from top to
bottom of Cu, AlOx, Al, Cu and Si as illustrated in Figure 7b.
The volume of each material is approximated by a frustum of
a cone for each layer with diameters taken from Figure 7b.
Using the melting temperatures, the specific heat capacitances
and masses as well as the heat of fusion for each material we
find an energy of around W, =10 - 10®] necessary to melt the
crater’s volume. If the material is evaporated the
corresponding heats of wvaporization and the evaporation
temperatures must be taken into account. Then a total energy
for the evaporation of the hole W.,,.= 70 -10°] is required.

These two thermal energies are compared now to the
electrostatic energy stored in the MIM structure with 0.1 mm
electrode diameter.

From Figure 5 a high frequency capacitance of C = 3pF can
be read out. The electrostatic energy at the breakdown voltage
of 36V is therefore using Equation (1) ng ~02.1077, Only
this electrical energy is available. But this energy is 50 times
less than the melting energy and 350 times less than the
evaporation energy:

w w
=% 50 and —2Lx~ 350 (2)
) W(l)

ast ast

If the considerations in points I) and II) are correct then
only the electrostatic energy in the vicinity of the breakdown
center can be involved. This energy W7 stored in an area of

about 20 wum diameter is by a factor of 0.04 smaller than the
electrostatic energy stored in the whole electrode of 100 jun
diameter. Then the ratios of available electrostatic energy and
thermal energies are even higher. We find then

Wrm — Wem — e
@—1250 and @—8;’50 (3)

It is therefore concluded that the electrical breakdown
triggers an event which releases much more energy than stored
in the electrical field. This is in analogy to a spark which
triggers an explosion. In our former publication [16] we could
prove that hydrogen is present in the aluminumoxide. Also, Pd
can absorb hydrogen from the atmosphere. The hydrogen then
diffuses into the oxide. Since using the Pd-electrode much
more breakdown spots are observed (Figure 8), it is possible
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that hydrogen is involved in the partial breakdown processes.
Depth and volume of these holes are comparable to the holes
found using Cu-electrodes. Probably the hot breakdown
channel triggers local hydrogen explosions on the microscale
which deliver the energy necessary to produce the craters.

5 CONCLUSIONS

Single breakdown spots are observed in metal-aluminum
oxide-metal structures. By the breakdown event channels and
craters are formed in the structure. The energy required to
form these holes is much higher than the electrostatic energy
stored in the MIM structure. It is therefore concluded that the
breakdown event with its high channel temperatures triggers a
second process which delivers the required energy. Since the
number of breakdown spots at structures with a Pd electrode is
by a factor of three to four higher than at structures with Cu
electrodes it is conjectured that hydrogen explosions on the
microscale are involved in the breakdown process delivering
the energy for the creation of the craters.

It remains an open question if these processes are somehow
related to the supposed cold fusion reported 30 years ago [20]
and recently discussed in[17].
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