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The dielectric breakdown of MgO crystals at elevated temperatures is investigated as a function of
such parameters as temperature, thickness, electric field, ambient atmosphere, electrode material,
and impurity content. The prebreakdown electrical characteristics induced by these parameters are
studied. Each parameter is investigated individually. The results are found to be compatible with

the double injection model.

I. INTRODUCTION

Refractory materials are important in the application of
advanced energy technology, such as the magnetohydro-
dynamic generator. However, material degradation, such
as dielectric breakdown, is a serious problem in the appli-
cation of these materials at high temperatures in electric
fields. Therefore, the study of the dielectric breakdown of
refractory materials at high temperatures is technological-
ly important. The mechanisms involved no doubt depend
on the material and the conditions under which break-
down occurs. The dielectric breakdown of materials is as-
sociated with many physical parameters, such as tempera-
ture, geometry, electric field, ambient atmosphere, elec-
trode material, and impurity, and therefore is a complicat-
ed phenomenon. In order to better understand the nature
of the breakdown, one should be able to identify the effect
of the various parameters on the breakdown. In this
work, we study a system in which the electrical properties
change slowly and ultimately trigger a breakdown.

Past investigations focused primarily on breakdown
strength!~1* rather than the breakdown process. The
breakdown strength is the maximum electric field
strength a material can withstand before it breaks down
(in ms or less). Several theoretical models have been pro-
posed for dielectric breakdown,!*~2¢ but none can satisfac-
torily account for the phenomena of concern here.?”??
Recently, the prebreakdown behavior of MgO crystals was
studied at high temperatures,?’—3* and it was found that
prebreakdown phenomena revealed direct information
about the breakdown process. From this information a
breakdown mechanism involving double carrier injection
attended by migration of negatively charged ions or va-
cancies was deduced.?””?® In this paper we extend the
study of the dielectric breakdown of MgO crystals at high
temperatures to include the effects of the important physi-
cal parameters described above.

II. EXPERIMENTAL PROCEDURES

Crystals used in this work were grown at the Oak Ridge
National Laboratory (ORNL) and Tateho Chemical Com-
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pany. The ORNL crystals, doped and undoped, were
grown by the arc-fusion method** using high-purity MgO
powder from Kanto Chemical. Company, Tokyo, Japan.
Crystals doped with H, Co, Cu, Fe, Ni, Cr, or V were
used. The concentration of dopants was determined by
neutron-activation analysis and was reported previously.?’

The sample dimensions were chosen such that the sur-
face distance between electrodes was much greater than
the thickness and, therefore, the effect of surface conduc-
tion was minimized. Two types of measurements were
carried out, current and potential profiles. For current
measurements, samples of dimensions 15X 15%2.5 mm?
were used, except when thickness dependence was investi-
gated and when high electric fields were used. Samples
were prepared by cleaving along (100) planes and abrading
on SiC papers. The abraded surfaces were then removed
by chemical polishing in hot phosphoric acid.

For measurements of the potential profile along the
thickness of the sample, thick samples were used in order
to obtain several data points between the electrodes.
Therefore, the sample had to be specially prepared in such
a way that the problem of surface conduction could be
minimized and the potential at a given point could be
correctly measured without disturbing the electric field.
The sample-electrode configuration for the potential-
profile measurement is shown in Fig. 1. A rectangular
block of MgO:Ni single crystal with dimensions
10X 10X 5.6 mm?® was cut by a diamond wafering blade
(0.2 mm thick) at five positions between two (100) planes
to which the electrodes were attached. During the cut-
ting, both the crystal and the diamond blade were rotating
at the same time so that the crystal was cut in the desired
shape. After cutting, the sample had a central cylindrical
solid 6.2 mm in diameter and six extended bladelike pro-
jections. It was then chemically polished in phosphoric
acid at 330 K for several hours to remove the damaged
surface layers. Five individual platinum wires serving as
probes were then wrapped around the central cylindrical
solid. .

The experimental setup has been described previously.?’
In brief, the sample was sandwiched between two flat cir-
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FIG. 1. Diagram of sample configuration for the measure-
ment of potential profiles.

cular platinum electrodes with a diameter of 6.3 mm, and
then suspended in the hot zone of a vertical alumina fur-
nace tube which had one hole on each end to allow circu-
lation of the desired atmosphere. A Sentry 7AV electric
furnace was used. The furnace temperature was regulated
by a Wheelco temperature controller. The temperature
was monitored by Pt/Pt (10 at. % Rh) thermocouples and
did not fluctuate by more than +2 K. Unless otherwise
noted, platinum electrodes were used and the samples
were sustained in air. Both constant and alternating fields
were used. For current measurements, a power supply
and current recorder were connected in series with the
sample. For potential-profile measurements, a potential
divider with a total resistance of 10’  and a ratio of
1000:1 was connected in parallel with the electrodes to
measure directly the value of the potential at various
points inside the sample. All measurements were made by
a two-probe method since surface conduction was found
to be negligible.?’” The experimental procedures were
designed to study each parameter individually. Measure-
ments were focused on the prebreakdown behavior, which
provides direct information of the breakdown process.

III. RESULTS AND DISCUSSION

A. General features

The general current features were similar for all the
MgO crystals investigated. Experiments on MgO:Ni
(4000 ppm) crystals are described in this section to illus-
trate the general behavior of the current response.
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1. Current behavior with field reversal

When a moderate dc electric field was applied to a
MgO crystal at elevated temperatures, a slight decrease in
current was observed initially. Subsequently, the current
increased exponentially until the sample experienced
dielectric breakdown and could no longer be used as an
electrical insulator. Experimentally, the sample was not
allowed to proceed to breakdown since this would have
destroyed it. When the current reached 18 mA the ap-
plied field was removed (or reversed), because at this
current the breakdown was imminent and the sample tem-
perature began to significantly exceed the ambient tem-
perature.”” Therefore, the time required for the current to
reach 18 mA was considered to be the characteristic time
for breakdown, t.. Usually, several field reversals were
made. The current behavior of a MgO:Ni sample is
shown in some detail in Fig. 2.

A field of 1500 V/cm was applied at ¢ =0, after the
sample had been annealed at 1473 K for about 10 min in
order to assure that the sample temperature had reached
equilibrium. The current initially decreased from 0.20 to
0.10 mA in 30 min (top, inset, Fig. 2), and then increased
exponentially until 18 mA was reached, corresponding to
t =16 h. This value , 18 mA, represents a 180-fold in-
crease from the minimum current value. Upon field re-
versal, the current flowing in the opposite direction de-
creased from an initial value, which was about —18 mA,
to a minimum value of —0.7 mA in 25 min (bottom, in-
set, Fig. 2), and then increased exponentially at a rate fas-
ter than that in the first cycle. The characteristic time for
breakdown in this cycle was only 10 h. Several more field
reversals were subsequently performed. The current
behavior was similar to that of the first reversal, but the
characteristic time diminished with each reversal, until ul-
timately only 1.5 h were required. Figure 3 is a plot of
the characteristic time for breakdown as a function of
chronological field reversals. The decreasing time trend is
evident. Five other MgO:Ni crystals were studied in a
similar fashion. The results were similar to those shown
in Figs. 2 and 3, although the experimental values differed
slightly.

The time-dependent current for each of the reversals
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FIG. 2. Current vs time at 1473 K with E=1500 V/cm ap-
plied to a MgO:Ni crystal for several polarity reversals.
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FIG. 3. Characteristic time for breakdown vs the nth field
reversal.

can be described accurately as the sum of two exponen-
tials,

—t/7y

I(t)=101€ +I()ze‘/1-2 for t>0 ’ (1

where Iy, Ip,, 71, and 7, are positive constants, and
Iy >1y,, and 7{ <7,. These constants are obtained from
the values of I(z) plotted on a semilogarithmic scale, as
shown in Fig. 4. Equation (1) shows a minimum in I(z)
at a time denoted by ¢,. At t<t,, the first term,
Ige _'/Tl, is predominant, and therefore the current is de-

5
[ [
/’j
2 7 —
10!

T,=2.3x10%s

IRERES
Lt

]

CURRENT (mA)
o

2 ll MgO:Ni |
\ T=4473 K
+/ E=1500 V/cm
10° H- —
n 7
jr,=t5xiozs —
s | 1 |

[o]

1
TIME (h)

N

FIG. 4. Log of current vs time. The current was obtained
after tenth field reversal. The line associated with 7, was ob-
tained by subtracting the line associated with 7, from the origi-
nal curve.

creasing. At t>t,,, the second term , Ioze'/Tz, dominates
and leads to the breakdown. The values of 7| and 7, di-
minished with each field reversal. After the tenth field re-
versal, 7, and 7, reached their minimum values. The tem-
perature dependence of these two parameters was then in-
vestigated and reported elsewhere.?’

When the applied field was reversed frequently, such as
for an alternating field with a frequency of 60 Hz, the
current was found to be constant in magnitude after some
small fluctuations.?” Therefore, the alternating electric
field did not produce the breakdown, as indicated in Eq.
(1). This result and the decreasing behavior of the re-
versed current led to our conclusion that the dielectric
breakdown observed in this study is not initiated by a
thermal breakdown mechanism. The reasons are (1) the
alternating field should enhance the breakdown because
the power loss in a dielectric increases with frequency,
and (2) the thermal effect (Joule heating) is independent of
the current direction and, therefore, reversing the applied
field should not lead to a decrease in current.

2. Short-circuit current

Short-circuit current (Igc), which flows from one sam-
ple surface to the other via an external conductor when
the applied field is removed, can provide information
about residual stored charges. It was measured after the
applied field had been reversed for different time periods.
Figure 5(a) shows five different points along a typical
current curve before and after the field reversal. The
short-circuit currents measured at these points are shown
in the corresponding numbered curves of Fig. 5(b). The
positive current direction is defined as the direction of the
initial current before the first field reversal. Curve 1 was
obtained just before the field reversal, i.e., at T=+18
mA.?” The short-circuit current was about 3 orders of
magnitude smaller and flowed in the direction opposite to
the original current. It decreased rapidly in the first
minute, from an initial value of about 20 uA. Subse-
quently, the decay became slower. At t >10 min, the
short-circuit current reached a nearly constant value of
about-4 puA. The temperature dependence of the short-
circuit current was then studied at ¢ > 10 min.?’ The re-
sults will be described later. Curve 2 was obtained im-
mediately (<1 sec) after the field was reversed. The
short-circuit current, initially flowing in the positive
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FIG. S. - (a) Five points along a typical current-time curve be-
fore and after the field reversal. (b) Short-circuit current vs
time. These currents were measured at points shown in (a).
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direction, decreased rapidly from about +2 pA to zero in
a few seconds, and then flowed in the negative direction.
Then the current increased to a maximum (about 8 uA)
before it decreased in a behavior similar to curve 1. Curve
3 was obtained 10 sec after the field was reversed. The
current behaved similarly as that shown in curve 2, but
the current showed a higher initial positive value and a
lower negative saturation value than curve 2. Curve 4 was
measured 15 min after the reversal, just before the re-
versed current reached its minimum. The short-circuit
current flowed in the positive direction and decayed to
zero in about 1 min. Curve 5 was obtained 30 min after
the reversal, when the reversed current was increasing.
The current behavior was similar to that in curve 4, but
its magnitude was larger.

The short-circuit current flows in a direction opposite
to that prior to removal of the electric field. The negative
short-circuit current indicates that there are some residual
homocharges created by the application of the dc field.
These residual charges can be removed or neutralized by
field reversal for a time period t,,. These charges are be-
lieved to be trapped holes and are directly responsible for
the decrease in the reversed current as shown in Eq. (1).
From the value ¢,, and the dimension of the sample, it is
estimated that this charge carrier has a mobility of
~1077 cm?/V sec.

3. Potential profile

The potential profile of the sample during the applica-
tion of an electric field can provide information to identi-
fy the breakdown mechanisms.’3 The potential profiles of
MgO:Ni crystals at 1473 K were measured at different
current levels with the field applied, as well as after the
removal of the applied voltage. A dc voltage of 560 V
was applied to the sample, which had a thickness of 5.6
mm; the electric field strength was therefore 1000 V/cm.
The measurements were performed both in the first cycle
as well as after the voltage was reversed.

The information provided by the potential profiles is in-
tended to be exploratory. It is desirable to be able to
deduce charge densities from these profiles. However, it
is not feasible to do so from seven data points. Obtaining
these points was already formidable in that it required
large single crystals which had to be machined to the
shape shown in Fig. 1, often with sample fatalities. The
cuts were made deep in order to maximize the surface dis-
tance between the wire probes, thereby further compound-
ing the machining difficulties. Nevertheless, the profiles
do permit us to draw several relevant conclusions.

a. First cycle. Several sets of potential measurements
were performed at various stages before the current
reached 18 mA. Each set of measurements is plotted as a
numbered curve in Fig. 6. Curve 1 was obtained at ¢ =0,
immediately after the voltage was applied to the sample.
The potential was nonlinear and the data were not sym-
metric with respect to the center of the crystal. The po-
tential gradient was greatest near the electrodes. Curve 2
was obtained at ¢ =10 sec after the application of the
voltage when the current was decreasing. The curve is
similar to curve 1, except that the central flat region volt-
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FIG. 6. Potential profiles of MgO:Ni crystal at 1475 K using
an electric field of 1000 V/cm. The profiles, as shown in the
numbered curves, were measured at various stages during the
current increase. The current levels at which the measurements
were made are described in the text.

age was lower. The voltage drop in the region near the
anode was more pronounced. Curve 3 was obtained at
t =19 min when the current was 0.18 mA and at its
minimum point. The potential in the central region in-
creased slightly and the data became more linear. Curve 4
was obtained at ¢ =2 h when the current was 0.3 mA and
increasing. This curve is similar to curve 3, and the data
became even more linear. Subsequently, curves 5, 6, and 7
were measured at 1=0.7, 9.6, and 17.8 mA, respectively.
These three curves are similar and, with increasing time,
they more nearly approached linearity.

The residual potential profiles were measured at two
different current levels at which the applied voltage was
removed, as shown in Fig. 7. Data for the top curve were
obtained when current was 1.15 mA and increasing. This
curve has a negative second derivative in the region close
to the cathode and a positive second derivative in the re-
gion near the anode. It is indicated that, using the Pois-
son equation, there are some residual heterocharges, space
charges of opposite sign to that of the electrode, in the re-
gions near the electrodes. Data for the lower three curves
were measured at 0, 40 sec, and 30 min after the removal
of the applied voltage when the current reached 18 mA.
The residual voltage in the center region of the crystal be-
came essentially constant shortly after the removal of the
applied voltage. It is also noted from Fig. 7 that the ini-
tial residual potential difference across -the sample,
V(+)=2.4 V at t =0, measured from 1.15 mA, and 0.6 V
measured from 18 mA.

Several interesting observations are noted from Figs. 6
and 7.

(1) The potential profile (Fig. 6) varies with time and
changes from nonlinear (curve 1) to nearer linear (curves
5—7) at higher current levels.

(2) The distribution of the electric field obtained from
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FIG. 7. Residual potential profiles after the removal of the
applied field. The top curve was measured when the field was

removed at I=1.15 mA. The lower three curves were mea-

sured at 0, 40 sec, and 30 min after the removal of the field
when the current reached 18 mA.

the potential profile also varies with time. Initially, the
electric field strength is much higher in the regions near
electrodes than in the central part of the crystal. The dis-
tribution of the electric field becomes more uniform as the
current rises; this indicates that local electrical neutrality
prevails as current increases.

(3) Before the current reaches its minimum value, the
potential profiles (curves 1—3 in Fig. 6) show that the
development of the potential in the region near the
cathode is much faster than that near the anode. This ra-
pid buildup of potential indicates that there is a high elec-
tron injection as soon as the field is applied to the sample.

(4) The potential profiles indicate that there is no obvi-
ous polarization effect during the application of a dc elec-
tric field, such as that observed by Moulson et al.*® in
aluminous cements and that observed by Cohen in pure
alumina.3® Otherwise, the potential drop in the regions
near the electrodes would increase with time, and also the
potential profile would become more nonlinear instead of
linear. Therefore, the breakdown observed in this study is
not initiated by a local breakdown arising from the polari-
zation effect.

(5) The initial residual potential difference across the
sample decreases as the current increases (Fig. 7). This
fact indicates that the whole sample is approaching the
plasma condition®’ (electrical neutrality) as the current in-
creases. g

b. After field reversal. Potential profiles were also mea-
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sured after the applied field was reversed at 18 mA.
Several sets of measurements were made and the data are
plotted as a respectively numbered curve in Fig. 8. Curve
1 was obtained at ¢ =0, immediately after the applied
voltage was reversed. The curve showed a nonlinear po-
tential distribution. The potential drop was higher in the
region near the new cathode (anode before field reversal)

-than near the anode. Curve 2, obtained at =1 min when

the current was — 1.8 mA. and decreasing, was similar to
curve 1, except that the potential drop near the cathode
had increased and that near the anode had decreased.
Curve 3, obtained at ¢t =11 min when the current was
—0.9 mA and decreasing, was similar to curve 2, but the
potential drop inside the sample decreased, and hence the
potential drop increased in the region near the anode but
decreased in the region close to the cathode. Curve 4 was
obtained at =43 min when the current was at its
minimum (—0.8 mA). The curve is similar to curve 3,
but it has a higher potential drop near the anode. Subse-
quently, curves 5, 6, 7, and 8 were measured at / = —0.83,
—2.3, —6.8, and —17.2 mA, respectively, while the
current increased exponentially. The potential profiles be-
came more linear at higher current levels.

There are several interesting observations which can be
noted from the data in Fig. 8.

(1) There are some negative space charges (electrons)
left behind from the previous treatment (first cycle) in the
region near the new anode (curve 1), and these space
charges are easily removed by the reversed field (curve 2),
indicating that they are mobile.

(2) Inside the sample there exists an abundance of posi-
tive space charges (holes) left behind from the previous
treatment, and these space charges are not readily re-
moved by the reversed field (curves 2—4), indicating that
they are essentially immobile.

(3) There are probably some negatively charged ionic
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100 E=14000 V/cm

v+ { 2 3 4 5 v—
DISTANCE (mm)

FIG. 8. Potential profiles after the field reversal. The pro-
files were measured after the field was reversed at 1 =18 mA.
The current levels at which measurements were made are
described in the text.
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species (or vacancies) accumulated in the region very close
to the new cathode (curves 1 and 2).

~ (4) The potential profile becomes more nearly linear as
the current increases. This effect is similar to that ob-
served in the first cycle.

B. Temperature effect

The effect of temperature on breakdown was studied by
measuring ‘the temperature dependence of the time con-
stant 7, of Eq. (1), since 7, is directly related to charac-
teristic time for breakdown. At a given field, the value of
7, was found to obey the relationship

Ty="Toexp(Q, /kT) , (2)

where the activation energy Q, was found to be 2.3 eV for
MgO crystals doped with 4000 ppm Ni impurity in the
temperature range from 1380 to 1680 K.?’

C. Effect of sample thickness

The breakdown characteristics of MgO crystals are
nearly independent of the sample thickness. Thickness-
dependence measurements were performed on MgO:Ni
crystals at 1473 K using 1500 V/cm for thickness ranging
from 0.2 to 9.1 mm. The time constant 7, in Eq. (1) is
determined as a function of sample thickness. For a given
field, the time constant 7, varied between 1.1X 10* and
0.8 10* sec. This thickness independence of breakdown
indicates that any migration of the negatively charged
ionic species or vacancies is short ranged.

D. Field-strength effect

The investigation of the field-strength effect on break-
down was performed at 1473 K on (i) as-grown MgO:Ni
crystals, and (i) MgO:Ni crystals which had been treated
at 1473 K using an electric field of 1500 V/cm for more
than 10 field reversals. The results are described in terms
of the time constant 7, rather than the characteristic time
for breakdown, t,, because the time constant 7, is not only
directly related to the breakdown time, but it also has a
simple relationship with the applied field. The values of
7, have been found empirically to decrease exponentially
with the applied field strength, as described by

7y(E) <exp(—BE) , (3)

where B is a positive constant, and BE > 0. The value of 8

depends on the history of the sample as well as the ap-

plied field.

In the case of the as-grown samples, samples of thick-
ness 2.5 mm were used for field strengths of 200 to 5000
V/cm, and samples of thickness 0.5 mm were used for
field strengths of 1.5X 10 to 3 10* V/cm. The value of
the log of 7, are plotted against thickness in Fig. 9. The
value of 8 was found to be (i) 2.3 X 1073 cm/V for field
strengths from 0.2 to 1 kV/cm, (i) 5.5X 10™* cm/V for
field strengths from 1 to 5 kV/cm, and (iii) decreasing
with increase of the field. It is estimated that the value of
B is of the order of 107> cm/V when the field strength
reaches a magnitude of 10° V/cm.

In the case of samples with more than 10 cycles of
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FIG. 9. Log of time constant 7, vs electric field strength.
The measurements were made on as-grown MgO:Ni crystals.

field-reversal treatments, the value of 8 was found to be
the same (2.7X 1073 cm/V) at temperatures of 1473 and
1673 K for field strengths of 1 to 2 kV/cm, as shown in
Fig. 10. This value is about 5 times greater than that ob-
tained from the as-grown samples under the same electric
field.

Taking into account the temperature effect [Eq. (2)],
the time constant 7, can be expressed as

104
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1000 1500
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FIG. 10. Log of the time constant 7, vs electric field
strength. The measurements were performed after the tenth
field reversal. Results were obtained at 1473 and 1673 K.

2000
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Ty =Toexp[(Q,/kT)—BE] , (4)

where Q) is activation energy, 7, is a constant for a given
electric field range, and S is the constant described above.
The pre-exponential constant Iy, of Eq. (1) is also found
to be approximately proportional to the applied field
strength. Using Egs. (1) and (4), and the values of
Q,=2.3 eV and B=10"3 cm/V, one can estimate that
the breakdown strength of MgO crystals at T=700 K is
of the order of 10° V/cm, a value which is consistent with
the results obtained by Lewis et al.3%3°

E. Ambient atmosphere effect

The dielectric breakdown of MgO:Ni crystals at 1473 K
was also examined, using an electric field of 1500 V/cm,
in flowing oxygen and nitrogen atmospheres. (The partial
pressure of O, in a nitrogen atmosphere is about 104
atm.) The results are shown in Fig. 11. The current
behavior was similar in both oxygen and nitrogen atmo-
spheres. In the first hour, the current increased more rap-
idly in an oxygen or a nitrogen atmosphere than in air.
Subsequently, the currents increased exponentially with
nearly the same time constant. At high current levels, the
rate of current increase was less in air than in either oxy-
gen or nitrogen. The characteristic times for breakdown
of MgO crystals at 1473 K in pure oxygen, pure nitrogen,
and air were 7.5, 7, and 16 h, respectively. Since air is a
composite of these two gases, it is not immediately obvi-
ous why the breakdown time in air is twice that in the
others.

F. Electrode effect

The observed breakdown characteristics depend strong-
ly on the electrode material. Four kinds of electrode ma-
terials were used: platinum, rhodium, iridium, and gra-
phite. Because most of those materials, especially Ir and
graphite, are easily oxidized in air at high tempera-
tures,*>*! all the measurements were performed in a flow-
ing dry-nitrogen atmosphere. Both the cathode and the
anode were of the same material.

ATMOSPHERIC EFFECT

102 3 T T — T 3
MgO: Ni
T=1473 K
E=1500 V/cm

CURRENT (mA)

TIME

FIG. 11. Effect of atmospheric conditions on the current
behavior of MgO:Ni crystals. The log of current is plotted vs
time. Three different atmospheres were used: pure oxygen,
pure nitrogen, and air.
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FIG. 12. Effect of electrode material on the current behavior
of MgO:Ni crystals. Samples were treated at 1473 K with the
use of an electric field of 1500 V/cm in flowing dry N,. Four
different electrodes were investigated: Ir, graphite, Rh, and Pt.

The current behavior and the characteristic times for
breakdown of MgO:Ni crystals using different electrodes
at 1473 K with an applied field of 1500 V/cm are illus-
trated in Fig. 12 and Table I. During the first 30 min
after the application of the voltage, the current behaved
differently for different electrode materials. Graphite and
iridium electrodes provided a similar initial current
behavior. Both currents increased rapidly to a maximum,
and then decreased to a minimum before increasing ex-
ponentially. Platinum and rhodium electrodes exhibited a
similar current behavior to that described previously (see
Fig. 11). After 30 min all four materials displayed an ex-
ponential current increase. Samples with Pt, Rh, and gra-
phite electrodes increased with nearly the same time con-
stant. In the case of Ir, the time constant was about 4
times smaller and, therefore, resulted in a shorter break-
down time. The characteristic times for breakdown of the
crystals at 1473 K using an electric field of 1500 V/cm in
a dry-nitrogen atmosphere were 2, 4, 5, and 7 h for Ir,
graphite, Rh, and Pt electrodes, respectively. Different
combinations of these electrode materials were also used
as cathode and anode. The current behavior described
above was found to be determined primarily by the
cathode material.

The activation energies obtained from the temperature
dependence of the short-circuit current using different
electrode materials under the conditions described above
are also shown in Table I. The values range from 2.6 to

TABLE 1. Characteristic times for breakdown, t., and the
activation energies, Q, of MgO:Ni crystals using different elec-
trode material. The measurements were performed at 1473 K
using an electric field of 1500 V/cm in a flowing dry-nitrogen
atmosphere.

Electrode Q (eV)
material t. (h) (+0.1)
Ir 2 2.9
Graphite 4 a
Rh 5 2.7
Pt 7 2.6

2Note measured (see text).
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2.9 (+£0.1) eV. Usually, the short-circuit current flows in
the direction opposite to the original current and lasts for
a long time. However, in the case of graphite electrodes,
the short-circuit current, as measured after the field was
removed at 18 mA, flowed in the same direction as the
original current and decreased from about 3 mA to nearly
zero in only 30 sec. Therefore, no activation energy could
be determined when using graphite electrodes.

Different electrode materials form different potential
barriers at the electrode-oxide interface and, therefore,
provide different work functions for the charge carrier to
be injected. According to the results described above, Ir
electrodes provide a better current-injection contact with
MgO than Pt or Rh electrodes.

G. Impurity effects

1. Characteristic times for breakdown

The flow of current under a given experimental condi-
tion is qualitatively similar for all the MgO crystals, but
the characteristic time for breakdown depends strongly on
both the impurity and its concentration. An undoped
MgO crystal typically required 22 h for the current to
reach 18 mA. Crystals doped with V, Cr, Fe, or Ni had
lower characteristic times for breakdown and, therefore,
were more susceptible to breakdown. However, it has
been found that doping with H, Co, or Cu increases the
time required for dielectric breakdown.?”’ The data are il-
lustrated in Fig. 13 and shown in Table II. Clearly, im-
purities play an important role in determining the lifetime
of MgO crystals used as electrical insulators at high tem-
peratures. For example, the characteristic time for break-
down of MgO doped with 30 ppm Cu is 20 times longer
than that of the undoped crystals under the same condi-
tions. The characteristic time for breakdown is deter-
mined not only by the dopant but also by its concentra-
tion. This observation has been reported elsewhere.?’

2. Activation energy

The activation energy associated with the breakdown of
MgO crystals was computed from three different mea-
surements: the time constant 7,, the short-circuit current

20

CURRENT (mA)
3

o 1 .
) 100 200 300 400
TIME (h)

FIG. 13. Current vs time at 7=1473 K with E =1500
V/cm applied to doped and undoped MgO crystals. Crystals
doped with V, Fe, or Ni have a lower characteristic time for
breakdown than the undoped one, but the crystals doped with
Co, H, or Cu have higher characteristic times for breakdown.
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TABLE II. Characteristic times for the breakdown of MgO
crystals at 1473 K and 1500 V/cm. Column 3 corresponds to
the concentration of dopants tabulated in column 1. Column 4
lists the characteristic times for breakdown (in the first cycle).

Sample Source n (ppm) t. (h)
MgO ORNL <100° 22
MgO:Ni ORNL 4280 16

ORNL - 1000 1
MgO:Fe Tateho 1000 12
MgO:Co ORNL 2080 - 95
MgO:Cu ORNL 30 406
MgO:V Tateho 350 3
MgO:Cr Tateho 720 1
MgO:H ORNL 110

?Total impurity.

Isc, and the alternating current I,..?’ The activation en-
ergies obtained from doped and undoped MgO crystals
range from 2.1 to 2.8 eV, as shown in Table III. Using
the values of either 7, or Igc, the same activation energy
is calculated for each sample; the method of I, also
yields the same activation energy, except for the Cu- and
Co-doped MgO crystals, in which lower activation ener-
gies are determined from either 7, or Igc. It has been
found that a lower activation energy results in a longer
characteristic time for breakdown, and vice versa. This
correlation has also been found to be true in MgO:Ni crys-
tals with different dopant levels, as shown in Tables II
and III.

IV. SUMMARY AND CONCLUSION

The study of the dielectric breakdown of MgO crystals
at elevated temperatures is extended to include the effects
of some important parameters, such as temperature,
geometry, electric field, atmospheric condition, electrode
material, and dopant impurity. Each parameter is investi-
gated individually. The results are summarized as fol-
lows: -

(1) The time-dependent current decreases initially to a

TABLE III. Activation energies for the breakdown of MgO
crystals. Activation energies shown were computed from three
measurements: short-circuit current Isc, time constant 7,, and
alternating current I,..

Activation energy (eV)

Sample n (ppm) Isc T I,
MgO < 100* 2.4° 2.3 24
MgO:Ni 4280 2.4 2.3 2.4
1000 2.6

MgO:Fe 1000 2.8 2.7 2.7
MgO:Co 2080 2.2 2.1 2.6
MgO:Cu 30 2.2° 2.1 2.7
MgO:V 350 2.7 2.7 2.7
MgO:Cr 720 2.6 2.6 ,

MgO:H 2.6 2.5

*Total impurity.
*Values of Isc are small compared with the background noise
and the results are only estimated.
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minimum before increasing, and can be described as a
sum of two exponentials with two different time constants
71 and 7, [Eq. (1)]. 7; is responsible for the decrease of
“the current and T, describes the current increase and hence
the breakdown. The time constant 7,, which is directly
related to the breakdown time, has an exponential depen-
dence on temperature and dc electric field strength, as
described in Eq. (4).
(2) An alternating electric field with a frequency of 60
Hz cannot cause breakdown. This fact leads to the con-
" clusion that the mechanism leading to breakdown is not
due to thermal effects, and lends support to the double-
injection model.

(3) The dielectric breakdown time of MgO crystals,
under the experimental conditions of T=1473 K and
E=1500 V/cm, is essentially independent of the sample
thickness. This fact indicates that, if the migration of
ionic species or vacancies is directly involved in the break-
down process, the migration is short ranged.

(4) The characteristic time for breakdown of MgO crys-
tals in air is twice that in either pure oxygen or pure nitro-
gen.

(5) Electrode materials can greatly affect the current
behavior and therefore the breakdown characteristics. Iri-
dium electrodes provide a rapid current increase and
hence cause a breakdown much faster than Pt or Rh elec-
trodes. This phenomenon indicates that Ir provides better
current injection in MgO.

(6) The breakdown characteristics are also determined
by impurities and their concentrations. Some of the im-
purities, such as Cr, V, Ni, and Fe, cause more rapid
breakdown. Others, such as H, Co, and Cu, slow the
breakdown process and prolong the lifetime of MgO crys-
tals used as electrical insulators. The enhancement or
suppression of breakdown in MgO are determined by the
impurity concentration.?’

(7) Potential-profile measurements show that the elec-
tric field normal to the electrodes tends toward a constant
value as the current increases. This behavior demon-
strates that local electrical neutrality prevails at higher

currents and also that breakdown is not due to polariza-
tion.

(8) Activation energies can be obtained by measuring
the temperature dependence of the time constant 7, or the
short-circuit current Igc. These two measurements iden-
tify the same mechanism for the conduction process.*?

The current conduction as well as the breakdown can be
satisfactorily described by a double-injection model in-
volving drift of ionic species or vacancies.’”*? The
current increase results from an increase in hole injection,
which is enhanced by the migration of negatively charged
ionic species or vacancies towards the anode, as well as
the development of local electrical neutrality. The time

" constant 7, [Eq. (1)] appears to be related to the short-

range migration of the negatively charged ionic species or
vacancies towards the anode, and the nearly constant
short-circuit current (at ¢ > 10 min) suggests relaxation of
the accumulated carriers. This mechanism is supported
by the experimental fact that the same activation energy is
always obtained from the temperature dependence of the
time constant 7, or the short-circuit current Igc. Evi-
dence for local electrical neutrality is provided by the po-
tential profiles (Figs. 6 and 8). However, our data on the
potential profiles are inadequate to describe the details of
potential distribution in the regions near the electrodes.
Such information would be useful to verify the double-
injection model. Impurities are expected to directly affect
the current behavior and the breakdown characteristics,
because impurities can either create charge-trapping sites
which affect the development of the local electrical neu-
trality, or create vacancies (or ionic species) which deter-
mine the rate of increase of hole injection.
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