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Tit le A New Model for the Dielectric Breakdown of MgO Crystals at

High Temperatures

The phenomenon of dielectric breakdown of MgO crystals at high 

temperatures ( 1500 K) has been investigated with the use of moderate 

electric fields ( 1500 V/cm). The effect of various physical parameters 

associated with the breakdown, such as temperature, various impurity 

concentrations, sample thickness, electrode material, atmospheric 

conditions, types of electric field, and electric field strength, have 

been determined.

The current transients induced by constant and alternating fields 

as well as by field reversals, and open- and short-circuit conditions 

are investigated. Activation energies, obtained from the temperature 

dependence of current parameters, are also obtained. Impurities and 

their concentrations have been found to play an important role in deter

mining the lifetime of MgO crystals used as an electric insulator at 

high temperatures.



Inasmuch as the experimental data exclude applications of tradi

tional models to the breakdown of MgO, a new model — double injection 

with drift of ionic species or vacancies — is proposed for the breakdown 

of MgO crystals at high temperatures. This model provides an excellent 

explanation of the main features of the experimental results.
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Chapter 1 

INTRODUCTION

Dielectric breakdown is a subject which has received considerably 

less attention than its technological and scientific importance 

warrants. In ionic insulators, which are the subject of this research, 

breakdown at room temperature takes place only under very high applied 

electric fields. However, as the temperature increases breakdown begins 

to occur at relatively low applied fields (72). This poses a serious 

materials problem in certain applications such as energy conversion 

devices (41), which generally work more efficiently at elevated 

temperatures. From a fundamental viewpoint, there is no generally 

accepted model of breakdown. One reason for this is the lack of con

sistent, reproducible experimental data on which theories could be 

based. The lack of work in this area has left a large gap in our 

understanding of dielectric breakdown.

The research that has been performed here involved the dielectric 

breakdown of MgO crystals at elevated temperatures. MgO crystals were 

chosen as a prototype refractory material for an investigation on 

breakdown, because of the availability of well-characterized high- 

quality crystals and the simple crystal structure.

As a group the alkali halides have received the most attention 

although there is no evidence that the breakdown process is simplest and 

therefore more easily understood in these materials than other materials.

1
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In spite of this interest there is currently no completely satisfactory 

theory for the dielectric breakdown even in the case of alkali halides. 

A partial reason for this is that most measurements have been made at or 

near room temperature using high electric field 1 MV/cm). Under 

these conditions the breakdown occurs very rapidly — in microseconds 

(11-14,27-30, 84,93). Consequently, it is experimentally difficult to 

monitor the rapid increase in electrical current and other physical 

factors which lead to the breakdown. In the present experiment the 

measurements are made at elevated temperatures using an electric field 

which is small enough that the breakdown process occured slowly and can 

be monitored in detail.

In the case of refractory materials such as MgO crystals, there are 

very few suggested mechanisms for breakdown. Lewis and Wright (51,52) 

studied MgO at moderate temperatures (^OOK) using high electric fields 

(^1 MV/cm) and suggested that the breakdown might correspond to the 

onset of trap-filled, space-charge controlled conduction. Sonder 

et al. (85) suggested that the breakdown which occurrs at 1500K under 

moderate electric fields (^1500 V/cm) is due to conductivity increase 

along pathways of a<100> dislocations and small-angle grain boundaries. 

However, Narayan et al. (70) suggested that those a<100>-type loops may 

be a reflection of a large concentration of vacancies generated by the 

electric current. The idea of current pathways along a<100> disloca

tions was ruled out by field reversal experiments (94). Apparently, 

there is no acceptable mechanism which is applicable to the breakdown of 

MgO crystals.

In Chapter 2, the conduction mechanisms as well as the breakdown 

models, which have been suggested, are briefly discussed. Conduction 
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mechanisms such as ionic conduction, current injection, field emission, 

Schottky emission, and impurity conduction are discussed, because they 

may be involved in the breakdown process of MgO crystals. Three basic 

breakdown models, thermal, intrinsic, and avalanche breakdowns have been 

suggested for the breakdown of dielectrics. Those models are discussed 

and will be compared with the observed breakdown phenomena of MgO 

crystals at high temperatures.

The experimental procedure used in this research is described in 

Chapter 3. Several physical parameters governing the breakdown are 

identified and their effects are investigated individually. The experi

mental results related to those parameters are described in Chapter 4.

In Chapter 5, the experimental results are discussed in terms of 

the existing breakdown models. None of existing models can explain the 

observed breakdown phenomenon. A new model is proposed, which offers 

excellent explanations of most of the experimental results.



Chapter 2

THEORY REVIEW

The conduction and various possible breakdown mechanisms have been 

reviewed by O'Dwyer (72). Some of the conduction mechanisms, which 

are of interest in the present study, and all the the existing breakdown 

mechanisms will be briefly discussed in this chapter. The experimental 

results of the dielectric breakdown of MgO crystals will be discussed in 

terms of these mechanisms in Chapter 5.

2.1 Conduction Mechanisms

The conductivity of a dielectric may be either ionic, electronic or 

a combination of both (16,57-60,73,74,81-83,89). It is difficult to 

separate these components experimentally, but the basic theoretical 

ideas are quite distinct. Several possible conduction mechanisms, such 

as ionic conduction, current injection, field emission, Schottky 

emission, and impurity conduction, are briefly described next.

2.1.1 Ionic Conduction

In bulk material, ionic conduction is due to the migration of posi

tive or negative ions under the influence of an applied electric field. 

The basic theoretical expression for all electrical conductivity is

c = % ryze-u. , (2.1)
i

4
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where is the density of the ith species, and ze^ and the 

corresponding charges and mobilities. The ionic mobility and con

centration of charge carriers are usually influenced by the applied 

field. Experimentally, the low-field ionic conductivity is temperature 

dependent and follows an Arrhenius-type law

a = a0 exp(-$/k0T) (2.2)

where a0 and $ are experimentally determined—usually constant within a 

given range of temperature, k0 is the Boltzmann constant, and T the 

absolute temperature.

The ionic mobility is related to its diffusion coefficient Dj 

through the Nernst-Einstein relationship

Pi = zeDj/k0T. (2.3)

The ionic conductivity can then be written as(42)

o=s niz2ei2D17k0T (2.4)

2.1.2 Current Injection

The theory of current injection into solids was initiated by Mott 

and Gurney (66) and Rose (77,78), and further developed and reviewed by 

Lampert (44-47) and Lampert and Mark (48). Some of the basic results 

are described below.

a) One-Carrier injection

A one-carrier injection current is a space-charge-limited current 

since each injected carrier contributes one excess electronic charge, 

negative for electrons and positive for holes, to the insulator. With 
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an ohmic contact, an electron or hole can be injected from metal into 

the conduction or valence band of insulator. The injected current which 

can flow through the insulator is limited by the injected space charges 

and reduced by the trapping sites (48).

Consider the problem as one dimensional and the electron as the 

injected charge carrier. The results are the same for injected hole. 

Assume that the electrons are injected at x=0 (cathode), and exit at 

x=L (anode). The current is composed of two components, drift current 

and diffusion current, and is independent of position x, i.e.

J = enyE-eD(dn/dx),

and

V.J = dJ/dx = 0

(2.5)

(2.6)

where J is the current density, n charge carrier density, y the mobility 

of charge carrier, E the applied electric field, and D the diffusion 

coefficient.

The Poisson equation can be written as (48)

(c/e)(dE/dx) = (n-n0) + E (ntj - ntji0) 
j

(2.7)

where j denotes the jth set of traps. Here n = n(x) and ntj = ntj(x) 

are the actual, spatially varying free electron concentration and 

trapped electron concentration in the jth set of traps, respectively, 

and n0, ntj,0 are the corresponding constant, thermal equilibrium 

values in the bulk, respectively.

The problem is further simplifed by two assumptions: (i) The dif

fusion currents are neglected, and (ii) the cathode has an infinite 
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reservoir of electrons available for injection. The first assumption 

reduces Eq. (2.5) to

J = enyE , (2.8)

and the second assumption introduces an ohmic contact between cathode 

and insulator, which gives a boundary condition (48)

E(0) = 0 . (2.9)

For the case of a perfect trap-free insulator with no thermally 

generated carriers, i.e. n0 and all the ntj are identically zero, the 

Poisson equation can be written as

(e/e)(dE/dx) = n . (2.10)

Combining Eqs. (2.8) and (2.10), one obtains

E(dE/dx) = J/eP . (2.11)

With the boundary condition Eq.(2.9), Eq.(2.11) can be integrated to 

give

E(x) = (2J/ep)V2xl/2 (2.12)

and

rX
V(x) = E(x)dx = (8J/9eU)1/2x3/2 . (2.13)

J0

Taking x=L and V=V(L) in Eq. (2.13), one obtains the current-voltage 

characteristic

J = (9/8)ep(V2/L3) . (2.14)
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Equation (2.14) is variously referred to as the trap-free square law, the 

Mott-Gurney square law, and Child's law for solids.

The above equation is the limiting form of the current-voltage 

characteristic for an imperfect insulator at applied voltage high enough 

that the total number of injected electrons (or holes) substantially 

exceeds the total number of initially empty electron (or hole) traps in 

the material. It represents the highest one-carrier injection current a 

given insulator with a given cathode-anode spacing can carry (48). If 

there are traps inside the dielectrics and the ratio of free to trapped 

carriers is 0 = n(x)/nt(x)<l, then Eq. (2.7) reduces to

(e/eHdE/dx) = (n-n0)[l+(l/e)J (l/e)(n-n0) . (2.15)

The current-voltage characteristic becomes (48)

J = (9/8)@Eu(v2/L3) . (2.16)

The trap-free insulator with thermal free carriers can be con

sidered as a solid free of traps but characterized by a finite conduc

tivity of oo = enou. In this case, all the n^j = 0 and Eq. (2.7) becomes

(c/e)(dE/dx) = n(x) - n0 . (2.17)

The thermally generated electrons, of concentration n0, contribute to 

the current but not to the space-charge.

Introducing dimensionless variables

u = n0/n(x) = enouE(x)/J ,

w = e2n02yx/sJ , and (2.18)

v = e3n02n2V(x)/eJ2

in Eqs. (2.8) and (2.17), one gets
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udu/(1-u) = dw . (2.19)

The solution to Eq. (2.19) is

w = - u - In(1-u) , (2.20)

where u=o at w=o, corresponding to the boundary condition Eq. (2.9).

The current-voltage characteristic is then shown to be (48)

J = u(wa3/va2)(v2/l3) , (2.21)

where the subscript a corresponds to x=L in Eq. (2.18).

There are two limiting regimes: (i) Ohm's-law regime (uaM), when 

the injection level is small and does not contribute a significant 

increase of carriers to those generated thermally, and (ii) trap-free, 

square-law regime (ua«l), when the concentration of thermally generated 

charge carriers is small compared with that of the injected charge 

carriers.

Generally, the current-voltage characteristics in dielectrics is 

described by the Lampert triangle (45), as shown in Fig. 2.1. The 

lower curve corresponds to Ohm's law for the neutral crystal,

J = enouV/L . (2.22)

The actual current-voltage characteristic cannot lie below this curve, 

since the injection of electrons at the ohmic contact adds additional 

carriers to those already present thermally.

The upper curve is Child's law given by Eq. (2.14). The vertical 

curve corresponds to the trap-filled limit (TFL)—all the traps are 

filled prior to the application of voltage. The actual current-voltage
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Figure 2.1 The Lampert triangle showing limiting current-voltage 
relationship for space-charge-limited current in an insulator(ref.44).
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curve lies to the left of the trap-filled limit curve, below the Child's 

law curve and above the Ohm's curve.

b) Double Injection

In the case of double injection, both electrons and holes are 

simultaneously injected into the insulator from cathode and anode, 

respectively; the current is much greater than the one-carrier current 

since the injected electrons and holes can largely neutralize each 

other's charge. The double injection current is limited by the recom

bination of electrons and holes either directly from conduction to 

valence levels, or indirectly via recombination centers. Various 

aspects of the problem are discussed by Lampert and Mark (48). In the 

simplest double injection case, the trap-free constant lifetime plasma 

(49), the current-voltage characteristic has been obtained to be (48)

J = (125/8)e7PnPp(V3/L5) , (2.23)

where ~ is the common average lifetime for the injected electrons and 

holes, uq and pp are their respective mobilities.

The above equation is based on the assumption that the lifetime of 

either injected charge carriers is longer than its transit time--the 

time required for the injected charge carrier to travel from one 

electrode to the other. On the other hand, if the lifetime is shorter 

than the transit time, the injected carriers will be recombined or 

annihilated before reaching their opposite electrodes and the insulator 

departs from the neutral condition. The current becomes space-charge 

limited, similar to that shown in Eq. (2.14).

In the practical situation, there are trapping centers and recom

bination centers inside the material. The lifetimes of the injected
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carriers vary with the injection level (46,56). A higher injection 

level gives a longer lifetime of the carrier, since more trapping sites 

are filled and more carriers can survive in the face of recombination to 

achieve neutralization. Usually, at the lowest values of electric field 

the I-V characteristics are simply ohmic since there is no significant 

number of injected carriers added to that generated thermally. As the 

injection level increases, the lifetime of the injected carriers 

increases and the current becomes proportional to the square of the 

voltage and eventually to the cube of the voltage (56).

2.1.3 Field Emission

Field emission, or the quantum-mechanical tunnelling of electrons 

from a metal surface into a vacuum under the influence of a strong 

electric field, was first explained by Fowler and Nordheim (20). This 

theory was subsequently refined and reviewed by Good and Muller (26), 

Straton (88), and Lamb (43). The theory was supported by serrai 

experimental works (31,50). The field emission was found to be impor

tant only when the applied field is sufficiently high. This was shown 

to be valid by Good and Muller under the condition

E > t^T/lOO , (2.24)

where E is the applied field in MV/cm, $ is the work function of electron 

in eV, and T in degrees Kelvin. For field strengths lower than those 

given by Eq. (2.24) thermionic emission would be expected to dominate. 

In the breakdown experiment of MgO crystals, T = 1473 K, $ > 2 eV, Eq. 

(2.24) indicates that the emission current (if any) will be primarily 

thermionic.
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2.1.4 Schottky Emission

Schottky emission is thermionic emission from a metal electrode 

into the conduction band of an insulator, with correction for image 

forces (17,43,72,76). This mechanism corresponds to the thermal activa

tion of electrons over the metal-insulator interface barrier with the 

added effect that the applied field reduces the height of this barrier. 

The emission current is (43,72)

J = AT2exp{-($~A$)/kQT} , (2.25)

where A t 120 Amp-cm^K^ is the Richardson-Dushman constant, and 

A0 = (e^E/c)^.

The thermionic emission can be also initiated from the colloidal 

particles in dielectric. The colloidal particles in alkali halides were 

found to increase the conductivity (35,38,40). This was explained on 

the basis that those colloids supply electrons to the conduction band by 

thermionic emission and therefore give rise to enhanced conductivity.

2.1.5 Impurity Conduction

In an impure insulator, an electron can occupy an isolated donor 

center with an energy slightly below the conduction minimum. When the 

electron moves between centers without activation into the conduction 

band, impurity conduction occurs. For low concentration of impurities, 

the impurity conduction requires the presence of both donor and acceptor 

centers. The acceptors remove the electrons from the donors. Thus, the 

electron can either tunnel through the potential barrier from the 

occupied impurity center to the unoccupied one (55) or jump over the 

potential barrier from the occupied to unoccupied sites (67). For high 

concentration of impurities, the interaction between centers is very
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large and the conduction can transit from non-metallic to a metallic 

state (64,65). This is known as impurity band conduction.

2.2 Breakdown Mechanisms

When the temperature (i.e., thermal energy) of the lattice or its 

electrons reaches a value during the application of an electric field 

such that the conductivity increases rapidly and results in permanent 

damage to the material, dielectric breakdown occurs (92). Three basic 

types of mechanism have been currently suggested for the breakdown of 

dielectrics. They are thermal, intrinsic and avalanche breakdown. 

None of these have been found applicable to the breakdown observed in 

this work. These mechanisms are briefly described as follows:

2.2.1 Thermal Breakdown

All insulators undergo thermal breakdown at a sufficiently high 

temperature, since the electrical conductivity is usually an exponen

tially increasing function of the temperature and the thermal conduc

tivity a slowly decreasing function of the temperature. Once breakdown 

begins, the material is unable to dissipate the heat generated and the 

breakdown process accelerates. For alternating electric fields the 

thermal breakdown strength, i.e., the maximum electric field strength 

the material can withstand before degradation, is lower than the d.c. 

breakdown strength, since the power loss in a dielectric generally 

increases with frequency.

The thermal breakdown theory is based on the energy balance between 

heat dissipated by the sample and the heat generated due to the Joule 

heating, dielectric losses, and discharges in the ambient. Hence, it is 

the lattice temperature and not the electron temperature that must reach 
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a critical level for breakdown to occur. If the heat is mainly generated 

by Joule heating and the heat-loss is due to thermal conduction, the 

lattice energy balance is given by

Cv - div(kAT) = cE2 , (2.26)

where Cv is the specific heat per unit volume, k is the thermal conduc

tivity, o is the electrical conductivity, E the field. Assuming there 

is no charge accumulation, then the current continuity is

div(aE) = 0 . (2.27)

With a given applied field

E = E(t,r) , (2.28)

the solution of Eqs. (2.26) and (2.27) has the form

T = T(t,r) (2.29)

in which r is an arbitrary point in the dielectric. The criterion for

breakdown is that T exceeds some assigned critical value.

Because of the complexity of the problem, a general solution of Eq. 

(2.26) is impossible to address. Some simplified limiting cases have 

been considered by several authors (9,18,63,96). Most of the considera

tions have been concentrated on the calculation of the thermal breakdown 

strength as a function of temperature, sample thickness, etc. Although 

there is a certain degree of agreement between theoretical calculations 

and experimental results, we are only interested in the calculation of 

the maximum thermal voltage which is the applied voltage that a thick 

dielectric slab can withstand before thermal breakdown takes place (72).
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The maximum thermal voltage can help to identify the type of breakdown 

in MgO crystals.

The maximum thermal voltage can be derived as a certain limiting 

case (96). An infinite dielectric slab of arbitrary thickness is 

constrained to the ambient temperature at its bounding electrode sur

faces by a sufficient cooling capacity. The thermal insulation of the 

dielectric is then the limiting factor on the energy dissipation. The 

notation for the problem is shown in Fig. 2.2, in which z is measured 

from the central plane at which the temperature is, by symmetry, a maxi

mum Tm. The temperature of the ambient medimum is To.

Under the steady-state condition, Eq. (2.26) becomes

(k 5) + - 0 . (2.30)
d^

From the equation of current continuity, we have "

-j • (2.31)

The Eqs. (2.30) and (2.31) combine to give

itkfH < * 0 • (2-32)

Integrating from the center to a variable point, we have

s > (2*33)
J 0

aTsince = 0 at the central plane. Substitution for j from Eq. (2.31)
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Figure 2.2 Diagram of notation for infinite dielectric slab.
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into Eq.(2.33) gives

V = -iwkf • (Z'")

Using the electrical conductivity

a = o0 exp(-$/k0T), (2.35)

the critical thermal voltage is obtained to be (72)

Voc ~ (—^y-)^exp(*/2k 0T) , (2.36)

assuming that G»kT for all temperatures considered and Tmc » To- 

2.2.2 Intrinsic Breakdown

When the applied electric field is sufficiently high such that, the 

electron temperature suddenly reaches a critical value, intrinsic break

down occurs. Experimentally, intrinsic breakdown occurs at low tem

peratures and in very short time intervals, approximately less than a 

microsecond. There is evidence that intrinsic breakdown is electronic 

in nature.

The name "intrinsic" is used because breakdown by this mechanism is 

independent of the sample or electrode geometry used (provided no field 

distortion occurs), or of the wave form applied. Hence, the value of 

applied field required to cause intrinsic breakdown at a given tem

perature depends only on the property of the material.

The intrinsic critical field strength is the field strength for 

which some instability occurs in the electronic conduction current. The 

first calculation of an intrinsic critical field was given by Zener (98), 
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who calculated the rate of quantum mechanical tunneling from the valence 

band to the conduction band in the presence of a strong electric field.

More detailed calculations of the intrinsic critical field strength 

have considered the conduction-electron energy balance equation. The 

energy balance equation is

A(E,T,a) = B(T,a) , (2.37)

where

A(E,T,a) = energy gained by the material from the applied field 

B(T,ct) = energy dissipated by the material, 

T = Lattice temperature (K), 

E = Applied field, and 

a = Energy distribution parameter, which depends on the model 

proposed.

Depending on the details of the model, it may then occur that Eq.(2.37) 

can be satisfied in a physically acceptable manner only for values of E 

below a certain critical value Ec- This value is regarded as the 

intrinsic critical field for the particular model being considered (cf. 

Frolich (21,22), Callen (5) and Frolich and Paranjape (23)). The models 

proposed by these authors differ from each other in that they consider 

different mechanisms of energy transfer from the conduction electrons to 

the lattice, and also by the different assumptions they make concerning 

the energy distribution of the conduction electrons.

The intrinsic critical field strength for alkali halides have been 

measured by von Hippel (33), von Hippel and Alger (34), Calderwood and 

Cooper (4), Cooper et al. (12), Cooper et al. (13,15). The agreement 

between experimental results and theoretical values is poor.
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2.2.3 Aval anche Breakdown

In theories of intrinsic breakdown, the breakdown is due to a sudden 

increase in the number of conduction electrons as the applied field 

reaches the critical value. On the other hand, the avalanche breakdown 

theories consider that the breakdown results from a conduction-electron 

multiplication process which gradually increases the number of conduc

tion electrons to a limit beyond that the material can tolerate as the 

field strength rises. Avalanche theories can be classed by their 

initiation mechanisms which are either field emission or ionization 

collision (72).

a) Field Emission

The field-emission critical field strength introduced by Zener (98) 

was based on the probability per unit time that an electron would escape 

from the valence to the conduction band. He obtained the 

Fowler-Nordheim type result

Pvc = (eEa/h)exp {-ir2maI2/h2eE}

= (0.243xl07Ea)exp{-3.3xl06aI2/E} (2.38)

where a is the sample thickness in 10~8 cm, h is Planck's constant, m is 

the electron mass, E is the field strength in V/cm, and I is the energy 

gap in eV.

When we use the typical magnitudes a = 3xl0-8 cm, I = 2 eV, and let 

E be the electric field in V cm-1, Eq.(2.38) becomes

pvc = iQ7Exl0<-2xl07)/E . (2.39)

The dielectric breakdown is thus not to be expected until E reaches the 
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order of magnitude of 10®. In the case of MgO crystals, a = 2.5x10"! 

cm, I > 2 eV, and E = 10-3 V/cm, this type of breakdown becomes 

unrealistic.

b) Forty-Generations

The forty-generations critical field strength is based on a single 

electron collision-ionization theory developed by Seitz (80) and for

mulated by Stratton (87).

The simple picture of avalanche formation is described as follows. 

One electron, initially at the cathode, receives sufficient energy from 

the applied field to ionize a bound electron. If both of these elec

trons now receive the same energy from the field, they each cause a 

further ionization, and eventually 2^ free electrons will be formed if 

there are i generations between cathode and anode. From the simple 

argument of Seitz (80), the breakdown will occur when i reaches 40. 

Assume that the critical field strength is of the order of 10® V cm"1 

and that the average mobility is of the order of 1 cm^"^"1 at this 

field strength, which means that the electron travels about 1 cm in 1 

ys. During a 1 ys drift, the electron also wanders in a cylinder of 

radius 10"3 cm. There are about 101? atoms in a tube of a solid 1 cm 

long and 10"3 cm in radius, and energy of the order of 10 eV per atom 

would disrupt the structure of the material. Assuming that none of the 

energy supplied by the field is conducted away from the tube thermally, 

the above data shows that about 101® eV would be required to cause 

disruption in the tube. With a field of 10® V cm"1, this requires an 

avalanche of lO1^ electrons, or about forty generations. This is just a 

very rough analysis. A much more elaborate analysis has been performed
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by Stratton (87) who showed that only thirty-eight generations could 

reach the critical condition.

c) Avalanche-Enhanced Cathode Emission

Critical conditions of another type were considered by Forlani and 

Minnaja (19). Rather than taking account of the avalanche multiplica

tion resulting from only one electron starting from the cathode, they 

considered the consequence of avalanche multiplication of the 

Fowler-Nordheim emission current from the cathode. This model decreases 

the number of collisions required to reach the breakdown condition.

2.2.4 Space-Charge-Enhanced Breakdown

0'Dwyer has proposed a space charge modified field emission model 

for avalanche breakdown. His criticism of the single electron or forty

generation model is based on its lack of a continuity of current 

(71,72). Assuming that the freed electrons and holes occurring after 

the fortieth collision form a parallel plate capacitor, calculations 

show that a field of order 10^ V cm""l would be needed to maintain this 

charge separation. Since such a field strength is far above any reaso

nable value, he suggests a continuous current model involving cathode 

field emission with ionization occurring after emission for short break

down times. The proposed steps in the breakdown process are described 

as follows (72):

(1) Initially the field strength is uniform across the dielectric 

and, at a certain critical field, substantial collision ionization 

begins within the dielectric.

(2) The products of collision ionization are relatively mobile 

electrons and relatively immobile holes. The holes drift slowly toward 
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the cathode and their space charge distorts the field, making it 

stronger near the cathode and weaker near the anode.

(3) The stronger cathode field causes enhanced electron emission, 

which in turn results in increased collision ionization with consequent 

further increase in field distortion. This whole sequence of events 

results in a type of positive feedback situation.

(4) The dielectric is destroyed by massive electron emission from 

the cathode caused by the greatly enhanced field strength in the vici

nity of that electrode.

0'Dwyer has shown that a space charge of low mobility holes is 

influencing the field distribution, as seen by the drop in field away 

from the cathode in Fig. 2.3. Comparison of the theoretical results 

with AI2O3 and NaCl thin film breakdown data gives a good agreement. 

O'Dwyer's model has been supported by the experimental works of Cooper 

and Elliott (11), and Paracchini (75) on the pre-breakdown light 

emission of alkali halides.

Cooper and Elliott (11) photographed the pre-breakdown light 

emission from KBr. They found that no light could be detected earlier 

than about 20 ns prior to collapse of voltage across the specimen, and 

thereafter a broad band of light emission composed of several bright 

cores propagated through the sample from the cathode to the anode. This 

evidence is considered to be unfavorable to the forty-generation theory 

and to the avalanche theory of Forlani and Minnaja (19) since these 

theories both predict the heaviest collision ionization is occurring in 

front of the anode and the light emission would be expected to begin in 

that region. On the contrary, Cooper and Elliott (11) believe that con

ditions first become unstable in the vicinity of the cathode and they
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Figure 2.3 Field strength varying across the dielectric. The increase 
of field strength near cathode is due to the drift of holes (ref.71).
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suggested that space-charge enhancement of the cathode field and field 

emission current leads to breakdown.

However, in the work of impurity and time effects in the electrical 

breakdown of alkali halides, Hanscomb (29) has found that several experi

mental facts cannot be explained by O'Dwyer's model, such as the time

dependent breakdown and pre-breakdown current behaviors. The breakdown 

strength with the long type voltage pulse (8xl0~3 sec) is greater than 

that obtained with short type voltage pulse (70x10'6 Sec). This is 

contradictory to the ionic space-charge hypothesis which suggests that 

an increased time of application of voltage will lead to a decreased 

breakdown strength, since ionic space charge should develop more fully 

in a longer period of time. Hanscomb has also found that the prebreak

down current is decaying with time, which is not predicted by any of the 

avalanche theories. Therefore, he suggested that electron or hole 

transport accompanied by trapping and recombination may be involved in 

the electrical breakdown of alkali halides (29).



Chapter 3

EXPERIMENTAL PROCEDURES

3.1 Sample Preparation

Crystals used in this work were grown at the Oak Ridge National 

Laboratory (ORNL) and Tateho Chemical Company. The ORNL crystals, doped 

and undoped, were grown by the arc-fusion method (1) using high-purity 

MgO powder from Kanto Chemical Company, Tokyo, Japan. Table 3.1 lists 

the crystals, the source, and the dopant concentration. They are high 

quality, transparent, single crystals. The concentration of a dopant 

has been determined by neutron activation analysis with an accuracy of 

better than ± 5%. The total background impurity of undoped MgO crystals 

is about 100 ppm (1,9). The impurities are primarily Ca at 15 ppm, 

Al at 10 ppm, and Si at 15 ppm. The MgO:H crystals, grown by presoaking 

MgO powder with water, were cloudy due to the presence of cavities con

taining high-pressure Hg gas (3).

Optical absorption measurements have been made using a Cary 17D 

spectrophotometer. Typically the absorption coefficient of an impurity 

band was correlated with the concentration determined by neutron activa

tion analysis for a specific crystal, using the relationship

n = c a , (3.1)

where n is the dopant concentration, a the peak absorption coefficient 

of the impurity band(s) and c a constant. The values of c for different 

impurities and absorption bands are tabulated in Table 3.2. The con-

26
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Table 3.1

Impurity concentrations of NgO crystals obtained by neutron 
activation analysis.

*This value is given by the manufacturer.

Sample Source Dopant Impurity 
Concentration (ppm)

NgO ORNL ' undoped

MgO:Co ORNL 2080

MgO:Cu ORNL 36

MgO:Ni ORNL 4280

MgO:Fe Tateho 1000*

MgO:Cr Tateho 720

MgO:V Tateho 350

MgO:H ORNL not measured
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The relationship between impurity concentration and optical absorption 
coefficient, n = ca, in doped MgO crystals, where n is the concentration

Table 3.2

of dopant 
constant.

impurity, a the optical absorption coefficient, and c a

Dopant
Impurity

n 
(ppm)

Band Peak 
(eV)

Optical Absorption 
Coefficient 

a(cm~l)
Constant 

(c&-ppm)

2080 2.4a 1.7 6.2 x 1019
Co 4.4a 9.4 1.1 x 1019

36 4.5 36.0 5.0 x 1016
Cu 5.5 40.0 4.5 x 1016

Ni 4280
1.9a,b 1.9 1.1 x 1020
3.1a»b 3.8 5.5 x 1019

Cr 720 2.8a 1.8 2.0 x 1019

350 2.9e 2.2 8.0 x 1018
V 5.2e 90.0 2.0 x 1017

Fe 1000 4.3d —- 1.4 x 1017**

*With the exception of Fe-doped MgO crystals, all the C values are 
based on one sample analyzed by neutron activation energy.

**Calculated from Reference 8.
areference 54.
Preference 37.
creference 61
dreference 86.
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centration in all other crystals with the same dopant could then be 

determined from Eq. (3.1) using this value of c and measured «. This 

method of determining concentration has been shown to be reliable in the 

case of Fe-doped MgO crystals (8).

Optical absorption measurements were used to characterize the 

impurity charge states before and after dielectric breakdown at elevated 

temperatures. For example, these measurements showed that substitu

tional Ni+Z ions are converted to Ni ° metallic precipitates after 

electrothermal reduction at elevated temperatures (62,90,95).

The results of optical and transmission electron microscopy 

studies (68) indicate that even in the highly doped MgO:Ni (4280 ppm) 

crystals, only a very small percentage of the impurity is in precipitate 

form, and these precipitates are found to be associated with sub

boundaries. Voids and cracks were not observed. The nickel dopant is 

mostly dissolved as Ni 2+ ions in the matrix.

The dimensions of sample were chosen such that the surface distance 

between electrodes was much greater than the thickness and therefore the 

effect of surface conduction was eliminated. Two types of measurements 

were carried out - current and potential profile. For current 

measurements, samples of dimensions 15x15x2.5 mnP were usually used 

except where thickness dependence was investigated. For the measurement 

of potential profile inside the sample, a thick sample was used in order 

to have enough measuring points between the electrodes. Therefore, the 

sample had to be specially prepared such that the problem of surface 

conduction could be minimized and the value of potential at a given 

point could be correctly measured without disturbing the electric field.
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3.1.1 Sample for Current Measurement

Samples of desired dimensions were prepared by cleaving along {100} 

planes from single-crystal ingots and abrading on SiC papers. The 

samples were then etched in hot phosphoric acid maintained at 385 K. 

This procedure was used to remove the damaged surface layers from which 

dislocations were known to propagate into the crystal at elevated 

temperatures (7). Furthermore, an etched surface would provide a good 

electrical contact.

3.1.2 Sample for Potential Profile Measurement

A rectangular block of MgO:Ni single crystal with dimensions 

10x10x5.6 mm3 was cut by a diamond wafering blade of thickness 0.3 mm at 

five positions between the two big square faces on which the electrodes

were attached. During the cutting, both the crystal and the diamond

blade were rotating at the same time so that the crystal was cut in a

special shape, as shown in Fig. 3.1. After the cut, the sample with a

central cylindrical solid 6.2 mm in diameter and six extended blade-like 

projections was then etched in phosphoric acid at 330 K for two hours to 

remove the damaged surface layers. Five individual platinum wires 

serving as measuring probes were wrapped around the central cylindrical 

solid, as shown in Fig. 3.2.

3.2 Measurement System

The experimental setup is shown in Fig. 3.3. The sample was sand

wiched between two flat circular platinum electrodes with a diameter of 

6.3 mm and suspended, with the aid of a set of alumina tubes, in the hot 

zone of a vertical alumina furnace tube which had one hole on each end 

to allow circulation of a desired atmosphere.
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Figure 3.1 Diagram of sample configuration for the measurement of 
potential profile.
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FIGURE 3.2. PHOTOGRAPH OF MgO:Ni SAMPLE PREPARED FOR THE MEASURE
MENT OF POTENTIAL PROFILE. FIVE INDIVIDUAL Pt WI RES WERE WRAPPED 
AROUND THE CENTRAL PART OF THE SAMPLE.
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Figure 3.3 Sample holder and electrode configuration.
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A Sentry AV electric furnace was used. The furnace temperature was 

regulated by a Wheel co temperature controller. The temperature was 

monitored by Pt and Pt (10% Rh) thermocouples and did not fluctuate more 

than ± 2 K.

The circuit used for this experiment is shown in Fig. 3.4 Both 

constant and alternating electric fields were used. Constant electric 

field was provided from a dc power supply (PRL CP-1413-V) and alter

nating electric field was generated by a line-to-line transformer 

(STANCOR P-4076) in conjunction with an autotransformer (VARIAC, W5MT3). 

AC currents were measured with a Valballa 4440 digital multimeter. DC 

currents were monitored with a Keithley 160B digital multimeter and also 

recorded by a Varian G-14 strip-chart recorder. A variable resistor 

Ry was used in conjunction with the recorder to permit proper scaling. 

A fuse was used to protect the power supply. For the potential profile 

measurement, a potential divider with a total resistance of 10$ a and a 

ratio of 1000:1 was connected in parallel with the electrodes to 

directly measure the value of potential at various points inside the 

sample.

Pressure contacts using cylindrical platinum rods were used 

throughout, except that evaporated platinum contacts were used on one 

occasion and yielded the same results. All measurements were made by 

the two-probe method. In order to check the effect of surface conduc

tion, a guarded electrode was used and no difference in current behavior 

was observed.
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Figure 3.4 Circuit diagram for the experiment of 
the dielectric breakdown.



Chapter 4

EXPERIMENTAL RESULTS

There are many parameters associated with the breakdown phenomena 

of dielectrics. Some of the important parameters are temperature, 

electric field, sample thickness, impurity concentration, atmospheric 

condition, and electrode material. The experimental procedure was 

designed to study one parameter at a time and to keep the others 

constant. Measurements were focused on the prebreakdown phenomena which 

provide direct information of the breakdown process. The initial study 

was concentrated on MgO:Ni and undoped MgO crystals; subsequently the 

work was extended to other doped MgO crystals. The experimental results 

are described as follows.

4.1 Nickel Doped and Undoped MgO Crystals

4.1.1 Current Behavior

When a moderate de electric field was applied to a MgO crystal at 

1473 K, a slight decrease in current was initially observed. 

Subsequently, the current increased exponentially until the sample 

experienced dielectric breakdown and could no longer be used as an 

electrical insulator. Mostly, the sample was not allowed to proceed to 

breakdown since this would have destroyed it. When the current reached 

18 mA the applied field was removed or reversed, because at this current 

the breakdown was imminent and the sample temperature would begin to be 

significantly changed (see APPENDIX A). Therefore, the time required

36
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for the current to reach 18 mA was considered to be the characteristic 

time for breakdown, tc. The current behaviors induced by constant and 

alternating fields as well as by field reversals, and open- and short

circuit conditions are described below.

a) Field Reversal

When an electric field of 1500 V/cm was applied to a sample at 

1473K, a current increase over many hours was observed. Typically, when 

the current reached 18 mA, the field was reversed quickly and the 

current in the opposite direction was also measured as a function of 

time. Usually, several field reversals were made and the current beha

vior of a typical MgO:Ni sample was shown in some detail in Fig. 4.1.

The field was applied at t = 0, after the sample had been heated at 

1473 K for about 10 minutes (hereafter referred to as min) in order to 

ascertain that the sample temperature had reached equilibrium. The 

current initially decreased from 0.20 to 0.10 mA in 40 min (in the top 

inset of Fig. 4.1), and then increased exponentially until 18 mA was 

reached and the field was reversed at t = 18 hours (hereafter referred 

to as h). This value, 18 mA, represents a 180-fold increase from the 

minimum current value. Upon the field reversal, the current flowing in 

the opposite direction decreased from an initial value, which was 

slightly less than 18 mA, to a minimum value of 0.7 mA in 25 min (in the 

lower inset of Fig. 4.1), and then followed by an exponential increase 

which was faster than that in the first cycle. The characteristic time 

for this cycle was only 9 h. Several more field reversals were per

formed subsequently. The current behavior was similar to that of the 

first reversal, but the characteristic time diminished with each 

reversal, until ultimately only 2 h were required. It is noteworthy
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that current fluctuations were larger in the first cycle than in sub

sequent reversals, within 5% and 2%, respectively. Figure 4.2 plots the 

characteristic time as a function of chronological reversals. The 

characteristic time for one polarity exceeds the other before the tenth 

reversal, but the decreasing trend is evident. Five other MgO:Ni 

crystals were studied in a similar fashion. The results were similar to 

those shown in Figs. 4.1 and 4.2, although the values differed slightly.

The time-dependent currents for each of the reversals can be 

described accurately as the sum of two exponential terms

l(t) = Ioie-t/Tl + I02e for t > 0 (4.1)

where , Iq2» Tp and are positive constants, and > Iq2, 

T1 < t2*  These constant values are obtained from the values of I(t) 

plotted on semilog paper, as shown in Fig. 4.3. Equation (4.1) shows a 

minimum in I(t) at a time denoted by tm. At t < tm, the first term, 

lQie~t/?l, is predominant and therefore the current is decreasing.

At t > tm, the second term, Io2^^2, dominates.

Reversal experiments under identical experimental conditions were 

performed also on nominally pure MgO crystals. The current behavior was 

essentially the same as for MgO:Ni crystals, but the magnitude of the 

characteristic times was about 30% to 50% larger. The instantaneous 

current, -IjQ, after field reversal was smaller. The reversed current 

reached its minimum value in a much shorter time.

It was noted that when dc was applied to MgO:Ni, black streaks (2) 

propagating from the negative electrode were observed. Streaks were 

observed when the contacts were non-uniform. Good contacts were pro

duced using chemically polished crystal, as evidenced by the uniform
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distribution of dark coloration. If the field was sustained for a suf

ficiently long time, most of the the crystal between the electrodes 

became darkened. The coloration is in part due to collodial Ni. A 

broad optical absorption band at 2.2 eV is similar to that observed in 

thermochemically reduced MgO:Ni crystals (69). For undoped MgO 

crystals, no such coloration was observed.

Figure 4.4 illustrates the general current behavior in MgO:Ni 

crystals when the polarity of the power supply is reversed at different 

stages of a given cycle, where a cycle refers to the time interval bet

ween two field reversals performed at 18 mA. The solid curve at the 

bottom represents a given cycle when the field was initially reversed at 

tp The behavior of the current, when the polarity was reversed again 

at three different stages, such as tg, tg, and tp is illustrated in the 

figure and described as follows:

i) Polarity switch at tg, when the current was decreasing: Flowing 

in the opposite direction, the current reaches an instantaneous value 

Ip which has the same magnitude as the current prior to the polarity 

change. It then continues to rise and saturate at IjQ before embarking 

on an exponential increase.

ii) Polarity switch at tg, when the current was at a minimum: The 

current reverses and also rises immediately to an instantaneous value 

Ij with the same magnitude as the current prior to the polarity switch. 

The current remains at Ij for a short period before increasing. 

Subsequently the current levels off before embarking on the exponential 

course.

iii) Polarity switch at tp when the current was increasing 

exponentially: An instantaneous current in the opposite direction is
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again observed. The subsequent current behavior is the same as that 

shown in Fig. 4.1.

Some generalizations on the current behavior in MgO:Ni crystals can 

be made from Fig. 4.4. Firstly, whether the current in a given cycle is 

decreasing, constant, or increasing, polarity change will induce an 

instantaneous current, which has roughly the same magnitude as the 

current prior to the polarity switch but flows in the opposite 

direction. Secondly, the current behavior immediately following the 

instantaneous current will depend on the current prior to the polarity 

switch. A diminishing current will result in an increasing current, and 

vice versa. A constant current will be followed by a constant current. 

Thirdly, an exponential increase in current will ultimately occur.

b) Instantaneous Current after Time Interval with E = 0

An instantaneous current can be obtained in either direction upon 

restoration of the field following a time interval without applied field, 

to be denoted as At(E=0). An illustration is shown in Fig. 4.5. An 

electric field was applied initially at t=0 and removed at t=10, when 

the current reached I^q. When the same field was restored at t=ll, an 

instantaneous current Ij was obtained. The subsequent current enhan

cement then slowed down at a level approximating ljg before increasing 

exponentially. Later, if the field was removed at t=12 and a reversed 

field was applied at t=13, an instantaneous current in the opposite 

direction, -Ij, was obtained followed by a current behavior similar to 

that shown in Fig. 4.1.

The magnitude of the instantaneous current in either direction is a 

function of At(E=0), as shown in Fig. 4.6. Three initial currents, 

ljO = 4.0, 8.4, and 16 mA, in both directions are shown. The value of
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Ij decreased rapidly in the first minute and eventually reached a value 

which was nearly constant. It became nearly constant after 5 mins for 

I-jQ < 5 mA, and 15 mins for Iq > 5 mA. After 40 h (not shown), an 

instantaneous current 0.5 mA was detected for I-jQ = 8.4 mA. There 

appears to be symmetry between the positive and negative currents.

c) Short-Circuit Current

A method of obtaining information on the distribution of stored 

charges inside the sample and therefore the mechanism for the breakdown 

is to measure the short-circuit current Isc, which flows from one sample 

surface to the other via an external conductor when the electric field 

is removed. The Isc as a function of time after field removal at I-jQ = 

+ 18 mA is shown in the bottom of Fig. 4.7. It was found to flow in the 

opposite direction. It decreased rapidly in the first minute and 

remained nearly constant at t > 15 min. For comparison, a curve for 

instantaneous current as a function of At(E=O) is plotted in the top 

figure. While the shape of the Isc and Ij curves appear to be 

symmetric, the former is about three orders of magnitude smaller.

When the same electric field was restored at t=10 mins, an instan

taneous current Ij of the same magnitude as that shown in the top curve 

was obtained. In fact, it would coincide with the top curve regardless 

of when the same field was applied again. The coincidence of the 

I-j with the top curve and the small Isc values indicates that annihila

tion of stored charges occurs almost entirely within the crystal.

It is noted that immediately after field removal at Ifo = 18 mA, a 

high-impedance voltmeter measured about 0.5 volts across the sample with 

the polarity being the same as the applied field. The decay pattern of 

the voltage was similar to that of Isc.
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The short-circuit current was also been measured after the applied 

field had been reversed for different time periods. Figure 4.8a 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. 4.8b. The positive 

current direction is defined as the direction of initial current before 

the first field reversal. Curve I was obtained just before the field 

reversal, that is at I = +18 mA, which was the same as the bottom curve 

of Fig. 4.7. Curve 2 was obtained immediately (< 1 sec) after the 

field was reversed. The short-circuit current, initially flowing in the 

positive 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 pA) before it decreased in a behavior 

similar to curve 1. Curve 3 was obtained at 10 sec after the field was 

reversed. The current behaved similarly to that described in curve 2. 

The current showed a higher initial positive value and a lower final 

negative value than that in curve 2. Curve 4 was measured 15 min after 

the reversal, just before the reversed 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 just began to increase. The current behavior 

was similar to that in curve 4 but its magnitude was larger.

d) Alternating Electric Field

As noted in Fig. 4.1, it requires about an hour to observe a defi

nite increase in current, and it requires 18 hours for the current to 

reach 18 mA. Also investigated was the question of whether a similar 

current increase would occur if the same field was applied, but reversed
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frequently such as in an alternating electric field. Results were shown 

in Fig. 4.9.

An alternating field of 1500 V-cm~l(rms), 60 Hz, was applied to two 

samples: (a) an as-grown MgO: Ni crystal, and (b) a MgO:Ni crystal which 

had undergone a current increase due to direct bias. In the first sample 

there was no significant change in the current even after 24 h, even 

though there were fluctuations during the first 3 h (see the lower curve 

in Fig. 4.9). No dark coloration across the sample was observable. In 

the second sample, the direct current through the sample reached 18 mA 

before the alternating field was applied. A high alternating current 

was observed initially (the top curve in Fig. 4.9) but it eventually 

decayed to a level somewhat higher than in the first case. The applica

tion of an alternating field did not remove the dark coloration caused 

by the direct bias.

4.1.2 Activation Energy

The activation energy associated with the Dielectric breakdown of 

MgO crystals was obtained by three different methods described as 

follows:

a) Time Constants of I(t)

As noted in Eq. (4.1), the time dependent current I(t) can be 

expressed as the sum of two exponential terms with different time 

constants. The characteristic time effectively diminished with each 

reversal until a constant value is reached, as shown in Figs. 4.1 and 

4.2. Correspondingly, the constants Igi* Iq2> t1 and T2 were changing 

with each reversal. After the tenth reversal they remained unchanged. 

Activation energies associated with and after the tenth reversal
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were obtained: Measurements were made at T = 1200, 1248, 1302 and 

1352°C, as shown in Fig. 4.10. For a given field, the time constants 

T1 and t2 were found to obey the relationship:

Tj = ?01 ,................. (4.2)...........

r2 = tq2 e^z/kT , (4.3)

where Qi and Qg are activation energies for and t2, respectively. 

The activation energies were found to be: = 3.7 ± 0.3 eV and

Q2 = 2.3 ± 0.2 eV. '

b) Short-Circuit Current

Short-circuit current Isc(t) decreased rapidly in the first minute, 

but became nearly constant after 15 minutes (see Fig. 4.7). Therefore, 

the current could be measured at different temperatures (all within five 

min) when the temperature is decreasing. The results are shown in Fig. 

4.11. Both the nickel-doped and the nominally pure MgO crystals yield 

an activation energy of 2.4 ± 0.1 eV.

c) Alternating Current

As shown in Fig. 4.9, the alternating current became constant 

after 3 h of applied field. Therefore the temperature dependence of the 

steady-state current could be measured easily. The log of the alternating 

current plotted against 1000/T was shown in Fig. 4.12. An activation 

energy of 2.4 ± 0.1 eV was obtained.

4.1.3 The Effect of Sample Thickness

The breakdown characteristics of MgO crystal is nearly independent 

of the sample thickness. Thickness-dependence measurements have been
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performed on MgO:Ni crystals at 1473 K with the use of an electric field 

of 1500 V/cm for thickness ranging from 0.2 mm to 9.1 mm. The charac

teristic time for breakdown and the time constant T2 of current equation 

(Eq. 4.1) are plotted as a function of sample thickness in Figs. 4.13 

and 4.14, respectively. It is noted that the time constant t2 is almost 

thickness independent for thickness up to 5 mm, but the breakdown time 

decreases somewhat for samples thicker than 3.5 mm.

4.1.4 Field Strength Effect

The investigation of the field strength effect on the breakdown was 

performed at 1473 K on (i) several as-grown MgO:Ni crystals, and 

(ii) MgO:Ni crystals which had a past history of having 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 t2 

rather than the characteristic time for breakdown tc, because the time 

constant ?2 is not only directly related to the breakdown time, but also 

has a simple relationship with the applied field. The values of t2 have 

been found empirically to decrease exponentially with the applied field 

strength, as described by

72(E) * e"6E (4.4)

where B is a positive constant. The value of B depends on the past 

history of the sample as well as the given field strength.

In the case of as-grown samples, as shown in Fig. 4.15, the value 

of B has been found to be (i) 2.3X10*3  cm/V for field strengths less 

than 1 K V/cm, (i i) 4.5x10*4  cm/V for field strengths from 1 to 10 K 

V/cm, and (iii) decreasing with an increase of the field. It has been
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also estimated that the value of g is less than 5x10'5 cm/V when the 

field strength reaches a magnitude of 106 v/cm.

In the case of the samples with a past history of having undergone 

10 cycles of electrothermal treatments, as shown in Fig. 4.16, g = 

2.7x10'3 cm/V has been measured at temperatures 1473 and 1673 K for 

field strengths from 1 to 2 K V/cm. This value is greater than that 

obtained from the as-grown samples with the same electric field.

Taking into account the temperature effect, Eq. (4.3), the time 

constant T2 can be expressed as

T2 = T02 exp{(Q2/kT)-gE} , (4.5)

where Q2 is activation energy, and g is a constant at a given range of 

field strength.

4.1.5 Current-Voltage Characteristics

The current-voltage characteristics of MgO crystals at high tem

peratures was measured and a nonlinear I-V relationship has been 

obtained. The I-V relationship is described as

I = V" , (4.6)

where n is a constant. The yalue of n depends on the past treatment 

history of the crystal and the electric field strength, as shown in 

Fig. 4.17.

A MgO:Ni crystal with thickness 0.62 mm was treated at 1473 K with 

an electric field of 200 V/cm. The I-V measurements were performed at 

various stages during the treatment, and then the same field was again 

applied to the sample until the next I-V measurements. Several I-V 

curves were obtained subsequently, and the results were shown in the



62

Lui

Z

CJ

1000

1673 K

MgO• Ni (TREATED)

1473 K

2000

u 
G) 
en

en 
Z 
O

0RNL- DWG 82-14925R

1500
ELD STRENGTH (V cm"1

2.7 x 10 3cm V

Figure 4.16 Time constant ^2 vs electric field strength. The 
measurements were performed after 10th field reversal. Two tem
peratures 1473 and 1673 K were used.



63

FIELD STR ENGTH ( 1 K Vcm-1 )

4 6 8 10

ORNL-DWG 82-19656

IQ-Z

10-

10-3

10-5
10*

2

■

10

z 
w 
CE 
cr 
D

0.50.2

MgO: Ni 
T = 1473 K 
E=200V cm"'

Figure 4.17 I-V characteristics of a MgO: Ni crystal. The 
sample was treated at 1473 K using an electric field of 200 
V/cm. The I-V measurements were performed at various stages 
during treatment.

IO2 2 
VOLTAGE (V)



64

numbered curves in Fig. 4.17. A t=0, a n=l was obtained for field 

strengths up to 8xl03 V/cm, as shown in curve 1. At t = 1.5 h, when the 

current was at the minimum value, curve 2 was obtained. The value of 

n=1.0 was again observed for field strengths lower than 4xl03 V/cm.

Above this field strength, a new value of n=1.5 was measured. At t=3.5 

h, three values of n=1.0, 1.5, and 2.0 were obtained, as shown in curve 

3, corresponding to E < 800 V/cm, 800 < E < 4xl03 V/cm, and E > 4xl03 

V/cm, respectively. There were only two values of n, 1.5 and 2.0, 

observed at t=ll and 21 h, as shown in curves 4 and 5, respectively. 

The value of n=2.0 was obtained at field strengths higher than 

3xl03 v/cm in both cases. At t=45 h, n = 2.0 was obtained at a field 

strength as low as 2xl03 V/cm when current increased one order of 

magnitude, as shown in curve 6. The quadratic behavior of the I-V curve 

became observable at lower fields at higher current levels.

After a long period of current treatment, the I-V characteristics 

of the treated sample always show two different ranges with n=1.0 and 

2.0, as shown in Fig. 4.18. A MgO:Ni crystal with thickness of 0.76 mm 

was treated at 1473 K using a constant current, I mA for the first 5 h 

and then 10 mA for another 15 h. The voltage across the sample was 

decreasing with time. After 20 h, the voltage was nearly constant 

across the sample, and the I-V curve was measured. The linear I-V rela

tion (Ohm's relation) was only observed for fields lower than 500 V/cm. 

The quadratic I-V curve was measured for field strengths from 1000 V/cm 

to 2000 V/cm. For even higher fields, it was found that the value of n 

was greater than 2.0, but the result was not reproducible.
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4.1.6 Potential Profile

The potential profiles of MgO:Ni crystals treated at 1473 K using 

an electric field of 1000 V/cm were measured at different current levels 

during the treatment as well as after the removal of the applied 

voltage. The sample thickness was 5.6 mm. The measurements were per

formed in both the first cycle (as-grown sample) and after the voltage 

was reversed. There were five platinum probes used between cathode and 

anode (see Fig. 3.2).

a) An As-Grown MgO:Ni Sample

Several sets of potential measurements were performed at various 

stages before the current reached 18 mA. The current levels at which 

the measurements were made are shown in Table 4.1. Each set of 

measurements were plotted as a corresponding numbered curve in Fig. 

4.19. Curve 1 was obtained at t=0, immediately after the voltage was 

applied to the sample. The potential was nonlinear with depth and the 

curve was not symmetric about the center of the crystal. The potential 

gradient was greatest near the electrodes. Curve 2 was obtained at t=10 

seconds (hereafter referred to as sec) after the application of the 

voltage when the current was decreasing. The curve was similar to curve 

1 except the central flat region voltage 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 increased and the curve became more 

linear. Curve 4 was obtained at t=2 h when the current was 0.3 mA and 

increasing. This curve was similar to curve 3 and the curve became even 

more linear. Subsequently, curves 5, 6, and 7 were measured at higher
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Table 4.1

The current levels at which the potential profiles were obtained for 

an as-grown MgO:Ni crystal. The curve number corresponds to that 

shown in Fig. 4.19.

Curve number t I(t) (mA)

1 0 0.8

2 10 sec 0.4

3 19 min 0.18 (min.)

4 2 h 0.30

5 5 h 0.70

6 20 h 9.65

7 22 h 17.8
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Figure 4.19 Potential profiles of MgO:Ni crystal at 1475 K using an 
electric field of 1000 V/cm. The profiles were measured at various 
stages during the current growth. The current levels at which the 
measurements were made were shown in Table 4.1.
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current levels. These three curves were similar and, with increasing 

time, they approached linearity.

The residual potential profiles were measured at two different 

current levels at which the applied voltage was removed, as shown in 

Fig. 4.20. The top curve was obtained when current was 1.15 mA and 

increasing. The curve was negative quadratic near the cathode and posi

tive quadratic near the anode. It can be shown, using the Poisson 

equation, that there are positive space charges near cathode and nega

tive space charges near anode. This is evidence of residual hetero

charges , space charges of opposite sign to that of the electrode, in the 

regions near the electrodes. 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. These curves suggest that the heterocharges near 

the anode disappeared during the current increase. The voltage in the 

center region of the crystal became essentially constant shortly after 

the removal of the applied voltage.

Several interesting points are obtained from Figs. 4.19 and 4.20.

1) The potential profile varies with time and changes from nonli

near (curve 1 of Fig. 4.19) to nearly linear (curves 5,6, and 7) at 

higher current levels.

2) The distribution of the electric field obtained from the poten

tial profile also varies with time.

3) Initially, the electric field strength is much higher in the 

regions near electrodes than in the central part of the crystal.

4) The distribution of the electric field becomes more uniform as 

the current rises. This indicates that the local electrical neutrality 

is more approached as the current increases.
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5) From the potential profiles, there is no evidence to show that 

heterocharge has been accumulated with time in the regions near the 

electrodes. Otherwise, the potential drop in the regions near the 

electrodes should increse with time and also the potential profile 

should become more nonlinear instead of linear.

6) The evidence of heterocharges near electrodes is clear at lower 

current levels but not clear at high current levels (Fig. 4.20).

7) The initial residual potential difference between the elec

trodes decreases as the current increases (Fig. 4.20).

b) Field Reversal

The potential profiles were also measured after the applied field 

was reversed at 18 mA. The current levels at which the measurements 

were made are shown in Table 4.2. Several sets of measurements were 

made in subsequence and were plotted in the corresponding curves of 

Fig. 4.21. Curve 1 was obtained at t=0, immediately after the applied 

voltage was reversed. The curve showed a nonlinear potential 

distribution. The potential drop was higher in the region near the new 

cathode than near the anode. Curve 2, obtained at t=l min when 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 

decreased. Curve 3, obtained at t=U min when the current was -0.9 mA 

and was also decreasing, was similar to curve 2 but the potential value 

inside the sample was lowered and hence the potential drop was increased 

in the region near the anode but decreased in the region close to the 

cathode. Curve 4 was obtained at t=43 min when the current was at its 

minimum. The curve was similar to curve 3 but had a higher potential 

drop near the anode. Subsequently, curves 5, 6, 7, and 8 were measured
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Table 4.2

The current levels at which the potential profiles were obtained after 

the reversal of the applied voltage. The sample is the same one as 

mentioned in Table 4.1. The curve number corresponds to that shown in 

Fig. 4.21.

Curve number t I(t) (mA)

1 0 -16.5

2 1 min - 1.8

3 22 min - 0.9

4 43 min - 0.8 (min.)

5 1 h - 0.83

6 4.5 h - 2.3

7 7.7 h - 6.8

8 12.5 h -17.2
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Figure 4.21 Potential profiles after the field reversal. The profi
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current levels at which measurements were made were shown in Table 4.2.
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while the current was increasing. The potential curves became more 

linear at higher current levels.

The residual potential profiles after the reversal were measured 

when the currents reached -3.7 mA and -17.5 mA. Several sets of 

measurements were made in sequence after the removal of the applied 

voltage, as shown in Fig. 4.22 and 4.23. The shape of the profiles were 

similar in both figures. The potential value obtained from -3.7 mA was 

twice as high as that obtained from -17.5 mA. Both figures showed that 

the central point of the residual potential curve became essentially 

constant at about 1 min after removal of the applied voltage. The 

heterocharges seemed to be accumulated with time in the region near the 

cathode.

4.17 Atmospheric Effect

The dielectric breakdown of MgO crystals at high temperatures was 

also investigated in oxygen and nitrogen atmospheres. The charac

teristic times for breakdown were lower in both cases than in air. The 

breakdown of MgO: Ni crystals at 1473 K was also performed, using an 

electric field 1500 of V/cm, in pure oxygen (P(O2) = 1 atm) and pure 

nitrogen (PfNg) = 1 atm, P(O2) < 10~5 atm) atmospheres. The results are 

shown in Fig. 4.24 and the characteristic times for breakdown are tabu

lated in Table 4.3. In both oxygen and nitrogen atmospheres, the 

current behavior was similar. In the first hour, the current increased 

more rapidly in oxygen or nitrogen atmosphere than in air. At t= l h, 

the current in oxygen or nitrogen atmosphere was about one order of 

magnitude higher than that in air. Subsequently, the currents increased 

exponentially with nearly the same time constant. The increase of 

current was more stable in air than in either oxygen or nitrogen
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Table 4.3

The characteristic time for breakdown, tc, of MgO:Ni crystals in 

different atmospheres. The measurements were performed at 1473 K using 

an electric field of 1500 V/cm.

Atmosphere tc (h)

Air 16

Ng 7.0

o2 7.5
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atmosphere at high current levels. It is also noted that the crystal 

lasts twice as long in air than in either oxygen or nitrogen atmosphere.

4.1.8 Electrode Effect

The breakdown characteristic depends strongly on the electrode 

material. Four kinds of electrode materials were used: platinum, 

rhodium, iridium, and graphite. Because most of those materials, espe

cially Ir and graphite, are easily oxidized in air at high temperatures 

(36,53), all the measurements have been performed in dry flowing nitro

gen atmosphere. Both cathode and anode were of the same material.

Electrode material has a direct influence on the current behavior 

and hence the characteristic time for breakdown, as shown in Fig. 4.25 

and Table 4.4. In the first 30 minutes 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 their exponential increases. 

Platinum and rhodium electrodes exhibited a similar current behavior as 

described previously (see Fig. 4.24). After 30 minutes all four 

materials displayed an exponential current increase. Pt, Rh, and 

graphite increased with almost the same time constant. In the case of 

Ir, the time constant was about four times smaller and therefore 

resulted in a shorter breakdown time. The characteristic times for 

breakdown of MgO:Ni crystals at 1473 K using an electric field of 1500 

V/cm in dry nitrogen atmosphere for Ir, graphite, Rh, and Pt electrodes 

were 2, 4, 5, and 7 h, respectively. Different electrodes were also 

used simultaneously as cathode and anode, the current behavior described 

above was found to be determined primarily by the cathode electrode.



80
O

R
N

L-
D

W
G

 83
-8

70
5

r n Ô (

r 
ri
E
Fi

gu
re

 4.
25

 The 
ef

fe
ct

 of
 ele

ct
ro

de
 m

at
er

ia
l on

 th
e c

ur
re

nt
 be

ha
vi

or
 of

 Mg
O

:N
i cr

ys
ta

ls
 

Sa
m

pl
es

 we
re

 tre
at

ed
 at 

14
73

 K 
w

ith
 th

e u
se

 of
 an

 el
ec

tri
c f

ie
ld

 of
 15

00
 V/c

m
 in 

flo
w

in
g 

dr
y N

g.
 Four

 di
ffe

re
nt

 ele
ct

ro
de

s w
er

e in
ve

st
ig

at
ed

: Ir, 
G

ra
ph

ite
, Rh

, an
d P

t.



81

Table 4.4

The characteristic times for breakdown, tc, and the activation 

energies, Q, of MgO:Ni crystals using different electrode material.

The measurements were performed at 1473 K using an electric field of 

1500 V/cm in flowing dry nitrogen atmosphere.

*Not measured (see text).

Electrode Material tc (h) Q (eV) 
(±0.1)

Ir 2 2.9

Graphite 4 *

Rh 5 2.7

Pt 7 2.6
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The activation energies obtained from the temperature-dependence of 

short-circuit current using different electrode materials in dry nitro

gen atmosphere are shown in Table 4.4. They are ranging from 2.6 to 2.9 

1 0.1 eV. Usually, the short-circuit current flowed in the direction 

opposite to the original current and lasted for a long time. In the 

case of graphite electrodes, the short-circuit current (measured from 

Io = + 18 mA), flowing in the same direction as the original current, 

decreased from about 3 mA to nearly zero in only 30 sec. Therefore, no 

activation energy could be obtained for the case using graphite 

electrodes.

4.2 Other Doped MgO Crystals

4.2.1 Effect of Impurities on Breakdown

An undoped MgO crystal typically required 22 hours for the current 

to reach 18 mA. Crystals doped with V, Cr, Fe, or Ni had lower charac

teristic times for breakdown and, therefore, were more susceptible to 

breakdown. However, it has been found that doping with H, Co, or Cu 

actually suppresses the dielectric breakdown. The results are 

illustrated in Fig. 4.26. The values of the characteristic times for 

breakdown of different samples are also tabulated in Table 4.5. It is 

noted that in the case of the MgO:Cu crystals (30 ppm), it requires more 

than 400 hours to reach 18 mA.

4.2.2 Effect of Impurity Concentrations

The concentration of the dopant affected the characteristic time 

for breakdown. The concentration dependence on the breakdown was 

investigated for the following dopants: Cu, Co, Ni, H, and Cr. The 

results indicate that it is not feasible to make generalizations either
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for the class of dopants which serve as suppressors of breakdown or for 

those impurities which enhance breakdown. Each dopant needs to be con

sidered individually.

a) Suppression of Breakdown: Cu and Co

The presence of Cu suppressed breakdown, or prolonged the lifetime 

of the MgO crystals. Figure 4.27 shows that high Cu concentrations were 

more effective in suppressing breakdown. A concentration of 1.5 x 10^8 

cm-3 (or 30 ppm) of Cu prolonged the lifetime of the material by a fac

tor of 20. The characteristic time varied exponentially with the 

impurity concentration, as described by

tc(n) = to e^n (4.7)

in the region between 10 and 30 ppm. Here t0 = 7h,y=2.6x 10"^ cm3 

(or 0.13 ppm“l) and n is the concentration of Cu in cm-3 (or ppm). Note 

that the value of t0 is lower than the actual 22 hours for undoped MgO, 

because this equation is not valid for n < 10 ppm.

A similar effect was found for Co-doped MgO. The results are 

shown in Fig. 4.28. Equation (4.7) is valid for concentrations varying 

from zero to at least 1 x 10^0 cm-3 (2000 ppm). The constants t0 and y 

for MgO:Co are 22 h and 1.5 x 10*20  cm3 (7.3 x 10*̂  ppm*̂) , respectively.

The concentration effect of hydrogen was not determined because 

hydrogen is a dynamic system with both the Hg content in the cavities and 

the soluble H+ concentrations change at 1473 K (6,25).

b) Enhancement of Breakdown: Cr and Ni

Chromium is one of several impurities which tend to enhance 

breakdown, or shorten the lifetime of MgO. Figure 4.29 shows that a
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higher concentration of Cr had a greater effect on enhancing breakdown. 

For concentrations less than 4 x 10^ cm"3 (800 ppm), the characteristic 

breakdown time obeyed the relationship

tc(n) = t0 e"yn . (4.8)

where t0 = 22 h and y = 0.9 x !O~^ cm^ (4.3 x 10~3 PPm~^). For con

centrations exceeding 800 ppm, the characteristic breakdown time 

approached a constant.

Nickel in MgO also enhanced breakdown. However, the concentration 

dependence was not monotonic, as shown in Fig. 4.30 There appear to be 

three regions in the curve. The first region corresponds to concentra

tions less than 1.5 x 10^ cm" 3 (300 ppm) and the value of tc can prob

ably be described by Eq. (4.8). The constant t0 is 22 h, but y could 

not be determined since samples with nickel concentrations less than 300 

ppm were not available. The second region corresponds to concentrations 

between 300 to 3000 ppm, and the value of tc can be described by Eq. 

(4.7). The relevant constants are t0 = 0.38 h and y = 0.2 x 

10~19 cm^ (i.Q x io*3  ppm*l).  Hence, the characteristic breakdown time 

increases exponentially with concentration in this region. For con

centrations exceeding 3000 ppm, it is projected that the characteristic 

breakdown time eventually reaches a saturation value of 22 h.

4.2.3 Current Behavior

a) Field Reversal

As indicated previously, polarity changes were made when the 

current reached 18 mA. With each field reversal, the characteristic 

time diminished until a minimum value was reached. Usually, several
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reversals were made. Typically, after the tenth reversal, the charac

teristic time became constant. Figure 4.31 shows the current behavior 

in MgO:Cu (30 ppm) for the initial field application and five subsequent 

field reversals. The current behavior is similar to that for the MgO:Ni 

crystals (Fig. 4.1), except the time scales are longer.

The details in Fig. 4.31 can be described as follows: The field 

was applied at t = 0 after the sample had been heated at 1473 K for 

about 10 minutes to ascertain that the sample temperature had reached 

equilibrium. The current initially decreased from 0.1 mA to 0.03 mA in 

3 hr (top inset), and then increased at an exponential rate until 18 mA 

was reached, requiring about 406 h. The field was then reversed. The 

instantaneous reversed current in the opposite direction was 15 mA. The 

current then decreased to a minimum value of 0.08 mA in 2.5 h (lower 

inset), followed by an exponential increase which was faster than that 

in the first cycle. The characteristic time for this cycle was only 115 

h. Several more field reversals were performed subsequently. The 

current behavior was similar to that of the first reversal, but the 

characteristic time diminished with each reversal, until ultimately only 

17 h were required, as shown in the top curve of Fig. 4.32.

Other samples with different dopants showed similar current-vs-time 

(I-t) behavior but with different characteristic times, as shown in the 

lower curves of Fig. 4.32. The characteristic times for the first 

cycle, tci, and the minimum values resulting from several subsequent 

reversals, tcf, for different samples are tabulated in Table 4.5, 

respectively. In general, the initial I-t behavior was followed by pre

dictable I-t curves upon subsequent field reversals. For example, the 

six representative curves shown in Fig. 4.32 behave in a similar fashion
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Table 4.5

Characteristic times for the breakdown of MgO crystals at 1473 K and 

1500 V/cm. Column 2 corresponds to the concentration of dopants 

tabulated in column 1. Column 3 lists the characteristic times for 

breakdown in the first cycle, while column 4 tabulates subsequent 

characteristic times which had reached a minimum value.

*Total impurity.

i Sample [n](ppm) tcl(h) tcf(h)

MgO < 100* 22 2.4

MgO:Ni 4280
1000

16
1

1.8
0.5

MgO:Fe 1000 12 1.5

MgO:Co 2080 95 3.2

MgO:Cu 30 406 17

MgO:V 350 3 0.5

MgO:Cr 720 1 0.4

MgO:H — — — 110 —— —
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and there is no indication of any crossovers. Given the initial charac

teristic times, it is possible to extrapolate subsequent times due to 

field reversals.

b) Reversed Current

The current after reversal of the applied field can be described as 

the sum of two exponentials, as shown in Eq. (4.1) and rewritten as 

fol Iows

I(t) = IOi + Iq2 et/T21 for t < o (4.9)

where Igp Igg, Tp and t2 are positive constants, and Iqj > Iq2, tj < 

t2. The above equation shows a minimum in I(t) at time denoted by tm, 

which is obtained to be

tm = (T1T2/T1+T2)An(I01T2/I02T1) . (4.10)

The relationships

t2 » (4.11)

and

I0it2 » 102^1 (4.12)

are always true in the first reversed cycle (the second treatment 

cycle). Substituting Eqs. (4.11) into Eq. (4.10), gives

tm T1 ^(lo^^lQgTj . (4.13)

It has been also found that a higher value of T2 is always associated 

with a higher value of Ti and the increase of Iqit2 is greater than that 

of Iq2ti« Therefore, Eq. (4.13) indicates that a higher value of 
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that is a longer breakdown time, results in a greater value of tm. This 

is true for all the doped MgO crystals, as shown in Fig. 4.33.

4.2.4 Activation Energy

The activation energy associated with the breakdown of MgO crystals 

was obtained by three different methods: time-constant Tg of I(t), 

short-circuit current Isc, and alternating current Iac, as described 

previously in Section 4.1.2.

The activation energies obtained from MgO crystals ranged from

2.1 to 2.8 eV, as shown in Table 4.6. The methods of ig and Isc provide 

the same activation energy for each sample; the method of Iac also 

yields the same value of activation energy except for the Cu- and Co

doped MgO crystals in which lower activation energies are measured by 

using either Tg or Isc.

Impurities and their concentrations play an important role in 

determining the lifetime of MgO crystals against dielectric breakdown. 

The results can be summarized as follows (91):

1) The presence of Cu, Co, or H suppresses the breakdown and pro

longs the lifetime of MgO crystals used as an electrical insulator at 

high temperatures. In the case of crystals doped with 30 ppm Cu, the 

characteristic time for breakdown is twenty times longer than that of 

the undoped crystals.

2) The presence of Fe, Ni, Cr, or V enhances breakdown.

3) The characteristic time for breakdown is determined not only by 

the dopant, but also its concentration.

4) Given the I-t behavior in the first cycle for any dopant in 

MgO, it is possible to make reasonable predictions on the I-t charac

teristics for subsequent field reversals.



96

ORNL-DWG 82-17072
(m

A)

Figure 4.33 The behavior of the first reversed currents of doped and 
undoped MgO crystals. The applied field was reversed at ! = 18 mA.



97

Table 4.6

Activation energies for the breakdown of MgO crystals. Activation 

energies shown were measured by three methods, short-circuit current

Isc, time constant Tg, and alternating current Iac.

1 Sample
[n](ppm) Activation Energy (eV)

Isc T2 lac

MgO < 100** 2.4* 2.3 2.4

MgO:Ni 4280
1000

2.4
2.6

2.3 2.4

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.

*The values of Isc are small compared with the background noise and the 
results are only estimated.



Chapter 5 

DISCUSSION AND CONCLUSION

In this Chapter the experimental results of the dielectric break

down of MgO crystals at high temperatures are discussed in terms of 

existing models described in Chapter 2. None of these models are com

patible with the experimental results. However, a simple breakdown 

model based on this investigation and proposed by Tsang, Chen, and 

O'Dwyer (90) can satisfactorily explain most of the experimental 

results. The latter part of this chapter will be devoted to the 

description of this model.

5.1 Comparison with the Existing Models

There are several models which have been suggested for the 

dielectric breakdown of solids, as described in Chapter 2. Only two of 

them, thermal breakdown and space-charge-enhanced breakdown, will be 

discussed here because they have been the most widely accepted models.

Although thermal breakdown is possible at high temperatures, there 

are two experimental facts that cannot be explained by this mechanism. 

First, the reversed current decreases from an instantaneous current with 

the same magnitude as the current before the field reversal to a minimum 

value before its exponential increase (Fig. 4.1). This shows that the 

increase of the current and, therefore, the cause of the breakdown is 

not mainly due to the thermal effect (Joule heating). Joule heating is 

independent of the direction of the current and therefore reversing the 

98
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polarity should not lead to a decrease in the current. Secondly, the ac 

treatment did not produce the breakdown (Fig. 4.9). On the other hand, 

the alternating electric field should produce a faster thermal 

breakdown, since the power loss in a dielectric generally increases with 

frequency.

Undoubtedly, the Joule heating should enhance the breakdown process 

and eventually the material would suffer thermal breakdown. This was 

observed in some cases when currents were allowed to exceed the 18 mA 

limit; the samples broke down when the current rose an order of magni

tude or more beyond 18 mA.

Assuming that the temperature dependence of the electrical conduc

tivity at high current levels follows the Arrhenius-type law Eq.(2.2), 

then we can use Eq.(2.36) to estimate the current density (or electrical 

conductivity) required for thermal breakdown at constant voltage. 

Equation (2.36) is rewritten as

V0c2^kk0T02/$CT . (5.1)

where a is the electrical conductivity at ambient temperature. Using 

the known values, thermal conductivity k = 6.5x10'2 j/scm °K (24), k0 = 

0.86x10'4 eV K"l, 4 ~ 2.5 eV, To = 1473 K, and Voc = 375 V, we obtain 

a M. 5x10*4  n cm"l at the onset of thermal breakdown. At 18 mA the con

duct! vitiy a is MxlQ-5 Q-1 cm'^, so that the theoretical estimate also 

places the onset of thermal breakdown at a current at least one order of 

magnitude higher than 18 mA. This gives further support that the break

down of MgO crystals at high temperatures is not initiated by the ther

mal breakdown mechanism.
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The space-charge-enhanced model which was proposed independently by 

Cooper and Elliott (11), and 01 Dwyer (71) has the same difficulty with 

the observed behavior of the reversed current. This model subscribes 

that the breakdown process is due to the buildup of the ionic-space 

charges near the cathode, as shown by the theoretical calculation in 

Fig. 2.3. It indicates that if the applied field is reversed, the 

reversed current would be expected to be small and then increase slowly, 

because the ionic-space charges need to be built up near the new cathode. 

This is contradictory to the observed phenomena in the reversed currents 

in Figs. 4.1, 4.4, 4.5, and 4.6 and potential profiles in Figs. 4.19 

and 4.21.

The behavior of the reversed current also revealed that the current 

in MgO crystals is not due to impurity conduction or thermionic emission 

from the colloidal particals (38-40). These two mechanisms cannot 

explain the field directional dependence of the current.

Clearly, there is no existing model which can describe the behavior 

of the pre-breakdown current. In the following, a breakdown model pro

posed by Tsang, Chen, and O'Dwyer (90) is described. It gives excellent 

explanations of most of the experimental results described in Sec. 4.1. 

This model at present has not been refined sufficiently to predict the 

effects of atmospheric conditions and impurities.

5.2 A New Model for the Dielectric Breakdown of MgO Crystals at High 
Temperatures

In general, the current behavior of nominally pure and nickel-doped 

MgO crystals is similar; the main difference between them is the time 

scale. We conclude therefore that the mechanism for high field conduc

tion and dielectric breakdown in these two crystals is basically the 
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same. In what follows a model -- double injection with drift of ionic 

species or vacancies — for the conduction process that does offer a 

reasonable and consistent picture of the observed phenomena is 

described.

In the first place, the high current levels observed (18 mA from an 

electrode of 0.30 cm2 area corresponds to a current density of 60 

mA/cm2) must be explained in terms of two carrier (electron and hole) 

current flow. This can be deduced as follows.

Assuming that the current is ionic, with the use of the ionic 

conductivity given by Eq.(2.4), the ionic current density is

- J = oE = nz2e2DE/k0T . (5.2)

Taking the known values J = 60 mA/cm2, z = 2, T = 1473 K, E = 1500 V/cm, 

and the diffusion coefficient 0%10~12 cm2/sec (42,97), the ion con

centration is calculated to be n <1025 cm"^, which is impossibly large.

If it is now assumed that the current is single-carrier (electron 

or hole) space charge limited, substituting reasonable values of 

u = 10 cm2/VS, er = 10, and L = 2.5 mm for the case of MgO crystals in 

Eq.(2.14), the voltage required to inject a current density of 60 

mA/cm2 is

V = (BJL^/9^u)^2 (5.3)

= 9730 V.

This is much higher than the 375 V used.

The proposed model assumes that the dielectric initially contains 

a concentration of n0 relatively mobile free electrons, and an equal 

concentration of p0 immobile (trapped) holes, as shown in Fig. 5.1a.
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Fig. 5.1b shows the notations used in the discussion of this model. The 

injection rates of the charge carriers from the electrodes are denoted 

as nj for electrons and for holes. Charge carriers are driven out of 

the dielectric with drift rates for n^ electrons and pj holes. The 

platinum electrodes are assumed to provide an ohmic contact for 

electrons and a very weakly injecting contact for holes, which means 

that n^ > n^ for all t, and pj « nj. From Eq.(2.25)

J = AT2exp{-(<j)-A<j))/k0T}, (5.4)

the thermionic-emitted electron current density is

J > 700 mA/cm2 , (5.5)

assuming = 2.5 eV. This value of J indicates that the cathode 

should have the capacity to inject electron current high enough to ini

tiate the thermal breakdown. In the subsequent discussion electron-hole 

recombination is assumed to be very small.

At t=0, the application of a voltage then generates a current which 

is primarily contributed by those carriers generated thermally. Since 

the electron mobility is much greater than the hole mobility, the ini

tial current density is then expressed as J = noeynE poeynE. Taking 

an electron mobility of 10 cm2/Vs, the initial current density of 0.67 

mA/cm2 then requires a trapped hole density of 2.8 x 10^/cm^. This is 

similar to the case of a trap-free insulator with thermal free carriers 

and low injection level, which has been solved in detail by Lampert and 

Mark (48). Using Eqs.(2.18) and (2.20), the dimensionless parameters 

wa and ua are calculated to be
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wa = = 8*5
Td-----  (5.6)

and 

ua^l (5.7)

using a value of 10 for the dielectric constant. This value of 

ua places the conduction in an Ohm's-law regime. This is also verified 

by the data in curve 1 of Fig. 4.17.

The subsequent variation of current with time takes place very 

slowly. The problem can be treated as a sequence of quasi-equilibrium 

states. Fig. 4.1 shows that the current decreases by a factor of 2 in 

about 40 min, and this requires a corresponding decrease in the trapped 

hole density. This is readily accounted for by a slow drift of the 

trapped holes (and their eventual removal at the cathode) with a con- 

commitant failure of the anode to inject sufficient replacements, that 

is, Pi<Pj. This explanation would require a transit time for trapped 

holes of the order of 40 min which would correspond to a mobility of 

about 10"7 cm^/Vs. The data of Fig. 4.10 showing an activation energy 

of 3.7 eV associated with lead us to believe that the hole mobility 

is associated with this activation energy.

The subsequent large increase in current by a factor of 100 over 

the initial value requires, by the same argument, a similar increase in 

the trapped hole density. Since the increase must take place over many 

hours, it is proposed that hole injection from the anode is substan

tially increased by a slow accumulation of negatively charged ionic spe

cies (or vacancies) adjacent to that electrode. This is implied in 

Figs. 4.22, and 4.23. Using Poisson's equation it can be estimated that 

a constant ion density of 3.3xlO^/cm^ in the region 25 pm thick adjacent 
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to the anode would double the field strength there. Checking once again 

with Eqs. (2.18) and (2.20), wa=0.085 and ug 0.4. are obtained. These 

conditions show that the conduction departs from the Ohm's-law regime 

and approaches the square-law regime. This is verified by the data of 

Figs. 4.17 and 4.18 which show clearly a gradual transition from ohmic 

to square-law behavior some time after the application of an electric 

field of 1500 V/cm. Since Fig. 4.10 shows an activation energy of 2.3 

eV associated with the time constant Tg, it can be assumed that the 

mobility of the ionic species in question is associated with the same 

activation energy.

The model also offers excellent explanations of the behavior on 

voltage reversal (Figs. 4.1 and 4.4) and removal and reapplication of 

voltage (Fig. 4.5). Since the trapped hole density is assumed to be 

quasi-steady at all times, and since it dictates the value of the 

free electron concentration and therefore the current, simple voltage 

reversal should result in the same current in the opposite direction; 

this is observed in the experiments illustrated in Figs. 4.1 and 4.4. 

Moreover, since the new anode is now only weakly injecting, the current 

should decay in a time of the order of the hole transit time before it 

builds up to a large value as the negatively charged ionic species (or 

vacancies) slowly accumulate near the new anode. If the voltage is 

removed for some time before being reapplied, it is expected that the 

concentration of charge carriers will decay towards its equilibrium 

value. Reapplication of the voltage should therefore cause a reduced 

current as observed in Fig. 4.5 (Ij < Ij0). Some idea of the rate of 

recombination that is required to explain the reduced current is given 

by the data shown in Fig. 4.6. If the voltage is reapplied in the same 
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direction, the current should subsequently increase since much of the 

negative ionic charge remains adjacent to the anode. For voltage 

reapplication in the opposite direction, the current should decrease 

before it again increases since the new anode now is not adjacent to the 

residual negative charge. These conclusions are also in agreement with 

the data of Figs. 4.4 and 4.5.

Both Ij and Isc curves, which were both obtained after the current 

reached 18 mA, decayed very rapidly in the first minute and then 

followed by a slower decay till at t ~15 min, after that both curves 

decayed very slowly (Fig. 4.7). The first two decays (at t < 15 min) of 

both Ij and Isc indicate that there are two types of electron-hole 

recombination processes. The slow decay process of either Ij or 

Isc (at t > 15 min) is probably due to the relaxation of those nega

tively charged ionic species or vacancies accumulated near the anode. 

This conclusion is supported by the activation energy 2.4 eV obtained 

from Isc at t > 15 min (Fig. 4.11) and that 2.3 eV from the time 

constant Tg of l(t) (Fig. 4.10), which is responsible for the increase 

of the current leading to the breakdown.

Application of an ac voltage causes a current that is of similar 

magnitude to the initial current in the dc case; this is just what we 

would expect since the time of a voltage reversal is so short that none 

of the effects described above have time to begin. Fig. 4.12 shows that 

the ac conductivity follows an Arrhenius type law with an activation 

energy of 2.4 eV.

The activation energies obtained for different doped MgO crystals 

are believed to be partly related to the work functions of the charge 

carriers injected from electrodes into the dielectrics. This conclusion 
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is supported by the data shown in Table 4.5 where different values of 

activation energy have been obtained with the use of different electrode 

materials.

The idea that the ionic conduction resulted from the migration of 

Mg vacancies created by tri valent impurities (81-83) seems to be con

sistent with the results shown in Fig. 4.29. A higher concentration of 

Cr, which is mostly Cr^ in MgO, has a greater effect on enhancing 

breakdown, since a high concentration of tri valent impurities produces a 

high concentration of Mg vacancies. A high concentration of Mg vacan

cies results in a greater field distortion near the anode and hence a 

higher hole injection level. Therefore, a higher concentration of tri- 

valent impurities enhances the breakdown. The change in slope of the 

characteristic time for breakdown is assumed to result from association 

of the Cr ion with a free vacancy to form a less mobile associate. This 

is similar to that observed in the Sc-doped sample in Sempolinski's 

work (81). The suppression of the breakdown due to Cu or Co impurity 

may be explained by the following. Copper and cobalt impurities are in 

a divalent state in MgO crystals, which are usually reduced to a monova

lent or zero state at high temperatures in the presence of an electric 

field. This reduction is called electrolytic coloration (2,79). The Mg 

vacancies will probably either associate with the reduced monovalent 

impurities and become relatively immobile species or be eliminated by 

this reduction process. The existence of Cu or Co impurity can effec

tively reduce the number of the Mg vacancies, and therefore suppresses 

the breakdown. This conclusion is not consistent with the results shown 

in Fig. 4.30. The existence of Ni impurity enhances the breakdown but 
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the enhancement of the breakdown is not monotonically proportional to 

its concentration.

5.3 Summary

The phenomenon of dielectric breakdown of MgO crystals at high tem

peratures (^1500 K) has been investigated with the use of a moderate 

electric fields (^1500 V/cm). The time dependence of the prebreakdown 

current behaviour has been determined to be represented by simple 

equation (Eq. 4.1) and the parameters of the equation have been deter

mined (Eqs. 4.2, 4.3, and 4.5) and found to be very reproducible. The 

activation energies (Table 4.6) obtained from these parameters should be 

very useful for future theoretical calculations. The effect of various 

physical parameters associated with the breakdown, such as temperature, 

impurity concentration, sample thickness, electrode material, 

atmospheric conditions, electric field, and field strength, have been 

determined for the first time. A new model is proposed for the 

dielectric breakdown of MgO crystals at high temperatures. This model 

provides an execellent explanation of the main features of the experi

mental results. It has been found that the lifetime of MgO crystals, 

used as an electrical insulator at high temperatures, can be greatly 

prolonged by slightly doping MgO with Cu impurity (Fig. 4.27).

5.4 Suggestions for Future Work

The model proposed offers excellent explanations of the major 

features of the experimental results. Nevertheless, there are some 

questions which still remain unanswered, such as (1) how a specific 

impurity and its concentration affect the breakdown, and (2) how the 

breakdown process is affected by different atmospheres. In order to
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answer these questions and verify the proposed model, some future 

experiments are suggested below:

(1) The measurement of the potential profiles should be refined. 

Primarily, more data points for each profile are needed. The potential 

profile must be determined accurately near the electrodes. In order to 

do this, a different experimental technique may be required.

(2) Studies to examine the effect of impurities on the breakdown 

should be extended to a wider range of dopants and should include some 

of the other transition metal impurities, such as Al, Se, or Zn.

(3) A special technique, for example, high-temperature Electron 

Paramagnetic Resonance (EPR), must be used to investigate the existence 

of trapped electrons or holes in MgO crystals at high temperatures.

(4) Transmission electron microscopy (TEM) must be employed to 

study the microchange of the dielectric during the current growth.

(5) Experiments investigating the effect of atmosphere on the 

breakdown process should be repeated using a wider range of partial 

pressures of oxygen, for example, from 1 to 10~12 atm.



APPENDIX A

The temperature of the dielectric 

energy balance equation Eq. (2.26)

Cv -div(kAT)

is described by the lattice

(A.l)

As mentioned in Sec. 2.1, the general solution of Eq. (A.l) is 

impossible to address. However, we are only interested in the 

simplified limiting case with the following assumptions:

(i) There is an infinite dielectric slab sandwiched by two 

parallel electrodes. This is a one-dimensional problem in which the 

coordinate x is measured from one electrode to the other.

(ii) The current is continuous inside the dielectric.

( i i i ) The electric field is uniform inside the dielectric. This 

condition gives the greatest temperature increase in the center of the 

dielectric, which will be discussed later.

(iv) The ambient temperature is zero.

Equation (A.l) is then reduced to

cv § " k H = (A'?)

with two boundary conditions

T(0,t) = 0 and T(a,t) = 0 (A.3)

where I(t) is the current at time t, V the applied voltage, % the 
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spacing distance between two electrodes, and the value of I(t)V is 

the energy gained per unit volume.

Taking into account the boundary conditions Eq. (A.3), we obtain, 

with the use of the method of separation of variables (32), the general 

homogeneous solution of Eq. (A.2) to be

T(x,t) = S an exp(-n2n2kt/Cy&)Sin(nmx/&) , (A.4)

where a's are constants to be determined by initial conditions.

The solution of Eq. (A.2) can then be obtained with the use of the 

method of variation of parameters (32), that is to replace the constants 

an by unknown functions Cn(t) and then determine these functions to 

satisfy both Eq. (A.2) and initial conditions. Since the exponential 

function of t can be absorbed into Cn(t), we let the solution to Eq. 

(A.2) be

T(x.t) = 2 Cn(t)sin(nnx/&) , (A.5)
n=l

where

Cn(t) = jT(x.t)sin(nnx/&)dx , (A.6)

then the rest of the problem is to evaluate the values of Cn(t).

Taking the time derivative of Cn(t), we have

= s? sin(n%x/&)dx . (A.7)
QU ArJq G U

Substituting Eq. (A.2) for^ into Eq. (A.7), we have
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.afà sin ^dxH-^V r I(t)s1n m« dx (A.8) 

dt £CvJq gx^ £ £CV Jq Z

Integrating the right hand side terms of Eq. (A.8) individually by 

parts, we obtain

dCn(t) k(nir)2 4I(t)V

sr+ Â7' —» " ' °"
which has the solution

Cn(t) = ,n^"^ + I(T) (A. 10)

where a*s  are constants, and A = 42Cv/ir2k.

From Eq. (4.1), we have

I(t)^Io2exp(t/T2) (A.ll)

at t>>0, as described in Sec. 4.1.1. Substituting Eq. (A.ll) for I(t) 

into Eq. (A.10), we obtain

(A. 12)

where n = odd number. At t=to»0, Eq. (A. 12) is reduced to

Cn(t0) < 4AVI(t0)/irCvn3 (A. 13)

since A/^ ~ 10-5. Therefore, we obtain the maximum temperature at 

t=t0 in the center of the dielectic

T(V2,t0) < 4Ji2I(t0)V/A 2 (-i)(n-l)/2/n3 (A. 14)

where n = odd number.
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Let I(t0) = 18 mA, then Eq. (A.14) shows that the maximum tem

perature raised due to the joule heating inside the dielectric is

T(pt0) < 10 K (A. 15)

with the use of all the known values. Taking into account the nonuni

form distribution of the electric field (Fig. 4.19) and the finite 

dimension of the dielectric, the maximum temperature increased inside 

the dielectric is expected to be much lower than 10 K which is less than 

1% of the ambient temperature (1473 K) of the experiment. However, Eq. 

(A.14) indicates that the maximum temperature increased inside the 

dielectric is directly proportional to the current value. When the 

current is higher than 18 mA, the temperature in the dielectric would be 

significantly increased and the experimental condition would be also 

greatly changed.
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