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ABSTRACT 

Electron trapping phenomena in metal oxide Insulators were 

Investigated both theoretically and experimentally by the method of 

thermally stimulated currents (TSC). A theoretical model from energy 

band theory was developed and used as the basis of a general analysis 

which described the currents resulting from thermal stimulation for 

arbitrary retrapping rates. This analysis employed the concept of an 

"effective" thermal emission probability (ETEP). A general expression 

was obtained for the TSC curve which reduced to previous approximations 

in the limits of slow and fast retrapping. An equation was derived 

from the ETEP analysis which can be used to calculate the trap cross 

section'when fast retrapping occurs, which previously had not been 

possible. A method of obtaining the carrier mobility from TSC data 

was also developed from this general analysis. 

A series of thermally stimulated current measurements was per

formed on polycrystal I ine A1203, BeO, and single crystal A^Oj. A 

special cryostat was constructed for these experiments. A I MeV elec

tron accelerator was used as the x-ray source. Samples were Irradiated 

at about 200°K to fill the trapping levels, and the electrical conduc

tivity of the samples monitored while heating at a linear rate to about 

675°K. 

Experimental results on these metal oxide materials revealed a 

significant density of energy levels in the forbidden band which function 

x 



X' 

as electron trapping centers. The emptying of discrete trapping levels 

v/hi le heating at a linear rate caused peaks to occur in the conductivity 

versus temperature curves. These peaks in the conductivity data were 

accompanied by a fairly uniform TSC current arising from the emptying 

of trapping levels distributed in energy throughout the forbidden band. 

These TSC curves were analyzed to determine trap depths, trap densities 

and cross sections, and recombination and mobility parameters. 

The results of the analysts revealed trap densities ranging from 

2 x to'8 cm""' for the pol-ycrysta I li ne A^Oj to 5 x 10'^ cm**^ for the 

sing to crystal AI2O3. Discrete levels were observed to have trap depths 

• I 
In the range of 0.5 ev to 1.5 ev with cross sections varying from I0~'-' 

cm2 to I0~2' cm2. The value of the mobility obtained from the data on 

potycrysta 111 ne M2O3 a"*" 600°K was 0.2 cm /volt-sec. The density of 

1 8 ^ 7  

recombination centers was calculated to be 2 x 10 cm~J with a recom-

-17 2 
bination capture cross section of 5 x 10 cm . The magnitude of the 

14 —! 2 
conductivity caused by the emptying of traps varied from 10"'^ to 10 

(ohm-cm)"'. The current observed with no prior irradiation corresponded 

to an equilibrium room temperature conductivity of 5 x 10 '6 (ohm-cm)"'. 



CHAPTER I 

INTRODUCTION 

The advent of extended space missions and related applications 

has introduced the need for power sources of considerable longevity. 

Space power systems must also meet requirements of limited size, high 

specific pov/er output, and minimum maintenance. A nuclear reactor 

which utilizes direct conversion devices to produce electricity from the 

thermal output of the reactor is a promising area of research in ful

filling these requirements. Thermoelectric devices have already been 

utilized in space power systems of the SNAP type. Another direct 

conversion device under study for reactor applications is the thermionic 

diode. Both devices require electrical insulation of critical compo

nents at high temperatures In the radiation field of the reactor. The 

insulator materials problems encountered due to this environment have 

given rise to considerable work on the effect of radiation on insula

tor materials. The metal oxide ceramic insulators, such as AI2O3 and BeO, 

have received the most attention in this work (Vul, 1962; Dau and Davis, 

1965; Huntley and Andrews, 1968). The results of these investigations 

have generally shown that the electrical conductivity of alumina In

creases linearly with photon flux intensity. The results have also 

suggested that carrier traps, defect" centers capable of spatially 

localizing a. carrier for a significant time, are present in the material. 

I  
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The trapping states affect the response time required for equilibrium 

conductivity to occur during the initial irradiation and the decay fol

lowing cessation of the irradiation. Vul (1962) states that trapping 

levels may affect the temperature dependence of the conductivity under 

excitation. The response of materials to,photon irradiation can be 

predicted from knowledge of the characteristics of imperfection levels 

which act as the trapping and recombination centers. It is the pur

pose of this work to develop a theoretical model and determine experi

mental parameters which can adequately describe the trapping states 

and their effect on the electrical conductivity in metal oxide insula

tors for application to nuclear powered direct conversion power systems. 

Carrier trapping processes can be present In any crystal that 

contains imperfections or Impurities which can capture a carrier for a 

significant length of time. Such imperfections arise whenever the 

lattice periodicity of a crystal is interrupted, e.g., at interstitial 

atoms, dislocations, grain boundaries, or even the boundary of the 

crystal. All such defects in the crystal give rise to energy states 

which may act as electron traps. It is Impossible to grow crystals with

out imperfections. Lattice vacancies are equilibrium defects which are 

present at any temperature above 0°K, so carrier trapping will always 

occur to some degree, 

The parameters of Interest in characterizing defect levels include 

the energy level or depth of traps below the conduction band, the trap 

capture cross section for a carrier, and the trap density and distribu

tion in energy. Crystal characteristics such as carrier mobility and 

excited carrier lifetime must be known as a function of irradiation 



3 

level and temperature for a complete determination of the trap param

eters. 

There Is no single method of determining trap parameters that 

yields all desired Information with sufficient reliability in all situa

tions, The range and validity of the application of various methods is 

an area of investigation. Some of the methods of obtaining information 

about trapping levels Include: photoconductivity or radiation induced 

conductivity growth or decay curves; thermally stimulated conductivity 

(TSC); optically stimulated conductivity; space charge limited currents; 

and the photo dielectric effect (Bube, I960, Chapter 9). These methods 

have been used In the determination of carrier trapping parameters by 

several investigators. 

The method of thermally stimulated conductivity has received 

considerable attention due to its relative experimental simplicity and 

high yield of information from the basic data. The method is essen

tially that introduced by Urbach In 1930 in obtaining thermoluminescent 

"glow" curves. The observed parameter is the electrical conductivity 

Instead of the thermoluminescent intensity as in glow curves. The 

method of thermally stimulated conductivity consists of photon excita

tion of a crystal at a low temperature, after which the crystal is 

heated and the conductivity measured as a function of temperature. The 

excitation produces excess electron-hole pairs which eventually recom-

bine or are trapped by imperfection levels. At low temperatures the 

trapped electrons cannot acquire sufficient thermal energy to escape the 

trap so the traps will continue to fill until saturation, When the 
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crystal is heated, usually at a linear rate for convenience in subse

quent analysis, the trapped carriers are freed. The freed carriers' 

contribution to the total conductivity is In excess of the normal "dark" 

or equilibrium conductivity and is termed the thermally stimulated con

ductivity, TSC, Information about the trap depth and cross section can 

be obta.ined from the temperature and magnitude of the maximum conducti

vity, and the area under the TSC curve gives a measure of the total 

density of carriers freed from the traps. 

For this study, trapping phenomena In metal oxide insulators are 

investigated both theoretically and experimentally utilizing the methods 

of thermally stimulated currents. The primary material investigated in 

this work is polycrystalIine alumina. As a comparison, beryl Iia, BeO, 

and single crystal A^O^, sapphire, are also used. 

The mobility and lifetime of the crystal are determined by the 

analysis presented in Chapter 2 and Appendix A. The TSC data obtained 

from heating samples irradiated at low temperatures are analyzed by the 

procedure developed In the theoretical part of this work, Chapter 4. 

This method is a generalization of several of the present methods used 

in trapping analysis which are summarized in Chapter 3. 

The experimental apparatus is described in Chapter 5 and the 

results of measurements of ail trapping parameters are presented in 

Chapter 6. 



CHAPTER 2 

GENERAL INSULATOR MODEL 

The basts of a theoretical model capable of describing the elec

trical conductjvtty of metal oxide insulators Is available from the band 

theory of solids (Kittel, 1967), Band theory considers the valence 

electronic energy structure of insulators or semi-conductors as a "band" 

of energy states fully occupied by valence electrons. In order for an 

electron to take part in a conduction process, it must first be excited 

to a higher band where empty states are available allowing the electron 

to interact with the applied electric field. This conduction band lies 

above the valence band by an energy gap, E^. This energy gap, or for

bidden band width separating allowed bands, is on the order of 5 to 

10 ev for metal oxide insulators such as alumina, A^O^* 

The probability of thermally exciting a valence electron across 

the forbidden band is extremely small when the energy gap is largo. 

Insulators, therefore, are usually extrinsic conductors at most tempera

tures, in that their conductivity is due to Impurity or imperfection 

states lying in the forbidden band. These impurity states may be 

occupied by an electron which can be relatively easily excited resulting 

In a free electron to the conduction band. In this case the impurity 

acts as a donor of free electrons and the conduction is known as n-type. 

An Impurity or imperfection may also place an empty state near 

. the valence band allowing conduction to occur in the valence band. 

5 
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Valence electrons can be thermally excited into that state and the re

sulting empty valence state can contribute to the conduction process by 

allowing an electron from an occupied neighboring state to move into it 

under an applied field. This concept of a "hole", or empty valence 

state, is a convenient way of describing the conduction process In the 

valence band since the motion of many electrons Is replaced by a single 

"hole" carrier of opposite charge. Conduction in the valence band is 

called p-type conductivity, and these impurity states are generally 

termed acceptors. Intrinsic conductivity caused by direct thermal 

excitation between allowed bands is observed in insulators only at ex

tremely high temperatures. Since TSC measurements involve low and 

moderate temperatures, intrinsic conduction need not be considered in 

the insulator case. 

The application of the band theory of solids generally utilizes 

two simplifications. The effective mass approximation considers the 

electron to be moving in a uniform potential with the influence of the 

periodic lattice forces taken into account by an "effective" mass. The 

effective mass is generally a tensor quantity, but for simple band sur

faces, polycrystaI Iine material, or in the absence of information about 

the band surface, the effective mass is used as a constant, m*. 

The effective density of states approximation provides a further 

simplification In notation. An allowed band of energy states, such as 

the conduction band, involves a distribution in energy of the density of 

these states. The effective density of states Is equivalent to assuming 

that the conduction band Is at a nearly discrete level In energy at Ec 

with a total density Nc. Similarly, the valence band can be treated as a 
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discrete level at Ey, the top of the actual valence band with an effec

tive density Nv# The expressions for the effective density of states 

are (Azaroff and Brophy, 1963, p. 199), 

Nc = 2(2m*nkT/h2)3/2 (2-1) 

N = 2(2m* kT/h2>3/2 (2-2) 
v p . 

where m*n and m*p are the effective masses of electrons In the conduc

tion band and holes in the valence band respectively, k is the Boltzmann 

constant, h is Planck's constant, and T is the temperature in degrees 

Kelvin. These approximations are generally used in applying band theory 

to the electrical conductivity of crystals and will be helpful in formu

lating equations descriptive of trapping phenomena. 

The electrical conductivity of insulators can be generally 

expressed as 

a = neu + pep (2-3) 
n r p 

where n is the density of electrons in the conduction band, p Is the 

density of holes in the valence band, pn and pp are the mobility of 

electrons In the conduction band and holes In the valence band respec

tively, and e is the charge of the carrier. 

The first term accounts for conduction due to electrons in the 

conduction band, and the second term includes the contribution of holes 

In the valence band. Mobilities are generally only weak functions of 

temperature and excitation level. The important parameters in describing 
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the electrical conductivity are then the carrier densities, n and p. The 

kinetics equations will be derived in terms of- th^se quantities. 

Energy Band Model 

Any energy band model formulated to describe electrical conduc

tion processes in metal oxide insulators must include several character

istic properties of these insulators. Due to a band gap which is 

generally greater than 5 ev, metal oxide insulators are usually extrinsic 

conductors of extremely high resistivity. Equilibrium carrier densities 

are expected to be low as are mobilities in ionic lattices (Bube, I960, 

p. 256), Insulators are seldom produced with semiconductor purity so 

that relatively high densities of several impurities are often encountered, 

impurity content can control the conductivity In extrinsic material and 

trace amounts of impurities may cause otherwise similar samples to show 

significantly different electrical behavior. Impurities can produce 

defect states throughout the forbidden band which may function as donors, 

acceptors, traps, or recombination centers depending on the particular 

state. Insulators are often n-type, indicating that donor levels are 

present in predominant amounts. Some insulating materials are observed 

to be p-type which require acceptor levels to be present. The polariza

tion effects observed In many Insulators under Irradiation are generally 

explained by the presence of defect states that function as carrier traps. 

The energy band model for metal oxide insulators will then be of an 

extrinsic material containing donors, acceptors, traps, and recombination 

centers. The level scheme is shown In Figure I. The subscripts D, t, 
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CONDUCTION BAND (NX 

Donors U<L) 

Traps (N ) 

Recornb i nat ion 
Centers (N^) 

Acceptors (N.) 

VALENCE BAND {N .) 

Figure I. Energy band scheme for a metal oxide insulator with donor (Nq), 
acceptor trapping (N-j.), and recombination <Nr) centers 
In the forbidden band. -Transition arrows describe the carrier 
movement between localized imperfection levels and the allowed 
bands. 
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R, and A refer to donor, trapping, recombination, and acceptor levels 

respectively. The symbols used in Figure I have the following defini

tions: 

Eq, E-j- = the energy depth of donor and trapping 

levels respectively below'the conduction 

band (ev); 

= the energy height of acceptor levels 

above valence band (ev); 

Nq, N^, Np = the total density of imperfection levels 

in tho forbidden band which function as 

donors, acceptors, traps, and recombination 

centers respectively (cm~^); 

F = the free carrier generation rate caused by 

external excitation such as photon absorp

tion (cm^sec)"'; 

R = the direct recombination probability between 

carriers In allowed bands (cm^sec)"'; 

Cq, C+, CR, Ca = the probability of free carrier capture by an 

imperfection level; C is proportional to the 

number of empty states, (N - n), and the 

capture probability for that state B, B^, 

B^, and B^n are the capture probabilities for 

free electrons of a donor, trapping, and 

recombination level respectively. B is equal 

to the product of the capture cross section S 
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and the velocity of the free carrier v. 

BRp and are the capture probabilities 

for free holes of a recombination and accep

tor level (cm3/sec). 

CD = BD(ND ~ nD* 

C+ « B+(N+ - n+) 

CRn = BRn<NR " nR* 

CRp = BRptnR} 

CA = W 

nD, n^, nft = the electron densities in the donor, trapping, 

recombination and acceptor levels respec-

tively tern 

Pgi = probability of a carrier In an imperfection 

state being thermally excited Into the near

est allowed band; P is proportional to the 

Boltzmann factor exp(-E/kT), and the attempt-

to-escape-frequency w (Bube, 1960, p. 51). 

This frequency Is equal to the capture prob

ability and the effective density of states 

In the band under consideration (w - BNC = 

SvNc>. 

PQ = BDNcexp(-ED/KT) 
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P+ = B+Nc exp(-E+/kT> 

PA = BANv exPC-EA/kT) 

Thermal transitions are allowed only between a level and the 

nearest band since defect levels are spatially localized making inter

actions between localized levels Improbable. Extrinsic conductivity 

arises In this model when donor levels are ionized or when valence elec

trons are captured by acceptor levels leaving free holes in the valence 

band. If donor electrons fill acceptor levels, the crystal Is said to be 

compensated since the acceptor levels become Inactive. Due to the ex

tremely low carrier density found In metal oxide insulators, it is 

probable that sufficient amounts of several impurities are available in 

the material so that defects functioning as both donors and acceptors 

will be present. Partial compensation is consequently a common condition 

In these insulators. 

Genera I Conductivity Equations 

An energy band model can be used to formulate equations which 

can describe the electrical conduction process under specific conditions 

by writing the appropriate initial conditions. The electrical conducti

vity with and without external excitation and under previous excitation 

at low temperatures can be analyzed from the.one general model developed 

in this work. The basic equations are written as conservation relations 

at each level and band giving the following expressions: 
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"D ° nVnDPD tZ"6> 

fi. = (n-n_)C.-n.P (2-7) 
T o T t f 

*R = (n-no)CRn-tp-po)CRp <2"8' 

• (WPA-PCA (2"9' 

n = F-R+n_Pr.+nJ.PJ.-nCn-(n-n„)(C++C0 ) (2-10) 
D D T T  D  O  T R n  

p = F-R+(NA-nA)PA-pCA-(p-p0)CRp (2-11) 

(NQ-tipH(Nr-HRJ+P = n+nA+n^. . (2-12) 

Equation (2-12) expresses the condition for charge neutrality In the 

crystal. The quantities nQ and pQ refer to the carrier densities in the 

absence of external excitation. By application of specific conditions 

to this model, all conduction processes can be described. 

Conductivity Without Irradiation 

The conditions that determine the conductivity without external 

excitation are the following: 

F = 0 

n = nG 

P = Po 

n CO)  =  0  

nA(0> = Na 

"o " MA • 
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At steady state, when all time derivatives of density quantities are 

zero, Eqs. C2-6) through (2-12) reduce to 

noCD = nDPD (2"i3) 

and 

(W * W = NA • (2"l4) 

Since acceptor levels have been compensated in this model, there Is no 

equilibrium hole density, The conduction electron density is obtained 

from Eqs. (2-13) and (2-14), as, 

Nn+NR"NA"nR 
n. = N exp(-En/kT)( u K K) . (2-15) 

0 Wnr 

From the charge neutrality condition It can be seen that the quantity in 

brackets is a constant which ts of the same magnitude as (nD/(Np-np)) 

which may be significantly less than unity. The equilibrium carrier den

sity may also be expressed in terms of the Fermi level as given by Eq. 

(2-16) ,  

n = N_exp(-Ec/kT) C2-I6) 
o c r F 

The conductivity observed under these conditions fs simply 

o„ = n ey . (2-17) 
o o n 
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Conductivity Under External Excitation 

High energy photon interactions In crystals generate excited 

carriers by a Compton collision or photoelectric effect. These processes 

result in a high energy prtmary electron which may excite several other 

electrons before reaching thermal equilibrium. These excited carriers 

result In a significantly Increased conductivity. The magnitude of this 

effect depends on the intensity of the excitation, the number of excited 

carriers generated per unit Intensity, and the recombination kinetics of 

the crystal. The recombination lifetime of these carriers is determined 

by the number, and the carrier capture probabilities, B^n and B^, 

of the imperfection levels in the forbidden band which function as 

recombination centers. Direct recombination of excited holes and carriers 

may also occur, but this process is Improbable since It involves a term 

proportional to the product n and p, both of which are generally small 

compared to (Bube, I960, p. 304). The lifetimes for holes and elec

trons may be quite different so that for a given hole-electron pair 

generation rate F, the conductivity of a crystal may be due primarily 

to one sign of carrier (Rose, 1963, p. 36). An often used assumption 

for many materials Is that the recombination lifetime is not a function 

of excitation Intensity or temperature. These constant lifetime condi

tions are generally good approximations for the insulator case since 

n << and the recombination levels are assumed to be too deep in the 

forbidden band to have any thermal Interaction with allowed bands. 

The Irradiation induced conductivity is determined by the 

foI IowIng cond111ons: 
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F f 0 

n * no 

p i 0 

N " NR 

p « NR 

nR = const, (constant lifetime 
condIt ion). 

These conditions allow the steady state equations to be solved directly 

for the carrier densities. Inserting Eqs. (2-1) and (2-2) into (2-5) to 

find the free electron density and Eq. (2-3) into (2-6) to determine the 

free hole density gives 

n-n = F/B (ND-n„) = Fl (2-18) 
o Rn R R n 

and 

P-Po " 
F/Vr =  F l p  '  ( 2 " 1 9 >  

where L and I are the lifetimes for excited electrons and holes res-
n p 

pectlvely. This model predicts a linear dependence of the carrier den

sities on the radiation Intensity, This behavior Is normally observed 

In metal oxide Insulators (Dau and Davis, 1965; Vul, 1962), If a model 

Is used that assumes a direct recombination mechanism, or if a high 

purity material contains no Imperfection levels that function as recom

bination centers, the carrier density will vary as the square root of 

the radiation Intensity. The dependence of the conductivity on radiation 

Intensity has been observed to vary between powers of 0.5 to greater 
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than one in various materials (Rose, 1963, p. 33), The conductivity of 

an insulator under irradiation is given by Eq. (2-3), It is generally 

assumed that conduction is essentially n-type In metal oxide insulators 

due to a larger electron lifetime and mobility (Pappis and Kingery, 

1961; Hochu11, 1964). The observed conductivity Is then 

ax = nepn = £Fln + nQ)eun . (2-20) 

It should be noted that the generation of free carriers in the crystal 

also changes the electron population of the imperfection levels, n^, n^, 

and n^. The donor and trapping levels can be "pumped up" and the com

pensated acceptor levels partially drained by the irradiation. Trapping 

levels which are normally empty can be populated according to the radia

tion intensity and temperature as given by 

n+/Nt = (l+P+/FlnB+)"' . (2-21) 

At high F, or low temperature, so that Is small, the traps may be 

completely saturated. After the excitation has ceased, the traps will 

empty by thermal excitation and the observed conductivity will decay to 

the equilibrium value. Thermal stimulation of a saturated trap popula

tion Is the basis of the method of TSC. 

Thermally Stimulated Conductivity 

The basic equations of trapping phenomena describe the conducti

vity of a crystal which has been previously excited at low temperatures. 

The low temperature reduces the thermal emission probability P^. so that 
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frapp i ng I eve Is will fill accord i ng to 

n.(+) = N. (I-exp(-B FI +)) . (2-22) 
t + t n 

After the traps have been saturated, the crystal Is heated at a linear 

rate until all traps have emptied. The conductivity observed shows the 

effects of trap emptying and can be analyzed to determine the nature of 

the traps. The conditions that apply In this case are 

F = 0 

n t n0 

P * P0 

"to'V i Nt 

" « NR 

p « NR 

nD = nA = ° . 

Donors and acceptors are assumed to remain In thermal equilibrium with 

allowed bands during the heating cycle. The constant lifetime, single 

trapping level kinetics equations resulting from the model of Figure I, 

are 

n^ = (n-nQ)B^(N^-n+) - n^.P^. , (2-23) 

n+n+ = (n~n >/l , (2-24) 
T on 

p =  «P-Po>/ 'p  '  < 2 " 2 5 )  
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and 

°TSC = ne"n • (2~26) 

In this model free holes are captured by recombination levels almost 

immediately since this process requires no thermal activation. Unless 

there are hole trapping levels in the crystal, the excess hole contribu

tion to the TSC conductivity v/ill not be significant under these lifetime 

conditions. These equations will be used as the basis for analysis of 

electron trapping phenomenon in insulators. 



CHAPTER 3 

TRADITIONAL METHODS OF TSC ANALYSIS 

The single trapping level, constant lifetime kinetics Eqs. (2-23) 

and (2-24), form the starting point for most of the methods presently 

being employed In analyzing TSC data. These equations are not treated 

completely but are generally solved in the two limiting cases of slow 

and fast retrappfng. 

In the limit of slow retrapplng, the occupied trap empties upon 

heating without recapturing any carriers. The process Is termed first 

order or monomoI ecu I ar recombination. The conditions that apply In this 

case are 

B, (N.-n. )«l/l . (3-1) 
t t t n 

Assuming that n«n^.( Randall and VMIkins (1945) and Haering and Adams 

(I960) found that the monomolecular case Is described by the equation, 

* 

(T 

cTSC(T) = nto'nei,nPtexp("l/b P.(T)dT) , (3-2) 
T T 
o 

where a linear heating rate, b, has been used and the integration carried 

out with respect to temperature. Tq is the temperature at the beginning 

of the heating cycle. 

In the case of fast retrapplng, carriers freed from traps have a 

higher probability of being retrapped by empty traps than of recombination 

20 
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This situation Is termed bimolecular or second order recombination, and 

the conditions that apply in this case are 

B.(N -n.)»1/1 . (3-3) 
t t t n 

In analyzing the bimolecular case, Haerlng and Adams assumed n<<n^. in 

Eq# (2-24) and n+Q/N+«l in Eq. (2-23) which resulted in an expression 

for the conductivity given by 

ntoPtCT)e^n aTcr(T) = TO T rn exp(-l/N+bl 

Vt 

T P+(T) 
_L dT) . (3-4) 

ToBtNt 

The general shape of a TSC curve is that of a slightly asymmetri

cal peak for both the monomolecular and bimolecular cases. Two normal

ized TSC curves, calculated for initial trap saturation are illustrated 

in Figure 2, 

The various methods of deriving trap depths and cross sections 

from curves such as those In Figure 2 observe different aspects of the 

TSC curve. The "initial rise" methods observe the slope of the TSC peak 

on the low temperature side. The method based on peak half width ob

serves the temperature at which the peak reaches one half maximum and the 

maximum temperature. The heating rate methods observe the temperature 

and magnitude of the TSC peak and Its shift with changing heating rates. 

The Initial Rise Method 

The Initial rise method due to Garllck and Gibson (1948) was 

historically the first method to be used. The basis of this method is 
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Figure 2. Typical TSC curves calculated for (I) first order and (2) 
second order kinetics. - (Ef = 0.60 ev, b = 0.25 °C/sec, 
nto/M+ = 1.0, CI) BtN+ln = I0~6, (2) Mt'n = lo3) 
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that on the low temperature side of the peak, the integral term in Eq. 

(3-2) is small and the ascending slope is of the simple form, 

*TSClT) = Const. exp{-E+/kT) (3-5) 

A plot of the logarithm of the conductivity versus (kT)"' yields the 

activation energy directly if the plot terminates below the peak. This 

holds for ail first order cases and the second order cases when the 

traps are not saturated initially. In the case of strong retrapplng 

with the traps Initially filled, the ascending slope is no longer simply 

related to the activation energy E^. by Eq. (3-5). This method may 

encounter difficulty because it uses data from the wings of the peak 

which are often not easily observed due to background from nearby peaks. 

Haake (1957) points out that the initial rise method is prone to error, 

due to the failure of the basic assumption that the integral term in 

Eq. (3-2) Is sma11. 

A variation of this method which is generally superior is called 

the decayed TSC method. This method requires a preliminary heating near 

the temperature of the TSC maximum which empties nearby lower traps and 

facilitates observation of the ascending part of the peak. This preheat 

also Insures that n+0/N1.«l which is required In strong retrapping cases 

for the ascending slope to give a measure of the trap depth. Bube et al. 

(1966) suggests that In some crystals the method of decayed TSC Is the 

most reliable In the determination of trap depths. 
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A method for the determination of E+ based on the peak tempera

ture and the temperature at half maximum is due to Grosswelner (1953). 

This method applies only to monomolecular processes and is again based 

on Eq. (3-2). The equations Grosswelner derived for E^ and B^. are 

•1.51 k Tm T. 
E+ = , (3-6) 

Tm"Tl/2m 

and 

= 3T|/2mb exp(-Et/kTn) _ {J_7) 

2NT (T -T,/9m) cm m I/2m 

Dussel and Bube (1967) have reviewed these results and suggest that the 

constant muItipiier, 1.51 in Eq. (3-6), should be about 1.41. These 

authors also conclude that the half width method is not a reliable ap

proach in the determination of trap depths and cross sections unless the 

character of the trap is previously known. A more detailed form of this 

method is due to Kelly and Laubitz (1967). 

The Heat i ng Rate Methods 

Another method which has been widely used is based on the fact 

that the temperature of the TSC maximum shifts to higher temperatures 

with increased heating rates. The original analysis is due independently 

to Booth (1954) and Bohun (1954). The analysis Involved differentiating 

Eq. (3-2) to find the condition for the TSC maximum and using tv/o 
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heating rates to arrive at an equation for the trap depth In terms of 

the temperature of the TSC maxima and the heating rates. The trap depth 

Is given by 

2 
E = ml m2 Inn ,blT m2 . , (3-8) 
+ «B| - Tm2, b2T2m| 

This value of E^ can be substituted back Into the condition for the TSC 

maximum to find the trap capture probability B^. as 

. B+ = bE+ exp <E+/kTm> . (3-9) 

N kT2 
c m 

This equation Is again limited to monomolecular processes since Eq. 

(3-9) Is derived from Eq, (3-2). 

A variation on the heating rate method was suggested by 

Hoogenstraaten (1958). This author suggested employing several heating 

rates and via Eq. (3-9) plot log (T2 /b) vs. (1/kT ) to obtain a 
^ r ae m m 

straight line slope equal to the activation energy E^. 

Another variation on the heating rate method is due to Haering 

and Adams (I960). They differentiated Eqs. (3-2) and (3-4) to find 

conditions for TSC maximum and Inserted the resulting expressions back 

Into Eqs. (3-2) and (3-4). They found the magnitude of the TSC maximum 

for both negligible and strong retrapplng to be 

«TSC(V = CoeX"(-Et/kTm " '> ' <3-|0> 

where CQ = n+QNcBi.yneln for first order cases and CQ = n+0Ncpne/Nt for 
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second order cases. The analysis then Involves measuring the maximum 

conductivity for several heating rates and plotting '°9e^xSC^Tm^ vs* 

(kTm)""'. The resulting slope v/i II give the trap depth energy E^., In 

arriving at Eq. (3-10) for fast retrapplng, it was assumed that traps 

were Initially not saturated. If the traps are initially highly popu

lated, Eq. (3-10) requires a correction term on the right hand side of 

(l-n+(T„)/M.) where n.(T ) is the trapped electron density at the tem-
T m t t M 

perature of the TSC maximum. Since the easiest InltlaJ conditions to 

reproduce are those corresponding to saturation, this correction is 

important. In this case the shape of the TSC peak is changed from that 

given by Eq. (3-10). However, the plot of l°9eo(Tm) vs. l/kTm still 

gives the trap depth if the correction term does not change signifi

cantly with the range of heating rates used to obtain the data for the 

plot. This was assumed to be true in the v/ork of Haerlng and Adams and 

Is shown by calculation in this work. This method yields information 

about E.J. for both mono- and blmolecular recombination. The method gives 

no information about the trap capture probability in the fast re-

trapping limit. 

The Quasi Fermi Level Method 

The last method of analyzing TSC data to be summarized is the 

quasl-Fermi level method (Bube, 1955). This method does not require 

repetition of the experiment as do the heating rate methods and makes 

use of the temperature and magnitude of the conductivity at the TSC 

maximum. This method depends on the traps maintaining a "quasi" 
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equilibrium with the conduction band during the TSC measurement. It Is 

then assumed that the trap depth coincides with the Fermi level at the 

TSC maximum. The conductivity is given by 

WV = NcOwn  exp<-Ef/kTm),  (3-11) 

where E^ is the energy depth of the Fermi level below the conduction 

band. Setting = E^, and solving for the trap depth gives 

E. = kT log (Nc CV . (3-12) 
T m ae 

°TSC{TmJ 

This approach assumes an "effective" thermal equilibrium between traps 

and the conduction band and is, therefore, not applicable to monomote-

cular cases. Several papers have commented on the large errors possible 

with this method if it Is incorrectly applied to non-retrapping cases 

(Nicholas and Woods, 1964; Haering and Adams, I960). 

Although there are minor variations on the four previous methods 

which were not considered above, the basic methods are the four sum

marized in the text. The limitations of these methods are examined and 

a generalized approach to TSC analysis Is given In Chapter 4. 



CHAPTER 4 

GENERALIZED TSC ANALYSES 

In the preceding discussion of the basic methods of TSC analy

sis, It is apparent that no single method gives complete information in 

the general case. Although the heating rate and initial rise methods 

can give information about the trap depth without prior knowledge of the 

retrapping rate, the same is not true with regard to the trap capture 

probability, Neither analysis has yielded an expression for 

without requiring mononiolecu lar kinetics to occur, It has also not been 

shown that the heating rate method applies equally well to the interme

diate retrapping cases as it does to the limiting cases of negligible 

and fast retrapping, Finally, there has been no general expression 

given for the TSC curve that applies to arbitrary retrapping rates and 

initial trap saturation levels. It is the purpose of this section to 

provide a general analysis which can provide information about and 

B.J. regardless of retrapping rates and the initial conditions of the 

traps. The equations derived will provide a basis for determining the 

relationships between, and the assumptions of, the current methods of 

TSC analysis. 

The general kinetics Eqs. (2-23) and (2-24) are ordinary, first 

order, non-linear differential equations that have no general analytic 

solution. In high resistivity crystals the conduction electron density 

28 
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Is much less than Implying that n<<n^.. The equations are reduced by 

these physical considerations to 

n = -'nn+ (4-1) 

and 

n. = B,n(N. - n) - n P , (4-2) 
t t t t t t 

where n does not Include the dark conduction electron density. A solu

tion to these equations has been obtained by Dussel and Bube (1966) by 

putting the equations in a form amenable to direct Integration in terms 

of a parameter x = P^/B^n. The Initial conditions required are not 

strafghtforward and solutions are obtained as implicit functions of x 

in the final equations. Although the assumptions of several methods of 

analysis were examined, no new method of analysis was found. 

To arrive, at solutions which can be more read!ly utilized in 

TSC analysis, Eq. (4-2) is cast into the form 

n+ = -Q(T)n+ , (4-3) 

where Q(T) is a function of temperature, the form of which Is to be 

determined. Solving Eqs. (4-2) and (4-3) for the function Q(T) results 

in 

Q(T) = P+(T) - B+n(N+/nf - I) . (4-4) 

The form of Eq, (4-4) suggests that the function Q(T) can be interpreted 

as a thermal emission probability similar to P^(T), but reduced by a 
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term proportfonal to the amount of retrapping which occurs. This Intro

duces the concept of reduced or "effective" thermal emission probability 

(ETEP), Q(T), which Is the basis of the general analysis of this sec

tion. It Is required that Q(T) reduce In the limits of slow.and fast 

retrapping to expressions that are consistent with the known solutions 

In these limits given by Eqs. (3-2) and (3-4). These limiting functions 

are 

Q(T) = P^.(T) (slow retrapping limit) (4-5) 

Q(T) = P+(T)/(B+N+ln> (fast retrapping limit)(4-6) 

It Is convenient at this point in the development to define a 

parameter, 

Z = B.N.I , (4-7) 
+ t n 

which will be termed the retrapping parameter. If Z Is less than one, 

the probability of recombination Is greater than capture by empty traps 

giving rise to monomotecular kinetics. If Z is greater than unity, the 

opposite situation occurs and the kinetics are blmolecular. Z wiI I be 

used as a convenient way of characterizing the kinetics of trapping 

levels. 

The solution to Eq. (4-3) is obtained by transforming the Inde

pendent variable from time to temperature assuming a linear heating 

rate b. The solution Is 



n,(T) = exp(-i/b 
t TO 

Q(T)dT) , 
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<4-8) 

where n^o is the trapped carrier density at T = To and T - TQ + bt. 

Substituting Eqs. (4-3) and (4-8) into (4-1) results in a general expres

sion for the thermally stimulated conduction electron density which is 

r 

T 
n(T) = n+0lnQ(T)exp(-J/b Q(T)dT) . (4-9) 

Repeating these substitutions for Eq. (4-2) gives a second equation for 

n(T). 

n(T) = 
P+(T) - Q(T) 

(4-10) 

B^.{ (N^./n^.0)exp( I /b Q(T)dT) - 1} 

Eliminating n(T) between Eqs. (4-9) and (4-i0) yields an expres

sion for Q(T) in terms of P^.(T), Z, and n^/N^ which Is, 

QCT) = 
P^ (T) 
t ( 4 - 1 1 )  

t+Z{ i-n^.o/N^.exp(-l/b 
T 

Q(T)dT)} 

Examination of Eq. (4-1 I) shows that QCT) reduces to the desired expres

sions of Eqs, (4-5) and (4-6) in the limits of negligible and fast re-

trapping for non-saturated traps. In addition to these limiting cases, 

this approach aiso gives information about the Important intermediate 

case occurring when Z is approximately one. This intermediate form which 

contains both limiting expressions is 
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OCT) = P (T)/(l+Z) . (4-12) 
t 

The actual solution of Eq. (4-11) Inserted Into Eq. (4-9) or (4-10) 

gives the desired general solution of the TSC curve for arbitrary re-

trapping and initial trap saturation. This form of the general equation 

has several advantages, it requires a very straightforward initial 

condition, namely n^/N^, which is unity In the desirable case of Initial 

trap saturation. Since integrals Involving exp(-E^,/kT) functions often 

cannot be expressed in closed form, TSC solutions are generally not 

analytic, but this particular form is easily visualized and results in a 

general expression when n^.0/N^.«l. These basic equations are solved in 

a variety of cases in the next section to examine the range of validity 

of some current methods and to develop a more general approach to TSC 

data analysis. 

Calculation of General TSC Curves 

The solution of Eq. (4-11) inserted Into Eq. (4-9) gives the 

solution of the thermally stimulated current. The computation of the 

TSC curves involves obtaining the solution to Eq. (4-11) in terms of Z, 

n-j.0/Nf and b. Examination of this equation shows that It is of the 

general form x = f(x) which is amenable to solution by a straightforward 

iterative procedure of the basic type, 

Qn+,(T.) =• f(Qn(T.)) . (4-13) 

The conditions of applicability of this procedure, the convergence 

criteria, the form of the Initial guess for Q(T), and the interpolation 



33 

technique for increasing the rate of convergence are described in detail 

fn Appendix t3, Numerical solution of the thermally stimulated carrier 

density via Eq. (4-11) required about three seconds for one problem on 

the CDC 6400 computer. The rapid solution possible with the ETEP equa

tions permitted several hundred cases to be run in order to determine 

basic characteristics of the JSC curves. 

The results of these calculations showed that QCT) transforms 

smoothly between the known limits of negligible and fast retrapping. 

The decrease In the effective thermal emission probability caused by 

retrapping is shown in the "S" shaped curves of Figure 3. For Initially 

saturated traps, each case begins as a non-retrapping case. With in

creasing temperature the effective thermal emission probability decreases 

to its limiting value, P^.(T)/(Z+I), The result of partially filled traps, 

such as occurs with the decayed TSC method, is to lower the T = TQ 

intercept. With n|0/N^.<<l, QCT) assumes the limiting form of P|(T)/(I+Z) 

from the beginning of the heating schedule. 

Examples of TSC curves were calculated using the ETEP formulation 

for the following ranges of trap parameters, 

(0.2 < E+ < I.5) ev 

do"'7 < B.J. < I0"6> cm^/sec 

do"6 < Z < I05) 

Typical of the results of these basic calculations are the curves shown 

in Figure 4. These curves of thermally stimulated carrier density are 

generated for the same trapping level but for various heating rates and 
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Initial trap saturations. The shi-ft in the peak TSC temperature, which 

is the basis of the heating rate methods, can be seen in the curves I 

through 3. Curve 5 is identical with 4 except that the traps have been 

partially emptied. For traps characterized by Z greater than unity the 

ascending slope changes with n^.0/N^., making the initial rise method of 

Gar lick and Gibson inapplicable in these cases, as illustrated by curves 

4 and 5. 

AppIication of the Genera I Equations 

The most accurate data obtained for a TSC experiment, particu

larly in very low conductivity crystals, is from the region of the TSC 

peak. If the analysis is to be carried out on traps of unknown char

acteristics, it would be helpful to reduce Eq. (4-1 I),and therefore, 

Eq. (4-9) to the simplest, general form in this region. This can be 

achieved by observing that the integral terms in Eqs, (4-9) and (4-11) 

are not sensitive to the trap parameters at the maxima. This result 

can be anticipated by means of an approximate analytic integration of 

Q(T) from T0 to Tm. Changing the variable of Integration to x = E+/kT 

and assuming n^.0/N^« I, the integral takes the form, 

<0 Hc BtEt e*P (-x)dx T Q(T)dT = 

To xm bk x2 
(4-14) 

*? y 
Substituting l/x^ for l/x from Eq. (4-23) which is developed in the 

next section as a general form of the condition for the TSC maxima, and 

carrying out the Integration over x, shows that the Integral of 
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Eq. (4-11) is unity. 

T 
I = l/b 
m 

m Q(T)dt = I for n+0/N.«| . (4-15) 
T 'o 

Over 300 cases were run to determine exactly the magnitude of this term 

in the general case. These calculations showed that 1 is near unity 

for all physically feasible situations. It is virtually independent of 

E^ and b, and only weakly dependent on Z and B^,. It is also valid for 

the cases with n^.0/N^ = I, which is a desirable result since these are 

the easiest initial conditions to use experimentally. The importance of 

the constancy of I is that Eq. (4-11) can now be simply but generally 

expressed at the TSC maxima as 

Q(Tm) = P+(Tm>/(l + ZR) (4-16) 

where R = l-n+0/N+exp(-lm> = <N+-n+(Tm>)/N+ , (4-17) 

T, 

T 

and I = l/b 
m 

m Q(T)dT . (4-18) 

The ranqe of values of I and R as determined from actual calculation 
m 

were (0.84 < I < 1.04) and (0.57 < R < 0,65). Figure 5 shows a set 
m 

of calculations for a trap depth of 1.00 ev and a range of and Z 

which Illustrates the weak dependence on these parameters. Virtually 

identical curves were obtained for trap depths from 0.2 ev to 1.5 ev. 

Figure 5 shows that the intermediate cases (10"' < Z < 10) display more 

variation In R and lm than the cases of fast retrapptng and negligible 

retrapplng. This means that the "universal" TSC curve of Haerlng and 
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Adams (I960), where I = I resulted from Eq. (4-15), is not as accurate 

in the Intermediate cases as It Is In the limits. The inaccuracy, how

ever, does not affect the calculation of trap depth but does affect 

the capture probability, B^. All results from trap depths from 0.2 ev 

to 1.5 ev were bounded by the envelope marked upper and lower param

eter bound. The accuracy in lm is ~ +_ 0,03 in most cases calculated. 

conditions to be written for TSC maxima that greatly extend the range 

of application of the known heating rate method, the maximum conducti

vity method, and the quasi Fermi level approach. These more general 

ETEP conditions are developed in the next section. 

Generalized Known Heating Rate Method 

which was limited to first order kinetics can be derived from Eq. (4-9). 

Differentiating and equating the result to zero to find the condition 

for the TSC maxima yields 

m 

This simplification in the ETEP equations allows very general 

A general derivation of the known heating rate method of Booth 

{dQ(T)} 

dT J=J 
(4-19) 

b 
m 

Differentiation of Eq. (4-11) gives 

dQ(T) 

dT 

dP+(T) i O^(T) 3 
_ QCT)c—I—)(_J—j = 5Li!i-Q3(T) ( 

dT P+(T) b 
(4-20) 
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Substitution of Eq. (4-19) into (4-20) results in 

2 h dP+(T) 
<f{T ) = —£„ (—I j (4-21) 

m I + Z dT T=T 
m 

2 
Eliminating Q (Tm) by use of Eq. (4-16) yields a general expression for 

the known heating rate method, 

dPf(T) i+7 2 
b ( "jT ) = < ' ̂  P+ (Tm) . (4-22) 

dT (I+ZR) T 

Substitution for P^.(T) = NcB exp(-E^./kT) in Eq. (4-22) results in the 

equation 

E+ NcBfkTZm(l+Z) 
= loge ( 2 > * (4-23) 

kT
m bE,(l+ZR) (t +3/21kT /E+)) 
m t mT 

This equation reduces to the equations for trapping parameters in the 

retrapping limits given by Booth and Haering and Adams in Chapter 3, 

Eqs. (3-9) and (3-10). Using two heating rates to eliminate and Z 

gives 

^ j7/2 M a. 
,T 0 2 mi u + ~2eT" 

E - ml m2 log { —} (4-24) 

+ Tm2-Tm, b.T7/,2 , 3kTml 
1 i m2 (| + —) 

't 

The difference between Eq. (4-24) and Booth's original derivation, Eq, 

3/2 
C3-8), is due to the T temperature dependence of N not being 

V 

accounted for in the original work. This equation is independent of Zt 

and therefore, may be used to determine trap depths under any retrapping 

conditions. To determine B^, E^. must be substituted Into Eq. (4-23). 
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A small error in will greatly reduce the accuracy of determined in 

this way since it is Involved in the exponential term. 

The validity of Eq. (4-23) when using a single constant value of 

R was checked by comparing actual calculations of Tm to values derived 

from Eq. (4-28). In all cases agreement was within \% of the actual 

value and considerably better if B^. was not extremely small. 

Generalized Maximum Conductivity Method 

Haering and Adams (I960) used the approach of inserting the 

condition for the TSC maxima back into the TSC equation to arrive at an 

equation in the form of a(T) - Coexp(-E^./kTm-1) for both limits of 

retrapping. If this procedure is applied to the ETEP equations, the 

expression for the maximum conduction electron density is 

nm = N Z/(l+ZR)(nto/N+)exp(-E+/kTin- IS) . (4-25) 
I Z 

The procedure for calculating E^. and the accuracy of E^ remain unchanged 

from the original derivations. Since Z, and therefore B^, cannot be 

explicitly determined from this equation, when R = I.0 or Z > 1.0, it is 

not convenient for determining B^. in intermediate retrapping cases. 

Generalized Quasi Fermi Level Method 

The quasi Fermi level method Eq, (3-10) is probably the simplest 

method to apply and requires no repetition of the experiment. Unfortun

ately, it applies strictly to fast retrapping cases only, although it 

has been used with questionable results in other cases (Nicholas and 
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Woods, 1964), The ETEP equations yield a general expression similar to 

the quasi Fermi level equation v/hlch will be termed the general quasi 

Fermi level equation. It wl11 also contain the Haering and Adams heat

ing rate method when taken to the limits. The equation is derived by 

eliminating Q(T) from Eqs. (4-9) and (4-10) and substituting Eq. (4-16) 

into the result. The resulting expression is 

• . . n = N_exp(-E./kT ) f(Z,R) , (4-26) 
m c t m ' * 

where f(Z,R) Js defined by 

f(Z,R) = Z(I"R) = (^tO) exp(-l ) . (4-27) 
l+ZR l+ZR N+ K m 

Equation (4-26) contains both the maximum conductivity and the quasi 

Fermi level methods. Table I shows the reduction of f(Z,R) to the 

limiting expressions which result in these other methods. All methods 

give the same value of E+ when plotting loge(nm) vs. (kTm)~', The quasi 

Fermi level method can give poor results if Eq, (3-12) is used to deter

mine E^ in monomolecular or Intermediate cases. As a means of compari

son for the methods which utilize the maximum conduction electron 

density, Figure 6 compares actual calculated values with those deter

mined directly from analysis. 

Calculation of Trappi ng Parameters 

The trap density, N^., has not appeared explicitly In the TSC 

analysis. It is generally involved in, Z = N^B^.In, and always appears 

In the product of N^.ln. The lifetime, therefore, of the material must 
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Method Z R lm f(Z#R) Equation 

Maximum Conductivity <1 0.63 1.0 Z exp(-l) (3-10) 

(Haering and Adams) >1 1.0 1.0 exp(-l) 

Maximum Conductivity Z R nto _ . . . (4-25) 
I+Z jg— Z expt-lfn) 

(General ETEP) 

Quasi Fermi Level >! 0.5 0.693 I (3-11) 



/ 

RETRAPPINS RATE (Z) 

Figure 6. The conduction electron density at tho TSC maximum. - Curve 
(I) is the general quasi Fermi level method v/hich is iden
tical to actual results, (2) is tfye general maximum con
ductivity method, (3) is the quasi Fermi level method (4) 
and (5) are the Haering and Adams equations for the slov/ and 
fast retrapping limits respectively. (E+ = 1.0 ev( n+0/N+ = 
1.0, b = 0.25 °C/sec) 
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be established before or B^. can be determined. In order to calculate 

B.J. from Z, as determined from the TSC equations, N must be knov/n from a 

separate calculation. This calculation for determining N^. results from 

Eq. (4-1). 

Trap Density 

Since n(T) is knov/n from experimental TSC curves, a direct inte

gration of n(T) from Eq. (4-1) gives the total trap density: 

N+ = l/bln 
Tf 

n(T)dT = 

To 

Tf qtsc(T)dT _ F 

b'ne ^n 

OTCp (t )dt 
C — ,(4-28) 
cr 

v/here T^ is an appropriate temperature sufficiently higher than Tm to 

include all traps which empty, This equation can be applied to the 

entire TSC curve or to individual peaks in the data. 

Capture ProbabiIity 

The calculation of the trap capture probability for carriers, B^., 

from TSC data determines the capture cross section of the trap, S^, by 

the definition, = S^,v, where v is the average velocity of the free 

carrier. The assumption made in the analysis of Chapters 3 and 4 that 

B^. = const, implies by the definition that S^. is proportional to v 

Although a coulomb attractive defect center v/ould shov/ a stronger velo

city dependence, this is a reasonable variation for normal uncharged 

centers, since coulomb attractive cross sections are generally much 

larger than those measured for trapping imperfection levels (Bube, 1960, 

p. 61). In the formulation of this Chapter, B-j. is generally involved 
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In Z. Since In most TSC calculations the lifetime is known, N^. can be 

calculated by this analysis and a determination of Z then gives 

The most general expression for the capture probability is de

rived from Eq. (4-26), the ETEP quasi Fermi level equation, which is 

valid for any retrappfng rate, 

. Z"'..= (l-R)(Nc/nm)exp(-E+/kT) -R . (4-29) 

Since this expression involves the difference of two quantities, it is 

not reliable for very large Z. The general known heating rate, Eq. 

(4-23), gives an expression of similar validity for when R is near 

unity, 

i N^kl2m 
B+ = C )(1+3/2 kTm/E.) exp(-E./kT ) - N+l . (4-30) 
T Dt̂ . fit T • m 1 m 

The monomoiecular approximation for both of these equations involves 

dropping the last term of the expression. The capture probability can 

be determined from the known heating rate method without knowledge of 

the trap density or lifetime in this case. Although the experimental 

usefulness of Eqs. (4-29) and (4-30) is limited to intermediate Z, these 

expressions do provide a theoretically sound estimate of B^. for all Z 

which has not been previously available. Other expressions for have 

theoretically been applicable only to monoijiotecu lar or low Z traps 

(Nicholas and Woods, 1964). 

Finally, an estimate of B^. may be made from the rate of trap 

filling. As derived In Appendix A, Section 2, this expression is, 
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B = I n{(I-x)/(I-y)} e\i /a , (4-31) 
T (f - f ) n X 

y 'x' 

where t and t are the irradiation times to fill x and y fractions of 
x y 

the trap. This expression is approximate due to the difficulty in accu

rately determining the fraction of traps filled. In high Z cases, how

ever, it provides a reasonable estimate of large B^. traps which cannot 

otherwise be obtained. 

Another parameter of interest is the capture probability of 

recombination centers. If a trap empties by a second order process, 

Boer, Oberlander, and Voight (1958) have shown that an estimate of BRn 

is given by 

Bn = bE./(n kT2 ) . (4-32) 
Rn t m m 



CHAPTER 5 

EXPERIMENTAL APPARATUS AND PROCEDURE 

The measurement of currents resulting from thermal stimulation 

of a previously excited material required the construction of a special 

apparatus. Equipment used for low temperature work is generally termed 

a cryostat and must provide suitable environment over a range of con

trolled temperatures from approximately I50°K to 700°K. The samples had 

to be held at low temperatures for extended periods of time to allow time 

for x-ray Irradiation through an x-ray window in the cryostat. Since TSC 

measurements are usually performed under conditions of linear heating 

rates, the cryostat required an easily controlled heater capable of en-

-13 
during frequent cycling. Current measurements In the range of 10 am

peres necessitated extremely good signal isolation in order to minimize 

the effects of leakage currents. Shielding of the signal circuit had to 

be complete since virtually any noise pickup masks the low end of the 

current measurements. This Chapter describes the variable temperature, 

x-ray cryostat which was constructed to meet these experimental require

ments. 

Cryostat 

The cryostat consisted of two sample contacts surrounded by a 

D.C. resistance heater and reflector assembly enclosed In a vacuum shroud. 

A liquid nitrogen reservoir formed one sample contact support to allow 

48 
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cooling of the sample. The entire cryostat utilized 304 stainless steel 

in its construction because of its excellent low temperature properties. 

The basic components of the cryostat are shown In Figure 7. 

The sample is held firmly by two aluminum contacts (4) and is 

electrically Isolated by the glass tube support (7) and the mica pad (6). 

The heater (3) was wound from 22 gauge nichrome wire on Vycor tubing and 

could be rapidly cycled without damage. The reflector (2) also forms 

the support for the upper sample contact white the reservoir (9) forms the 

lower support. The x-ray beam is admitted through 0.010 inch thick alum

inum window (8). Cooling of the sample down to the region of 200°K for 

x-ray irradiation was facilitated by the presence of helium gas in the 

system. The system was initially pumped down to about a 10 micron vacuum 

and the system closed off with a vacuum valve. Helium was drawn into 

the system by opening another valve leading to a surge tank connected to 

a pressurized gas bottle. Liquid nitrogen was then added to the reser

voir and kept full until the desired temperature was reached. The system 

was again pumped down and the sample Irradiated. A photograph of the 

complete assembly is shown in Figure 8. 

Temperatures were monitored by a copper-constantan thermocouple 

imbedded in the aluminum contacts. The cooling period to reach tempera

tures of about 200°K was about 10 minutes and required about 2 liters of 

liquid nitrogen. After the coolant was drained and the system was pumped 

down, the average sample temperature would Increase approximately 

0.7°/minute. This allowed adequate time for the irradiation, typically 

15 minutes, without significant sample warmup. Following irradiation, 

the heater was turned on and the sample heated to about 650°K. The 
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(2) (3) (4) (6) 

X-ray 
Target 

( 8 )  (9) 

Vacuum Valve 

He Iium 
Supp ly 

Pump and Cold Trap 

(1) Outer Vacuum Shroud 
(2) Heater Reflector 
(3) Resistance Heater 
(4) Aluminum Contacts 
(5) Sample Disk 

(6) Mica Insulating Pad 
(7) Glass Tube Contact Support 
(8) X-ray V/indow 
(9) Liquid Nitrogen Reservoir 

Figure 7. Schematic diagram of variable temperature x-ray cryostat. 



Figure 8. A photograph of the equipment. Reservoir and 
reflector assembly are shov/n (top) v/ith vacuum 
shroud. 

I 
i 



Figure 8 
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used a Power Designs Inc. high current D.C. power supply and could 

produce sufficiently linear heating rates from 0,60°C/sec at a power 

Input of 250 v/atts down to the lowest practical heating rate of about 

O.IO°C/sec. A typical heating cycle is shown in Figure 9. The first 

segment of the heating cycle was generally non-linear since the heater 

required about 3 minutes to reach equilibrium temperature. Adequate 

linearity, however, could be achieved before room temperature was 

reached. 

A primary concern in designing the cryostat was the prevention of 

leakage paths around the sample. The high tmpedence side of the signal 

circuit utilized an Advac ruggedized cable end which was adequate for 

both Isolation and thermal cycling purposes. Feedthroughs were placed 

near the liquid nitrogen reservoir so that the feedthrough insulator was 

always as cold or colder than the sample material. The possibility of 

leakage paths in thermocouple signal leads also meant that it would be 

desirable to mount thermocouples on only the low impedence side of the 

sample during actual measurements. Calibration curves were run to deter

mine the difference In the temperature of the two contacts during the 

experiment. On cooling the reservoir contact coots somewhat faster since 

it is In closer proximity to the liquid nitrogen supply. After the 

liquid nitrogen supply Is exhausted, the contacts come into equilibrium 

v/ith each other and heat up at the same rate to within O.I°C/min. Warm

ing rates were measured with copper-constantan thermocouples on each 

contact to determine a procedure to assure uniformity of temperature at 

the beginning of the heating cycle. Under vacuum and with the reservoir 

empty, the reservoir contact and the upper contact warmed at rates of I.I 



53 

700 

600 

500 

o 

LU 
cc. 
ZD 

% 
LU 
CL 
£ 
LU 

400 

300 

200 

i00 

Coo 1i ng • 
Period 

S— — 

Irradiation 
Period 

r— —) 

Room Temper 

/ 

/ Linear 
/ Range f 
/ TSC Me. 

Heati ng 
or 
;surements 

V S— — 

Irradiation 
Period 

r— —) 

Room Temper 

> •" / 

•ature/ 

/ Linear 
/ Range f 
/ TSC Me. 

J 

10 20 30 

TIME (MINUTES) 

40 50 

Figure 9. Representative heating cycle for thermally stimulated 
current measurements. 
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and 0.3°C/min., respectively. Utilizing these calibration rates a uni

form procedure requiring about 20 minutes was adopted v/hich limited 

errors to 2 - 4°C during the heating period and 3 - 6°C at'the beginning 

and end of the measurements. The differences result in maximum errors of 

about I.0# in the absolute temperature and heating rates. 

1 
The vacuum system consisted of a mechanical fore pump and oil 

diffusion pump with a cold trap. Under any conditions except the final 

stages of heating the pressure was generally less than 5 x 10**^ mm Hg. 

The outgassing which accompanied the final stages of heating caused pres-

_5 
sure increases up to 5 x 10 mm Hg for short periods of time. 

Current Measurements 

The basic data required In TSC measurements are the current flow 

through a previously excited material under known heating conditions. 

These data are obtained by subtracting the curre'nt flow without a prior 

Irradiation from the results of a TSC experiment. The effect of surface 

and stray leakage and conduction through gases is thereby eliminated from 

the TSC data. These effects will influence the interpretation of the 

dark conductivity but not the analysis of the TSC data. These measure

ments are difficult when the sample Is an extremely good electrical insu

lator such as Is the case with alumina or beryl Iia. The minimum isola

tion resistances of critical components must be of the same order of 

magnitude as the sample resistance to prevent shunting of the sample. 

Shielding of all components Is also nccessary since virtualiy any pickup 

from nearby electric fields v/I I I mask the small currents at the lower 
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temperatures. A block diagram of the current measuring circuit is shown 

in Figure 10. 

The current measurements employed a Keithly 602 solid state elec

trometer, capable of detecting currents as small as I0~'4 amperes. The 

602 electrometer has a triaxlat Input which facilitates shielding of the 

signal. Noise in the circuit due to extraneous causes was generally 

-13 -13 
around 10 amperes so no data were taken beiow iO amperes. In this 

range the Keithly 602 was stable and showed only limited meter fluctua

tions on the order of two to five percent of full scale. Low capacitance 

Microdot shielded cable was used in the current circuit. All signal . 

leads v/ere completely enclosed in the continuous shield. Both the low 

impedenco side of the signal and the shield were grounded to an earth 

ground at the same point in the circuit (Morrison, 1967, Chapter 4). 

The thermocouple leads were also shielded with this continuous shield 

and the temperature readings were read out on a Bristol strip chart 

nu11-recorder. The current readings v/ere taken on a Westronlcs strip 

chart recorder. The potential across the sample was provided by a 45 

volt battery which was also fully enclosed In the shield. The resist

ance heater pov/er supply was a well regulated high current D.C. unit. 

There was no evidence of any continuous pickup from the heater, but ran

dom meter fluctuations v/ere Increased In the lower current ranges with 

the heater on. A continuous background current was apparent that was 

caused by gaseous conduction. The lowest vacuum atalnable, 10"^ mm Hg, 

did not avoid this effect at the higher temperatures. These background 

currents do not affect the results of TSC measurements since the back

ground current Is always subtracted from the TSC data by successive 
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Ke i +h1y 602 
Solid State Electrometer 
With TriaxiaI Input 

To Thermocouple 
To D«C« Heater Nul1 Recorder 
Power Supply 

Samp t e 

Heater Cryostat 

ThermocoupIe 

L_.J 

45 Volt Battery 
Shielded 
Signal Leads 

Earth Ground 

Figure 10. Block diagram of circuit 
conductivity data. 

components used in taking 
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measurements. However, this background current does make the procedure 

of subtracting the dark current more difficult, and is a source of un

certainty that can affect the errors incurred in the TSC parameters. 

Additional errors can result from polarization of the specimen during 

the heating cycle. 

The experimental procedure did not require measurements to be 

made during the irradiation with x-rays and none of the solid state 

equipment was exposed to a radiation field at any time. The x-ray 

source for the experiment was the University of Arizona I MeV Electron 
* 

Accelerator utilizing a gold target. The accelerator was generally run 

at 1,0 MeV with a beam current in the range of 4.5 milliamps. This 

corresponded to a dose level of about 1.8 x 10 R/hr. in the sample 

position. Typical irradiation time was about fifteen minutes. The sig

nal leads were shorted during irradiation, to minimize any initial 

polarization effects. 

Samp Ie Materials 

The material of primary interest in this investigation is poly-

crystalline alumina, AI2O3. This material has received the most atten

tion for application as an electrical insulator in nuclear power 

systems. A high purity alumina, 99.9$, made by the General Electric 

Company under the trade name of Lucalox was obtained for this experiment. 

This material is a fine grained alpha phase semi-transparent alumina. 

These samples were in the form of thin disks about 0.75 inches in diam

eter. As a comparison, a single crystal sapphire, AI2O3 was obtained 

from the Adolph Meller Company. Another metal.oxide material of interest 
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is beryl Iia, BeO. A sample of 99.8& purity from the Brush Beryllium 

Corporation was obtained to determine if general trapping parameters 

were similar for the two materials. 

Contacts to the sample materials were made by vapor deposition 

of a metal onto the cleaned surface of the specimens. Samples were 

cleaned by immersion in an acetone and methanol bath in an ultrasonic 

cleaner. The samples were placed in a metal mask which exposed only a 

circular area in the center of the sample to the filament. The material 

used for contact to the alumina and sapphire specimens was gold which 

was the procedure followed by Huntley and. Andrews (1968) for sapphire. 

The contact material for the BeO sample was copper. The vapor deposition 

was performed in a vacuum of about 5 x 10~^ mm of Hg using a tungsten 

filament. Although the contacts appeared to be well attached to the 

polycrystaIIine specimens, the attempts to make contact to the sapphire 

were not fully satisfactory. Such a difficulty in making reliable 

electrical contacts to sapphire has been observed previously by Hochuli 

(1964). The contact metals were chosen so that the work function of the 

metal is smaller than the work function of the substrate material. These 

conditions, as outlined In Bube (I960) tend to avoid rectifying contacts. 

The relevant work functions for AI2O3 and BeO are 4.7 ev and 3.8 - 4.7 ev, 

respectively, while gold and copper have work functions of 4.3 and 4.4 

ev, respectively (Fomenko, 1966), A summary of all samples used is given 

In Table 2. 
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Table 2. Sample Materials 

Sample Type 
And Number 

Shape and " Contact Material Supplier 
Diameter Thickness And Diame+er 

#1 
PolycrystalIine 

A12O3 
(LucaI ox) 

0.752" 
Di ameter 
Disk 

0.019" Au 0.44" Genera I 
Electric 
Company 

n 
PoIycrysta tIi ne 

AI2O3 
(LucaIox) 

0.752" 
Diameter 
Disk 

0.021" Au 0.44" Genera I 
Electric 
Company 

Single Crystal 
Al203 
(Sapphi re) 

0.500" 
Diameter 
Disk 

0.010" Au 0.25" Adolph 
Meller 
Company 

Beryl Iium 
Oxide 
BeO 

0.626" 
Diameter 
Disk 

0.061" Cu 0.25" Brush 
Bery11i um 
Company 



CHAPTER 6 

RESULTS OF TSC MEASUREMENTS 

Thermally stimulated current experiments were performed using 

several samples of metal oxide materials. The results of these measure

ments showed generally that these materials have a distribution of im

perfection levels In the forbidden band which function as carrier 

trapping centers. This was apparent from the presence of several peaks 

appearing in the conductivity versus temperature curves obtained by 

heating the material following x-ray irradiation at low temperatures. 

General Characteristics of TSC Results 

The general form of these curves is a series of TSC peaks which 

arise from the emptying of discrete trapping levels. These peaks are 

accompanied by a background TSC current resulting from states which have 

a fairly even distribution in energy. The final TSC data were the result 

of subtracting the current observed without prior irradiation from the 

current observed following x-ray Irradiation, The current measurements 

are related to the conductivity of the material by the relation, 

a = cJU | (6_|) 
V A  

where h is the sample thickness, A is the area of the sample contact, V 

is the voltage across the sample, and I is the measured current, flow 
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through the material. The total current, the unirradiated or dark cur

rent, and the resultant TSC curve obtained are shown for a typical TSC 

experiment performed on polycrystal I ine A12^3 sample 112 in Figure II. 

The dark current was measured before and after each set of TSC experi

ments. This current was least squares fit with several exponentials 

over successive ranges of temperatures. The constants of the resulting 

fit were used to describe the current without irradiation when subtract

ing it from the total current. These constants are tabulated in Appen

dix C for each material. The fitted constants correspond to activation 

energies in the range of 0.5 ev. Since the dark current included any 

stray leakage currents as we I I as any contribution due to gaseous con

duction, no attempt v/as made to Identify this fitted constant with the 

donor activation energy. 

-^Several runs were performed on each sample and results were 

reproducible. The spectra of trapping levels for different materials 

was unique for each sample although the two polycrystaI I ine AI7O3 samples 

did have one TSC peak in common. Mo other peaks could be Identified as 

arising from the same source. The maximum conductivities Involved are 

on the order of 10"'3 (ohm-cm)"' with general trap densities of approxi-

!7 ^ 
mate Iy 5 x 10 cm" . 

The detailed analysis of these curves required knowledge of seve

ral basic parameters. These parameters are the carrier effective mass, 

the carrier lifetime, the carrier mobility, and the conductivity Induced 

by photon Irradiation. These quantities are usually considered to be 

known prior to a TSC experiment, but in the case of many metal oxide 

insulators, these paramteres are not well known. The radiation induced 
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Figure II. Conductivity data resulting from heating an irradiated 
AI2O3 specimen at l9°C/min.-The TSC curve is run #5 of 
sample #2. 
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conductivity has been investigated by several experimenters, and has 

been found to be somewhat insensitive to temperature and material type. 

Hunt ley and And rev/s (1968) found ax to be in the range of !0~'^ - 10"'® 

(ohm-cm R/hr)-' for sapphire and about 2 x 10"^ in polycrystal I ine 

AI2O3. Vul (1962) observed a value of 2 x 10""^ in mullite, and results 

— I q 
from Dau and Davis (1965) suggest a value of 5 x 10 . A value of 

~ IQ 
5 x 10 was used in A12*^3 which accounts for the observed results. 

The effective carrier mass in A^O^ has not been well defined. 

Based on electron tunneling effects in thin films of A^Oj, Hartman 

(1964) suggests that it is about equal to the rest mass of a free elec

tron. This argument is supported by Meyerhoffer and Ochs (1963) for all 

large band gap materials. The carrier lifetime and mobility are also 

not v/ell known quantities. Estimates of the mobility range from 0,05 

to about 1.33 cm^/voit sec (Appendix A). Carrier lifetimes are generally 

thought to be smaller than 10"^ seconds. These analyses of Chapter 4 

and Appendix A provide a means of calculating these parameters from TSC 

data and these calculations will be carried out for polycrystaI Iine 

^'2^3* resu'"''s "t"he TSC experiments on AI2O3 will be presented 

in the next section with a detailed analysis of these data. 

ExperimentaI TSC Curves 

The principal material investigated in this experiment was 

Lucalox, a polycrystalIine AI2O3 of 99.9% purity. Several TSC curves 

were obtained for tv/o samples which gave generally similar results. A 

summary of the experiments performed on sample H\ are given in Table 3 

and a typical TSC curve for this sample Is shown in Figure 12. The 
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Table 3. Summary of TSC Experiments on Polycrysta111ne AI2O3 
Samp Ie #I. 

Maximum 
Heating Conductivity Maximum 

Total Dose Rate (ohm-cm)"' Temperature 
Run Roentgens (°K/sec) 10**'^ (°K) 

8\ 45-kR 8.0 1.41 266 
(15 min.) 14.8 3.35 437 

12.5 7.2 596 

in 45 kR 13.0 1.95 277 
(15 min.) 26.7 3.96 451 

24.9 15.7 610 

n 45 kR 10.6 1.64 270 
(15 min.) 20.5 4.41 445 

16.9 10,7 602 

15 kR 10.0 0.86 265 
(5 min.) 18.9 3.26 449 

18.2 9.8 599 

#5 5 kR 9.8 0.39 268 
(1.67 min.) 19.6 1.86 441 

. 17.8 12.4 599 
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Figure 12. TSC curve obtained from polycrysta11Ino AI2O3 sample §\ 
run 82. -The heating rate for the run was l4®C/min, 
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dose rate from the accelerator for these experiments was about 180 kR/hr., 

and the average sample temperature during the irradiation was about 

225°K. The basic data from the second polycrystaI I ine AI^O.^ sample is 

given in Table A, and a representative TSC curve for this sample is 

shown in Figure 13. All other data referred to in the text or appearing 

in tables are tabulated as TSC curves in Appendix C. 

The general results from measurements made on the two Lucalox 

samples revealed that both samples had a total trap density on the order 

18 «3 
of 2 x 10 cm and showed several TSC peaks. Sampte H 2 ,  however, 

revealed four trapping peaks while sample //I showed only three. The 

peak appearing at 600°K is common to both samples as is the 270°K peak. 

The 270°K peak, however, appeared in all samples in varying densities. 

It is believed that this peak arises from the accelerated emptying of a 

distribution of shallow traps during the beginning nonlinear portion of 

the heating cycle. Immediately following the irradiation the shallow 

traps which have been filled will empty slowly according to the equili

brium sample temperature. During the initial nonlinear stages of heating, 

the rate of emission from these shallow traps is accelerated causing an 

initial peak to occur at the beginning of each heating cycle. The 270°K 

peak was not treated as a genuine TSC peak but rather as an indication 

of shallow trapping levels in the crystal. The TSC peaks were analyzed 

by the methods presented in Chapters 3 and 4 to determine the trap energy 

depth, capture probability, and density. 
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Table 4. Sumfiiary of TSC Experiments on PolycrystgI Iine AI^O, 
Sample H 2  z  3  

Run 
Total Dose 
Roentgens 

Heat i ng 
Rate 

(° K/sec) 

Maximum 
Conductivity 
(ohm-cm.)"*' 

10-13 

Maximum 
Temperature 

(°K) 

//I 30 kR 10.6 1 .62 262 
CIO min.) 18.0 

18.6 2.83 421 
17.4 10.4 604 

n 30 kR 14.0 2.54 265 
(10 min.) 24.2 1 .30 365 

26.0 3.39 430 
24.3 13.6 619 

#3 30 kR 7.0 1 .06 262 
(10 min.) 14.1 0.92 365 

13.5 1.53 419 
1 1 .5 3.56 595 

13.3 kR 9.2 0.46 271 
(4.4 min.) 18.3 0.46 368 

18.6 0.91 423 
15.6 6.65 606 

7.5 kR 9.3 0.59 267 
(2-1/2 min.) 18.6 0.53 365 

19.0 1.39 426 
16.1 8.00 600 
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Figure 13. TSC curve obtained from polycrysta11ino AI2O3 sample 82 
run u4,~The heating rate for the run was !8°C/min. 
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The Trapping Level at 600°K 

The only trap common to both poIycrystaMine samples was 

the high density trapping level which gave rise to a TSC peak at 600°K. 

18 "3 
This trap had a trap density of about 10 cm and showed little change 

of total charge released for varying irradiation times. This suggests 

by Eq. (A-5) that this trap has a large cross section and empties by 

intermediate or bimolecular kinetics. The trap depth was calculated by 

all applicable methods. Since no attempt to remove interference from 

nearby traps by a decay preheat was made, the half width and initial rise 

methods were not relied upon to give accurate results. The trap depths 

calculated for the 600°K trap for both pol ycrysta I I i ne samples are 

given in Table 5. The form of this TSC peak can be seen by referring 

to Figures 12 and 13. 

A lower limit for the 600°K trap depth Is set by the initial 

rise method since any error in this calculation tends to reduce the 

ascending slope and the value of E^ observed. The Fermi level method 

will always result in a value of that is higher than the true value 

since Eq. (3-11) predicts a higher value of n^ than Eq. (4-26). The 

fact that the value of E^ resulting from the general method is consistent 

with these limits is evidence for its acceptance as the correct value. 

Good theoretical fits to the data, however, could be obtained for trap 

depths ranging from 1.40 ev to 1.60 ev, although the agreement in the 

theoretical value of nm is significantly less at higher values of Et. A 

value of E^ = 1.40 ev will be used in calculations requiring this param

eter. 



Table 5. Trap Depths Calculated for G00°K Trap. 
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Method of Trap Depth (av) 

Method Equation Calculation Sample //I Sample #2 

Genera I Known 
Heating Rate (4-23) 

Plot 1/kT versus 
m 

log (T 7/2/t>) 
e m 

1.10 

General Quasi 
Fermi Level or (4-25) 
Maximum or 
Conductivity (4-26) 

Plot log (o /T 
m m 

versus 1/kT 
m 

3/2. 

.38 I .41 

Heating Rate (3-8) Plot log (T /b) 
e rn 

versus 1/kT 
rn 

I . 18 

Maximum 
Conductivity (3-10) 

Plot log (a ) 
Je m 

versus I/kT 
m 

1.45 .49 

Initial Rise (3-5) Plot log (a ) 
we m 

versus T on ascending 
slope 

. 10 ,35 

Quasi Fermi 
Level (3-12) 

E. = kT log (N /n ) 
t m 3e c m 

1.41 .44 
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Since this trapping tevol was apparently saturated and character

ized by a 2 greater than unity, the initial rise calculation was expected 

to give too low a trap depth. The difference in initial slopes of this 

trap for the two samples as shown in Figures 12 and 13 is thought to be 

caused by interference from lower energy traps which were present in 

greater density in sample ft\. A slightly higher saturation in sample //I 

may also account for a reduced value of the observed slope. The maximum 

conductivity or general quasi Fermi level method gave the most consistent 

results and is believed to be the most reliable for these data. These 

results also indicate that the uncertainty in the known heating rates 

gave rise to larger errors in trap depths than the uncertainties of the 

magnitude of the conductivity for this trap. 

The retrapping rate, 2, for this trapping level calculated from 

Eq. (4-29) gives an estimate of 2 = 15. This value is subject to error 

since Eq. (4-29) becomes insensitive to Z above unity. This value leads 

*~8 3 |8 — 3 
to a capture probability of 10 cm /sec for a trap density of 10 cm . 

This calculation has significance, however, since it is based on the 

general ETEP retrapping theory which is the only expression valid for 

the determination of high Z cross sections. Appendix A provides an al

ternate method of calculating B^ by Eq. (4-31). Since no trap filling 

effects were observed for irradiation times less than 1.67 minutes, it 

can be assumed that the trap fills in less time than this at the dose 

rates used in this experiment. Assuming that the trap fills to n^/N^. = 

0.5 in half this time gives an estimate of 5 x 10 cm^/sec as a lower 

limit for B^.. 



72 

The validity of these measurements of the 600°K trap parameters 

was checked by theoretical calculations performed by the methods out

lined in Chapter 4. it was found that a good theoretical fit to the 

experimental curve for = 1.40 could be obtained by a theoretical TSC 

curve described by the following parameters. 

E+ = I.40 ev 

Z = 28 

B.J. = 2 x I0"9 cm^/sec 

M - ,N18 -3 Nj. = 10 cm 

nto/Nt = °-5 

The experimental and theoretical curves are shown for comparison in 

Figure 14. The curves are not normalized and therefore give validity 

to the value of mobility calculated from this data. Parameters such as 

B.J., N.J., and 1^ are usually considered as order of magnitude quantities. 

An error of only \0% in E^ gives rise to possible errors in other param

eters of one to two orders of magnitude. In view of these uncertainties 

the experimental and theoretical agreement is excellent. 

The Trapping Level at 450°K 

This trapping level appeared only in sample 8\ as a medium den

sity peak of small cross section as shown in Figure 15. This trap emptied 

by monorao I ecu lar kinetics and trap depths were determined from the maximum 

conductivity and known heating rate methods which resulted in values of 

0.64 ev and 0.58 ev respectively. The value determined from the maximum 

conductivity method was again believed to be the more reliable. Since 
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Figure 14. Comparison of theory with experiment for 000°K trapping level. 
Theoretical curve is calculatcd for Ef = 1.40 ev, B| = 
2 x I0~9 cmVsec, Z = 28, n|0/N-j- = 0.5, and b = 0.30 °C/sec. 
The trapping level at 450°K influences the experimental data 
at lower temperatures. 



74 

8 . 0  

7.0 

6 . 0  

VO 
o 
5.0 

X 

>-
tz 
to 

o 4 .0 

z 
§ 
i— 
o UJ 

UJ 
z 
o 
H-
O 

§ 
o 
o 

3.0 

2 . 0  

. 0  
/ 

Theoretical Curvo (Solid Line) 
E-j- = 0.64 ev 
Bf = 6 x 10"'^ cm /sec 
b = 0.30°C/sec. 
Z = I.2 x I0"5 

350 375 400 425 450 475 

TEMPERATURt* <°K) 

Figure 15. Comparison of theory with experiment for 450°K trapping 
levelExperimental points are from potycrystafI ine AI2O-
sample 8\ run l!5. The effect of the 600°K trap is seen a? 
high temperatures. 



75 

this peak was fairly isolated from other peaks, the half width method 

was applied and resulted in a value of 0.62 ev. The initial rise method 

was appiied to the two low saturation runs which produced more isolated 

peaks and gave a value of 0.60 ev. The capture probabiIity for this 

trap, calculated from Eq. (4-30), resulted in a value of B^ = I x 10 

crifVsec which is considerably smaller than the capture probability for 

the 600°K trap. The highest trap density observed for this trap was 

about 6 x lo'7 cm~^ which suggests a value of the retrapping parameter 

-5 
Z of 10 , a completely monomolecular situation. A theoretical comparison 

was also made for this trap using E^ = 0.64 ev which resulted in the 

-5 -15 3 
values, Z = 10 , B^. = 6 x 10 crn /sec, for n^/N^ = 0.5. The compari

son with the experimental curves is shown In Figure 15. 

The Trapping Levels at 425°K and 360°K 

These traps appeared in sample #2, and although its maximum tem

perature v/as lower than that of the 450°K trap of sample f}\, this trap 

had a considerably larger trap depth and cross section. This behavior 

can be accounted for if the higher energy trap has a larger capture prob

ability. The trap depth calculation for this trap resulted in a value 

of 0.75 ev from the maximum conductivity or general quasi Fermi level 

method. The half width and initial rise methods were not applicable 

since a lower peak appearing at 365°K interferred with the low tempera

ture side of the 425°K peak. It was found that the two peaks could be 

partially separated by reducing heating rates. The effect is illustrated 

in Figure 16. The capture probability calculated from Eq. (4-30) is 
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10 cnvVsec which corresponds to a retrapping rate of Z = 6 x 10 

17 -3 
The trap density observed for this trap was 5x10 cm . The maximum 

temperature and conductivity of the 365°K trap was obtained from the 

smallest heating rate, but it was not possible to determine uniquely a 

- 5  
trap depth for this level. If a vaIue of Z of 10 is assumed for this 

trap, which is consistent with other traps found in this material, the 

trap depth is on the order of 0.5 ev. It was noted that this peak 

shifted over a greater range of temperatures than the nearby 425°K peak 

which suggests also that it has a considerably lower trap depth. The 

trap density for this trap was found to be about lo'^ cm considerably 

smaller than the other trapping levels. Theoretical calculations for 

these traps are given in Table 7. These values show substantial agree

ment with the experimentally determined values. 

The 270°K Peak 

The peak appearing consistently at 270°K occurred during the 

initial stages of hoating of all samples. It was not possible to obtain 

consistent trap depths or cross sections from the data obtained. These 

data were affected by small changes in the beginning procedure and the 

only characteristic that could be definitely determined was that the 

peak represented trapping levels with a density of about 2.0 x lo'^ cm ^ 

in the polycrystall ine specimens. The peak appeared at the same 

temperatures for all samples but changed in shape and density. The BeO 

specimen showed a considerably smaller initial peak than did the A12^*3 

specimen. This initial peak for all three specimens is shown in Figure 

17. The initial slope also was different for each material and often 
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changed with individual runs. This evidence confirmed the hypothesis 

that this peak was not due to a discrete trapping I eve I, but represented 

the accelerated emptying of shallow traps present in a distribution in 

ail materials. This behavior has been observed in TSC experiments by 

Bube, Dussel, Ho, and Miller (1967) in CdS crystals. 

Trap Distri but ion in Energy 

An approximate method for determining the actual distribution of 

traps in energy in the forbidden band has been suggested by Broser and 

Broser-V/arminsky (1955). This procedure involves using the basic quasi 

Fermi level equation to determine a quasi Fermi level at each temperature 

on the TSC curve from Eq. (3-11). The total charge released from the 

traps within kAT of the Fermi level is found from an integration of the 

area under a kAT wide portion of the curve at that point. The remaining 

step involves equating the value of the Fermi level to the trap depth at 

each point of the curve. As noted in Chapters 3 and 4, this procedure 

leads to large errors if no significant retrapping occurs. In the A^O^ 

samples, only the 600°K trap can be treated by this procedure, since all 

-other traps are monornol ecu tar. In the absence of any other means of 

calculating the entire trap distribution, however, this procedure has 

been applied to the entire TSC curve. The results show that the Fermi 

level analysis agrees very well with other methods in determining the 

energy of the 600°K bimolecular trap, but gives less accurate results 

for the monomolecular traps. This trap distribution is shown in Figure 

18 for the low heating rate TSC data on sample 82, 
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Calculation of MobiIIty From JSC Data 

The 600°K trap provides a convenient set of data to use in esti

mating the carrier mobility, p. Appendix A shows that if an intermediate 

or bimolecular trap exists, an estimate, of the mobility may be obtained 

from 

. . °tsc(Vr -<p«ykv 
J t " • y(T ) = " n ——- . CA-4) 

m N e(I - R) 
c 

Using the data from Table 3 and a value of the trap energy from the 

general maximum conductivity method, 1.40 ev, suggests that the mobility 

is on the order of 0.2 cm / volt sec at 600°K. The mobility has been 

assumed to have a weak temperature dependence in this work and using 

this value of mobility as a constant leads to an estimate of the carrier 

lifetime from the basic relation, 

i °x i in"9 I „ = •=— = I x 10 sec. 
n Fpe 

This value of mobility is compared v/ith the values given by other experi

ments for in Table 6. An error in the value of of I0?S will 

result tn a mobility on order of magnitude larger than quoted above. 

Caleu 1 at ion of Recomb1nat ion Parameters From TSC Data 

The Intermediate retrapping rate 600°K trap also makes it possible 

to obtain an estimate of the capture probability of recombination centers 

for free carriers and the density of recombination centers. Equation (4-32) 
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Table 6. Comparison of Mobility Determinations in A12O3. 

Investigation 
MobiIity 

(cm^/volt-sec) 
Method of 

Determination 

HochuIi (1964) 0.05 Hall Effect 
Measurement 300°K 

Kawarnura and Azuma 
(1953) 0.83 

Dielectric Breakdown Of 
Thin Alumina FiIms 300°K 

01Dwyer (I 967) .33 Dielectric Breakdown 
Measurements 300°K 

This Work 0 . 2  Thermally Stimulated 
Current Data 600°K 
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gives an estimate of BRn in the case of the 600°K trap. Using the value 

of the recombination lifetime established in the previous section with 

the value of BRn> a value for the recombination center density can be 

determined, Application of these equations to the TSC data results in 

the following values of recombination parameters. 

8d = 5 x 10 crrfVsec 
Rn 

(NR-nR) = 2 x 1018 crif3 

These parameters are based on the value of the mobility calculated in 

the previous section. 

Summary of Polycrysta1 I t ne A12O3 Trapping Parameters 

The results of the analysis of AI^O^ TSC data is summarized in 

Table 7. Both theoretical and experimental parameters are included for 

comparison. 

Supplementary Data on Other MetaI Oxide Materia Is 

As a means of comparison of the pol ycrysta 11 ine results 

with other materials, a single crystal AI^Oy sapphire specimen and a 

99.8# pure sample of beryllium oxide were obtained. Several TSC experi

ments v/ere performed on these samples to determine general trapping 

spectra for these materials. Trap energies and densities were estimated 

from TSC curve slopes and temperatures, but a detailed analysis was not 

carried out. The purpose of the experiments was to show general differ

ences in the basic materials. The results from the TSC experiments on 
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Table 7. Summary of Po I ycrysta 11 i ne Analysis 

Parameter 
Trap Level 

Parameter 
T
m = 365 

m 
T = 420 
m 

T = 450 
m 

T = 600 
m 

Experimental Results 

Et 
(ev) 0.50 0.75 0.64 1.40 

Bt 
(cm3/sec) I0"12 I0"M IO"8 

St 
(cm2) icf19 I0"21 io"15 

Z 
-4 

6x10 IO"5 15 

Nt 
(cm 3 )  .O17 - 5x-J 0'7 6x 1017 .018 

nm 
(cm 3) I06 3x10"* 5.8x106 3. 2x 107 

Theoretical Results 

Et 
(ev) 0.40 0.75 0.64 1.40 

8t 
3 

(cm /sec) 8x10~17 2.5x10**'3 
-15 

6x10 13 2xl0"9 

St 
(cm2) 8x10~24 2.5xl0-20 

-22 
6x10 " 2x10"16 

Z 5xl0~8 4x10 4 1.2x10"5 28 

n 
m 
(cm "*) .06 3x1 06 5.8x10^ 3.2x107 

Related Parameters from TSC Data 

2 
V =• 0.2 cm /volt sec 

-9 
I = 1x10 sec 
n 

4 -3 
r»m - 2x10 cm (room temperature) 

hi i m 18 -3 Nn-nn =2x10 cm 
K H 

Bpn = 5x10 cm"*/sec 



theso materials are given In Table 8. TSC curves obtained for these 

materials are shown in Figure 19. A TSC curve of A^O-j sample if2 is 

Included in this figure for comparison. 

The most apparent features of these TSC data are the much lower 

density of traps in the sapphire as compared to the polycrysta11ine 

materials. The polycrystal t ine samples of A^O^ and BeO both revealed 

18 —3 
trap densities of about 2 x 10 cm while the sapphire, had a maximum 

trap density of 5 x lo'^ cm TSC peaks occur in both of these mate

rials but there were no large peaks observed at higher temperatures 

comparable to the 600°K in pol ycrysta I I i ne A^O^. Both materials re

vealed varying densities of traps emptying upon initiation of heating. 

The value of 0 for sapphire was found by Huntley and Andrews (1968) to 

*"18 — I 
be A x 10 (ohm-cm) per R/hr. 

Trap depths from these curves were estimated simply by using the 

parameter E^./kTm which is about 20 for the average trap observed in this 

work. The two BeO traps appearing at 385®K and 480°K are estimated to 

have trap depths on the order of 0.65 and 0.85 ev respectively. Accurate 

determination of theso parameters v/ould require more extensive data, such 

as obtained for the A^O^ samples. In particular, the sapphire specimen 

did not give as consistent results as the other samples. This was attrib

uted directly to the difficulty in achieving good contacts to the sub

strate material. The BeO and A^Oj samples were much easier to make contact 

to and the difficulty with reproducibility was not observed in these 

samples. The peak temperatures, however, were in the same range as those 

found by Huntley and Andrews for their sapphire crystals. 



Table 8. Summary of JSC Data on Sapphire and Beryl Iia. 
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Maximum 
Conductivity Maximum 

Total Dose Heating Rate {ohm-cm)"*' Temperature 
Run (Roentgens) (°C/min.) 10"'3 (°K) 

Sapphire 15 KR 9.9 III I 269 
#1 (5 min.) 19.2 0.88 420 

19.2 0.55 506 

Sapphire 15 kR 13.2 0.77 • 458 
H 2  (5 min.) 23.8 0.82 506 

24.7 1.27 560 

BeO 30 kR 9.9 1.60 267 
{f\ (10 min.) 19.0 6.44.. 385 

17.5 4.74 474 

BeO 30 kR 10.5 2.16 270 
8 2  (10 min.) 22.5 4.75 379 

18.5 4.82 464 
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The results of these auxiliary runs on BeO and sapphire confirmed 

that the poIycrystaI Iine metal oxide materials generally have trap densi-

18 -3 
ties on the order of 2 x 10 cm . The much purer sapphire single 

crystal revealed a trap density a factor of 10-50 lower than the poly-

crystaI Ii ne mater i a Is. 



CHAPTER 7 

CONCLUSIONS 

This investigation into electron trapping phenomena shows that 

materials representative of those being considered for application as 

electrical insulators in nuclear power systems have a significant den

sity of carrier trapping centers in the forbidden band. These trapping 

centers are primarily discrete energy levels which can be analyzed by 

the methods of thermally stimulated currents. A fairly uniform TSC 

current accompanying the TSC peak currents was interpreted as the cur

rent caused by the emptying of trapping levels which are distributed in 

energy throughout the forbidden band. 

17 -3 
Trap densities of approximately 5 x 10 cm were found for 

traps ranging in energy from 0.4 ev to 1.5 ev in high purity polycrystal-

line A^Oy Cross sections for these traps were found to be in the range 

2 **21 2 
of 10 cm to 10 cm . The magnitude of the conductivity caused by 

the emptying of discrete trapping levels was 10 to 10 (ohm-cm) 

The current without irradiation corresponded to a room temperature dark 

conductivity of 5 x 10 (ohm-cm) 

The experimental results were analyzed by the general ETEP analy

sis developed in Chapter A. This analysis made it possible to use TSC 

data in the calculation of several basic parameters necessary for a com

plete description of the electrical conduction process in insulators. 

2 
The analysis gave an estimate for the carrier mobility of 0.2 cm /volt sec. 

89 



90 

-9 
The recombination lifetime was calculated from the data to be about 10 

seconds. The value of the mobility derived from TSC data is in agree

ment with values obtained by other methods. 

Samples of beryl Iia, BeO, and sapphire, single crystal A^O^, 

gave considerably different trapping spectra than the polycrystaI line 

•* 

Al^O^ specimens did. The sapphire specimen showed a much lower density 

of trapping levels, about 5 x lo'^ cm than did the polycrystaI Iine 

specimens. This result is expected due to the much lower impurity and 

defect concentration in the single crystal material. These results were 

in agreement with other work on sapphire (Huntley and Andrews, 1968). 

The theoretical analysis of the model described in Chapter 2 sug

gests that it is not necessary to invoke trapping effects to account for 

the temperature dependence of the conductivity as has been previously 

postulated (Vul, 1962; Dau, 1965). -It has been assumed that the increased 

emission from filled traps can cause an exponential temperature dependence 

of the irradiated conductivity. If a steady state condition is applied 

to the model of Chapter 2, it can be seen that the increased emission 

rate is accompanied by a corresponding increase in the capture rate. The 

conduction electron density at steady state is controlled by the carrier 

lifetime ana mobility. As an alternate explanation it appears that a 

weak temperature dependence in either of these two quantities will also 

account for the observed results. Other experimenters have not observed 

this temperature dependence of the irradiated conductivity (Huntley and 

Andrews, I960) and in this case, the above explanation is applicable with 

a temperature independent carrier mobility and lifetime. The trap depths 
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suggested for these traps v/ere on the order of 0.1 ev, considerably 

lower in energy than those observed in this work. 

The value of correlating experimental work with theoretical cal

culations was noted during the course of these experiments. There are 

unavoidable large uncertainties in many TSC parameters and the validity 

of experimental results can be supported by showing substantial agreement 

between actual data and computer generated curves. Often complex trapping 

spectra mako detailed analysis of trapping parameters difficult, such as 

was the case for the 365°|< trap observed in this work. A comparison of 

theoretical and experimental curves in this case afforded a means of 

estimating parameters that could not be obtained directly from experi

mental results. 

Low conductivity measurements can be Improved if larger diameter 

samples are used to enable larger currents to be observed. It is also 

apparent that the measurements would involve a smaller background current 

correction If equipment v/ere designed to carry out measurements under an 

Inert or insulating gaseous atmosphere, Problems with contacts to single 

crystal materials should be examined before detailed experiments are per

formed on such materials. The contact blocks should also be designed 

v/lth a lower thermal inertia to allow for the rapid heating and cooling 

employed in decay proheats. It would also reduce the uncertainty in trap 

density determinations if Irradiatiorr were carjied out at lower tempera

tures. Equipment could be designed to allow irradiation with the sample 

immersed in liquid nitrogen. 
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Thermally stimulated current measurements yield a considerable 

amount of information about the material under study. From a single set 

of experiments, information about the distribution of imperfection levels 

in energy, the density of these levels, the cross sections, and the posi

tion in energy in the forbidden band can be determined. Of possibly 

greater significance in the case of metal oxide insulators is that with 

careful analysis, the TSC results can yield information on basic elec

trical conduction parameters, tn many insulators, mobilities, lifetimes, 

and conduction electron densities are not known, partially because of 

the difficulty involved in the experiments required. In these situations 

the TSC experiment provides an alternate method in the determination of 

these parameters. 



APPENDIX A 

PRELIMINARY CALCULATIONS 

In order to calculate the basic TSC parameters, an estimate must 

be obtained first for the carrier lifetime and mobility. The carrier 

lifetime can be measured if the free carrier generation rate is known. 

This appendix presents a method for determining these two quantities. 

Carrier Pa ir Generation Rate 

Absorption of a high energy photon by a crystal gives rise to 

primary fast electrons by Compton scattering or photoelectric interac

tions. For x-ray irradiation Compton scattering will be the predominant 

event. The Compton primary electron may dissipate its excess energy by 

phonon generation, radiation, or ionization. The energy lost by fast 

electrons to phonons is generally small (Seitz, 1949). The ratio of 

energy lost by radiation to that lost by ionization is also small for 

electrons of tess than I MeV in energy (Vavilov, 1965, p. 90). It can 

then be assumed that an energetic electron loses all of its excess energy 

by ionization. 

The generation rate of free carriers due to irradiation is pro

portional to the incident photon flux, l(x,E), the linear absorption, 

coefficient for energy in the material, ua(E), and the energy required 

to create an electron-hole pair, E^. The free carrier generation rate, 

F, can be written as, 
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E 
maX I(x,E)u (E)(I/E )dEdx , (A-l) 

o a p 

where E is the photon energy and h is the thickness of the sample. 

Utilizing suitable averaged quantities over energy and space for thin 

samples and converting from units of photon flux to the more convenient 

dosage units of Roentgen/hour, Eq. (A-l) becomes, 

(!.465)(l04)u (E) a . 
F = - sample R , (A-2) 

(u (E)) . E X 

m a i r p 

where E is the average photon energy, um^)g.r is the mass absorption 

coefficient for energy in air, and is the radiation intensity in R/hr. 

The x-ray source for the experiment was a I MeV electron accelerator 

utilizing a gold target. Since the ratio of attenuation coefficients in 

Eq. (A-2) is virtually independent of energy in tho kilovolt energy 

range, only an approximate estimate of E is needed. This average photon 

energy for the gold target was estimated to be 0.1 MeV. At this energy 

2 
the absorption coefficient for alumina is 0.14 cm /gm and the mass 

2 
absorption coefficient for absorption in air is 0.023 cm /gm (Rockwell, 

I960). 

The difficulty in evaluating F is associated with the uncertainty 

In the value of E , the energy per carrier pair. E must be greater than 
P P 

the band gap of the material which is about 10 ev (Harrop and Creamer, 

1963).- It is also reasonable to assume that E^ is less than the average 

ionization potential of the material which for AI^O^ is about 115 ev 

(Evans, 1955). Vul (1962) used a value of 12 ev for quartz and mullite. 
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Hunt I cy and Andrews (1968) estimated 25 ev for A^O^* Diamond has been 

measured to have an E^ value of 10-20 ev (Kennedy, 1959). A summary of 

the data found in Vavilov can be described by the expression, Ep = 3.5 Eg 

Applying this criteria to A^O^ suggests a value of about 35 ev, which is 

a reasonable result in view of the limits imposed above. The uncertainty 

in Ep is about a factor of two, which must apply to ait calculated param

eters involving F, such as lifetimes and trap"densities. The free car

rier generation rate can now be expressed in terms of R/hr as, 

F = 2.5(lO^)Rx (cm ~*sec ') . (A-3) 

Carrier MobiIity 

The mobility of carriers in most metal oxide materials is not 

well known and published values for the few that have been measured, such 

as A12*^3 * varY by orders of magnitude. Hochui i (1964) has used a Hall 

2 
measurement to obtain a value of 0.05 cm /volt sec for the room tempera

ture mobility of A^O^* Dielectric breakdown measurements have resulted 

2 
in values of 0.83 and 1.33 cm /volt sec (Kawamura and Azuma, 1953; 

0'Dwyer, 1967). 

Since there are many materials in which basic properties such as 

mobility have not been investigated, it is useful to present a procedure 

for obtaining a value of the mobility directly from TSC data. This 

method is based on the general form of the quasi Fermi level approach, 

Eq, (4-26), which can be solved for the mobility at T^ in terms of E^ 

and Z as, 
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OT „ (T  )(l+ZR)exp(E./kT) 
/T N ^ I bw m T t A A \ 

m N Z<I - R)e ' A"4) 
c 

E^ can be determined directly from the heating rate method without any 

other prior information. If this equation is applied to a high Z trap, 

ud^) can be determined immediately. If a trap obeys monomolecular 

kinetics, the heating rate equations can be again used to estimate the 

mobility, if the carrier lifetime is known. 

The difficulty in applying the method is that it requires a prior 

order of magnitude estimate of Z. A procedure for obtaining such an esti

mate may be derived from the rate of growth of a TSC peak with irradiation 

time. Since it is desirable to begin heating with saturated traps, 

several TSC curves would normally be available for various irradiation 

times. The fraction of traps filled, n(t )/N+, can be determined directly 
X 1 

by the ratio of areas under the TSC peak for irradiation time t to the 

area observed for saturated traps. The process of trap filling described 

by Eq. (2-22), 

n+(tx)/N+ = l-exPC-B+Flntx) , (2-22) 

can be solved for the capture cross section B^ in terms of mobility by 

utilizing two irradiation times, t and t resulting in, 
x y 

log ((l-y)/( I-x)) (eyi /o ) 
B. = 5 yr r-r , U~ 31) 
t <t - t ) 

x y 
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where x and y arc the fraction of traps filled for t and t , and a is 
' K x y' x 

the conductivity under irradiation. Substituting Eq. (4-31) into (4-23) 

for E3j. and Eq. (4-26) into (4-23) for l+ZR and assuming the ratio 

(l+Z)/(I+ZR) is unity results in an expression for Z, 

((l-y)/(l-x)) oTt;fS(T ) kT 2 
7 _ | A TSC rn rn *« r \ 

1 9e (t - t ) a (l-R)bE. ' (A~5) 
x y x t 

where avt.„(T ) and T are results of a TSC measurement with n. /N. = I. 
1SC m m to t 

This value of Z can be used as an indicator of trapping kinetics which 

allows o decision to be made regarding the first or second order assump

tion in calculating the mobility. Z may also be substituted directly 

into E'q. (A-4), but this incorporates the error in the trap filling meas

urement in the mobility whereas simply using Z as an indicator does not. 

The accuracy of this method is approximately equal to that of 

other TSC parameters such as and or to within an order of magnitude. 

With an easily analyzed peak, the method would be more reliable. The 

value of this method lies in the generation of information from TSC data 

without performing auxiliary experiments which are generally required for 

mobility. Since, in many insulators, such measurements are nonexistent, 

this analysis then provides a reasonable estimate of the mobility. 



APPENDIX B 

CALCULATION OF TSC CURVES 

Numerical computation of the conductivity peaks resulting from 

thermally stimualted currents require the evaluation of Eq. M-ll) in 

terms of the trap parameters and initial conditions. The basic equation 

is, 

P+(T> 

Q(T) = 

l+Z {l-nto exp(-
T Q(T)dT)5 

h N
+ J T n 

(4-1 I) 

This equation is in the form of the most basic iterative equation, 

x = f(x) , <B-I) 

where x .= Q(T). The iterative solution to an equation of this type re

quires an initial guess for x which can be inserted into fCx) to generate 

a closer approximation to x. A simple iteration of the type, 

x ,- = f(x ) , (B-2) 
n+l n 

will converge to the solution if the magnitude of the derivative of f(x) 

with respect to x is in the interval (-1, I) (Grove, 1966, p. 6). 

{-I < df(x)/dx < I) . (B-3) 

A negative value of this derivative indicates an oscillating convergence 

of the iteration, while a positive value of the derivative will a Nov/ the 
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iteration to converge monotonicaI Iy to the solution. In order to apply 

an Iterative procedure of the type Qn+j = f(Qn> to Eq. (4-11), it must 

be determined first if the condition given by Eq. (B-3) is satisfied. 

Taking the derivative of f<QCT)) gives, 

df(Q)/dQ = -<Q2/b)(dT/dQ){(|+Z)Q/P+ - 1} . (B-4> 

The sign of this derivative will always be negative since QCT) and 

(dQ/dT) are always positive and the bracketed term cannot be negative. 

This indicates that the Iteration will converge or diverge in an oscil- ( 

lating manner. In order to estimate the magnitude of the derivative, 

it can be noted that the effective thermal emission probability Q(T) is 

much less than unity until the end of the heating cycle, and for the 

temperature range of interest, dQ(T)/dT is welI represented by 

(bE^./kT ) Q(T). Substitution of these approximations into Eq. (B-4) 

shows that the derivative is between zero and minus one. Actual computa 

tion of Eq. (B-4) verifies that the derivative remains in the interval 

(-1, 0) over the entire range of calculation. The iterative procedure 

Qn+j(T) = ftQn(T)) wilt then converge in an oscillating manner to the 

required solution, Q(T). 

Application of an iterative procedure to any equation requires a 

means of arriving at a satisfactory trial function for the function Q(T) 

a means of improving the previous approximation to the solution, and a 

criteria for terminating the iteration when sufficient accuracy has been 

achieved. Since QCT) and the thermal emission probability are closely 

related, P^.(T) can be used as an initial approximation in the iteration 

at all temperatures giving. 
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where T. infers the mesh spacing used in the evaluation of Q(T). The 

result, Q|(T|), can then be reinserted into Eq. (B-5) and the approxima

tion for Q(T) improved. 

A Simpsons' rule integration was used to evaluate the integral in 

Eq. (B-5). The accuracy of the integration is improved by generating the 

function used in the integral at fine mesh intervals. The integration 

from Tq to T. then gives the integrals and therefore, the function 

Q | tT j > # in coarse mesh intervals. In order to use the function in this 

coarse mesh and proceed with the iteration, Q|(T.) must be generated in 

the fine mesh. This was accomplished by fitting a cubic expression to 

the ratio of functions Q| (T. )/P^.(T.) and generating the fine mesh points 

from the resulting fitted polynomial. To insure the correctness of the 

derivatives at the end points, only the interior segment was used to 

generate fine rnesh points. This fitting procedure is illustrated in 

Figure 20. The cubic expression resulting from fitting the coarse mesh 

points T. through is used to generate fine mesh points in the region 

of segment #1. About six to eight fine mesh points were typically gene

rated per coarse mesh segment. When the entire function is generated in 

fine mesh, it can then be numerically integrated using Simpsons' rule and 

the result utilized in Eq. (B-5). Repetition of these steps produces a 

function which converges to the solution in an oscillating fashion. This 
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P.(T.) 
t t 

l+Z {J-n^/Nj. exp(-
T. 

(B-5) 

P.(T)dT)} 
t 
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Figure 20. Interpolation scheme for the generation of the fine mesh 
points of the function Qn(Tj),-The coarse mesh ratio of 
functions Qn_| CTj )/P^.(Tj) results from a Simpsons' rule 
Integration of Qn_|(T) from the previous iteration. 
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procedure can be^viewed as an iterative solution to many equations of 

the type typified by (B~2), since each different temperature gives rise 

to a slightly different equation. In the calculation, however, the 

problem was treated as an Iterative solution for the entire function 

Q(Tj) In that the complete function v/as generated at each iteration and 

convergence was then dependent upon the most slowly converging portion 

of the solution. 

Due to the oscillating nature of the convergence, it was found 

that an interval halving, or solution averaging technique could increase 

the rate of convergence of the solution. Since any two consecutive 

solutions will fall on opposite sides of the true solution, a simple 

average of these two solutions would produce an improved approximation 

without actual computation. The expression used to obtain the acceler

ated convergence was simply, 

WV = (<WTt'+ VT1»/2 • (B"6) 

It was found that this technique reduced the number of iterations neces

sary for convergence by about a factor of two. 

The Iterative procedure was terminated when the following con

vergence criteria was met at each point of the solution: 

l-l„/ln+| < c (B-7) 

where ln is defined by Ea. (4-15). The condition of c = 0.0005 forced 

agreement tn Eqs. (4-9) and (4-10) to six decimal places in the most 

difficult cases. Since many quantities used in describing trapping 
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phenomena are knov/n genera I ly on l,y within orders of magnitude, greater 

accuracy is not justified. 

The numerical integration involved In the solution to Eq. (4-11) 

required a prior estimate of the TSC maxima so that the range of inte

gration would coincide with the temperature range of interest. The 

general TSC maxima condition, Eq. (4-23), was used with R = 0,60 to 

calculate T and define the region of interest. This calculation was 
m 

always within \% error of the actual value. The initial temperature, 

T . was chosen well below T to insure that no contribution to the inte-
o# m 

gral term was absent from Q(T < Tc). Tq was typically several hundred 

degrees below Tm causing Q(Tq) = IO-£\ Calculations were generally made 

for about 100 coarse mesh points and 600 to 800 fine mesh points corres

ponding to a coarse mesh spacing of a few degrees and a fine mesh 

spacing of a few tenths of a degree. Convergence in the most difficult 

high Z cases required about 10 iterations and about 5 seconds time on a 

CDC 6400 digital computer. 



APPENDIX C 

TREATMENT OF DATA 

The basic data from the TSC experiments were In the form of 

recorder traces of temperature versus time and total current versus 

time. To obtain the data in the desired form of TSC current or conduc

tivity versus temperature, a computer program was written to perform 

the necessary calculations. 

Data Reduction Program 

The data points were read from the recorder strip chart at time 

intervals of one minute for the thermocouple recorder data and 20 seconds 

for the current recorder. These points were fit with a cubic expression 

at interior points to generate a curve that was tabulated at 10 second 

intervals. This fitting procedure was similar to the fitting procedure 

used in Appendix B. The purpose of this step was to have a finer mesh 

tabulation which would produce better plots from the CDC 6400 CALOMP 

plotter. The two recorders had a 0.5% difference in chart drive speeds 

and the thermocouple time scale was adjusted during this fitting process 

to coincide with the current recorder. The thermocouple data was cor

rected for the room temperature reference junction, and converted to 

absolute temperature in degrees Kelvin. The temperature conversion was 

by comparison with a copper constantan thermocouple mi Ilivoltage tempera

ture chart tabulated by the program and stored in the memory. Heating 
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rates were calculated by a determination of the slope of the temperature 

versus time curve at each point in the curve. The current data was con

verted to conductivity by Eq. (6-1). The dark current v/as then subtracted 

utilizing the fitted constants of the dark current In the proper tempera

ture ranges. The TSC current was integrated numerically at each point 

to indicate the total amount of change released from the traps. The 

final results were then plotted on a logarithmic scale using the off lino 

CALCOMP plotter. The results of these plots comprise the figures of TSC 

curves contained in the text and the data compilation, 

perature, and irradiation dose and time uncertainties. The errors in 

conductivity measurement can be calculated by the normal error propaga

tion equations. These measurements involve the contact area A, the 

potential across the sample, the sample thickness, h, and the current 

measurement, 1. Schenck (1961) gives a general rule which applies when 

a result is a function of the product of a series of measurements. The 

squared error of the result is given as the sum of the squared errors 

of the component errors as 

Deterrni nation of Errors 

Sources of error in TSC experiments include conductivity, terri

er 

(AH.)2 = (0.02)2 + (0.02)2 + (0,04)2 + (0.05)2 
cr 

L a ~ 7% 
a  
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These measurements were also aided by the excel lent stabiIity of the 

Keithly solid state electrometer which has not been previously avail

able. 

The conductivity is involved in logarithmic functions in deter

mining trap depths and the estimated 10$ maximum error will not signifi

cantly affect the results of calculations. Errors In irradiation dose 

and time can affect the measured trap density, but depends on F, and 

axf both of which are already order of magnitude quantities. The signi

ficant source of error in this experiment is the uncertainty in tempera

ture determination. 

The errors in temperature measurement were noted in Chapter 5 

to be about IjS. This v/as determined by calibration runs while monitoring 

two thermocouples. This error Is due to contact elements warming from 

slightly different initial temperatures. The computer program resolved 

mi 11ivoit potentials to within 0.025 mi 11ivolts or +_ 0«5°C. The re

corder resolution was about 0.05 millivolts or l.0°C. 

i-LL->2 - ( il j2+ ( il—)Z+ ( tT >2 

^total ^recorder ^analysis ^initial 

2 
( LL-) = (0.002)2 + C0.00l)2+ (0.01 )2 

TtotaI 

~ * I.I* 

These errors were found to be the principle cause of error in calculated 

TSC parameters which Is a result of the manner in which they must be 

calculated. Errors from the basic measurements can be considered small 
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and still result in large errors in TSC parameters. Although the 

indicated absolute errors were about \$t the measurement of the trap 

depth on which most other calculations are based depends on the differ

ences in TSC maxima temperatures T | - T^. A typical value for this 

quantity was about 20°K. A 2°K uncertainty in the maximum temperature 

results in a trap depth uncertainty of lOJfa. Haake (1957) points out 

that in many cases the theory is not accurate to much more than \Q$, ̂  

A 20% error in trap depth was the accuracy placed on their v/ork on 

AI2O3 by Hunt ley and Andrews (1968). The agreement between samples of 

A^Oj in this work on the one trap present in both crystals indicates 

that results were consistent and that actual errors are probably well 

below this 20* maximum, The temperature uncertainty places the maxi

mum error in trap depth at 20%. 

A 20% error In trap depth requires other parameters calculated 

from this value to be considered order of magnitude quantities. The 

trap capture probability and retrapping rate, Z, depend on the factor 

exp(-E^./kTm). Since E^./kTm was in the range of 16 to 27 for this experi

ment, a 20# error in E^ causes an uncertainty in other parameters of one 

to two orders of magnitude. This uncertainty applies to the carrier 

lifetimes and mobility, trap density, and capture probability. 

Data ComDilation 
• 1 - -L~r 

All data that was referred to in the text or in tables that was 

not included explicitly In a figure In the text is compiled in this 

appendix as a TSC curve. Table 9 shows the fitted constants resulting 
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from fitting exponentials to the dark currcnt data over successive tem

perature ranges. The theoretical expression fitted to the dark current 

was, 

o = Const. exp(-A/T) (C-l) 

The remaining TSC curves are included in the figures following the 

table of dark current constants. The sample material and run numbers 

arc included in the figure title. 

1 
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Table 9. Fitted Constants of Dark Conductivity a = Cexp^/T) 

Temperature Range Activation Energy (A) Constant (C) 
< °K) (ev) Exponent in Parentheses 

Po 1 ycrystaMine A12O3 

295 .. 306 1 1280 1 •25 C +1) 
307 - 334 4099 7.05(—10) 
336 - 375 3737 2.34{-10) 
376 - 425 3163 4.95C-I1) 
426 - 524 4319 7.I7C-I0) 
476 - 524 6066 2.94C -8) 
526 - 568 9619 2.61 { -5) 
570 - 609 8137 2.OK -6) 
61 1 - 653 3.45C -5) 

Sapphire 

258 275 2222 8.62(-l2) 
276 - 306 2088 3,54(-l2) 
308 - 349 2000 3.72C-I2) 
351 - 398 1360 6.75(-l3) 
402 - 449 332 8.27C-I4) 
452 - 498 3541 6.70C-II) 
502" — 548 6427 2.07( -8) 
551 - 599 10300 2.04( -5) 
602 — 650 10220 1.88C -5) 

Beryl 1ia 

298 314 7940 2.22( -3) 
315 - 335 4441 3.24( -8) 
337 - 371 2589 1.24<-l0) 
373 - 412 2269 5.86C-11) 
415 - 455 1299 5.16C-I2) 
459 - 499 4167 2.74( -9) 
502 - 542 6452 2.55( -7) 
545 582 8782 l.87( -5) 
585 — 630 9887 1,34( -4) 
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