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CHAPTER I 

INTRODUCTION 

In this dissertation studies on point defects in MgO and Cao are 

reported. Studies made on charge motion in Y3A15o12 (YAG) are included 

in an Appendix. Point defects in MgO and Cao, which the dissertation 

deals with are F type defects. In this chapter, therefore, F type 

defects will be discussed first and then a survey of the previous 

studies made on this kind of defects will be given. The actual problems 

which were investigated for the purpose of this dissertation will be 

defined next. Table 1 lists some of the physical properties of MgO and 

Cao and Figure 1 shows their crystal structure. 

A. F Type Defects in MgO and CaO 

F type defects in MgO and Cao consist of oxygen ion (anion) 

vacancies containing one or more electrons. These defects are usually 

produced in MgO and Cao using two main procedures; 

1. by irradiation with particles such as electrons, 

protons or neutrons; (unlike in alkali halides, in alkaline earth 

oxides, ionizing radiation cannot produce ionic displacement to 

create any permanent F type defects); or 

2. by heating the material at high temperature near the melting point 

in an atmosphere of the metallic vapor, (thermochemical reduction). 

The samples used here were thermochemically reduced by the latter 

1 



Material 

MgO 

Cao 

TABLE I 

PHYSICAL PROPERTIES OF MgO AND Cao 

Dielectric Lattice 
Band Gap Constant Constant 

(eV) ( E: ) 
0 

a (A) 
0 

7.8, 8.7 9.65 4.211 

7.0, 7.7 11.8 4.81 

Melting Point 
(OC) 

2800 

2600 

Source - Feldott, J.M., (56) and the references given in (56). 
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procedure. This process which is sometimes called subtractive 

coloration produces anion vacancies in the sample. F centers in an 

oxide contain two electrons trapped at the oxygen vacancy sites 

and F+ centers contain one electron trapped at the anion vacancy 
\ 

sites. However, because the starting materials are often damp, hydrogen\ 

is also often introduced into these samples during the growth and the 

coloration processes. 1 ,2,3,4 

Hydrogen appears to enter the lattice as H- ions [or [H]+ ions, in I 
the nomenclature used by Sander and Sibley5 for point defects], that is 

protons each of which have trapped two electrons. Such an entity is 

positively charged with respect to the divalent oxide lattice and thus 

can act as an electron trap. These traps largely control the optical 

and electrical properties of the sample. This is the main subject of 

investigation in this dissertation. The [H]+ impurity center and F-type! 

defects in alkaline earth oxides have Oh point group symmetry as shown 

in Figure 2, so long as no distortion or nearby charge compensating 

impurity is present. 

In MgO and Cao the F center is a neutral defect and the F+ center, 

which is a singly ionized F-center, is positively charged relative to 

the lattice. The F center in alkaline earth oxides, is therefore, 

analogous to the helium atom and the ground and first excited states can 

1 3 1 3 be correspondingly referred to as S, S, P, P, etc. Similarly, the 

F+ center is analogous to the He+ ion with a ground state and excited 

states referred to as, 2s 2P, etc. Optical absorption arises when these 

trapped electrons are excited by incident photons. Figure 3, for 

example, shows the F and F+ optical bands in Cao. For MgO, the F+ and F 

absorption bands occur at approximately the same energy (5.0 eV). 



•O•O•O•O 
O•O•O•f!fl• 
·~··O•O•O 
O•O•O•O• 
•O•O·~··o 
O• la•O•O• 
•0•0•[]•0 
O•O•O•O• 

Figure 2. 

Substitutional H- ion 

Substitutional H= ion 

Schematic Diagram for F Type 
Defects and~ Symmetry of 
Defect Site 
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B. Survey of Experimental Results 

Studies have been made on F and F+ centers in alkaline earth oxides 

for more than a decade. Henderson and King6 showed that an optical band 

near - 5 eV is correlated with the intensity of the F+ center EPR signal 

in neutron irradiated MgO. Chen et al. 7 , however, did not observe this 

correlation in additively colored and electron irradiated HgO, although 

they found an optical absorption band at the same energy -5 eV. Since 

Wertz et a!. 8 , showed that F+ centers can be regenerated in additively 

colored MgO by ionizing radiation, the conclusion was finally made that 

F center also absorbs near - 5 eV. Therefore, F and F+ optical 

absorption bands in MgO are found to coincide at - 5 eV, 

In Cao, however, the F and F+ optical absorption bands lie at 

different energies, at 3.1 eV and at 3.7 eV respectively. Ward and 

Henseley9 observed the F center absorption in additively colored crystal 

and later Henderson et al.IO also observed the F center absorption at 

the same energy in Cao crystals colored accidentally during growth. 

Henderson et al.IO also studied the emission resulting from 3.1 eV 

F center absorption in Cao. They concluded that the emission is 

associated with two bands, one at 2.0 eV and the other at 2.5 eV. From 

the lifetime studies they also concluded that the 2.0 eV band 

corresponds to the 3T1u + IA 
lg transition and 2.5 eV corresponds to 

lT 
lu 

+ lA 
lg 

transition. Bates and WoodI 2 however could not find the 

eV band in different samples and they suggested that it might have 

originated from transition metal impurities in Henderson's sample. 

2.5 

Their studies also revealed that above 300 K, the 2.01 eV band has a 

high energy shoulder at 2.05 eV, and the lifetime of the luminescence 

decreased rapidly with temperature, indicating that the emission at 2.05 



1 + lA eV was associated with the allowed Tlu lg transition. This view 

was later supported by Wood and Wilson14 by theoretical calculations. 

The F+ center absorption at 3.65 eV has been assigned to 2A + 2T 
lg lu 

transition, with a resulting emission at 3.35 eV. 

The nature of 2.3 eV emission from F centers in MgO has long been a 

subject of debate 13- 15 • Recently calculations by Wilson16 have 

suggested that the 2.3 eV emission in MgO results mainly from a 

1T + 1A transition above - 70K. lu lg 

In thermochemically reduced MgO and Cao, the 1r 1u + 1A1g F center 

emissions, which is 2.3 eV (green) for MgO and 2.1 eV (orange) for Cao, 

have long lived phosphorescence near room temperature. Jeffries et 

al.[l?] attributed this long lived phosphorescence near room temperature 

to H- ions which act· as metastable electron traps. Gourley and Vance2 

and Vance and Mallard3 observed sharp infrared absorption lines near 900 

cm-l in arc-melted Cao crystals, which they suggested were due to H- ion 

vibrations. Gonzales et al. 4 made extensive studies in the infrared 

region of absorption in thermochemically reduced MgO, Cao and SrO. They 

also observed sharp lines in the. infrared regions in all three 

materials. They assigned these sharp lines to local mode oscillations 

of substitutional H- ions. After this Jeffries et al. 17 suggested that 

an H- ion acts as an electron trap and becomes H= ion capturing an 

electron. Above a temperature of about 260K, the H= ion becomes 

thermally unstable and the third electron can be released into the 

conduction band. Jeffries et al. 17 suggested that the metastable 

retrapping of the electron as it moves through the lattice in returning 

to an F+ center, where it is eventually captured, is the cause of long 

life-time of the F center luminescence near room temperature. They also 

8 



showed that the lifetime of the luminescence changes dramatically with 

the concentration of H- ions in the sample. If the lifetime of the 

luminescence is defined as the time over which the intensity drops to 

one tenth of the initial value, then it is seen as is shown in Figure 4, 

that the lifetime changes from 300 sec to 3 sec with the variance of 

hydrogen ion concentration in the sample. 

C. Statement of the Problem 

Previous studies show that hydrogen enters into the alkaline earth 

oxides during growth and the coloration process and controls the 

lifetime of luminescence from the F center near room temperature. 

Tohver18 has recently detected an ESR signal in these samples, which he 

has assigned to paramagnetic H= ions. The H- ion in MgO and Cao becomes 

paramagnetic after it has captured an electron which has been optically 

excited from an F center. The H= ion is stable only at low temperature, 

where the thermal release of the third electron from H= ions can not 

take place. It is therefore necessary to bleach the sample at low 

temperature to generate thermally stable H= ions, prior to ESR study. 

The objective of this study was to investigate these electron traps, to 

determine the activation energy of the traps, to study the details of 

the trapping mechanism, and to find out how the concentration of traps 

affected the motion of electrons in the sample, thereby changing the 

decay kinetics of the F center luminescence. 

Thermoluminescence (TL) experiments show at what temperature the 

thermal release of electrons from these traps take place. TL results 

show that there are two temperature ranges in both MgO and CaO with TL 

peaks at 260K and 40K for MgO and 320 and 80K for Cao, where electrons 

9 
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are released from the traps. TL near room temperature in both materials 

arises due to the thermal release of electrons from H= ions. However, 

the exact origin of the electron trap which generates TL at low 

temperature in these samples, is not yet known. It has been suggested 

that H- ions may also be a cause of these shallow traps which are 

associated with low temperature TL. 

A detailed study of the F center luminescence decay kinetics at 

temperatures near both the high temperature and low temperature peaks .in 

several samples will be reported. A theoretical model will be presented 

that involves the electronic structure of the defects including these 

two types of effective traps, present in both MgO and Cao, and this 

model will be employed to explain the decay kinetics in these materials. 

Other experiments such as infrared stimulated emission, dark and 

photoconductivity will be discussed with experimental results to explain 

how they are used to monitor charge motion and the trapping mechanism 

involving hydrogen in these samples. 

Experimental procedures and the apparatus used are discussed in 

Chapter III. Experimental results analysis and discussions are given in 

Chapter IV. In Chapter V, a summary of the results and the scope of 

further researchers are discussed. Results of the experimental studies 

made on YAG are included in an Appendix. 



CHAPTER II 

ELECTRONIC STRUCTURE OF DEFECTS -

THEORETICAL BACKGROUND 

A. Ihtroduction 

F center luminescence in MgO and Cao occurs at 2.3 eV and 2 eV 

respectively. In this chapter a theoretical calculation made by Wood 

and Wilson11 of the electronic structure of the F center in CaO and also 

a recent calculation by Wilson et al. 16 for the F center in MgO will be 

outlined. The results of these calculations will be compared with 

experimentally obtained values for the energies at which F center 

luminescence occur in the materials. A theoretical calculation made by 

Wilson19 to estimate the transition energy of H- ions will also be 

discussed. 

B. Outline of the Theoretical Model 

The theoretical model used by Wood and Wilson11 to describe the F 

center in Cao, emphasizes the importance of 1) the electronic structure 

on the ions neighboring the defect, 2) the electronic and ionic 

polarization of the surrounding lattice and, 3) the lattice distortion 

and its effect on the energy levels and wavefunctions of the defect. 

In the calculations they divided the crystal into two regions. 

Near the defect the electronic structure of the neighboring ions was 

treated in detail in a Hartree-Fock-type approximation, while in the 

12 



outer region a simple effective-mass approximation was used. In the two 

electron center, the effective two-electron Hamiltonian including the 

effects of dielectric polarization, but neglecting lattice relaxation 

was expressed in the form 

H(l,2) 

+ U (r) } + U (r), r < R; + 
V - p - 0 

1 

* 2m 
v2 + 2 - l + u (r), r > R + 

W r p- o 

and for all values of r 1 and r 2 , 

Zv is the atomic number of the ion at R -v 

(1) 

(2a) 

(2b) 

(3) 

and Nv is the number of 

electrons on that ion. €HF represents the bottom of the conduction band 

in a Hartree-Fock calculation and m* is the effective mass. 

When either one of the F-center electrons moves out of the vacancy, 

local polarization of the crystal occurs. This dielectric polarization 

effect must be included in defect calculat.ions in order to obtain 

satisfactory agreement with experiment. The polarization potential of 

each electron and its corresponding hole can be broken into two parts, 

i.e., 

13 
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U(r)=U(r)+U. (r)+ 
p - e - ion -

(4) 

Uel gives the contribution due to the distortion of the electronic 

orbitals on the neighboring ions (electronic polaron), and Uion gives 

that due to small displacements of the ions (ionic polaron). The 

Coulomb and exchange interactions of the F center electrons with the 

electrons on the ions within the inner region (r < R0 ) are contained in 

the effective potential UV. The two electron interaction potential gl2 

in Equation (3) includes the Coulomb interaction term of the F-center 

electrons plus a polarization potential U 12 (R) not found in one-
p O 

electron centers, which accounts for the change in the polarization of 

the crystal when both electrons move out of the vacancy. 

The two-electron wavefunction for this system was approximated by 

the expansion 

(5) 

in which(+) implies a singlet state of the F-center and(-) implies a 

triplet. The spin function x+(s1 ,s2 ) has the usual form, and the two~ 

electron basis function~: was expressed in terms of one-electron 

orbitals by 

~k ± (,E 1 ' r 2) (6) 

where, Nk is a normalization factor. This notation emphasizes the need 

to specify two orbitals, i.e., k1 and kz, in order to determine the kth 

two-electron function. The one-electron orbitals fki were taken to be 



of the form 

(7) 

-where Nki is an orbital renormalization factor. The index v runs over 

all the ions in the inner region and~ .(r) denotes the jth one-electron 
VJ -

0 
orbital on the Vth ion. The. functions fki are of the form 

(8) 

Krp is the cubic harmonic associated with the pth component of the 

irreducible representation r of the Oh point group. 

1. Lattice Relaxation 

Major portions of the calculations, which will not be shown here, 

are discussed in the papers by Mostoller and Wood20 and Boswarra and 

Lidiard21 , in which the Mott-Littleton model was refined and applied to 

Frenkel defect calculations. 

The total change in energy of the crystal, because of the lattice 

relaxation was expressed as 

tiE Co) = tiE (o) + tiE (o) + tiE (o) + 
er c r p 

(9) 

in which the subscripts c, r, and p stand for Coulomb, repulsive, and 

polarization, respectively. The relaxation or distortion parameter 

o gives the displacement of the lnn ions as a percentage of the nearest-

neighbor distance in the perfect crystal. 

15 
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2. Results of the Calculations 

Six configurations of the type given by Equation (6) for each state 

of the F-center, are used in the calculation. The nonlinear parameters 

appearing in Equation (8) are optimized for each symmetrized 

displacement of the first-nearest neighbor (lnn) ions. The total energy 

change of the crystal is determined by adding to the electronic energy a 

contribution due to ion-ion interactions. Configuration coordinate 

curves for Alg' Eg and T2g displacements are constructed by performing 

the calculations with the neighboring ions fixed in appropriate 

displaced positions. 

EHF is chosen to give agreement between the calculated and measured peak 

of the absorption band. 

The results of the calculations for the lowest lying states of the 

F center in Cao are shown in Figure 5. The 1A1g + 1T1u absorption 

occurs at 3.05 eV which is in good agreement with experimental result of 

3.1 eV. Alg configuration coordinate curves for F center emission of 

Cao, are shown in Figure 6. 

For some time the belief was that the 1T1u + 1A1g emission occured 

3 + IA at 2.5 eV, with the Tlu lg occurring at 2.0 eV. However, Wood and 

Wilson10 claims that all their attempt to adjust the parameters in their 

model to yield these emission lines, while keeping the absorption at 

3 .1 eV, failed. 
3 1 · 

Their model predicted that Tlu + Alg and 

1T + 1A transition should lie within about 0.1 eV of one another and lu lg 

they argued that at temperatures below 300K the 3 T + 1A band is 
lu g 

. 1 1 
dominant but above 300K the Tlu + Alg transition contributes 

increasingly to the luminescence. 

There is a greater difference in the relative sizes and 
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polarization of the Mg2+ and o2- ions in MgO compared to those of the 

ca2+ and o2- ions in Cao. These differences enhance the difficulty in 

treating the polarizability of the o2- ion in the Wood/Wilson model in 

the case of MgO. In earlier calculations made by Wilson and Wood22 , it 

was necessary to adjust some of the emission parameters in order to 

obtain reasonable agreement with the observed larger Stoke shift in 

MgO. However, in the most recent calculation made by Wilson16 , the 

electronic polarization was treated more precisely and it was not 

necessary to adjust these parameters. In this calculation he also 

included the first order correction to the Toyozawa-Hanken-Schottky 

(THS) expressions23 , 24 for the interaction between the electron and the 

18 

hole via the electronic polarization field. Alg configuration 

coordinate curves for F center emission in MgO as developed by Wilson is 

shown in Figure 7. 
. 1 1 

The calculated T1u+ Alg emission of 2.2 eV is 

close to the experimentally. obtained value of 2.3 eV. 

3. Electronic Transition From H- Ions 

U centers in alkali halides consist of hydrogen atoms trapped in 

anion vacancies. Electronic absorption has been found from these U 

centers. Wood and Opik25 have also calculated the electronic structure 

of U centers in alkali halides and their theoretically calculated values 

for electronic transitions of U centers are in good agreement with the 

experimental results. 

No experimental results for electronic transitions of H- ions in 

thermochemically reduced alkaline earth oxides have been reported so 

far. However, Wilson19 has, as yet unpublished, calculations of the 

expected electronic transition energy for H- ions in MgO. These 
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calculations are. similar to those made for F centers, except that in the 

case of H- iorrs extra terms must be introduced to account for the 

presence of protons in the oxygen vacancy sites. Equation 2(a) and 2(b) 

for the F center calculations are modified in case of H- ions in the 

following way. 

h1 < r) - .!.. v2 1 E {(z - N )Ir - R ,-l + U (r)} + U (r), r < R = ---2 rl vto v v - v v - p 0 

h1(!) 
1 v2 + 3 U (r); r > R = ---* e:HF --+ 

2m r p - 0 

The value obtained for the absorption energy for the 1 Alg -

1T1u transition in H- ion in MgO is 7.8 eV, Figure 8. Since a value of 

7.8 eV lies near the band edge of the crystal it is expected to be 

difficult to confirm this.result experimentally. Bat this theoretical 

result helps us to explain why no electronic absorption from H- ions has 

been observed experimentally in the range of 6 eV to 2 eV even in 

crystals known to contain lqrge concentrations of H- ions. The 

theoretical results obtained by Wilson would not appear unreasonable 

when compared with the results for alkali halides. In the case of 

alkali halides the optical absorptions of U centers lie a few electron 

volts higher than those for the corresponding F centers. The results 

for a few alkali halides are indicated in table (2), which show that 

there is about 3 eV energy shift towards a higher energy for a U center 

transition compared to an F center transition in the same alkali 

halide. In case of MgO the F center absorption lies at S eV. 

Therefore, the calculated value of 7.8 eV for the electronic absorption 

of H- ions is quite a reasonable 
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TABLE II 

ABSORPTION ENERGY OFF CENTER AND U CENTER 
IN DIFFERENT ALKALI HALIDE CRYSTALS 

Material E (eV) (a) F Eu(ev/b) Eu-EF(eV) 

KCl 2.27 5.79 3.52 

KBr 2.03 5.44 3.41 

KI 1.88 5.08 3.20 

(a) Ref. ( 67). 
(b) Ref. (25). 
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CHAPTER III 

SAMPLE PREPARATION, EXPERIMENTAL APPARATUS 

AND PROCEDURE 

A. Introduction 

In Chapter I a review of previous studies on F centers in MgO and 

CaO has been given. H- ions in these material and their influence on F 

center emission in the light of recent studies have been discussed. In 

Chapter II theoretical calculations of,the electronic structure of F 

centers have been described and since this dissertation mainly deals 

with the nature of the emission from F centers in these crystals, a 

special emphasis has been given to the calculations of F center emission 

given by Wood and Wilson for Cao 11 and Wilson16 for MgO. The result of 

Wilson's calculation19 on the electronic absorption from H- ions has 

been given. Why the experimental confirmation of this result is 

difficult has also been explained in the previous chapter. 

In this chapter we will first discuss the crystal growth process 

and how H- ions are introduced into MgO. The experimental apparatus 'and 

procedure will be described next. 

B. Sample Preparation: MgO and Cao 

The MgO and Cao crystals used in this study were grown by the arc 

fusion method by Y. Chen at Oak Ridge National Laboratory. The starting 

materials were respectively high-purity grade MgO powder from Kanto 
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Chemical Company, Tokyo, Japan and reagent grade Caco3 powder from 

Mallinckrod Chemical Company. Crystals of MgO and Cao are normally 

cloudy when grown. The cloudiness is usually more pronounced in Cao 

than MgO. Briggs1 has shown that the cloudiness or opacity of MgO is 

due to the presence of high pressure hydrogen gas contained in small 

cavities. The source of hydrogen is moisture absorbed in the MgO 

starting powder prior to crystal growth. Cao crystals usually contain 

more hydrogen as an impurity in the starting materials because of the 

their hygroscopic nature. In both MgO and Cao the opacity arises from a 

reaction involving hydroxyl ion. Briggs has found 1 that this type of 

cloudiness can be generated in some previously clear MgO samples by 

annealing them at high temperature in hydrogen. 

Kirklin et a1. 26 made an experiment which was a combination of 

infrared absorption and electron nuclear double resonance which detected 

a sharp infrared absorption peak at 3296 cm-l which was attributed to an 

OH- stretching mode. They also noticed a sharp peak at 3700 cm-l in 

some MgO crystals which they thought was magnesium peroxides 

precipitates, which was later supported by experimental results of Glass 

and Seerle27 , and by Sibley et a1. 28 • 

A short description of Brigg's experiment by which he came to the 

conclusion that the gas in the cavities in cloudy MgO crystals is in 

fact hydrogen is discussed below. In the experiment he used two sealed 

glass tubes, one containing a cloudy crystal and 1 ml of orthphosphoric 

acid and the other containing the same amount of acid only, which he 

used as a control. The tubes were then evacuated and the acid frozen by 

immersion in liquid nitrogen. He then heated the acid in both tubes to 

100°C, so that the specimen was dissolved in the acid. 
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Both the tubes were then attached to the vacuum system of the mass 

spectrometer. They were evacuated to a pressure of 10-6Torr. The acid 

was frozen again and the seals were broken. The mass spectrometer 

showed an increase in mass 2 to - 50% above background level for the 

specimen whereas only 10% for the control. He then performed a similar 

experiment with a clear crystal: and observed a rise in mass the same as 

the control. Briggs' conclusion was that the cavities in cloudy MgO 

crystal contain hydrogen gas. 

Briggs also suggested that the removal of oxygen ion from the 

surface of a crystal creates an oxygen vacancy and two electrons. He 

represented this reaction by the chemical 'equation 

where.@]. denotes an oxygen vacancy. 

Oxygen vacanc'ies are produced by the thermochemical reduction 

process in the samples we have studied. In this process, which could 

also be called "subtractive coloration", the crystals were thermo

chemically reduced4 by heating to a high temperature (2100 - 2400K) 

under a high pressure (4-7 atm) of metal (Mg or Ca as is the case) 

vapor, in a tantalum bomb •. F centers are formed in these samples, when 

two electrons are trapped at oxygen vacancy sites. Hydrogen impurities 

present in the sample can go to some of these oxygen vacancy sites to 

form H- ions. 

A substantial amount of work has been reported29- 36 concerning the 

vibrational properties of substi.tutional H- ions in alkali halides, 

which are also known as U centers; and some detailed work has also been 
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reported37 on H- ion and D- ion vibrations in the alkaline-earth 

fluorides and in rare-earth trifluorides. However, little has been done 

on this H- ions in alkaline earth oxides until recently. Gourley and 

Vance2 and Vance and Mallard3 reported sharp infrared-absorption lines 

near 900 cm-1 , in arc melted Cao. More recently Gonzalez et al. 4 

observed substitional H- ion vibrations in thermochemically reduced MgO, 

CO and SrO. Gonzalez et al. 4 reported that after heating in the 

tantalum bomb the cloudiness of the crystal decreased and in the 

infrared region of the absorption sharp lines due to the H- ion local 

mode oscillation, appeared. For MgO, lines were observed at 1024, 1032 

and 1053 cm-! at room temperature and for Cao at 880 and 911 cm-1 , as 

shown in Figures 9 and 10. They also found that intensity of these 

lines depends strongly on the initial hydrogen impurities in the sample 

which was indicated by the cloudiness of the crystal and also by the 

presence of OH- bands. Gonzalez et al. 4 also reported the appearance of 

the first harmonic oscillation for H- ions at 2098 cm-! in initially 

very cloudy crystals of MgO. They, however, did not observe any 

evidence of the first harmonic in Cao. They also observed at low 

temperature at 80K two sets of three lines particularly in the case of 

MgO. 

Gonzalez et al. 4 argued that in each of the three oxides, the 

fundamental H- ion vibrations cause two or more sharp lines to appear in 

the infrared region, because the H- ions are surrounded by an environ

ment of different local charge compensators, which lower the Oh symmetry 

around the defect site. The same reasoning was also given by Gourley 

and Vance2, when they noticed two lines of different intensities around 

900 cm-! in arc melted Cao. The lowering of symmetry is also indicated 
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by the observation of first harmonic in MgO. Oh symmetry having 

inversion symmetry~ the dipole transition from v = 0 to v = 1 to create 

first harmonic of vibration is forbidden. So the explanation for the 

appearance of the first harmonic is that the symmetry in the defect site 

is lowered from Oh to a less symmetric configuration not having 

inversion symmetry. Also, because there are two sets of three lines 

which appear at SOK, particularly in MgO, Gonzalez et al. they also 

indulged the thought that H- ions may be present in local environments 

of slightly different symmetries. For similar reasons the satellite 

lines appear the H- ion spectra in alkaline halides29 , 30 and alkaline 

earth fluorides.36 

The crystals which we have studied therefore contain H- ions, that 

were introduced into the materials during the growth and coloration as 

discussed in this chapter. The local mode oscillations produce sharp 

infrared lines which are an experimental observation of the fact that 

the intensity of the infrared lines depends on the initial concentration 

of hydrogen present. The results of further investigation on the role 

of these H- ions on luminescence of alkaline earth oxides, will be 

discussed in the next chapter. In the remainder of this chapter, the 

experimental apparatus and procedures will be discussed. 

C. Absorption Measurements 

Visible and ultraviolet absorption measurements were made with a 

Perkin-Elmer 320 spectrophotometer. The optical density is given by 
I 

O.D. = loglO 
0 I and I the intensity of the light ~ where are 

0 

transmitted through the sample and the intensity of the reference beam, 

respectively. The intensity of the light transmitted through the sample 



-ad is given by I= I 0 e where I 0 is the intensity of the incident beam 

(reference beam), a is the absorption coefficient, and d, the thickness 

of the sample. The optical density, O.D., is related to the absorption 

ff . . b 2 303 O.D. -l coe 1c1ent y a = • -d- cm • 

Infrared absorption measurements were made with a Perkin-Elmer 

Model 580 spectrophotometer. The concentration of H- ions can be 

determined from these infrared lines and using the equation given in 

Chen et al. 37 

n(H) 1.2 x 10 16 E a(H-) for Cao. 

where E a(H-) is the sum of the absorption coefficients for all the 

peaks in the spectrum, and the concentration of F centers can be 

determined by the formula given in Reference 17 and Reference 51. 

15 
nF = 5.0 x 10 aF for MgO 

nF = 3 x 1015 aF 

where, aF is the absorption coefficient. 

D. Photoconductivity Measurement 

A schematic diagram of the photoconductivity experimental 

arrangement is shown in Figure 11. The incident light falls on the 

30 

crystal, of thickness d, between plane parallel electrodes. The crystal 

is located in a cryostat and an electric field, E = v/d, is established 

across the crystal in a direction parallel to that of the incident 



Figure 11. Schematic Diagram of the Experimental Arrangement for 
Photoconductivity 

Sample Holder: a. cryostat tail, b. mask, c. quartz, 
d. phos~hor-bronze screen, e. sample, f. sapphire 
plates, g. copper electrode, h. sapphire plate 
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light. This field is set up by a battery in the external circuit in 

series with the electrometer. 

Light from the source was dispersed by McPherson 218 monochromator 

which had a linear dispersion of 2.6 nm/mm. With both slits set 2mm 

wide, the band width was a constant 5.3 nm and the reflection grating 

was blazed at 3000 A and had 1200 grooves/mm. 

The light source was calibrated in a separate experiment by placing 

a Molectron 100 pyroelectric radiometer at the sample position. The 

radiometer was used to determine the power, inµ watts, of the incident 

light falling on the front surface of the sample holder as a function of 

wavelength. For a given wavelength, x, of the incident light, the 

number of photons/sec, nAo' striking the front surface of the sample 

assembly is given by nAo = pA/hc where pis power inµ watts, his 

Planck's constant, and c is the speed of light. 
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The photoconductivity measurements were made with the sample holder 

shown in Figure 11. The sensitive electrode g, made up of copper foil 

0.05 mm thick, 3 mm wide and 8 mm long, was connected to the electro

meter. This electrode was electrically insulated from the copper tail 

of cryostat, a, by a sapphire plate, h, 0.25 mm thick. The incident 

light passes into the crystal, e, through the front electrode, d, a 

phosphor-bronze screen of 0.55 mm diameter wire and 100 mesh. The 

screen was held against the crystal by a sapphire plate, c, which was 

supported by phosphor-bronze springs. Sapphire plates, f, 0.25 mm thick 

could be placed on either side of the crystal between the crystal and 

the corresponding ~lectrode to prevent charge from entering or leaving 

the sample. The screen electrode assembly transmitted about 35% of the 

incident light. 
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A shielded lead connected the phosphor-bronze screen electrode to a 

battery in the external circuit which produced an electric field, 

typically about 500 v/cm, in a direction parallel to that of incident 

light. The direction of the applied electric field could be reversed 

after individual measurements to prevent polarization effects in the 

sample. 

The sensitive electrode was connected, by a shielded lead, to the 

input of a Cary 401 vibrating reed electrometer which could be used in 

either the "rate of charge" or current mode. The output of the electro

meter was fed to an Omnigraphic Y-t potentiometric recorder. 

E. Electrical Conductivity 

In the electrical conductivity or dark current measurements almost 

the same set up as described above was used except in this case n0 light 

source was necessary and as such no monochromator. Whenever it was 

necessary to excite F band light for Cao and MgO, a suitable 

interference filter in conjunction with the source was used. Details of 

this are given in the experimental results in Chapter IV. 

F. Thermoluminescence 

Thermoluminescence occurs when electrons (holes) are thermally 

released from a trap and radiatively recombine with holes (electrons) 

trapped at another site. In TL, what is measured is the light given off 

when electron-hole recombination occurs at some site. The transition 

energy will be determined by the nature of the recombination center 

whereas the light intensity is proportional to the number of 

recombination sites which have captured carriers. The key equation 



describing the thermoluminescence is 

I 
dn ->.. - = ru.'l"va>.. + dt 

where, I light intensity 

>.. constant of proportionality 

N = II of trapping sites/cc 

n = It of carriers/cc 

v = carrier velocity 

a = capture cross section 

This equation shows that the light intensity, which is directly 

proportional to the rate of radiative recombination, reflects the 

concentration of thermally released carriers. The constant of 

(5) 

proportionality, A varies more slowly with temperature than the other 

variables. 

In actual experiments the samples were cooled down to low 

temperature, then illuminated with ultraviolet light for few minutes and 

then warmed up at a rate. of 5°K per minute. The Oxford Instruments 

cryostat heater heats the sample up to room temperature. Temperature 

above 300K were achieved by a constantum heating coil wound around the 

cold finger of a cryostat. Standard potentiometric techniques were 

employed for monitoring temperatures. The cryostats were equipped with 

copper vs. constantum thermocouples attached to the tail piece near the 

sample. 

34 
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G. Decay Kinetics 

Decay kinetics in MgO and CaO were studied at different temper-

atures with emphasis given on the kinetics of decay near the thermo-

luminescence peaks, one near room temperature, the other at low 

temperature. 

Luminescence was excited in the samples by two different sources 

for two different materials. For MgO, a 60 W deuterium lamp in 

conjunction with a 230 nm interference filter was used. For Cao a 150 W 

xenon lamp in conjunction with a CS 5-58 was used to select the F-band 

light. The emitted light was detected with photomultiplier tube (EMI 

9313B for MgO and thermoelectrically-cooled C31034 for Cao) and was 

recorded on a Y-t recorder. Sharp cut-filter Corning CS-3-71 in the 

case of MgO and CS 3-67 for Cao were used to cut off stray light. In 

each case the sample was illuminated until the emission reached a 

maximum intensity and then the excitation was removed. Decay which 

lasted for several minutes for samples with high concentration of H-, 

were studied extensively and the natures of these decays are reported in 

the next chapter. 

H. Infrared-Stimulated Emission 

In the experimental arrangement luminescence was excited in the 

'1 1 
sample by exciting the main Alg - Tlu absorption transition of the F 

center using radiation from a 150 W xenon lamp which was dispersed by a 

0.25m Spex monochromator used in conjunction with suitable glass 

filters. Emission was detected by a thermoelectrically-cooled C31034 

photomultiplier tube after passing through sharp cut filters to cut off 

stray light. The luminescence from this excitation was allowed to reach 
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maximum intensity and the excitation was removed by closing the 

shutter. This long-lived luminescence near room temperature was then 

suddenly quenched by forcing liquid nitrogen into the dewar. The sample 

temperature then dropped to 78K in few seconds. The luminescence was 

then reactivated at this low temperature by giving a short pulse of low 

energy light (much lower than F center light) to the sample. This is 

done by replacing the filter quickly by another filter which allows much 

lower energy light, during the time when the luminescence was decaying 

at room temperature. A schematic diagram of the experiment is shown in 

Figure 12. 
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Figure 12. Schematic Diagram of the Experimental Arrangement 
for Infrared Stimulated Emission Experiment 
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CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

A. Introduction 

In the previous chapters experimental and theoretical studies made 

on F center luminescence in MgO and Cao have been surveyed. Studies 

made on the recently detected H- ions in these samples have also been 

discussed and infra-red absorption lines from the local mode oscillation 

of these H- ions have been described. In this chapter we will show the 

results of further studies made on MgO and CaO which were thermo

chemically reduced and also discuss the role of hydrogen on these 

results. 

The characteristics of the different samples of MgO and Cao, used 

in this study are given in table III and table IV respectively, where 

the concentrations of F. and F+ centers were calculated from the 

intensity at the absorption peak and the formulae given in Chapter III. 

The concentration of H- ions were obtained from the intensity of the 

infrared absorption peak and the formulae shown in Chapter III. 

Although it is possible to minimize the concentration of hydrogen 

introduced into MgO crystals during the growth, because of the 

hygroscopic nature of Cao, it is almost impossible to grow Cao without· 

hydrogen. However the concentration of H- ions in CaO can be lowered by 

electron irradiation. After the irradiation the infrared absorption at 

911 cm-l vanished and that at 880 cm-l decreased51 • The different 
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TABLE III 

CHARACTERISTICS OF THERMOCHEMICALLY REDUCED MGO SAMPLES 

Sample nF(cm-3)a nH(cm-3)b 

MgO I 1.6 x 1018 3.0 x 1018 

MgO II 4.1 x 1018 1.3 x 1017 

MgO III 5.5 x 1017 5.4 x 1016 

MgO IV 3.7 x 1018 1.6 x 10 17 

MgO v 2 x 1017 6.3 x 1016 

a. Calculated using the formula given in Ref. 17 
and Chapter III. 

b. Calculated using the formula given in Ref. 37 
and Chapter III. 
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TABLE IV 

CHARACTERISTICS OF THERMOCHEMICALLY REDUCED Cao SAMPLES 

·sample n (cm-3)c 
F 

nH(cm-3)d 

Cao I < 1 x 1015 7 x 1016 

Cao II 6 x 1016 2 x 10 16 

Cao III > 5 x 1017 2.7 x 1016 

Cao IV > 5 x 10 17 1.2 x 1017 

Cao VI > 5 x 10 17 9.4 x 1016 

c. .Calculated using the formula given in Ref • 51 
and Chapter III. 

d. Calculated using the formula given in Ref. 51 
and Chapter III. 



samples of MgO and Cao with different concentration of F center and H

ions were used to investigate how these concentrations influence the 

optical and electrical properties of the crystals. 
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Previous results 17 have shown that the lifetime of the 2.3 eV 

luminescence at room temperature in MgO depends on the concentrations of 

both F centers and H- ions. The results of an in-depth study on the 

nature of this 2.3 eV luminescence in MgO and 2.0 eV luminescence in Cao 

near room temperature and also at low temperatures will be reported and 

how the concentration of H- ions and F centers in the sample affect the 

decay kinetics of F center luminescence will be discussed. A 

theoretical model will be given to explain these results. 

The activation energy for thermal release of electron from H= ions 

will be calculated from the thermoluminescence and decay experiments 

using the "cross cut" method. The results show that electrons can 

escape to the conduction band from H= ions at room temperature in both 

MgO and Cao. The motion of these electrons through the conduction band 

gives rise to a dark current at room temperature. Although Roberts and 

Crawford38 reported this dark cu.rrent in thermo chemically reduced MgO, 

they could not account for its origin. The experimental results 

reported39 recently, indicate that H- ions in the sample are the cause 

of this dark current. How this dark current changes with the concentra

tion of H- ions in the samples and also with temperature will be 

discussed. 

B. Thermoluminescence 

Thermoluminescence experiments were carried out in both hydrogen 

rich and hydrogen free samples of MgO and Cao. The measurements were 



made in each case over two different temperature ranges 20-300 Kand 77-

500 Kand the two sets of data were normalized at 220 K. In each case 

the sample was cooled to the starting temperature, illuminated with F 

-1 
band light for few minutes and then heated at a rate of - 0.1 Ks • 

Figure 13 shows the results of TL experiment on MgO I which is 

hydrogen rich and MgO III which is almost hydrogen free. The result 

shows that the intensity of the TL peak at 260 K depends clearly on the 

concentration of H- ions in the sample, therefore, this peak is 

attributed to the release of electron from unstable H= ions. Similar 

results were found in Cao, shown in Figure 14 in which Cao IV is 

hydrogen rich and Cao III is almost hydrogen free. In this material 

also the intensity of near room temperature 320 K TL peak was found to 

decrease dramatically when the concentration of H- ions in the sample 

was lowered. 

Although the near room temperature peak in both MgO and Cao has 

been identified and attributed to the release of electrons from 

unstable H= ions, there is also another peak at low temperature in both 

these samples, the exact origin of which is not known. There is no 

direct correlation with the concentrations of H- ions in the sample and 

the TL intensity at low temperature. For MgO, this peak lies at 40 K 

and for Cao at 80 K. Therefore the TL experiments show that in both 

thermo-chemically reduced samples of MgO, and of Cao there exists 

shallow electron traps which become unstable at lower temperatures, and 

therefore have much smaller trap depth or activation energy compared to 

the H= ion traps •. The activation energies estimated from the 

temperatures of the TL peaks are - .086 eV and - .12 eV for MgO and Cao 

respectively compared to 0.56 eV and 0.74 eV of H= ions in MgO and Cao, 

42 



>-
1-
Cl) 
z 
w 
I- 101 

z 
z 
0 
Cl) 
Cl) 

:l!: 
w 

10° 

0 

MgO:Mg 

1 MgO III 

100 200 300 400 

TEMPERATURE IKI 

Figure 13. Thermoluminescence in MgO 

43 

500 



·-Cl) -c 
~ 105 

>i ... 
CV ... ..... 
.c 
~ 104 ->-
1--U) 
z 
w 103 
1-z 
z 
0 -u, 102 
U) -:E w 

101 

44 

CaO:Ca 

O...._~...._~-L-~--'-~--'~~.J.-~....1-~-L.~_J 

100 200 300 400 

TEMPERATURE I Kl 

F~gure 14. Thermoluminescence in Cao 



calculated by separate measurements 44 which will be described in the 

next section. 
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As discussed in the previous chapter Gonzalez et al. 4 suggested 

that the presence of more than one line in the infrared absorption 

spectra of MgO and Cao, is possibly due to local mode vibrations of H

ions located at different sites which are distinguished by different 

local charge compensators, for example. Release of electrons from these 

H= ions, which would be in an environment of different charge 

compensators, may be the cause of the low temperature TL peaks as has 

been suggested by Summers et a1. 16 and Summers and Chakrabarti40 • 

Another possible explanation of the low temperature TL peak has 

been suggested by Wilson41 • His calculations show that the excited 

state orbitals of the F center and H= ions are quite diffuse. Because 

of the extended nature of the excited states of H= ions and F centers, 

they may overlap, especially in samples containing large concentrations 

of H=/F center pairs. Electrons could therefore be trasnferred from an 

H= ion to the excited state of an F center by a tunneling mechanism. 

Although the nature of the shallow trap is not certain, it does 

play an important role at low temperature. The activation energy of 

this shallow trap is about one seventh the activation energy of the 

deeper trap (H- ion) in Cao and about one sixth of the energy of the 

deeper trap in MgO. At room temperature, therefore, the shallow traps 

are mostly empty and are expected to play little role in the decay 

kinetics of F center luminescence at room temperature. Therefore the 

nature of the F center luminescence at room temperature is essentially 

guided by the concentration of H- ions. However, at low temperature, 

near the TL peak, the decay kinetics of F center luminescence is more 



complex, because at low temperature not just the shallow traps play a 

dominant role, but also the deep traps are important. This will be 

discussed in detail in the next sections with experimental result and a 

theoretical model, which explains the decay kinetics near the two TL 

peaks. 

Results of the thermoluminescence experiments bring out some 

valuable information about the traps, charge motion and trapping 

mechanism in these crystals. Also the intensity of TL peak enabled us 

to compare the concentration of shallow traps in various samples of MgO 

and Cao studied. Although the number of H- ions can be calculated 

directly from the equation in Chapter III and the intensity of the 

infrared absorption, the exact concentration of shallow traps cannot be 

calculated directly. The knowledge of these shallow traps and their 

thermal activation energy obtained from the TL experiments are very 

important in understanding the decay kinetics of luminescences in these 

crystals. Furthermore, from the results of the TL a model has been 

proposed whichs explain phenomenlogically the infrared stimulated 

emission from oxygen ion vacancies in MgO and Cao. Also, it is the 

knowledge of the deep traps and their thermal activation temperature 

obtained from the TL experiments, that helped us to explain the dark 

current in these samples and to interpret the electrical conductivity 

experiments monitored the charge motion at RT. All these experimental 

results will be discussed in this Chapter. 

In case of MgO there is a third TL peak at - 470 K, as is seen in 

Figure 13. This peak has been reported before42 and attributed to the 

thermal release of electrons from iron impurity in the sample and can 

act as an electron trap to become Fe+ centers. TL occurs after the 
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electrons are released from Fe+ centers and get captured by F+ 

centers. This model has been confirmed by the paramagnetic signal 

obtained from Fe+ ions and F+ centers after bleaching the sample with 
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5 eV F band light at 4.2 Kand also from the TL spectrum which resembles 

with 2.3 eV photoluminescence band. This TL peak is, however, not of 

direct interest in this study. 

c. Decay Kinetics 

When F centers in both MgO and CaO are optically excited at room 

temperature there is a very high probability that electrons are released 

to the conduction band. These electrons then move through the 

conduction band and are continually trapped and released by H- ions 

before being ultimately captured by a F+ center, producing F center 

luminescence. The ·lifetime of this luminescence changes with the 

concentration of H- ions in the sample. As was shown by Jeffries et 

a1. 15 , MgO I which has a high concentration of both F centers and H-

ions has a life time of - 330 s, whereas MgO III which has a much lower 

concentration of H- ions has a life time of - 3s. In this section we 

will describe investigation~ made on the decay kinetics of F center 

luminescence as a function of H- ion concentration and the temperature. 

The study of the decay kinetics in various samples of MgO and Cao 

indicate that at room temperature the samples with long lifetime, i.e., 

with high concentration of H- ions, exhibit second order decay after a 

relatively brief transient process is over. For a second order process 

I--V2 it is found that is directly proportional tot, where I is the 

luminescence intensity at time t. The reason for this relationship is 

as follows. If x, is the number of unactivated luminescent centers then 



I - dx/dt. For a second order process 

dx 
-= -
dt 

k2 is a second order rate constant, therefore on integrating 

1 1x 
k XO 2 

dx 
-+ 

2 x 

1 x - [- -] 
X XO 

=.!. __ ! + 
x x 

1 1 
or mt = ~/2 - 02 + 

0 

where mis a constant 

1 
or ---rz:; 

I 2 

1 
= mt + --,1 

I 2 
0 

0 

+ 

therefore, the plot of 1/I 112 vs t for a second-order decay process 

produces a straight line. 
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(1) 

(2) 

(3) 

(4) 

(5) 

For hydrogen rich MgO I, Figure 15 shows that the linear region of 

a plot of 1/I 112 vs t after a transient period of only lOOs. In 

contrast a plot of 1/I 112 vs t for MgO III, a relatively hydrogen free 

sample, results in a nonlinear curve up to a time of 700 s. 

Similar behavior is noticed in Cao. Figure 16 shows the decay of F 

center luminescence with time in various Cao samples. With the same 

concentration of F centers in Cao IV and Cao II, the higher 
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concentrations of H- ions in Cao IV causes longer lifetime of 640 s 

compared to lifetime of luminescence of 35 sin Cao II, having lower 

concentration of H- ions. Similarly the onset of the second order decay 

is found to depend on the concentration of H- ions. Figure 17 shows a 

plot of 1/I Yzvs t for Cao IV and Cao II.Cao IV is a relatively hydrogen 

rich sample whereas Cao II has a relatively low concentration of H-

ions. Cao IV can be seen to exhibit a second order luminescence decay 

which is demonstrated by a long linear region in a 1/I 1fzvs t plot after 

a transient period of only 25 s. On the other hand Cao II 1/I 1fzwas 

plotted with time up to 800 s, indicating that the decay kinetics at 

room temperature in Cao II, is not of the second order type. 

We see that H- ions, acting as electron traps, influence the decay 

kinetics of F center luminescence in both MgO and Cao in several ways. 

The presence of high concentrations of H- ions cause these samples to 

have the following characteristics; 

a. a strong TL peak near room temperature, 

b. a relatively long life time for the F center luminescence, 

c. a luminescence decay of a second order type after a only 

relatively short transient period. 

Since the luminescence decay kinetics at room temperature in these 

samples are complex and cannot be fitted to a single simple function, it 

is difficult to evaluate the activation energy of H- ions electron traps 

by a straight forward "isothermal decay" method. Instead the activation 

energy was calculated using the methods called "cross-cut" method43 , 44 • 

This method is useful, because it is applicable to complex decay 

kinetics. In this method the number of unactivated luminescent ion at 

any instant of time and temperature is involved rather than the 
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intensity of the luminescence. We do this by calculating the light sum 

S(t) at time t, where 

s(t) = f00 I(t')dt' 
t 

(6) 

It can be seen that the light sum represents the number of luminescent 

centers that remain unactivated at time t. We calculated s(t) at 

several temperatures such as 240 K, 250 K, 260 Kand 270 K for MgO and 

at 300 K, 310 K, 320 K, and 330 K for Cao. The plots of the normalized 

light sum, which are s(t)/s(o) as a function of time are shown in Figure 

18 and Figure 19. The calculation of the values of s(t) presented some 

computational difficulties. Each value was calculated in two steps. 

The second order part of the decay was extrapolated back to zero time 

using ·the equation 

This enables the integral S'(t) to be calculated as, 

SI ( t) = J"° __ l __ = 

t (k t + k >2 
1 2 

Therefore, knowing the slope k1 and intercept k2 from the 1/I 112 vs t 

plots, s'(t) can be calculated. 

(7) 

(8) 

(9) 

But in both MgO I and Cao IV, the non second order transient decay 

process is observed in the earlier part of the decay. This non second 
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order type decay is represented by the non linear part in 1/I 112 vs plot 

as is seen in Figure 20 and Figure 21, whereas the major second order 

decay is reflected through the linear region of the plot 1/I 1!2vs t. 

However, in this calculation, part of the luminescence decay curve 

is left out. This is the part during the initial-transient non-second 

order process. This was taken care of by evaluating this area 

graphically and by a weighing method. This contribution .was then added 

to s'(t) at each temperature, obtained by (9) to obtain the total light 

sums s(t). The light sums were then normalized:~~~ at each point, and 

were plotted against time to obtain Figs. (18) and (19). 

The following is briefly a description of the cross cut method for 

calculating the activation energy from the plots of s(t). Suppose the 

rate of decrease of a certain defect can be written as 

56 

dv 
-= -
dt 

( 10) 

where, v is the fractional concentration of the defect remaining, 

P(v) is a continuous function of v; , and k0 is constant. Equation 

(10) can be integrated to give 

Jv(t) dv Kt e-E/kT 
- v.(o) P(v) = o + 

(11) 

Now, if two isothermal experiments are performed at two different 

temperatures T1 and T2 and during each experiment vis measured as a 

function oft, then comparing the times t 1 and t 2 when the 

concentrations are the same, i.e., when v(t 1 ,T 1) = v(t 2 ,T 2), it can be 

set 
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dv 
~~ + 
P(v) 

i.e. 

If more than two experiments are performed, then for a given 

v(t.,T.) the times' and temperatures are related by 
1 1 

(E/k)(l/T.) +constant+ 
1 

The subscript i stands for ith experiment. 

(12) 

(13) 

(14) 

(15) 

In Figure 18 and 19, the horizontal dashed lines are typical cross 

cuts. These are taken at 0.40 and 0.45 for MgO and 0.22 and 0.30 for 

Cao. Figures 22 and 23 are the plot of ln(ti) vs 1/Ti for MgO from the 

respective cross-cuts. Similarly, for Cao, these are represented in 

Figures 24 and 25. 

The experimental points were computer-fitted to a straight-line. 

The starts show the calculated points. Computer-fit of these lines are 

also indicated with different symbols. From the slope of these lines, 

the activation energy for thermal release of electrons from H- ions are, 

calculated to be equal to 0.56 ± .02 eV for MgO and 0.74 ± .04 eV for 

Cao. 

The experimental results indicate that the major component of the 

upper temperature TL peak is due to electrons released from H= ions, and 
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the variance of concentration of H- ions in the sample significantly 

changes the intensity of this upper temperature TL peak. However, the 

intensity of the low temperature TL in either Cao or MgO does not change 

appreciably from sample to sample even when there is considerable 

differences in H- ion concentration. The exact origin of this TL is 

currently not known. However, we have estimated the activation energy 

of the trap responsible for the low temperature TL peaks using E(eV) 

25 k Tm(k) where E(eV) is the activation energy, k the Boltzmann 

Constant and Tm is the temperature where the TL peak lies53 • The 

activation energies were found to be equal to 0.086 eV for MgO and 0.12 

eV for Cao. 

It can be seen from the activation energies that the trap depth of 

the deep traps is about six times the trap depth of the shallow traps in 

both MgO and Cao. So at room temperature where the thermal release of 

electrons from deep traps take place, the shallow traps are essentially 

empty and play no significant role in F center luminescence at room 

temperature. Lifetime of F center luminescence and kinetics of the 

decay of luminescence at room temperature is therefore dictated by H-

ions, the deep traps, which is seen in results of Jeffries for MgO in 

Figure 4 and Figure 16 for Cao. 

We next investigated the decay of F center luminescence near the 

low temperature TL peak, i.e. at - 40 K for MgO and - 80 K for Cao. 

Plots of 1/I V2vs t for several samples of MgO and CaO are shown in 

Figure 26 and Figure 27. In MgO III, the decay is second order after 

only a short transient decay, whereas in MgO I, the decay is not second 

order type as 1/I 112 vs t produces a nonlinear curve. In both MgO I and 

MgO III, concentration of shallower traps appear to be comparable as is 
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seen by the comparable intensity of the low temperature TL peak. It is 

apparent that the concentrations of deeper traps are also influencing 

the kinetics of decay at low temperatures. In MgO I which has a 

relatively high concentration of H- ions, the decay kinetics is of non 

second-order type, whereas in MgO III with a relatively low 

concentration of H- ions, the second order decay starts after only 105 

sec. We estimate the start of the second order process as the time 

where the linearity begins in a 1/I l/2vs t plot. In MgO V which has a 

slightly higher concentration of H- ions than to MgO III, the second 

order decay starts later at 130 sec. The point at which the start of the 

second order process occurred, are tabulated for different samples in 

table V. We conclude from Table V that, in contrast to the effect near 

room temperature the higher the concentrations of H- ions, the longer 

the period before a second order process is apparent. 

Similar pattern is noticed in the decay kinetics of Cao. In Cao 

III with a low concentration of H- ions, the second order decay process 

at low temperature starts much earlier than in hydrogen rich Cao IV, 

whereas at room temperature the second order decay process in CaO IV, 

starts within few seconds after the ceasation of exciting source. 

Therefore, in the case of Cao also, it is the concentration of H- ions 

that determine the start of the dominant second order process in the 

sample. At room temperature the higher concentration of H- ions favors 

the second order process, at low temperature on the other hand, the high 

concentration of H- ions delays the start of the second order process in 

the luminescence decay. We will next present a theoretical model, that 

will explain more quantitatively, the results of decay kinetics both at 

room temperature and at low temperature. This model is based on the 
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TABLE V 

SET POINT FOR THE START OF SECOND ORDER DECAY PROCESS OF 
F CENTER LUMINESCENCE IN VARIOUS MgO SAMPLES 

AT LOW TEMPERATURE 

Sample nF(cm-3) nH(cm-3) Set point for the start 
of second order process 
in seconds 

MgO III 5.5 x 1017 5.4 x 1016 105 

MgO V 2 x 1017 6.3 .x 10 16 130 

MgO IV 3.7 x 1018 1.6 x 10 17 150 

MgO I 1.6 x 10 18 > 600 
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work of previous authors 45- 5o in which only one trap was considered. 

Below we extend this model to the case of two effective traps. 

1. Theoretical Model and Interpretation of Results 

Figure 28 shows the model with energy level scheme that includes 

ith traps, and one type of luminescence centers or the recombination 

centers, where Xis the number of empty luminescent centers and Yi and 

zi are the number of empty traps and number of filled traps respectively 

and Y. are the probabilities of filling empty traps and emptying 
1 

filled traps, Sis the probability of filling empty luminescent centers. 

The following rate equations describe the process 

dzi 
--= dt 

dyi 
- -- = dt - Y.z. + a. n y. + 

1 1 1 1 

dx dt = - Snx + 

dn 
-= 
dt 

r Y.z. - r a. n y. - Snx + 
i 1 1 1 1 

N. = y. + z. + 
1 1 1 

(16) 

(17) 

(18) 

(19) 

Where, n is the number of electrons in the conduction band and Ni is the 

total number of traps. 

As long as x >> n, one can also write 

dn 
dt "' 0 + 

dn dx 
and from (16), (17) and (18), dt = dt - r 

dz. 
1 --= dt 

(20) 

0 + (21) 



---x 

Figure 28. Energy Level Scheme for Charge Motion and 
F Center Luminescence with ith 
Kinds of Traps and One Luminescence Center 
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therefore, 

E a.. n y. + Snx 
1 1 

E.Y.z. 
1 1 1 

so, n = ---------- = E,a.,(N.- z.) + Sx 
1 1 1 1 

Cl., 
1 Where, si ="""'sis the ratio of the probability of retrapping to the 

probability of capture by luminescent centers. 

Therefore, 

dx I = - - = Snx dt 
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(22) 

(23) 

(24) 

This is the general equation for decay with ith traps. In case of one 

trap, which essentially is the case near room temperature where the 

shallow traps are virtually non existant, we write i = 1, so that, 

dx x y z I = - - = -,-,-~_;;;.-
d t s(N-z) + x 

(25) 

If the rate of emptying traps is equal to the rate of filling 

luminescent centers, then x ~ z. Therefore, 

2 
I = dx _ y x + 

- dt - s N + x(l-s) (26) 

If N, the number of deep traps are large then in the early part of the 

decay the term involving x, the unfilled luminescence center becomes 

negligible in the denominator. Therefore the Equation (26) boils down 

to 



2 dx y x 
I = - - = -- + (27) dt ,; N 

which is a representation of a second order decay process. And indeed 

in case of MgO I, with high concentration of H- ions at room 

temperature, we notice a second order decay after a certain time has 

elapsed, when x << N. 

Integrating (27), one can write, 

t = t 0 , is the time when just the exciting source is cut off and the 

decay starts, 

i Ye )+-1=irc )+ "i = ,;N t - to z ,;N t - to 
0 

,;N 1 
so, x = Y [,;N/y z + (t - t )] + 

0 0 

Plugging this in (27) results. 

dx ,;N 1 2 I - dt = y [,;N/y + (t - t )] z 
0 0 

I = .....1.. z 2 
[b + 

b ]2 + 
,;N o (t - t ) 

0 

,;N 
0 ] 

Yz 
0 

(28) 

(29) 

where, b = ,;N/y z 0 , is inversely proportional to the fractional number 

of traps filled at t = t 0 • Equation (29) represents, in fact, well 

known Bequirel's formula52 , 53 
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I I (-b-)m + 
O b+t 

(30) 

Decay curves of the form of Equation (30) in general are attributed to a 

second order mechanism. bis a function of activation time, and for a 

time t >> b, and m = 2, I= I 0 t-2 results from (30). In fact we fitted 

our experimental datas of MgO I and Cao IV at room temperature to 

achieve m close to 2. A departure from the I= I 0 t-2 type form occurs 

in very early part of the decay, which shows non linear region in 

1/I 112 vs t plot in these samples. 

Equation (29) is the result of simplification of our model, which 

includes only one trap. This is justified at room temperature where the 

shallow traps do not come into play. However, at low temperature, the 

reverse is not true and the deep traps cannot be ignored as there is 

always a probability that the electrons released from the shallow traps 

at low temperature can be retrapped at the unfilled deep traps. 

We'll therefore, use a more general approach that involves both 

type of traps and then separately consider the two cases 1) room 

temperature case, ii) low temperature case. 

For two traps i = 1,2, Equation (23) can be written as 

yl 2 1 + y2 2 2 1 
n = s1(N1- zi) + s2(N2- z 2) + x S 

therefore, 

I(x) dx --= dt 
Snx (31) 

Writing, x = z 1 + z2 , i.e., the rate of emptying trap is equal to the 
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rate of filling luminescent centers. Equation (31) can be rewritten 

with z1 substituted in terms of z2 and vice versa 

I(x) 

and 

From the solution of Equation (16) written as 

dz. 
]. --= dt 

- Y1.z1 + a.n(N. - z.) 
]. ]. ]. 

= a.N.n - (Y1. + a.n)z. 
]. ]. ]. ]. 

one can get a better look at zi as 

N. N. -(y, + a.n)t 
]. 

+ (zio 
]. 

Y.) 
]. ]. 

z. = - e + 
]. Y. 

1 + _i_ 1 + .::.2:_ 
a.n a.n 

]. ]. 

a. Case I - At Room Temperature 

(32) 

(33) 

(34) 

At room temperature kT >> E1, where E1 is the activation energy of 

the shallow traps. Therefore at room temperature, the shallow traps are 

essentially empty, where y 1 is very high. Now the equation shows that 

at large value of y1 , z1 is very small. 

For very small z1 therefore Equation (33) reduces to 

(35) 
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For large number of deep traps, i.e., for high N2 , the term involving x 

in the denominator quickly becomes insignificant compared to Nz, and 

therefore we observe the second order decay process in the major part of 

the decay in hydrogen rich MgO I and Cao IV. 

On the other hand, in MgO III and Cao II, where the number of deep 

H- ion traps i.e., N2 , is small, the term containing x, the number of 

unfilled luminescent 'centers, can not be ignored compared to a small 

value of N2 and therefore the decay process is non second order type. 

This is indicated by the nonlinear smooth curve in 1/I I;zvs t plot for 

MgO III and CaO II. 

It is evident from this model that at room temperature the decay 

kinetics of F center luminescence in these samples, is determined by the 

number of deep traps and the number of unfilled luminescence centers 

present. How quickly the second order process will start depends on how 

quickly the terms containing x becomes insignificant compared to N2s2 • 

If the number of deep traps N2 is not high in a sample then, throughout 

the decay process in the sample x remains significant and as such the 

second order process is not observed. 

The model also suggests that for a given sample, if the intensity 

of excitation is varied so that a different number of unfilled 

luminescence centers, x, are created, a change in time for the start of 

second order decay kinetics will be noticed. This is indeed 

experimentally observed, when the intensity of excitation was changed. 

MgO II was chosen as a test sample which contains a fairly large 

concentration (1.3 x 1017 cm-3 ) of H- ions, but the concentration of H-

ions in it is not, as high as in MgO I, where the second order process 

starts too early to observe any noticeable change with variances of x. 
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Neutral density filters with O.D. 0.5, 1, and 1.5 were used in 

conjunction with 230 run interference filter, which passes the F band 

light. A 60W deuterium lamp was used as a source. Exciting light from 

76 

the source through the 230 run interference filter was reduced by factors 

of 3.2, 10 .and 31.6 respectively with the use of the neutral density 

filters. 

If we define the case A is the case when no neutral density filter 

was used and case B, C, and Dare the cases respectively where the 

exciting light was cut off by the factor of 3.2, 10, and 31.6 with the 

use of neutral density filters, then in case D, the minimum number of F 

centers were excited thereby creating minimum number of unfilled 

luminescence centers x, conversely in case A, with the exciting light of 

maximum intensity, the maximum number of unfilled centers, x, were 

generated. The second order process, exactly as indicated by the model, 

started earliest in case D with fewest x as shown in 1/I 112vs t plots in 

Figure 29. The times for the onset of the second order process where 

calculated from the 1/r 112 vs t plots. The characteristic times are 

475 s, 385 s, 265 sand 240 s for cases A, B, C and D respectively. 

b. Case II - At Low Temperature Near the First 

TL Peak of the Sample 

At room temperature, the shallow traps are virtually empty and as 

such were not considered in the decay equations. However, at low 

temperature both the traps come into play, because we cannot ignore the 

possibility that electrons being released from the shallow traps can be 

retrapped in the unfilled deep traps. In fact the experimental results 

indicate that change of concentration of deep traps in the sample 
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shows that higher the concentration of deep traps, longer it takes for 

the second order process to start. We will now explain this decay 

kinetics at low temperature from the proposed model. At low temperature 

Y2, the probability of emptying the filled deep traps, can be considered 

to be zero. With this the Equation (24) can be written as 

I(x) 

or, I(x) 

z2 
(1 - -) 

x 

Deviation from the second order process can be seen by expanding the 

denominator as, 

The terms 

process starts when q(x) ~ r, when r << 1 

(36) 
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This can be represented graphically as shown 

'1(X) 

X-

x± are the roots of 

A x2 - rx + B = 0 

where A 
1 - ~l 

z2 = f(N2 ) , where f is a constant ~ 1 • 

and x± 

The decay process is therefore second order, when 

jq(x)j ~ r i.e., x 

r ± (r 2- 4ABlJ2 
Again from x± = ZA , it demands that for the second order 

process r 2 > 4AB 

i.e., 
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In otherwords for a second .order luminescence decay at low temperature 

the number of deep traps must be much smaller than the number of shallow 

traps. This can be seen in MgO III and in Cao III, where the intensity 

of the room temperature TL peak is much smaller than that of the TL peak 

at low temperature. In both MgO III and Cao III the second order decay 

process starts early in the decay. 

For r 2 » 4AB. 

i.e., 

r + r(l - 2AB) 
2 

r 
2A 

r 

From the expression of x+, the following can be concluded: 

1. The second order decay process starts when N2 << N1 • 

2. In this range the second order process starts earlier as N1 increases 

(with constant N2). 

3. The second order process starts later in time as N2 increases (for 

The various samples of MgO and Cao, studied experimentally appear 

to have a comparable number of shallow traps (as seen from the height of 

the low temperature of TL peak) and F centers. The concentration of 

deep traps (i.e. N2) in these samples were varied and we recorded the 

delay in the start of second order process. For high N2 as in MgO I, 

the second order process is not observed. For other samples such as MgO 



III, MgO V and MgO IV, the start of the second order process began at 

105 s, 130 sand 150 s respectively. Therefore with the increase in 

concentration of H- ions i.e., N2 , the delay in the start of the second 

order process was noticed. 

For Cao als.o, the set point for the start of the second order decay 

process of low temperature luminescence shifted to a later time as the 

concentration of deep traps, i.e., N2 is increased. This is seen in 

Figure 27. 

We, therefore, see that the observed complex behavior of the low 

temperature luminescence decay curves is explained by this model and 

theoretical calculations. At high temperature limit also this model 

works well. It is difficult to vary the concentrations of shallow traps 

in these samples but we predict from this model, that for a fixed number 

of N2, the deep traps, the second order process will be favored or be 

delayed as the concentration of shallow traps (N1) are increased or 

decreased respectively. 

D. Infrared Stimulated Emission 

In the previous sections we have discussed the presence of two 

types of traps in MgO and CaO and their influence on F center 

luminescences. In this section we will discuss other experiments that 

describe an effect caused by the presence of these traps. This effect 

is noticed when the long lived phosphorescence near room temperature is 

suddenly interupted by quickly reducing the. temperature of the sample. 

The luminescence is then reactivated at the lower temperature by 

illuminating the sample with a short pulse of infrared light which has 

an energy much lower than F band light used initially to excite the 
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luminescence near room temperature. This process which can be called 

infrared stimulated emission has been observed in both MgO and Cao. 

Figure 30 shows the results of an experiment using sample Cao VI. 

The sample was illuminated at room temperature with F center light. 

When the luminescence reached a maximum the excitation was cut off in a 

time of - 1 ms. The luminescence intensity dropped rapidly by about an 

order of magnitude before continuing to decay more slowly by a non-first 

order process (Figure 30). After a few seconds, liquid nitrogen was 

forced into the dewar and the luminescence was quenched in a matter of 

seconds. This behavior is indicative of phosphorescence due to charge 

trapping. After a further five minutes the sample was excited with a 40 

ms pulse of 1.7 eV(730 nm) radiation with band width of - 10 nm. A 

sharp cut filter excluded light< 680 nm. The intensity of the 

luminescence grew to a peak intensity with a time constant of a few 

milliseconds. When the excitation was removed the luminescence 

intensity decayed with a lifetime of 3 ms before a component with a 

longer time constant became apparent (Figure 30). The luminescence 

would be reactivated in this way many times with only a small drop in 

peak luminescence intensity. 

Figure 31 shows the excitation spectrum for the emission with 

different exciting energy. This survey of the excitation efficiency of 

the effect was made by repeating the experiment using a series of sharp

cut filters. The results indicate that the excitation spectrum for the 

emission extends beyond 900 nm (1.38 eV) and rises monotonically with 

increasing excitation energy to - 550 nm, where the excitation can be 

absorbed directly into the F band. 

The thermoluminescence results of the sample suggest a 
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phenomenological explanation of this infrared stimulated emission. This 

explanation takes note of two main types of electron traps described 

earlier which lead to the two TL peaks. For Cao the deeper of these 

traps is thermally emptied near room temperature (320 K) and the 

shallower is emptied near liquid nitrogen temperature. As explained 

before, the F center phosphorescence occurs near room temperature when 

optically-excited electrons are captured metastably before they return 

to F+ centers. When the sample is rapidly cooled to 77 K, itinerant 

electrons are frozen into the deeper traps and the phosphorescence is 

quenched. Low energy radiation (e.g. with E = 1.7 eV) can excite 

electrons from these traps into the conduction band, from which some are 

captured directly into the excited state of the F centers. Other 

electrons are captured at shallower traps, from which they leak slowly 

back to F+ centers. The latter process is similar to that which occurs 

when F centers are optically excited at 77 K. In this model, therefore, 

the excitation spectrum of the infrared-stimulated emission corresponds 

to the excitation of an electron from an H= ion into the conduction 

band. Because of the location of the F center absorption, the peak of 

this excitation spectrum could not be located experimentally. However, 

using the formula E0 /Et = e/e0 to obtain a rough estimate of the optical 

excitation energy, E0 , from the thermal activation energy Et(= 0.74 eV) 

the high frequency (3.4) and low frequency (11.8) dielectric 

constants, e 0 and e respectively, E0 is calculated out to be 

- 2.5 eV (490 nm). This value is consistent with the experimental data 

so far obtained. 

Similar experiment was performed on MgO. In this case, the sample 

was illuminated with F center light (5.0 eV) at 260 K. The starting 



temperature was chosen to be 260 Kin order to ensure a long lived 

luminescence. TL peak of MgO lies around 260 K. The 2.3 eV 

luminescence was then quenched by pumping liquid nitrogen in the 

dewar. The luminescence was quenched in few seconds. A short pulse of 

2.5 eV light reactivated the luminescence at this low temperature. The 

effect is shown in Figure 32. A survey of the excitation efficiency of 

the effect was made. Similarly to Cao, the efficiency increases with 

increasing efficiency, and the excitation was observed with exciting 

energy light as low as 1.8 eV, Figure 33. 

A series of this experiment were then carried out with different 

samples of Cao and MgO. For Cao, the efficiency of the excitation was 

comparable for each of the samples studied. However for MgO the 

efficiency of the excitation changed noticeably from MgO II to MgO IV. 

The efficiencies of the reactivated luminescence were found to be equal 

to 1, 2 and 5 in arbitrary units for MgO II, MgO III and MgO IV 

respectively. 

It is seen from these experiments each of which were repeated 

several times, that the efficiency of the reactivated luminescence at 

low temperature is consistent with the results of low temperature TL of 

the sample. MgO IV has a higher TL intensity at low temperature, than 

MgO II, and the efficiency is higher in MgO IV than in MgO II. Where as 

in case of Cao, the low temperature TL are of comparable intensity and 

efficiencies of reactivated luminescence at this low temperature are 

comparable. 

The electrons·. which are being excited from the traps at low 

temperature by the short pulse of low energy light and are captured by 

the shallow traps produce long lived luminescence when they finally leak 
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back to F+ centers. If the number of shallow traps is very small or if 

the temperature is lowered to a point where the shallow traps are stable 

thermally, the long lived luminescence at low temperature is not 

observed. In one of the experiments, with Cao VI, the luminescence at 

room temperature was quenched by lowering the temperature to 60 K, below 

the low temperature TL peak, where the shallow traps are stable and as 

such no long-lived infrared stimulated emission was observed. The 

electrons which went directly from H= ions to F+ center produced 

luminescence whose lifetime was too short to be recorded in the 

experimental arrangement described. We, therefore, see that the 

presence of shallow traps and their number play a key role in the long 

lived luminescence reactivated at the low temperature. The luminescence 

decay at the low temperature is indeed different from the kinetics decay 

at room temperature. This is being seen from the plots in Figures 34 

and 35. 

E. Photoconductivity 

In this dissertation, all the results of transient d.c. 

photocurrents, which will be discussed either in this section or the 

results of YAG which will be discussed later are secondary photo-

current 52 An insulator placed between metal electrodes usually has no 

conductivity in the dark (unless there is dark current, associated with 

some electron traps, which will be discussed in the next section) 

because the electrons do not have sufficient energy to pass into the 

conduction levels. If such a crystal is illuminated with light of 

suitable wavelength, electrons in the crystal are raised to the 

conduction level, and drawn toward the anode giving rise to primary 



m 25 
I--z 
:J 

~ 20 
< a: 
I--m 
a: 15 < 
z -
>-
I- 10 -m z w 
1-z 
- s 

* DECAY AT ROOM TEMP. 
+ DECAY AFTER 
FIRST ILLUMINATION AT77 
# DECAY AFTER 
SECOND ILLUMINATIONAT77t: 

o--~._____.1----__.~-l.~-L~-L.~-L.~...L~..J....._~ 

0 10 20 30 40 SO 60 70 80 90 100 

TIME IN SEC 

Figure 34. Decay Kinetics Before and After Infrared 
Stimulation in Cao 

90 



CJ) 
I-
I-< 

z 
:J 

>-
0: 
< 
0: 
I-
I-< 

(D 
0: 
< 
z 
I-< 

-I~ 

• 502 r Co10V\ i 

J . 45 

I 
I I 

. 3981 
I 

""1 
I 

. 346 

. 294 

. 242 

I 
# 

+ 

* 

0 10 20 30 40 50 60 70 80 90 100 

TIME IN SEC 

Figure 35. l/r112 vs. t Plot Showing the Nature of 
Decay Kinetics Before and After Infrared 
Stimulated Emission in Cao 

91 



photocurrent. In some crystals, the continued passage of the primary 

photocurrent appears to break down the resistance of the crystal so that 

electrons can enter the crystal from the cathode and pass through it. 

The current that results from this is what is called a secondary 

photocurrent. 

When a 'slice' of the crystal, mounted between the parallel 

electrodes, is illuminated with light which is capable of exciting 

electron from the electron state, the electrons are released into the 

conduction band and are drawn by the field into the unilluminated 

portion where they are trapped after drifting a certain distance. If no 

electric field is present the electron executes a Brownian type of 

motion before it gets trapped. Though the point where the electron is 

trapped may lie, for example; about 10-3 cm from the point where it was 

released, the total length of Brownian path covered by the electron may 

be more than a centimeter52 • In the absence of an electric field, 

summing over all the random displacements would produce no net 

displacement of charge in any one direction. With an applied electric 

field the number of electrons which are trapped at points lying towards 

the anode from the point where they were released is greater than the 

number of electrons which are trapped at points lying toward the cathode 

from where they were released. An effect of this is observed 

consequently as current, detected by the electrometer and is the same as 

it would be if all the photoelectrons had drifted down the field a 

certain small distance w, the same for all. This distance w is known as 

the mean range of the photoelectrons in the field. 52 

If the released electron travels all the way across the crystal, 

the charge measured by the electrometer would be the electronic charge, 
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e. If the electron travels only a distance x, the charge measured will 

be 

q 
x 

e - + 
d 

(37) 

where, dis the distance between the electrodes. 

Assuming that the electron remains in the free state for a 

time, before it is captured, and that, is independent of the field E, 

the range w is given by, 

w µ E , + (38) 

where, µ is the mobility (velocity of drift/unit electric field). If an 

electron is in the free state, the probability that it is captured in 

time dt is dt/,. If at a given instant of time, no electrons are 

freed, the number remaining free at time tis given by 

-t/, 
n = n e + (39) 

0 

As an analysis given by Mott and Gurney, (52) consider first the 

situation in which the n0 electrons are released at a distance x0 from 

the anode. After travelling a distance x in the direction of the field, 

the number left n is given by, 

-x/µE, 
n = n e i.e., 

0 

-x/w 
n = n e + 

0 
(40) 

The number which end their path in the range dx is, 



· dn 
- - dx 

dx 
no -x/w 

=we~ dx 
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+ (41) 

The total distance drifted by the n0 particles is the sum of two terms, 

the first term giving the distance drifted by the particles which do not 

reach the anode and the second giving the distance drifted by the 

particles which do reach the anode. The total distances drifted by the 

particles which are traped before reaching the anode is given by 

x dn -J 0 x-dx= 
o dx 

x n 
J o o -x/w d 

x - e x 
O W 

which can be simplified to 

-x /w 
n { w(l-e O ) 

0 
- x e 

0 

-x /w 
0 } + 

n -x/w 
= _o [-e--~ (- ~ _ 

w (- .!.)2 w 
w 

-x/w The total distance drifted by then e particles which reach the 
0 

anode is 

x n e 
0 0 

-x /w 
0 + 

(42) 

(43) 

Summing Equation (42) and Equation (43) and dividing by n0 particles, 

the mean distance drifted by an electron is given by, 

-x /w 
x = w(l - e O ) + (44) 

If dis the length of the crystal, the ratio~ of the charge passing 

x 
through the electrometer, n 0 e d' to the charge released, n0 e, is given 

by 



-x /w 
III W ( 0 ) r=d 1-e + (45) 

this formula is given by the Hecht 54 

All these considerations can be used to derive the net charge flow 

in the external circuit for the simple case described above. In actual 

practice, however, the relation between measured charge and the charge 

released is complicated by the penetration of light into the crystal. 

The discussion which follows is based on one given by Van Heyingen and 

Brown55 • The light intensity at a depth x in terms of the incident 

intensity is given by 

I I e-ax = N (1 - R)e-ax 
0 0 

N0 (1-R) is the actual number that enters the crystal out of N0 the total 

number of photons that are incident. R is the reflection coefficient 

and a is the absorption coefficient for a given wavelength. The number 

of photons actually absorbed within the crystal in the interval of x and 

x + dx is 

dN = a N (1 - R)e-axdx 
0 

But only those absorptions which produce free electrons are of interest 

to us. The quantum efficiency, nT' or the number of free electrons, dn, 

produce per absorbed photon in interval dx is therefore, 
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and dn (46) 

Integrating from Oto dover the thickness of the crystal, results 

n = -ad n N (1-R)(l-e ) + T o 
(47) 

Where n is the total number of electrons released within the crystal. 

The electrometer records a charge q = ex/d, for each electron that is 

drawn to a distance x in the crystal, and the charge which flows in the 

external circuit is given by, 

Q -ad nq = e n~0 (1-R)(l-e )$ + (48) 

where,$ is a saturation factor defined as:, and$ takes into account 

the mean range of the electron and finite depth of optical absorption. 

$ is derived in a similar manner as described for a simpler case by 

Equation (40) to Equation (45). This is described by Feldott56 ,in great 

detail. 

The expression obtained for $ is given by, 

1- ~(1-e-d/w) 
$ = wd[ d ], which again in the limit a+ o which is of 

1 - aw 

particular interest in our experimental studies reduces to 

$ = ~[l - ~(l - e-d/w)] + (49) 
d d 

Again for small electric field, since w << d the saturation factor is 



approximated by, 
(I) 

1/J "' -d 

therefore 1/J 
x (I) 

= - ,_ - + 
d d 

The photocurrent is given by, 

I 
-ad w en__N (1-R)(l-e ) - + 

To d 

which, on further rearrangement yields, 

nw 
0 

Ii =--+ 

where, 

N eV 
0 

w 
0 

w d/v and ll 
-ad 

nT(l-R)(l-e ) 
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(50) 

(51) 

(52) 

In actual experimental results, which will be discussed in this section 

and later for y-irradiated YAG, the photocurrent given by Equation (51) 

or photoresponse given by Equation (52) have been used. 

Photoconductivity studies were made in CaO IV in the region, of 

excitation energy where the infrared stimulated luminescences at 77 K 

were observed in the same sample. Figure 36 shows the plot of 

photocurrent against the excitation energy. Measured photocurrents were 

corrected for the spectral dependence of the lamp output which was 

measured using a Molectron 100 pyroelectric radiometer. The 

photocurrent observed were of the order 10-14 amp and such a small 

current was measured in "rate of charge" mode. Under this condition, 

the photocurrent corresponding to incident light of a given wavelength 

is given by the expression 
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Where Q is the charge in Coulombs, Cc is the charge collecting 

99 

capacitance (2 x 10-ll farad) of the electrometer, 6E is the change in 
r 

the recorder reading as a fraction of the full scale times the 

electrometer range in volts in a small interval of time 6t. 

These results of photocurrent at 77 Kare in good agreement with 

the spectral dependence of efficiency of infrared stimulated emission 

shown in Figure 30. At low temperature, a short pulse of low energy 

light releases electron from the frozen H= ion, this then moves through 

the conduction band, and gives photocurrent. This electron after being 

captured by F+ centers gives off luminescence. These infrared 

stimulated photocurrents have the same type of energy dependence as the 

infrared stimulated emissions and as such these results of infrared 

stimulated photocurrents together with the infrared stimulation 

luminescence help us to see the structure of defects better and to 

understand the charge motions more clearly. Figure 37 shows the 

temperature dependence of normalized photocurrent I/N0 • We note that 

the photoresponse nw0 is proportional to I/N0 , as is given by Equation 

(40). The temperature dependence of photoresponse was taken with 

incident light energy of 2 .2 eV, which was .selected .with an interference 

filter 

It is evident from the Figure 37 that there are two regions where 

the photocurrent increases sharply with increasing temperature. The 

first sharp increase begins immediately above 77 K, and the photocurrent 

remains almost steady around 135-155 K. After that, it begins to 

increase again and observed data indicates, that the final saturation 
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point is somewhere above the room temperature. 

The two temperature regions where the photocurrent was observed to 

increase are the same regions where TL peaks were observed (Figure 

14.) The temperature dependence of the photocurrent therefore indicates 

that the photocurrent is due to electrons released from the two types of 

traps, after these traps were excited by low energy (2.2 eV) light and 

the range w has a sharp increase in the temperature range where these 
0 

traps are thermally unstable. As is known from the TL of the sample, 

and as discussed earlier that the upper temperature TL is due to the 

release of electrons from deep H- ion traps, the peak of which lies 

around 320 K. Therefore, as expected the photocurrent does not saturate 

at room temperature but still has a rising trend. 

Both these effect the infrared stimulated emission and infrared 

stimulated photoconductivity, therefore, can be explained from the TL of 

the sample and two main types of traps are responsible for these 

effects. These two experiments therefore support our model for the 

structure of defect that includes two effective types of traps in 

thermochemically reduced MgO and Cao. 

In the next and concluding section on the results of MgO and Cao, 

another related effect due to the presence of H- ions will be 

discussed. The experimental arrangement was the same as described above 

for the photoconductivity experiments, except in these cases the current 

is measured at room temperature without light being allowed to fall on 

the samples. Continued thermal release of electrons from unstable H= 

ions at room temperature and the continued passage of the primary 

current (when the crystal is placed between the electrodes) therefore, 

increases the conductivity of the crystal. Electrons can enter the 



crystal from the cathode and can pass through the crystal and give a 

secondary current, which is measured as dark current through the 

electrometer. 

F. Electrical Conductivity 

Long-lived photoluminescence from F centers in MgO and Cao is 

accompanied by photoconductivity. Typically a sample which has been 

exposed to UV light and then stored in the dark exhibits dark current. 

We have found that electrons released from H= ions are the cause of this 

dark current and that the dark current lasts for a surprisingly long 

time as shown in Figure 38. 
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A series of experiments were carried out with different samples of 

MgO containing various H- ions concentrations. In each case, the sample 

was exposed to F band light and was then mounted between the electrodes. 

A thin film of Ag-Au alloy was deposited on the crystal surfaces in 

order to have a good contact with the metal electrodes. For a given 

exposure the magnitude of the dark current was found to increase with 

the increase of concentration of H- ions in the sample, this is shown in 

table VI. From these observations it is suggested that the electrical 

conductivity at room temperature in MgO and CaO, is associated with 

electrons that are continually trapped and released by H- ions. 

When MgO:H samples are heated above 325 Kor CaO:H samples heated 

above 375 Kand maintained in the dark, the electrical conductivity 

becomes very small. Figure 13 shows that annealing to 325 K heats the 

sample above the upper TL peak in MgO and similary annealing to 375 K 

heats the sample above the upper TL peak in Cao Figure 14. The 

annealing, therefore, empties H= ions of trapped electrons. The dark 



TABLE VI 

CHANGE OF ELECTRICAL CONDUCTIVITY WITH VARIANCE OF 
H- IONS IN THE SAMPLE 

Sample nH(cm-3) Conductivit1 
k(ohm-cm)-

MgO II 1.3 x 1017 121 x 10-14 

MgO V 6.3 x 1016 6 x 10-14. 

MgO III 5.4 x 1016 2 x 10-14 
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current, however, is restored by exposing the sample to UV radiation. 

The lifetime of the conductivity is quite long. The decay of the 

electrical conductivity was observed in dark over a period of 72 hours, 

as shown in Figure 38. Even after 72 hours a conductivity was observed 

which is 2.6 x 10-14 (ohm cm)-l and is greater than the observed value 

of conductivity of 1.04 x 10-16 (ohm cm)-l, recorded after the sample is 

annealed above the upper TL. 

A series of experiments were also carried out in case of MgO to see 

how this dark current saturates with time. Each time the sample was 

heated in the dark to 325 Kand was then mounted between the electrodes 

and was shinned by the F band light. The light was shinned at different 

duration, starting from one minute to the time when the dark current 

became saturated. It was seen that in three minutes, the dark current 

became saturated with number of photons, striking on the face of the 

sample, at this time for saturation was 497 x 1011 /cm2/sec. 

As expected the dark current was found to be temperature 

dependent. The temperature dependence of the dark current was measured 

in MgO II. The dark current was measured from room temperature down to 

245 K, below TL glow curve of the sample. The dark current was found to 

be vanishingly small at this temperature. This is because at this 

temperature the electrons are unable to be released thermally from H=, 

and move in the conduction band to produce dark current. As a first 

approximation it is assumed that changes in the conductivity with 

temperature are due entirely to changes in the number of free 

carriers. Under this assumption the conductivity would be 

a exp (-Ea/kT), where Ea is the activation energy for thermal release 

of an electron from an H= ion, k is Boltzman's constant, and Tis the 
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temperature. Figure 39 shows a plot of the conductivity against inverse 

temperature for MgO II. From the slope of the straight line, obtained 

through the plot, activation energy Ea is calculated to be 0.60 eV. 

This value compares well with a value of 0.56 eV for thermal release of 

electron from H= ions near room temperature, obtained by the "cross cut" 

method from the decay of F center luminescence in the sample. 

The results of the electrical conductivity consolidated our 

understanding about the electron motion near room temperature, which we 

already gathered from the previous results of luminescence and photo

conductivity. Moreover, this experiment enabled us to calculate 

activation energy for thermal release of an electron from an H= ion, and 

the value showed an excellent agreement with that obtained from 

luminescence decay. 
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CHAPTER V 

SUMMARY AND SCOPE OF FURTHER WORK 

A. Summary 

Investigations reported in this dissertation can be summarized as 

i) Nature of F center luminescence in thermochemically reduced MgO 

and Cao is controlled by metastable electron traps present in 

these samples. 

ii) There are two main types of electron traps present in these 

materials. Thermal release of electrons from the deep traps 

produce thermoluminescence near room temperature with TL peak 

at 320 Kand 260 K respectively for Cao and MgO. The shallow 

traps generate TL at low temperature with peak at 80 Kand 60 K 

for Cao and MgO respectively. Respective thermal activation 

energy for deep and shallow traps in MgO are 0.56 eV and 0.086 eV 

and in Cao 0.74 eV and .12 eV. Deep traps in these samples are 

identified as H- ions and the concentration of H- ions sig

nificantly change the intensity of upper temperature TL in both 

MgO and Cao. Exact origin of the shallow traps are not known. 

iii) Lifetime and the decay kinetics of F center luminescence at RT 

is controlled by the concentration of H- ions present in the 

sample. High concentration of H- ions in the crystal result 

in long lifetime of F center luminescence and decay of lumin

escence is second order type in major part of the decay. On 

108 



lowering the concentration of H- ions, lifetime of F center 

luminescence decreases dramatically and the decay kinetics 

become non secondorder type in major part of the decay 

process. 

iv) Concentration of H- ions also influence the decay kinetics 

at low temperature. High concentration of deep traps which 

favors or quickens the start of the second order process at 

room temperature, delays the second order process at low 

temperature. 

v) Infrared stimulated emission and infrared stimulated photo

current are observed because of the charge trapping in these 

two main effective traps. 

vi) Electrical conductivity or dark current is noticed in these 

samples at RT. This is assigned to H- ions present in 

these materials. The dark current is found to increase or 

decrease with the increase or decrease in the concentration 

of H- ions in the sample. 

B. Scope of Further Research 

i) In our experimental arrangement for the study of electrical 

conductivity or dark conductivity, we could not study at a 

temperature over the RT, and as such we could not monitor 

the temperature dependence of dark current in Cao. Since 

the upper temperature TL peak in Cao lies at 320 K; around 

that temperature the dark current would be maximum. Further 

improvement of the apparatus is therefore necessary which 

would enable one to see the temperature dependence of 
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llO 

electrical conductivity and from that to calculate the 

-activation energy of H ions as was done in case of MgO. 

ii) In infrared stimulated photoconductivity when we studied the 

temperature dependence of photoresponse we saw a rising trend 

of photoresponse in Cao at RT. If we could study the photo-

response over RT we would see the saturation point of photo-

response in the region of 320 K, the upper temperature peak. 

This study should be made after the improvement of the instrument. 

iii) Infrared stimulated emission phenomenon can be studied in other 

oxides like Al2o3 and MgA12o4 where more than one traps 

are detected by TL studies57 , 58 and the long lived F center 

fluorescence is observed57 • A better effect of this reactivated 

emission at low temperature can be observed in MgO, if the temper-

ature can be controlled near 40K, the lower TL peak. In this 

dissertation we reported this effect in MgO at a temperature of 

77K, because if was difficult to control the temperature at 40K. 

In both Cao and MgO, the energy transfer mechanism in these four 

level systems containing F centers, conduction band, deep traps 

and shallow traps, can be studied by this infrared stimulated 

emission effect. 

iv) Electrical conductivity experiments can also be performed in 

other materials wher the long lived fluorescence are observed. 

From this experiment more light can be thrown about the charge 

motion and trapping mechanism in the sample. 
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APPENDIX 

PHOTOCONDUCTIVITY, LUMINESCENCE AND CHARGE 

TRANSFER IN y IRRADIATED YAG 

A. Introduction 

Yttrium Aluminum Garnet (YAG) has been used for quite some time as 

a laser material, in particular Nd doped YAG. However, not much work 

has been done on color centers in this material. Bass and Paladino59 

reported the coloration of YGaG and YAG crystals as a result of 

annealing and UV irradiation. Batygov et a1. 60 and Vakhidov61 traced 

back the coloration of YAG after Y irradiation at RT and suggested that 

rare earth ion impurities and transition metal impurities such as Pr, 

Tb, Ce, Ee, Dy, Mn act as promoting factors for the coloration 

process. Bernhard62 suggested the formation of biparticles in undoped 

YAG and the charge compensation between Mn and Fe. 

We will here report the result of our studies on nominally pure 

undoped YAG after being Y irradiated and compare the results of our 

studies with previous results known. We will also report the photo

conductivity from the charge trapping in y irradiated YAG which has not 

been reported until now. 

B. Experimental Results 

Optical Absorption 

The crystals we studied were supplied by Union Carbide, grown by 
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Czochralski method (Chemical analysis of the crystal is shown in Table 

(v:in. After y irradiation the crystal turned brown. Optical absorption 

measurement before and after y irradiation showed that after Y ir

radiation a band at 255 nm is slightly decreased and a new band grew up 

at 310 nm. On increasing the gain of the spectrophotometer in the O.D. 

range O + .1, a broad band was noticed between 350-475 nm. This broad 

band and 310 nm band was observed before by Mori63 in UV irradiated 

sample. 

Thermoluminescence 

TL studies of the sample be.fore and after y irradiation show a 

significant enhancement of intensity (by a factor of - 1000) of 140 K TL 

peak after y irradiation, with other mentionable peaks at 180 Kand 

225 K, Figure 40. Bernhard64 observed TL peaks at 140 Kand 178 Kin an 

undoped YAG, not contaminated with Mn impurities. He also calimed that 

the presence of Mn impurities or YAG deliberately doped with Mn is 

associated with green RT fluorescence62 , 64 • In our crystal we, however, 

could not observe any green fluorescence. Bernhardt64 also observed 

with maximum intensity at 140 K, emission consisting of one or two broad 

band in the UV region. We noticed a similar UV emission in our 

crystal. He argued that these luminescence cannot be correlated with 

impurity traces and Al sites with different oxygen coordination are the 

precursors of these luminescence and color centers. 

More63 also observed a main glow peak around 170 K which he 

considered to be due to Fe2+ activators. Iron impurities present in YAG 

as Fe3+ trivalent charge state and is associated with 255 nm absorption 

band. On y irradiation, the charge state of these iron impurities 

change from Fe3+ to Fe2+, with the introduction of a band near 310 nm. 
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TABLE VII 

MASS SPECTROGRAPHIC ANALYSIS OF YAG (ppmw) 

Elements 

Li 
Be 
B 
F 
Na 
Mg 
Al 
Si 
p 

s 
Cl 
K 
Ca 
Sc 
Ti 
v 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Ga 
Ge 
As 
Se 
Br 
Rb 
Sr 
y 

Zr 
Nb 
Mo 
Ru 
Rh 
Pd 
Ag 
Cd 
In 

Y3Al501z 

19-688-1 

0.6 
<0.006 
<20(b) 

6 
10 

<0.4 
high 

20 
0.02 

4 
2 

1.5 
4 

0.02 
0.4 

<0.2 
0.4 

0.06 
1 

<0.04 
< 0.1 
< 0.1 
<O .15 
<0.04 
<0.15 
<0.04 

1 
<O.l 
<0.06 
<0.06 
...., 40% 
<0.4 
<0.2 
<0.2 
<0.2 
<0.4 
(0.2 

<0.15 
(0.06 
<0.06 

117 



118 

TABLE VII (Continued) 

MASS SPECTROGRAPHIC ANALYSIS OF YAG 

Sn <0.2 
Sb <0.15 
Te <6.2 
I <0.06 
Cs <0.06 
Ba <0.1 
La <0.1 
Ce <0.1 
Pr <0.1 
Nd <0.6 
Sm <0.2 
Eu <0.2 
Gd <0.4 
Tb <O.l 
Dy <0.4 
Ho <0.1 
Er <0.4 
Tm <O.l 
Yb <0.4 
Lu <0.1 
Hf <0.4 
Ta <0.1 
w <0.4 
Re <0.2 
Os <0.2 
Ir <0.2 
Pt <0.4 
Au <0.1 
Hg < 4 
Tl <0.2 
Pb <0.2 
Bi <0.15 
Th <0.15 
u <0.15 

Source: Union Carbide Corporation 
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We observed an absorption peak at 255 nm in unirradiated sample and a 

peak at 310 run and also a broad band in the range 350-475 run after the 

sample was y irradiated. We, therefore, support the view of Mori that a 

possible transition metal impurity present in YAG and a change of charge 

state from Fe3+ to Fe2+ takes place after y irradiation. Although the 

140 K TL peak may be intrinsic type and is due to emission 

of Ai.~-and/or AR,~- groups 64 , 65 , the 173 K TL peak is more likely due to 

Fe2+ activators. Also 430 nm emission we detected is possibly due to 

Fe2+ emission. We also observed a sharp emission near 610 run which we 

attribute to cromium impurity present in the material. We therefore, 

suggest a possible charge compensation between Fe2+ - cr4+ in the 

crystal. 

C. Photoconductivity 

The charge motion in Y irradiated YAG is monitored by photo-

conductivity experiment, in which a crystal was illuminated by 150 W 

xenon lamp with a Spex monochromator using 5 mm slit width. Spectral 

output of the lamp through the Spex is shown in Figure 41. Figure 42 

shows the spectral dependence of photoresponse of y irradiated YAG 

studied at six different temperatures. At 120 K, three distinct bands 

with peak at 210 nm, 320 nm.and 410 run were noticed. At 77 K, the band 

around 320 nm and 410 nm were not observed, and as the temperature was 

raised from 120 K, the bands peaked at 320 nm and 410 nm more and more 

overlaped one another and at RT a broad band was noticed which 

correlates with broad absorption band in an optical absorption spectra. 

The third peak lies at 210 nm and was observed at all temperatures 

studied including at 77 K where the other bands were not noticed. This 
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peak was found to be close to the position where the photoresponse peak 

due F center in Al2o3 appears. 66 Therefore there is a possibility of 

creation of F type defect as in Al2o3 in the sample. 

The photoresponse is not observed in a sample which is not Y ir-

radiated. Photoresponse is observed significantly after one minute of 

y irradiation on the sample. On heating the sample over 900 K 

photocurrent disappears bringing the crystal back to the stage of prior 

toy irradiation. Figure 43 shows the photocurrent (arbitrary unit) at 

320 nm peak foolowing 10 min annealing at successively higher 

temperatures. 

D. Conclusion 

We conclude from this study that in our crystal iron is the main 

transient metal impurity present in the form of Fe3+. On y irradition 

charge state changes and Fe3+ becomes Fe2+. The crystal turns brown. 

This Fe2+ acts as an activator resulting 173 K TL peak and 430 nm 

fluorescence. 140 K TL peak is intrinsic type and is due to 
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5- 9-AZ4 and/or At6 groups. The presence of cromium impurity in the crystal 

is associated with 610 nm red fluorescence which is independent 

of y irradiation. A possible charge compensation between iron and 

cromium as Fe2+ - cr4+ is suggested. 

Photoconductivity studies monitor the charge motion in the crystal 

with a broad band near room temperature which can be correlated to the 

broad optical absorption band at room temperature. This study also 

reveals a possible F type defect as in Al2o3 with associated 

photoresponse peak at 210 nm. On annealing the colored YAG over 900 K 
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for 10 rains. the color centers are removed, no photoconductivity is 

noticed and the original color of the crystal is restored. 
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