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CHAFTER 1
INTRODUCTION
Introduction

The properties of color centers in Siﬁgle crystal
insulators have been of interest to investigators for sever-—
al decades. The crystals investigated in this work are the

wides Al O , MgO, and Sr0. The first two are studied in
23

al

the main body of the dissertation and the third is studied
in the appendix.
fhe color centers which are of interest in thiérdisser—
tation are due to oxygen vacancies. An F type center
results when one or two electrons are trapped at an oxygen
vacancy forming and F+ or F center respectively. An H~

ion can also be trapped in an oxygen vacancy. This effect

is looked at along with F type centers in this study.
Sapphire

The crystalline form of sapphire, i.e. Al 0 , is shown
L

ae el

in Figure 1. Its crystal structure is rhombohedral but it
is indexed on its hexagonal axis. It has a C symmetry

3
about this axis. In the figure the two triangles of oxygen

ions are rotated 60 degrees with respect to one another.

The aluminum atom is not equidistaent between the two planes
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Figure 1. Sapphire Structure. Threefold Axis of
Rotation

Source: Brewer (26)



of oxygen atoms. The C site symmetry of an F type center
e

is shown in Figure 2. The C axis of the vacancy is perpen-
3

-

dicular to the C axis of the crystal.

Identificatzoq of the F type center in Aquw has been
difficult because no satisfactory ESR identifi;a:ion has
has been made. Thus identification has come from comparing
the experimental results with similar experiments on the
alkaline earth oxides.

Arnold and Compton (1) showed that irradiation with

electrons would produce a 6.1 eV absorption band in Al O .

The primary cause of the absorption band was shown to be
oxygen vacancies by a set of experiments performed by Fells
(2). They used H+, N+, and D+ ions, and neutron particle
irradiation to attempt to produce the 6.1 eV absorption
band. All of the particles produced the absorption band
except for the oxygen ions. This implied that the 6.1 eV
absorption band is due to an oxygen vacancy.

Turner and Crawford (3) gamma irradiated an Al O

2z

crystal and found absorption bands at 3.02 and 5.46hea and
an OH absorption band it 3316 cmml. The second band was
found to be due to Dr+L ions and the 3I.82 band was thought
to be due to a composite V center. They bleached into the
Z.02 eV band and the 6.1 eV band was reduced appreciably.
This implied that the 4.1 &V band was due to an electron
trapping defect (4).

Thus the implication is that the 6.1 eV band is an F

type center. Lee and Crawford (3) bleached into the 6.1 eV
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band and increased the absorption of the 4.8 and S.4 eV
bands in their crystals. This also increased the emission
band at 3.8 eV. This implied that the 6.1 &V band is the F
center absorption band, and that the 4.8 and 5.4 eV absorp-
tion bands belong to the F+ center with its emission being
at 3.8 eV.

Draeger and Summers (4) observed a 3.0 eV emission band
associated with the 6.1 eV absorption band and showed that
the shape of the 2.0 eV emission band’'s excitation spectrum
was similar to that of the 6.1 eV absorption band’'s.

La et al. (7)) used a point ion model to calculate the

energy levels of the Al 0 F+ center. Their calculations

23 1

showed an excitation from a 1A to a p-like state. The
state was split into three levels with 1A, 2B, and 2R
characteristics., Evans and Stapelbroek (8) experimentally
found the transition energies to be 4.8 eV for the 1A to 1R
transition, 5.4 eV for the 1A to 2A transition, and 6.3 eV
for the 1A to ZB transition. The emission was found to have
a 1R to 1A transition at 3.8 eV. In a different experiment
phophorescence was detected in the emission near room
temperature by Lehmann and Gunthard (9).

Brewer et al. (1®) measuwred a two component luminesc-—
ence below 55 K in the 3.0 eV emission band. They suggested
emission for the F center occurs from a 3p-—like state. The
crystal symmetry splits this state into three components.

This is shown in Figure 3 along with the associated energy

spacings between the different states. They also noticed
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a phosphorescence near room temperature and measured its

thermal activation energy to be 0.72 eV.
MgO

The lattice structure common to the alkaline earth
oxides is shown in Figure 4. The structure is face centered
cubic and exhibits 0 symmetry. The identification of the
F+ center was made bz Henderson and kKing (11). They identi-
fied the F+ center EFR signal correlated with the optical
absorption band near 5.0 eV in a neutron irradiated crystal.
The 5.0 eV absorption peak was also observed by Chén et al.
(12) but they did not see the EFR signal correlation. The
crystals they used had been either additively colored or
electron irradiated.

Wertz et al. (13) looked at the regeneration of the F+
center in additively colored MgO using ionizing radiation.
Their work implied that both the F and F+ absorption occocurs
near 5.0 eV.

Two things have clouded the identification of the
2.3 eV emission band as belonging to the F center in MgO.
The first is the presence of a long lived phosphorescence
near room temperature which was first observed by Hughes
and Henderson (14). This phosphorescence can have a life-
time ranging from less than a second to many seconds.

The second issue is that a model consistent with
experimental evidence describing the F center had not been

found previous to the recent work by Summers et al. (15).






Previously Wilson and Wood (16) proposed a model based on
the results for CaO0. The emission occured from an excited
QT to a IA ground state. 8ince the states were loosely
coigled to t;z lattice vibrations, vibronic structure on the
emission band was expected along with a lifetime of several
milliseconds. These characteristics were not present in the
F center. Edel et al. (17) used ODMR techniques to show
that the excited state in emission is not predominantly a
triplet as suggested. They proposed a model where the
phosphorescence is dependent upon the concentration of F
centers which can interact with each other by exchanging an
electron and producing an F+ F— pair.

Recent infrared absorption experiments by Gonzales et
al. (18) measured sharp absorption lines in MgO, Cal, and
Sr0 which they suggest are the local modes of oscillation
of H~ ions substituted into oxygen vacancies.

Recently, Summers et al. (135) have proposed a model
which gives an emission transition from a 1T to a IA
state. This model predicts a short lifetimelgut predié?s a

much stronger coupling between the relaxed excited

electronic state and the lattice vibrations.
Statement of the Froblem

The above discussion concerning Al 0 showed a lack of
basic experimental and theoretical knowledge about the F
center. Using the experimental techniques discussed in

Chapter 11I, the following properties of the F center will
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be looked at. The effect of and the identification of the
electron traps active from 77 K to 300 K will be looked at.
The relaxed excited state and its closeness to the conduc-
tion band will be looked at. A simple theoretical model
will be used to measure the basic properties of the F
center and relate the data to the model proposed by Brewer.
And, the spatial extent of the relaxed excited state will be
qualitatively looked at using the thermal bleaching of a
crystal where concentration quenching is present. Also
the interconversion between the F and F+ centers will
be measured.

In MgO, the concentration of H— ions present in the
crystals will be related to the experimental results
to help identify the cause of the 2.3 eV emission band, to
determine the properties of the electronic structure of the
F center, and to look at how the measureable guantities vary
as the H~ ion concentration varies. Since the concentration

of F and F+ centers will vary different inherent properties

of each can be looked at.



CHAFTER 11
THEORY
Introduction

The theory pertinent to the different experimental
studies described in this dissertation is given in this
chapter. The different experimental phenomena looked at
were optical density, pﬁotoluminescence, photoconductivity,
thermoluminescence, and fluorescence lifetime. Also, recent
theoretical work on the F center in MgO, and the F and F+

centers in Al 0 are reviewed.

b
ot

Optical Density

The optical density of a material is defined by the
relation,
Io
0D = log Bttt
1@ I
where
Io is the intensity of the incident light and
I is the transmitted light intensity.
The intensity of the transmitted light is given as,
I = lo EXF(-ad)
where

a is the absorption coefficient, and

11



d is the crystal thickness.
combining these relationships gives
oD -1

o = Z2.EFE3(-——=) cm .
d

FPhotoluminescence

The configuration coordinate diagram (CCD) shown in
Figure 5 allows the qualitative determination of several of
the properties of F centers. Assuming the Franck-Condon
prifnciple applies, the Stokes shift and the absorption and
emission band widths may be qualitatively obtained. The
Franck—Condon principle assumes that the average separation
of the ions does not change during transition of the system
from one state to another. The Born—-Oppenheimer assumption
is also used in this model. This assumption states that the
nuclear and electronic motion can be treated independent of
each other. It also allows the separate calculation of the
total system energy fof the ground state and the excited
state and for the discrete guantum vibrational states
characteristic of each. With linear coupling between the
electonic and phonon states, the parabolic cuwrves repre-—
senting the ground and excited states show the total energy
for both the electronic and lattice energy. The curves are
labeled with m and k corresponding to the electronic states
and the horizontal lines represent the different electronic

and vibrational energies of the total system. The most
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probable energy for absorption is E and for emission is
AR

E which occurs at configuration coordinate R equal to R

CD G
and R respectively. The Stokes shift energy is defined as

E

E - E . The F center states as shown in this diagram are
AR CD
assumed to be predominantly linked to one domminant mode of

vibration of the crystal, for example the breathing mode of
the centers nearest neighbor ions surrounding the defect.
The CCD can be used to describe semiclassically the
broad-band characteristics of color centers (19). Two of
these values are the oscillator strength, f, and Smakula’s

equation which are calculated to be,

2m _ _ 2
f = ey ir (R)J)YP , and (2.1)
mk Zh mk mk o
E

rnme o 2
N f I et [ e 1 u (E)dE, (2.2)
A mk 22 E mk:

2T e h eff

where r is the electric dipole matrix element and u is
mk mk

the generalized absorption coefficient. For a Gaussian

bandshape Smakula’s equation is written as

Qhere W is the full width at hal+¥f maximuh, and n is the
index of refraction at the peak energy. |

In order to consider the F center emission line shape
in detail the problem must be treated quantum mechanically.
The following brief discussion outlines the calculation

(20) .  Two nondegenerate electron states are used and



assumed to be linearly coupled to a normal coordinate, q, of
the lattice. The Franck—Condon principle and the Born-
Oppenheimer approximation are assumed. The resulting two

potentials describing the electronic states are,

b B |

E = 8.5 Mw g , and
a
22 .5
E =08.5 Mw q + E - Ahw(Mw/h) Qe
b ab

A is a dimentionaless constant which is a measure of the
strength of the linear electron-lattice interaction. It is
also a measure of the change in the equilibrium position of
the vibrational mode after a transition occurs. The linear
coupling results in w (1) being the same for each state, and
(2) the states ha;ing the same curvature. M is the effec—
effective mass and E is the energy separation between the
two states at g equa?ﬂto zero. The quantum mechanical
solutions for the lattice are harmonic oscillator wave
functions.

The probability for an optical transition is propor-
tional to the square of the electric dipole matrix element.
This matrix element can be factored using the Born—-Oppen-—
heimer approximation, into two parts with the first being
the dipole matrix element involving the electronic wave
functions and the second being the vibrational overlap

integral which then determines the optical line shape

associated with the transition.

2
s

Letting 8 = A /2 gives the normalized transition prob-—
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ability as
-8 m! n—m n—m 2
W = @ [---=18 CL (8)1 ,
nm nt m

where L is the Laguerre polynomial.

At T = 0 K, this reduces to

If this model is extended to consider weak linear coupling
to many modes, the line shape is the same. The normalized
transition probability, or line shape, can be analyzed by
computing its moments. For experimental data this is done
as follows.

The emission of theé crystal was calculated in
watts/second over the energy range of the band. This
intensity can then be written as

I = NEA
where M is the number of center, E is the energy, and A is
the Einstein coefficient for spontaneous emission. A can be
written as

A = kK EQ g (E)
where kK is a proportionality constant and g(E) is called the
shape function which in it normalized form can be then be
written as

4
g(E) = I/E . (2.3
The moment analysis is then performed using g(E). The

zeroth moment is used to normalize the other moments. The
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first moment about the centroid gives the mean value of the
energy. The smallness of the first moment about the

centroid shows the symmetry of the curve. The second moment
about the centroid is used to calculate the Huang-Rhvs

factor, 8, using the formula

The value for hw is ocbtained by plotting the half width
energy, W, for the shape function as a function of the
temperature. This is curve fitted to the equation which is

valid for linear couplings

2

W (T = W (@) coththw/2kT). (2.4)
The Stokes shift is then calculated from the relation

E = hw(28-1). (2.5
Fhotoconductivity

The electron in the relaxed excited state of an F
center can be moved either optically or by phonons to a
different energy level or to the conduction band. Associ-
ated with each of these processes is a probability per

second which is the inverse of its lifetime. These prob-

~

abilities per second can be combined in the relation (21)

1 1 1 1

e e e (2.6)

T T T T
R I 8

where 1 is the total lifetime, 1t is the radiative emission
R
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lifetime, v is the lifetime for thermal ionization, and
is the cmmbfned lifetime for all other processes. The Q
probability per second for thermal ionization can be written
as

1 1

———— = ———pEXP(-E/kT)

T T

I 0
where 1/1 is the pre—exponential factor and E is the ther-
mal energs for excitation into the conduction band. The
guantum efficiency, n , of thérmally exciting electrons into
the conduction band ii the probability of excitation divided
by the total probability. If 1 is ignored this can be

&
written as

n = ————— B o o e e . (2.7)
1/t 1 + (1 /7 1T)H)EXP(E/LT)
0O R
This eguation can be curve fitted to data which exhibits an
increase in the quantum efficiency as the temperature is
increased.

Fhotoconductivity in insulating crystals can be studied
by looking at the photon or thermally induced transient
currents. In the treatment of photoconductivity below
several assumptions are made. Only electrons are consid-—
ered. Only one type of electron producing defect is
assumed. Only one type of trapping mechanism is assumed
present in the crystal. All of the electrons travel the

same same distance before becoming trapped. No charge

enters or leaves the crystal through the electrodes. The



19

model also assumes the traps are uniformally distributed
and that when a trap is encountered the electron is trapped.
This model is simple but gives good qualitative results in
many Ccases. In this model (22}, a crystal of thickness d is
placed between plane parallel conducting electrodes. A
battery of voltage V and an electrometer are connected in
series with the electrodes. In the geometry used in our
experiments, the exciting light passes through one of the
electrodes.

At time t=0 a pulse of light induces ¢ electrons into

O

the conduction band and at time t=t the number remaining is

c = c EXF(-t/T)
0

where T is defined as the mean trapping time and is given by

T = 1/(D av).
t

D is the trap density. a is the trap cross sectional area.
t
And, v is the mean thermal velocity of the electrons.

The average range of an electron in the crystal is given by

where w is defined as the electron mobility with the units
of velocity per unit applied electric field. w 1s then the
mean range per unit field. Using the relationsgip

t = #/uE
the number of electrons free after traveling a distance x in

time t is

o= oo EXF-w)
a



and the charge per electron is

q = ex/d.

With o being the absorption coeffient of the crystal
and R being the reflectivity, the number of photons, N, at a
depth % in the crystal is given by

N =N (1-R)EXF(-ax).
0

Differentiation of this gives the number of photons absorbed
from ® to x+dux as
dN = aN{1-R)EXP (~ax)dx.
The quantum efficiency of this process is the number of
electrons released into the conduction band in the interval
from » to x+dx divided by the number of photons absorbed.
The number of electrons released over this interval is

dec = oaniN (1—R)EXP(—ax}dx,
0

Integrating this over the thickness of the crystal gives the
number of electrons released as

c = nN (1-R) (1-EXF (-ad) ).
]

The amount of charge detected can be written as

G = ecn /d = ecy ,
0

where Y is defined as the saturation factor and x as the
average displacement of the electron. "

The saturation factor is calculated over the thickness
of the crystal and it includes the electron displacement for

both those trapped in the crystal and those stopped at the

surface of the anode. With the light passing through the



cathode first and assuming that the average range of the
electron is much smaller than the thickness of the crystal,
the saturation factor is given by

Y = w/d.
Letting N become the number of photons per unit time inci-
dent upon the crystal allows the detected current in the
crystal to be written as

I = enN (1-R) (1-EXP{(—ad)) (w/d)

0
or as
I = en'N (w/d)
0
with’
n' = n{l-R) (1-EXF{(~-ad)).
Using w = w E ; w V/d the above eqguation can be written in

ite familiar form as

In this form all of the measureable guantities are on the
right hand side. 0On the left hand side are n’ the quantum
efficiency per incident photon per given photon energy, and
w the mean range of an electron per unit applied electric

0
field.

Thermoluminescence

In the physical processes considered in this study,

thermoluminescence is the phenomenom where electrons are
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released thermally from a trap and are then trapped by an F+
center thus forming an excited F center. The emitted light
comes from F centers. The actual process is not usually
simple because, for example, other traps may be involved,
other means of the electron’s reaching the ground state may
exist, or retrapping may occur. Two equations can describe
the TL seen in this study. The first shows the intensity of
the light emitted from the F centers as a function of time
and the second shows the intensity of the light as a
function of temperature at the initial start of a peak. The
second equation allows the calculation of the thermal depth
of the trap.

The time rate of change of the number of electrons
dapeﬁds upon several temperatuwre dependent parameters.
These parameters are the concentration of electrons present,
ny, the concentration of F centers present, N, the average
electron velocity, v, and the cross sectional area of the
traps, a. This relationship can be written as

dn

dt

= —nhiNva

ar as

n = n EXF{-Nvat),
0

where n is the temperature dependent number of electrons
0
present at the initial time t. The emission intensity, I,

is proportional to the time dependent number of electrons.

This relationship can be written as



dn
I = K==
dt
where kK is a proportionality constant.

At the initial start of a TL peak, the following rela-
tionship for the intensity of light emitted can be written
assuming the time rate of change of the temperature is
held constant. |

I = 1 EXF(-E/ET) (2.9)

0

where E is the thermal activation energy of the trap freeing

the electrons.
Fluorescence

The fluorescence decay seen in the following experi-
ments was composed of a first order part and a long lived
second order part. The first order part can be written as

dI
et

which can be rewritten as

I = 1 EXP{-k t) (2.1@3)
0 1

where 1/k is the characteristic lifetime and I is the
initial %iuorescence intensity.
The second order part of the fluorescence decay can be
written as
dlI 2

dt 2

This can be integrated to give



-1/2 -1/2
I -1 =kt (2.11)
0 2

where 1/k can be treated as the characteristic lifetime

2

here also.

The fluorescence decay process described by the above
equations is complex. Re-trapping of the electrons released
from their traps is one possible explanation for the effect
seen. A simple energy level diagram rate type calculation
does not produce the desired equations either. The treat-
ment of the kinetics of diffusion—-limited reactions as set
forth by Waite (11) was looked at also, but a different form

of the equation was obtained.
MgO Theory

Following is an overview of the theoretical model for
Mg0 presented by G.F. Summers et al. (1%5). Frevious theo-

retical work (146) had been based on the work done on CaO

where emission of the F center occured from a T state
which was loosely coupled to the lattice. In an;?ogy to
Cal, MgO was expected to show vibronic structure and have a
lifetime on the order of milliseconds. 0Optically detected
magnetic resonance experiments had shown that the emitting
state was not a triplet (17, 23) and lifetime measurements
showed the lifetime could vary from fractions of a second to
many seconds over the whole temperature range below room

temperature. Work contained in this dissertation shows this

lifetime variation is directly linked to the concentration
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of H ions located at oxygen vacancies in the crystal.

The electron detail is treated with a Hartree-Fock type
approximation near the defect and by an effective mass
approximation in the region away from the defect. The two-
electron Hamilitonian also treats the effects of dielectric
polarization and neglects lattice relaxation. One electron
Slater-type orbitals that have been Schmidt orthagonalized
to the one electron orbitals on the surrounding Mg£+ 1NN
ions are used for the one electron orbitals in the two
electron wave function.

The total system energy for the configuration coordin-
ate diagram was calulated using the above for the electronic
energy and classical ionic theory for the lattice relaxation
energy. It was found that in the electronic structure calc-—
ulations, the first order correction to the Toyozawa-Haken-—
Schottky expressions for the interaction between the elec—
tron and the hole via the electronic polarization field were
needed.

The resulting radial charge density of the electron
orbitals for the ground state and the predominant excited
state are shown in Figwe 6. An electron in the lﬁ
ground state is localized within the vacancy regionlghile
an electron in the 1T eMcited state can average 40 NN from
the vacancy. Figure ;ushows the configuration coordinate
diagram for the F center. The relaxation parameter was cal-

2+

culated for the outward A relavation of the 1 MN Mg

lg |
ions. The model predicts a 2.2 eV luminescence band with a
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1 1
@.60 Ev half width from a T toa A state transition.
1u 1g
This is an allowed transition and should have a relatively

short lifetime.
Sapphire Theory

In a recent analysis of Al 0 experimental results by

e
i

Choi and Takeuchi (24) a semiempirical model of the
electronic processes in F and F+ centers was formed.

Their conclusions are as follows. The ground state of
the F center is approximately 6.5 eV below the conduction
band because of the 6.1 eV absorption which can autoionize
and the approximate 1.0 eV bandwidth. They also conclude
that the thermal ionization of the F center is greater than
5.9 eV. They conclude that since no F+ center photocoAduc~“
tivity has been measured its optical ionization is greater
than 6 eV. This is contrary to what should happen since the
ionization of the F+ center should be reduced not increased.

They propose that removing an electron from the F+
center does not result in a bare vacancy. Their calcula-
tions show that the F+ center consists of a doubly charged
deep trap which lies in the valence band in a resonance
state. An energy level lies a few electron volts into the
gap between the valence and conduction bands and a hole is
trapped in the valence band. #citation of an electron into
the mentioned energy level results in two holes being
trapped. The F center is reformed when a hole

is removed from the center.



CHAFPTER 111
EXFERIMENTAL PROCEDURE
Introduction

The following information gives the experimental pro-
cedure followed in gathering data. Also included is infor-—

mation on the crystals used in these experiments.
Sample FPreparation

The aluminum oxide, or sapphire, crystals used in these
experiments were obtained from the following companies;
INSACO, Crystal Systems, Adolph Meller, and Linde. They
were all pure single crystals with very few impuities.

They showed to a differing degree the 6.1 eV absorption band
except for some of the samples from Linde. The lack of
other absorption bands concurred with the analysis which
showed that the concentration of most impurity ions were
less than 1@ ppm. The main impurities were Fe, Cr, V, and
Mn ions. The C8 samples were grown using the Schmidt-
Viechnichi technique, the IN and AM crystals were grown
using an adaptation of a Bridgman furnace, and the Linde
samples were grown using the Crzochralski technique. These
techniques grow the crystals in a reducing atmosphere

which produces high purity single crystals but also have a

29



tendency to grow defects into the crystal. The samples were
all approximately one mm thick. The C auis of the crystals
were all oriented parallel to the suwrface along the largest
dimension except for one C5 crystal which had its C axis
perpendicular to the largest surface. Except for the crys-
talé which had been irradiated, they were heated to approxi-
mately 770 K before each experiment to establish equilibrium
and then guenched to room temperature by placing them on an
aluminum slab. The neutron irradiated crystals which were
used to study the concentration quenching of the F centers
were received from Crawford at NMorth Carolina State Univer-
sity.

The Mgh crystals numbered one through six in the exper-—
{ments in this dissertation were grown at Oak Ridge MNational
Laboratories using the arc—fusion method. The high grade
powder used was obtained from the Kanto Chemical Company,
Tokyo, Japan. The samples were subsequently heated to 2100
to 24068 K at 4-7 atmospheres in the presence of Mg or Ca
vapor in a tantalum bomb. This produced crystals with an
absorption band at 5.8 eV and with H_ ions present. The
neutron irradiated crystal number seven was also receilved
from ORNL. Crystal number eight was approximately @.5 mm
thick and had a purple tint. Its thermoluminescence curve
was very similar to crystal number seven’'s suggesting that

it had been neutron irradiated also.
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Optical Density

The optical density measurements were made with a Cary
14 Spectrophotometer. Measuwrements were made at room temp-—
erature and at 77k. The crystal ‘s edges were masked by
using either black plastic tape or a small sheet of indium.
The measurements were made over a spectral range from 200 nm
to 650 nm. Filters that allowed optical density measure-—

ments of up to 4.8 were used.
Thermoluminescence

The thermoluminescence measurements were made over a
temperature range of from SE to Z00F. The apparatus was set

up as shown in Figure B. After the crystals were pretreat-

ed, preheated or electron irradiated for example, they were
placed on the cold finger of the cryostat with their edges
shielded on experiments where comparison of different
crystal ‘s thermoluminescence was necessary. Thus the ex—
posed areas of the crystals could be kept the same. The
cryostat was than conled to the desired temperature of 5SE or
77F.. Upon some occasions the Oxford cryostat could be
cooled to approximately 70K by vacuum pumping nitrogen
through its cooling system.

After the cryostat was cooled, the system was allowed
to thermally settle for several minutes. Next, the excita-
tion light was shone upon the crystal ‘s appropriate absorp-
tion band for five minutes. After the light was turned off

the cold finger was then turned from facing the light source
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to facing the light detection system.

Next the Oxford cryostat’'s temperature controller 's set
point was set at I00K and then the controller was placed in
AUTO. This automatic heating of the cold finger produced a
constant heating rate of approximately 5 E/minute if the
pressure of the thermal transfer gas in the cold finger
chamber was kept at approximately 1080 millitorr. A gold-
chromel thermocouple attached to the cold finger was used to
measure the crystal temperature. The thermocouple’'s voltage
was read by a Feithley Instruments 155 Nulldetector micro-
voltmeter, whose output was used to drive the x-axis of an
Omnigraphic Z000 Recorder. Time was added to this axis by
the use of tic marks at sixty second intervals. This data

was then plotted on semilog paper.
Fhotoconductivity

Figure 9 shows a block diagram detailing the apparatus
used for measwing the photoconductivity and Figure 10 shows
the details of the sample holder used. The crystal was
attached to the sample holder on the Oxford Instruments
cryostat ‘s cold finger which allowed measurements from & to
300 K. An excitation system composed of a 60 watt deuterium
lampd and a GCA McFherson 218 8.3 m grating monochromator
with a grating blazed at 3F00@ angstroms and having 12000
groves/mm. Also it had a linear dispersion of 26.5 ang-
stroms. The spectral output curve for this system is shown

in Figure 11. After the crystal had been brought to the
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desired temperature the battery was tuwrned on and the system
was allowed to stabilize. Next the shutter was opened with
the monochromator set at its low energy setting and the
system was again allowed to stabilize. The momochromator
was then scanned from the low energy to high energy reading
desired. The photocurrent produced in the crystal was

recorded on an x-y recorder.
Fhotoluminescence

A block diagram of the photoluminescence apparatus is
shown in Figure 12. A 60 watt deuterium or 150 Xenon lamp
was used for the excitation light source. The lens used to
focus the light onto the sample was made of 5-1 UV grade
quartz.: Next the light passed through a shutter and then
through an interfefence filter which restricted the excita-
tion light to the reqguired energy.

The next piece of apparatus in the optical path was an
Oxford Instrument’'s continuous flow cryostat capable of
using either ligquid helium or nitrogen as the coolant. The
cold finger was rotated to maximize the output of the
detection system.

The light emitted by the crystal passed from the
cryostat through a sharp cutoff filter used to prevent the
light of the excitation system from reaching the detection
system. The emitted light was then dispersed by a GCA
McFherson 218 .3 m Monochrometer. It was detected by either

an EMI 9458 or a thermoelectrically cooled RCA 31034 photo-
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multiplier tube. The output of the FMT was connected to a
Feithley 414s picoammeter which fed a signal to an
Omnigraphic x—-y recorder.

A Frinceton Applied Research lock—-in detector was
used in the above system to look at lifetime effects in MgO

and to measure the photoluminescence of Al 0 . The only

S
£

change required placing a light chopper in the excitation
system and replacing the picoammeter with the lock-in

detector.

Excitation

The block diagram for the excitation system is shown in
Figure 13. A 60 watt deuterium lamp is used in conjunction
with a GCA McFherson 0.3 monochromator as has been used
above. This system is scanned over the energy range of the
desired absorption band the emission band associated with
that absorption is looked at with a photomultiplier tube.
Either of the tubes used in the photoluminescence experi-
ments was used. This FPMT signal was fed to a Keithley 4148
picoammeter which was connected to an Omnigraphic x-y
recorder. A PAR lock-in detector or an Waveform Educator
was used to look at only the short lifetime component of the

emission.
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CHAFTER IV
SAFPHIRE EXPERIMENTAL RESULTS AND DISCUSSION
Introduction

The experiments on aluminum oxide in this chapter
were used to look at the effects of trapping mechanisms on
the optical properites of F centers. They were also used to
determine the optical properties based upon a band shape

analysis of the photoluminescence data.

Optical Density

Figure 14 shows the optical density of an as received
crystal from Linde. This curve exhibits the background
optical density of sapphire when it is relatively free
from absorption by defects in the energy region of 3 to
6.2 eV,

The following set of optical densities of the as
received single crystal sapphire samples from INSACO,
Crystal Systems, and Adolph Meller were taken at 77 K on a
Cary 14 spectrophotometer. Initially, each sample was
heated to approximately 770 K for 15 minutes to bring it to
a reproducible starting conditon, before being guenched to

room temperature. UOptical densities were then taken over
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the photon energy range from 4.5 to 6.2 eV. Each crystal
was then bleached with 200 nm (6.2 eV) light from a
deuterium lamp for 15 minutes and the optical density was
remeasuwred. The crystals were subsequently bleached with
280 nm (4.926 eV) light for 15 minutes and the optical
density of each was taken again. This sequence of measure-—
ments was performed on each crystal in turn.

The results for the INSACO sample are shown in Figure
15. Curve a shows the optical density after the initial
heat treatment. Curve b shows the optical density after the
crystal was bleached with 6.2 eV light and curve c after the
subsequent bleaching with 4.96 eV light. After bleaching
with 6.2 eV light, three bands are apparent, at 6.1, 5.5,
and 4.9 eV respectively. A fourth band at approximately 4.0
eV was also apparent. The 6.1 eV band is due mainly to F
centers and the 4.9 and 5.5 peaks correspond to F+ centers.
Another F+ center absorption peak is believed to be hidden
under the 6.1 eV absorption peak. The striking feature of
this bleaching sequence is that bleaching with 2080 nm light
reduces the F cénter concentration while increasing the
F+—center concentration. Whereas, bleaching with the 250 nm
light produces the reverse effect. Subsequent measurements
make by Kellan and Crawford indicate that the light with
an energy of approximately 4.0 eV is most effective in
producing the reverse effect (29).

The results of this process on the Crystal Systems and

Adolph Meller crystals are shown in Figures 16 and 17. The
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interconversion process in these two crystals occurs on a
much smaller scale.

The above behavior is caused by the availability of
electron traps in the crystals. The sapphire crystals which

xhibit the pronounced interconversion process will be

identified as Type I crystals and the others will be
identified as Type II crystals.

Figure 18 shows the &.1 eV absorption band of an

Adolph Meller crystal compared to a Gaussian curve.
Fhotoluminescence

The photoluminescence of the F center in aluminum oxide
was stuaied over a temperature range from 4 K to 300 kK. The
crystals were excited with nonpolarized 6.1 eV light. i
The emission associated with the excitation was observed

at 3.0 eV. Because of the low symmetry of the F center site

(C ) the emission was studied for its polarization depend-

]
L

ence relative to the crystalline C-axis. Figure 19 shows
the polarization dependent emission spectum of a Crystal
Systems sample at a temperature of 20 K. The maximum
intensity occurs when the light is measuwred with its
electric field vector perpendicular to the crystal ‘s C axis
and a minimum when parallel to the C axis. The ratio of the
pealk heights of these emission spectra is approximately 1.7
from 4 to 3% K and ranges up to 2.0 at 300 K. Figure 20
shows the temperature dependence of the emission of a Type I

crystal with the electric field polarization perpendicular



COEFF, (cm!)

ABSORPTION

Al,034

o / 1

5.5 6.0
PHOTON ENERGY (eV)

Figwe 18. Absorption Gaussian Curve
Comparison. Curve a,
AM Absorption: Cuwrve b,
Gaussian Curve

48



EMISSION INTENSITY( Arb. Units)

-t
(3}

-
o

(3]

49

T T T T T T ] | T T T
Al,0,
Excitation 6.1eV
T=20K
—
r.—
| ' o
2.4 2.6 2.8 3.0 3.2 3.4

PHOTON ENERGY (ev)

Figure 19. CS Emission. Folar-
ization Dependent



EMISSION INTENSITY

Dependence

1 I l
— 250K -
Al,O3
IN O
300K 00K
200K
4 pr—
2 b—
0 ' l l l
25 3.0
PHOTON ENERGY (eV)
Figure 20. Type 1 Emission. Temperature



51

to the C axis. This dependence is gquite different from that
observed for F centers in other oxides such as Sr0 (26). It
is obvious that some mechanism external to the F center is
affecting the number of emitting F centers as a function of
temperature.

Figure 21 shows thét the emission spectrum at 20 K
nearly approximates a Gaussian function except for a low
energy tail. Based upon this curve shape, linear electron-—-
lattice coupling theory can be used to perform the follow-
detailed analysis of the photoluminescence data.

Figure 22 shows the temperature dependence of the
bandwidth of the 2.0 eV F center emission. At temperatures
up to approximately 100 E the full width at half maximum
(FWHM) intensity is @.36 eV. Between 100 and 300 K the FWHM
increases to 0.44. The solid line is a computer fit of the

equation

2 2

wL(T) = W (@ coth{hw/2kT) (4.1)
to its experimental points. In fitting the data, W@ is
the FWHM at low temperatures and w is the average frequency
of the normal modes of vibration which are coupled to the
emitting electronic state of the F center. From the fit a
value of 8.361 eV is found for W@) and hw is found to be
345 cm . This value for hw is close to the value of 340
cm found by Draeger and Summers (&) for the F+ center 3.8
eV emission in sapphire.

Table I gives the results of a moment analysis of the

emission curve at 20 K with the electric polarization
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TARLE 1

MOMENT ANALYSIS OF THE BAND SHAFE FUNCTION
FOR THE 2.0 EV EMISSION BAND

Moment Formul a Value
Zeroth r g(E ) E 1 (Normalized)
i i
First E =31 E g(E ) E 2.96 eV
i i i

First about E <E»

it

r (E ~E)g(E } E —-@.430E-B7 eV
i 1 i

I -~y .l
o -

Second about E <E » = ¥ (E —E) gl ) E B0.6273 eV
i i i




perpendicular to the C axis. The centroid or first moment
is at 2.946 eV while the peak of the band is at .00 V. The
difference is caused by the presence of the low energy tail.
The shape function is of the form

4
g(E) = I(E)/E. (4.2

Figure 23 is a plot of g(E). The very small value, 4.32 ¥
1@~6 eV, of the first moment about the centroid, E,

shows that the emission is nearly Gaussian which has

already been discussed above. Table 11 shows that the
centroid stays constant as the temperature increases from

20 to F@Q K which might be expected because of saphhire’s
high melting point. The variation of the first moment shown
in the table is reflected by the curve in Figure 24. Tﬁe
strength of the electron—lattice coupling can be estimated

by calculating the Huang-Rhys factor, S. 5 can be abtained

from the equation,

g = <E 3/ (hw), (4.3
where <E > is the second moment about the centroid as listed
in Table I. Here, hw is the average phonon frequency as
determined by the curve fitting of the temperature
dependence of the FWHM. § is calculated to be 14.8. If

the bandshape is gaussian, <E > is calculated using the

equation

“E oy =W (@ /81nk. (4.4)

The value calculated for S using this value is 12.8. Thessg
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TABLE II

TEMFERATURE DEPENDENT MOMENT ANALYSIS

Temperature Normalized Centroid 2 2

(k) Zeroth Momemt (eV) “E o (eV )
20 B.633 2.96 @.0273
S5 @.862 2.96 B.8276
75 @.828 2.96 @. 0268
160 b.838 2.96 @.8276
125 @.824 2.96 D.0272
150 @.795 2.96 0.0268
175 @.766 2.96 @.027%9
200 B.722 2.96 B.0275
225 @.750 2.96 0n.0291
250 1.000 2.97 B.0294
275 2.890 2.96 @.@312

0.969

b.os28
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These two estimates are close with the difference between
the 12.8 value and the experimental value being 13 percent.
The size of 5 says that the strength of the coupling is
strong. Since the values are larger than 6 no zero phonon
line or side band structuwre on the curve is expected and
none was observed. The zero phonon line is seen when both
absorption and emission occur from the lowest energy level
of one state to the lowest energy level of the other. Thus
both have a sharp line at the same wavelength. When the
electron~lattice interaction is strong enough that § is
larger than six this line is not seen.

The Stokes shift, E, is the difference between the
absorption energy and the emission enerqgy. I+ only a two
level model is assumed for the model, the Stoke’'sshift is
experimentally determined from the equation,

E = hw(28-1). (4.5)
This gives a value of 1.30 eV for the Stokes shift. From
this the emission energy should be expected to be approxi-
mately 4.8 eV instead of the 3.0 eV experimentally deter-
mined value. This difference in values suggests that the
emission occuwrs from a different electronic state than the
one into which it was excited. The lifetime analysis
performed by Brewer et al. (1@) confirms this also. They
observed long fluorescence lifetimes which indicated that
the emission transition was forbidden and probably origina-
ted from a triplett state split by the interaction with the

crystal field.
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FPhotoconductivity

The photoresponse per incident photon of several
thermochemically reduced sapphire crystals and of a neutron
irradiated crystal were measured. The crystal from INSACO
has been called Type 1 and those from Adolph Meller and
Crystal Systems called Type II. Figure 25 shows that the
photocurrent is linear with the electric field varying up to
approximately I kV/cm. Figure 26 shows that the photocur-
rent is linear up to the maximum amount of incident light
the crystals were exposed to. The curves are for an as
received cyrstal and for the crystal bleached with 6.1 &V
light.

Figures 27 through 29 show “the photoresponse of the
INSACO crystal at three temperatures ranging from 6 K to
room temperature. Figures 30 and 31 show the photoresponse
for an Adolph Meller crystal at 77 K and room temperature,
and Figures 32 and I3 show the same for a Crystal Systems
cryvstal. These measurements were made with the local elec—
tric field vector perpendicular to the crystal’'s C axis. 0On
all seven figuwes, curve a was obtained after the crystals
had been heated for fifteen minutes to 778 K and subsequent-
ly quenched to room temperatuwe. Curve b was obtained on
the sixth repetitive scan. Curve c was thenvobtained aftter
bleaching the crystal for five minutes with 6.2 eV light,
and curve d after bleaching for five minutes with 4.96 eV

light.
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For the INSACO crystal, repeated scanning from 4 to 6
eV caused the photoresponse to decrease both at & K and 77
K. After optically bleaching the crystal at 6.1 eV the
photoresponse increased an average factor of 2.9. HBleaching
with 5.8 eV light the photoresponse decreased not quite by a
factor of two. During the above optical bleaching process
the 3 eV shoulder exhibited the same behavior. At room
temperature repeated scanning had little effect on the & eV
peak but slightly increased the 5 eV shoulder’'s photore-
sponce. 6.1 eV bleaching increased the photoresponse over
the measured energy spectrum and 5 eV bleaching increased
the 6 ev peak while decreasing the 5 eV shoulder.

The Crystal Svystems and Adolph Meller crystals both
“exhibited a decrease in the photoresponse for repeated
scannings of the crystals. At 77 K, 6.1 eV optical bleach-
ing increased the photoresponse back to the original value
but the 9 eV bleaching had very little effect. However, at
room temperature, the 5 eV bleaching effect was much more
noticeable. It was similar to the effect shown in the
INSGACO crystal at 77 K. It was noticeable that the neither
the CS8 or AM samples showed the S5.0 eV shoulder.

Figures 34 and 325 are the photoresponse for a Crystal
Systems crystal with the local electric field vector para-
1lel to the crystal 's C axis. The photoresponse curves are
essentially the same as the curves with the exciting light
perpendicular to the C axis.

In Figure 3é&, curve a is the photoresponse of a Crystal
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Systems crystal at 77 K and curve b is a plot of the optical
density of that crystal. The similarity of the two curves
shows that the 6 eV photoresponse is due to the excitation
of the F center electrons into the conduction band of the
crystal.

The photoresponse per absorbed photon can be calculated
by dividing the photoresponse by the fraction of photons
absorbed by the crystal. At 6.1 eV for the INSACO and the
Crystal Systems crystals, the photoresponse per absorbed
photon is 3.74 x 1D‘9 and &.38 x IB_B respectively. This
means that the mean range of the charge carriers (electrons)
is approximately six times longer in the Type II CS crystal
than in the INSACO sample.

Figuwre 37 shows the relative photoresponse of an
INSACO compared to an Adolph Meller crystal as a function of
temperature. The exciting light fell on the crystals for as
short a time as possible and the measurment was repeated
three times at each temperature. The photocurrent of each
crystal was normalized at a temperature of 200 K. The two
curves were similar until the temperature reached approxi-
mately 200 K. Above 200 k the relative photoresponse of the
Type I, INSACO, crystal increased significantly until
apporoximately 240 kK. This increased photoresponse is
due to an increase in the mean range of the garriera caused
by the thermal emptying of the electron trap.

Figure 38 shows the same experiment for a crystal

16 2
irradiated with a dose of approximately 510 neutrons/ocm .
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The difference exhibited by this crystal is the increse in
the mean free path occurs at approximately 270K. This
electron trap is most likely due to the presence of H ions

present in oxygen vacancies as 1s determined by the experi-

ments on MgO shown in the next chapter.

Thermoluminescence

The following section describes the thermoluminescence

of growth colored crystals of Al 0 which have been classi-

~oor
L

fied as Type I or Type II previously. Also included are
studies on crystals obtained from Linde which are relatively
free of defects. These crystals were irradiated using
several different means to study electron traps.

Figure 39 shows the thermoluminescence (TL) for three
growth colored crystals. Curve a is for a Type 1
crystal while curves b and c are for Type II crystals. The
optical density of the Type I crystal is approximately
twice that of the Type Il crystals. This difference in
the optical densities does not account for the difference
in the magnitude of the TL curves.

Figure 40 is a plot of the leading edge of the Type I
crystal. This curve shows that the trap responsible for
the 260 TL peak has an energy depth of 8.728 eV which agrees
very well with other experiments (10,24). Figure 41 shows
the plot of curve c. This cuwrve shows that the trap associ-
ated with the 238 TL peak has an energy depth of ©.578 eV.

Figures 42 and 4% show the results of studying the
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spectral dependence of the emission spectrum of the
additively colored crystals. The first figure shows that
for the type II crystals only F center emission was observed
for both of the peaks. The second figure gives the same
results for the large peak exhibited by the Type I crystal,.
Figure 44 shows another TL peak of another Type I.

Figure 45 shows the results on an as received Linde
crystal of bleaching at different excitation energies.
For curves a and ¢ the bleaching was done at 4.9 eV and for
curve b the bleaching was done at 6.2 eV. The curves show
that the bleaching significantly effected the 260-270 peak
with a much smaller effect upon the DI peak. Figure 46
shows a study done on the same crystal approximately one
vear later. Curve a shows the TL before the study was
started. Cwve b shows the TL approximately one hour after
the crystal was irradiated with gamma radiation obtained
from using one MeV electrons. Cuwve c is the TL obtained
approdimately three weeks after curve b. The TL had decayed
significantly over that pericod. Gamma radiation does not

produce F centers in Al 0 so another mechanism was

~yo
- R

responsible for the large increase and then fairly rapid
decrease of the TL. F centers do not anneal out in this
manner .
Figures 47, 48, and 49 show a study done on ancther
Linde crystal. Curve a in Figure 47 shows the TL after the
16

crystal was irradiated with approsimatsly 1@ electrons.

This crystal was then annealed for 15 minute spans at
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successivly higher temperatuwes. The temparature change
was approximately 5@ K but did vary. Curve b was obtained
aftter the anneal at 886 K and curve ¢ was obtained after the
final anneal at 861 K. Figure 48 shows the corresponding
optical density cuwrves. Curve a was taken before the
electron irradiation and curve b was taken ater. Curve c
was taken after the 386 K anneal and curve d atter the 861
Foanneal. Figure 49 shows a plot of the optical dernsities
and the TL as a function of the anneal temperature. The
decrease in the TL intensity of the 260 K peak is shown
ta be related directly to tHe relative number of F centers
nresent. Figure 47 shows that the 278 K peak anneals out
much faster.

Figure 90 shows the effect of neutron irradiation upon,
the TL of three Linde samples. The crystals were irradiated

i6 - ’

with neutrons at the rate of 10 neuwtrons per om per
minnte. Curve a shows the TL for a crystal irradiated for 17
minutes, curve b vyor 8% minutes, and cuwrve o for 502
minutes. The Th increases up to curve b but has decreased
by the time curve c was taken. This is due to the increas-—
ing closeness of tha produced F centers. This closeness
accomidates 5mn*radiat1va recombination of the electrons
with the F centers. This io more cleoarly shown in the next
section. Motice that the 230 K T appears later but follows

the sams Lrend.



(arb. units)

EMISSION INTENSITY

71

| [

100

Figure 5@.

200 300
TEMPERATURE (K)

Linde TL vs Neutron Irradiation



Fluorescence

The following study was done on a crystal obtained
from Union Carbide and irradiated with 1@17 neutrons.
The crystal was annealed for 15 minutes at successively
higher temperatuwes. After each anneal the fluorescence
peak intensity at 3.6 eV was measured at room temperature
using &.1 eV excitation. Also the optical density was
measuwred. The fluorescence peak intensity was divided by
the optical density to obtain the relative intensity per
F center. Figuwe 51 shows this plotted as a function of the
anneal temperature. Also plotted is the absorption coeffic—
ient as a function of the temperature. From the figure it
is seen that neither the number of F centers nor the
relative intensity per F center does not change until the
anneal temperatuwre reaches approximately 473 K. Above this
temperature the relative intensity per F center increases
rapidly and the number of F centers decreases. This effect
is caused by concentration guenching of the F center optical
emission. As a check, a Crystal Systems, Type II, emission
was used as a comparison because its absorption coefficient
of 18 was comparible to that of the neutron irradiated
crystal. It displayed an emission intensity per F center of
anproximately 3B for an exposed surface the same as that of
the neutron irradiated crystal. This made it quite cbvious
that concentration quenching was present.

Aleo plotted in the figure are the points tor the F+

centers. The effects show only a small increase in the



(arb. units)

-d

a » © o

o o o o
[ ] |

INTENSITY F CENTER

N
O
)

o

b
(@)

ABSORPTION COEFEICIENT (cm)
o

400 600 800
TEMPERATURE (K)

Figure 51, Concentration Guenched Anneal Study



94

intensity per F+ center with a decrease of 50 percent in the
absorption coefficient. This is much less than for the F
center. Another sapphire crystal that had been irradiated

o
with 1@16 neutrons/cmh was examined. The F center concen-—
tration was an order of magnitude less and the Z.8 eV band
and could barely be seen. After it was annealed for 15

minutes at 7780 kK, its intensity per F center was at

approximately 1@ on the figure’'s scale.
Analysis and Discussion

The exuperimental results are discussed in relatioﬁ to
the electron traps present and to the physical properties of
the F center. Some of the results obtained by Brewer =t al.
(22) aré compared to these results.

The optical density measurements show that the conver—
sion between F and F+ centers is more pronounced in the type
I INSACO crystal than in the type II Crystal Systems and
Adolph Meller crystals. This is shown by the relative
changes in the 6.1, 5.4, and 4.8 eV band intensities at 77
e 6.2 and 4.9246 eV were used as the two bleaching light
energies. This interconversion is also shown in the photo-
conductivity results for the INSACO crystal and it is guite
small for the type Il crystals. The photoresponse shows
that the electron is effectively released from the excited F
center into the conduction band at temperatures as low as
& kL

The trap responsible for the effects at temperatures



below 77 kK is not as effective at room temperature. This is
shown by the room temperature photoconductivity of the
INSACO crystal where the interconversion was relatively
smaller. The bleaching effect was especially small on the
6.1 eV band where at lower temperatures the photoresponse
dropped much more after the crystal had been illuminated for
some time showing the effect of the presence of an electron
trap.

The efficiency of an absorbed photon in exciting an
electron into the conduction band appears to be very high
even at 6 K. This is shown above by the fact that the
photoresponse is bleached at 6 K and also by the curves in
Figure 7. These curves, which show the temperature depend-
ent normalized photocurrent for the 6.1 eV peak, start at a
maximum at low temperatures. The small initial intensaity
variation is not the same for all crystals and the cause is
not known. The decrease in the photocuwrent for both type I
and Il crystals is caused by a decrease in the mean range
per unit electric field (w ) of the photoconducting elec-
trons if the guantum e%fic?ency can be assumed to be
equal to one over the entire temperature range. w depends
upon the effective mobility and the trapping time.D The
effective mobility is expected to decrease as the tempera-
ture increases because of scattering by phonons. The
observed temperature dependence of w also depends upon

0

other factors also such as the ratio of the trapping time to

the reemission time.
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In the type I crystal there is the large TL peak at 260
K with a small shoulder at 220 kK. The increase in w in
type I crystals is caused by the effect of this elecgron
trap which decreases the reemission time. This trap is also
responsible for the photoresponse at 6.1 eV being an order
of magnitude smaller in Type I samples and for the intercon-
version of F and F+ centers below this temperature.

The nature of the two TL peaks is implied by several of
the experiments performed. The experimental results showed
that the 220 K peak could be produced by gamma radiation and
that its intensity decreased to one twentieth of its maximum
value if the sample were stored at room temperature over a
period of four weeks. This is in contrast to the 260 K peak
the intensity of which is afffected by either electron or
neutron irradiation.

As demonstrated, the 260 kK peak is annealed by heating
the crystal. Thus, the 228 K peak is most likely caused by

a trap, most likely a hole released from an 0 ion located

near a Mg impuwrity (27). The 260 peak is likely caused by

2

electrons released from H ions. We have no definite proof
of this identity but the similarity with the behavior in MgO
is striking. The optical density of a thermochemically
reduced tyﬁe I crystal was studied as a function of
annealing up to a temperature of 1500 degreeg C 28). As
the crystel was heated first at 1250 degrees C for 12 hows
and then at 1580 degrees C for 12 hours, an absorption peak

at & &V was formed. This energy coincides with the 5 eV
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photoresponse peak evident in type I crystals. This peak
introduced during the annealing may be due to an aggregation
of defects such as vacancies. Although these two peaks
cannot definitely be related it is possible that structural
defects could act as electron traps.

The anneal study comparing the optical density of the
electron irradiation induced F center with the peak height
of the 26@ kK TL peak showed that both the TL peak and the F
center annealed out together. This did not show if any
traps were produced by the irradiation or if only F centers
were produced.

Neutron irradiation produced the 26@ K TL peak with a
relativliey very small 220 K peak. The luminescence in these
‘crystals is much weaker than in electron or thermochemically
colored crystals because of concentration quenching. The
TL exhibited the same effect. The BZ minute irradiation Ti
peak was larger than that of the S08 minute irradiation.

The above discussed gamma irradiated crystal most
likely exhibited only charge redistribution, and the
electron and neutron irradiated crystals did not show
definite creation of the 260 K TL peak but had results which
were not inconsistent with it occuring. The strongest evi-
dence for it originating from a structual defect were from
the appearance of the 5.0 eV absorption peak in the annealed
crystal.

A trap prevalent in odides is caused by hydrogen being

present 1in the crystal. Engstiron et al. (29) looked at the
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3280 OH stretching mode in a crystal with a thickness of

12.7 mm and observed an absorbance of @.025 which corres—

ponded to a concentration of 2.6 x 1@16 cm—ﬁ. The type I

crystals had a thickness of one tenth of the above. The

noise inherent in the spectrophotometer corresponded to a
-1

0.001 absorbance and the absorption band at 3280 cm was

not observed. This showed that if the OH were pre;ent it
had to be of a smaller concentration thar 1.0 x imlb cm~J.
Thus we were not able to show the presence of hydrogen in

sufficient concentrations. However, recent results in MgO
suggest that H~ ions are likely electron traps in reduced

vides includingt sapphire.

The only other noticeable trap encountered was when the
crvstals were heated to 770 K. The light emitted was blue
suggesting F center emission. Only the thermochemically
colored crystals were heated to this temperature because
particle irradiation produced F centers would anneal out
at this temperature.

The amneal study on the neutron irradiated crystal
showed the effect of concentration quenching on the F center
emission. For crystals with the same absorption, the F
center emission intensity is much smaller for neutron
irradiated crystals than for thermochemically colored crys-—
tals. The F center concentration in the damaged areas of
the neutron irradiated cryvstals was calculated to be approx-
imately 2 x 1@19 cm—g. The extent of the excited state wave

function is expected to be on the order +or those for other
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oxides. The excited electron can easily escape into the
conduction band and is expected to lie outside of the vacan-
CY This state is expected to be weakly bound and have a
wide orbit. This coupled with the large concentration

would imply that overlapping of the excited state wave
functions would be very likely and allow non-radiative
transitions to the ground state. The results shown in
Figure 31 confirm this. The F center concentration starts
te bleach out 475 K but the intensity per F center does not
really start to increase until approximately &5@0 k. 1t is
well defined where the oxygen ions start to migrate back to
the vacancies. As expected because of their compact excited
state orbitals and their relatively fewer numbers, the F+
centers show very little change in their intensity per F+
center.

The analysis of the temperature dependent photolumin-
escence showed a Stokes shift of 1.30 eV which gave an
prpected peak emission band energy of 4.8 eV. This does not
agree with the experimental value of 3.0 eV. The following
model is used to explain this discrepancy.

The local C symmetry of the F center is shown in

e
Figure 2. The g;ound state is expected to be a ié state
with an optical transition to a 1p—like excited state. This
excited state will lie very near to the conduction band.
The F+ center shows three bands in absorption, whereas the F

center band shows only one absorption bkand. This is due to

the excited state of the F center being very near the bottom
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of the conduction band and the wave function being quite
extended. This fact was brought out in the above discussed
concentration quenching of the excited state in neutron
irradiated crystals.

Brewer, et.al. (1@), observed that there were two
lifetime components evident below 35 K with lifetimes of 25
and 157 milliseconds at 4.4 ¥ which are much larger than
those expected for an allowed electric dipole transition.
The presence of these two relatively long lifetimes suggests

that the emitting state is a spin triplet such as is present

in other oxides like Ca0 for instance (16). The suggested

ot “w?

state is a p-like state split into three components of 1A,

s
3 5y

JlE, and 2B character with the bottom two having mainly B
character. Figure 52 shows the schematic diagram of the
snergy levels. This model was used to explain their
fluorescence lifetime measurements and the descrepancy
between the results of the experimental and the calculated

Stokes shift.
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CHAFTER V
MgO EXFERIMENTAL RESULTS AND DISCUSSION
Introduction

The experiments on magnesium oxide detailed in this
chapter look at eight different crystals using a variety of
techniques. The first six crystals were grown at Uak Ridge
Mational Laboratory with varving amcunts of hydrogen ions
and varying amounts of anion defects present in the final
crysta}s. The seventh crystal was obtained from ORNL and
had been ifradiated with approximately 1@17 neutrons/cm~£.
The last crystal was noticeably different from the others
because of its purple tint, probably due to a combination
of gamma and neutron irradiation.

The number of anion vacancies and H— ions present in
crystals number one, three, and six are shown in Table [I1.
The second column is the absorption coefficient for the
F center taken at 4.95% eV and the third column is thHe
concentration of F centers. The fourth and fifth columns
are the absorption coefficient and concentration for H-

centers respectively. This absorption coefficient was

measured at 18033 nm.

1@z
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TABLE III

CHARACTERISTICS OF THERMOCHEMICALLY
COLORED Mg@ SAMFLES

-1 -3 -1 -3
Sample o (cm ) n {cm ) o fcm ) n (cm )
F F H H
MgO 1 11@ S5.9E17 @.2 bEL16
MgQOQ = 820 4.1E18 0.5 1.5E17
MgQd & IE0 1.6E18 11 I.3E18

Reference (15)
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Thermoluminescence

The experimental set up described in Chapter III was
used to conduct these experiments. The crystals were first
cooled in an Oxford Instruments continuous flow helium
cryostat to a temperature of approximately 18 E and then
irradiated with a 60 watt deuterium lamp for five minutes.
When the exciting light was first turned off all of the
crystals exhibited a decaying fluorescence. After this
fluorescence had nearly died out, the set point of the
cryostat temperature controller was set to 298 K and turned
on. The heating rate produced by this apparatus was
approximately 3 E/min except at the very start where it was
tfaster and above 268 K where it Starteg to decrease. The
light emitted by the crystals was detectedAﬁsing photo-
multiplier tube and an picoammeter and recorded on an x—t
recorder.

Figure 53 ;hows the thermoluminescence curves for
crystals one, three, and six, and Figure 54 shows the curves
for crystals two, four, and five. The intensities have
been normalized so they can easily be compared. Except for
crystal number six which was cooled to liquid nitrogen temp-—
erature, all of the crystals exhibited a peak at approxi-
mately 40 kK. Feaks also occurred in the vicinity of 100 K
and 200 K in most of the crystals. A fouth peak occurred
which starts to rise at approximately 220 K and depending
upon the intensity of the thermoluminescence may peak

between 260 and 270 k. It is this fourth peak which becomes
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the most noticeable when compared with the other
periments.

Figwe 55 showns the thermoluminescence curves for
crystals seven and eight. They both exhibited the low temp-—
erature behavior seen above and the peaks at approximately
108 and 200 k. Crystal seven, which had been neutron irra-—
diated, also exhibited a peak at 50 K. The most noticeable
effects are the relatively small overall intensity of their
thermoluminescence curves and the almost total lack of the
268 E peak.

Comparing the maximum intensity of the 260 kK peaks with
Table III shows that the concentration of F centers is the
most important factor in determining the magnitude of the

peak as long . as there are sufficient traps available.

Luminescence Decay

The luminescence decay of crystals one, two, three, and
i was measuwred at 260 kK, which is the location of the
thermoluminescence peak. A 60 watt deuterium lamp, used
with a 2275 nm interference filter and an electronic )
shutter, was shone on the crystal until the luminescence of
the crystal had reached a maximum and then the shutter was
closed. This luminescence was directed through a Corning
CS@-71 cut off filter into a EMI 9813R photomultiplier tube
set at from 900 V to 1188 V. The output of the photomulti-
plier tube was displayed on a x-t recorder.

Figwre S6 shows the decay of these four crystals norm-—
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alized at t=0 seconds. The actual ratio of intensities at
t=0) was 0.3:0.5:1.0:08.5 for crystals one, two, three, and
six respectively. Flotting the data as the inverse square
root of the intensity versus the time is shown in Figures 57
through 6@. These plots show that after an initial decrease
the decay becomes approximately second order. If the
inverse of the slope of this second order decay is taken as
a reasonable lifetime for the second order decay, then the
lifetimes are S1, 11, 350, and 18070 seconds respectively for
the crystals as listed in the above order. These lifetimes
show, when compared to the values in Table III, that the
magnitude of the second order lifetime is related to the
concentration of the H- ions.

Figures &1 through 64 show the intensity minus the
second order intensity plotted as a function of time. These
figures show that this initial decay component is exponen-—
tial. The lifetimes are 6.2, 2.8, 16, and 49 seconds resp-
ectively as listed in the above order. The relative magni-
tudes are similar implying that the two lifetimes are

related.
Fhotoluminescence

The temperature dependent photoluminescence of these
crystals was measured over the range from approximately 10
K to 300 K using the experimental arrangements described in
Chapter III. Except where noted the excitation source

was either a 6@ watt deuteruim lamp or a 150 watt xenon lamp
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used in series with a 254 nm interference filter. The crys—
tal was illuminated for one minute before the detection
system was utilized. The light from the crystal passed
through a Corning CSH~-53 cut off filter and inteo the
monochromator using either 8.3 or 0.6 mm slits. The size of
the slits used was experimentally set to maximize the signal
without distorting the band shape. The monochromater scan
speed was experimentally set at 1600 angstroms/minute. The
intensity scales used on the figures in this section are
accurate to about a factor of two.

Figure 65 shows the curves obtained for Mg0 sample
number one. The F peak located at 2.7 eV increases slightly
between 9 K and 78 K and then decreases as the temperature
increases to 294 k.. The intensity at 78 kK does not reflect
the temperatuwe dependent maximum. The F+ peak located at
Z.2 eV decreases as the temperatuwre increases from the
starting temperature of 9 K to 294 K. Although the inten-
sity of the F+ center peak is smaller than the intensity of
the F center ‘s it is still quite large. Figure 6& shows the
curves obtained from crystal number three. For this
crystal , the F and F+ center photoluminescence behavior is
the same as for sample number one although the F+ photolum-
inescence is relatively much smaller in magnitude. The
curves show in Figure &7 for crystal number six that the
intensity of the F center peak increases from a temperature
of B4 K to 294 K and that the intensity of the F+ center

decreases as the temperatuwre increases.
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The peaks positions of the luminescence bands for the
above three crystals do not change as the temperature
increases. This is evident in all three for the F center
luminescence and in number six for the F+ center luminesc-
ence. There is a long lived component in the F center
emission of each crystal at low temperature. For crystal
number three, the shutter in the excitation system was
opened and the emission allowed to reach a maximum. The
time required for the intensity to reach 90 percent of its
maximum was &6, 4.5, 2.2, and 1.4 seconds at the temperatures
@, 68, 20, and 120 K respectively. 0On sample number one at
9 Kk, the light was turned off and the monochromator was
scanned. This scan showed a small long lived phosphoresc-
e=nce in the ﬁ but not detectable in the F+ center emission.

The temperature dependent behavior of crystal number
six, which contains the highest concentration of H- ions,
shows that as the F+ center emission decreases the F center
emission increases in almost the same proportion as the F
center emission decreases. The ratio of F center to H-
concentrations for this crystal is 2.1:1.0.

For crystal number three the ratio of F center to H-

concentration was 27:1.0 and for crystal number one is

rJ

?.2:1.0. In crystal number one, with proportionally fewer
number of F centers, the F and F+ center emission intensi-
ties are more comparable in magnitude than for crystal
number three but not as close as for crystal number six.

This leads to the conclusion that the relationship between
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the relative magnitudes of the F and F+ emission intensities
depends upon the ratio of the F center concentration to the
H—- ion concentration.

Crystal number two grew with predominantly F centers in
the inner surface and F+ centers in the outside. Figures 68
and 69 show the curves obtained from the cleaved inner
surface over the temperature range from 7 to 2860 K. Since
the crystal was not cooled‘down below 88 kK in the second
figwe, the low temperature trap evident in the
thermoluminescence data most likely caused the difference in
relative magnitudes of the two peaks for the 80 K curves.
Two effects are noticeable from these curves. The emission
of the F center peak becomes larger relative to that of the
F+ peak emission and decreases except at very low tempera-
tures. Secondly, the intensity of the F+ peak decreases as
the temperature increases.

Over the 80 to 280 kK range the long lived phosphoresc—
ence was much more noticeable at 23@ K and then only for the
F center peak. The data taken at 80 K showed neglible phos-—
phorescence. <The shutter was closed while scanning on the F
center peak on the 138, 230, and 280 K curves. The time
required for the intensity to fall to 3@ percent of its
maximum was 0.3, 4.5, and 0.8 seconds respectively using the
above listed order. The time of 0.3 seconds for 130 K is
limited to the responce time of the x—-t recorder.

At 230 and 280 Kk, the F+ center showed a phosphorescence of

approximately @.4 seconds.
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At 30 K a lock—-in amplifier was used which was not
sensitive to the long lifetime components of the emission.
The light chopper was set at 27 and 169 Hz. Figure 70 shows
the results of this experiment. Curve a was obtained using
d.c. detection. Curve b shows aproximately a 75 percent
reduction in the F center peak and curve c 835 percent.

Figure 71 shows curves of data from the F+ center side
of ckystal number two taken at 20, 77, and 3@0 kK. The F+
center emission is constant at low temperatures while the F
center emission decreases. At 300 K both have decreased.

At 20 K the F+ center emission is approximately 7.5 times
greater than the F center’'s while at 300 K the F center
is negligible.

Crystals number four and five are very similar. At 77
k. the ratio of the F to F+ center peak intensities for both
is 1:2.1. At room tempeature the ratios are 1:3.5 and 1:4.4
for fouwr and five respectively. Figure 72 shows the temper-—
ature dependence of the F+ center peak height for crystal
number five. The intensity remains large until about 280 kK
and then falls off. Figure 73 shows number five’'s photolum-
inescence at 72 K and room temperature. Curve a is the
first scan at room temperature and b is another scan immed-—
iately following the first. Each scan takes approximately
six minutes. The second scan produced a 130 percent in-—
crease in the peak’'s intensity. Curve c is the first scan

at 72 K and d 1s the second. At this temperature the F+
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center emission is decreased while the F center is in-
creased. This behavior is noted also in crystal numbers
two and four also. In contrast, Figure 74 shows the effect
of bleaching on crystal number three. The direction of the
bleaching effects is the same at 75 K and appears to be of
comparable magnitude for each peak. The effect increases
the F center emission only a slight amount at room
temperature.

Figure 75 shows the photoluminescence of the purple
tinted sample number eight from 8 to 2380 kK. The emission
is only from the F+ center and shows very little change from
8 to 80 K. As the temperature increases above B@ K it

steadily decreases.

Excitation

Several different experimental techniques as given in
Chapter III were used in measuring the excitation spectirum
of the crystals. In all of the experiments, the excitation
system consisted of a 60 watt deuterium lamp shining through
a B.F m McFherson grating monochromator onto the crystal.
Except as mentioned otherwise, the detection system consis-—
ted of a FAR 121 Lock—-in amplifier with its light chopper
set at 27 Hz, a C83EZ-72 filter for isolating the F center
emission, and CS0-52 and C87-60@ filters for isolating the F+
center emission.

Figure 7& shows the excitation spectrum for crystal

number one with only a Corning CS3-67 filter, a photomulti-
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plier tube, and an ammeter used to detect the emission.

The monochromator was scanned at 10 angstroms/minute with
its slits set at @.4 mm. The 77 K phosphorescence distorted
the curves so the crystal was scanned from both the high and
low energy sides. Curve c is the average of the two scans.
Notice that the curve is skewed in the low energy direction
with the peak at 4.6 aV.

Figure 77 shows the spectrum for crystal number one
using a waveform educator signal averager and a oscilloscope
in the detection system. The excitation was chopped at
either 1 kHz or Hz using either a C53-67 or CS3-72 filter
respectively which allowed the fast component of the
emission spectrum to be measured. In this figure the peak
of the spectrum is at 4.4 eV. Figure 78 shows the spectrum
measured using a PAR Lock—in amplifier with a light chopper
set at 27 Hz. Curve a is of the F center and b is of the F+
center emission. Curve a is identical to the curve in
Figure 77 except for the small peak at 5.8 eV. Curve b
shows peaks at 4.2, 4.8, and 5.8 eV respectively. The
4.8 eV peak is the most prominent although the 4.2 eV peak
was also intense.

The spectrum curves obtained for the outside surface of
crystal number two are shown in Figure 79. They are similar
to the curves obtained for crystal number one except that
the F center emission shows only one peak centered at 4.8
eV. In this case the low energy peak of the F+ center is

not as prominent. The curves for the inner cleaved surface
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of crystal number two are shown in Figure 88. The F center
emission curve is skewed with its peak at 4.6 eV and the F+
center shows only one peak with its center at 4.8 eV.

Figure 81 shows the spectrum for crystal number three.
The detection system used a picoammeter and the monochrom-—
ator 's scan rate was set at 10 angstroms/minute. The single
peak is centered at 5.0 eV and the phosphorescence caused a
high energy tail. Ite curve is not as skewed as that of
number one. This the same excitation curve which is shown
along with the photoluminescence curves for this crystal.
Figure 82 shows the spectrum with lock-in detection at one
kHz. The peak is shifted from 5.0 to 4.8 eV and a shoulder
is present on the low energy side.

Figure 8% shows the curves for crystal number five..
Both curves peak near 4.8 eV and are slightly skewed towards
the low energy side. Figure 84 shows the Curves for the
neutron irradiated crystal number seven. Both are also
slightly skewed towards the low energy side and peak near
4.8 eV. Both show the presence of a peak at 5.8 eV and the
F+ center emission curve shows the presence of a low energy
peak. The cwve for crystal number eight is shown in Figure
75 along with the photoluminescence. The peak is at 4.9 eV
and is slightly skewed to the low energy side.

The low energy shoulder on the F+ center emission is
relatively larger for the crystals with a large concentra-
tiqn of H- ions. This is shown by looking at the relative

magnitudes of the fluorescent lifetimes and at Table [II.
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The peak may cause the long lived lifetime seen in some of
the crystals. The larger the peak the larger the number of
electrons that will be released when the 2534 nm interference

filter is used to excite the F and F+ centers.
Fhotoconductivity

The photoconductivity was measuwred for crystals number
seven and eight using the experimental set up detailed in
Chapter I1II. A Z00 volt battery was used making the elec-
tric field across the sample approximately 3000 volts/cm
depending upon the thickness of the crystal. The crystal
was always scanned from low to high energy.

Figure 85 shows the photoconductivity curves for the
neutron irradiated drystal number seven after it had been
irradiated for one minute with 1.0 MeV electrons at a cur-
rent of 19 microamperes. At the initial temperature of 73 K
the photoresponse curve shows a peak at 6.0 eV and a broad
peak centered at approximately 5.0 eV. Thé photoresponse of
the 6.0 eV peak decreased as the temperature increased while
that of the 5.0 eV peak increased. The energy of the 5.0
pealk decreased to approximately 4.7 eV at 180 kK. The read-
ing at 200 K showed a dramatic change as the photoresponse
of the curve around 5.0 eV decreased while at 4.6 eV it
increased. An identical experiment performed on this
crystal before it was electron irradiated did not show this
effect. Instead, the photoresponse increased over the range

from 4.9 to 6.8 eV and a long lived photocurrent was evident
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above 230 K. Also the electron irradiation increased the
magnitude of the photoresponse in the crystal by a factor
of approximately 3.5.

The crystal was electron irradiated again and the
effect of bleaching on the photoresponse was checked at room
temperature. Figure 86 shows the results. Curve a is the
intial scan, b is the third, and ¢ is the seventh. Each
scan took three minutes and the electric field was applied
between scans. Figure 87 shows the difference between
curves a and c. It was found that bleaching with 5.4 eV
light restores the original curve shape and subsequent
bleaching with 4.6 eV light slightly decreases the 5.0 eV
peak and increases the 4.6 eV peak.

It appears some interconversion may occur between the
center responsible for the 4.6 eV peak and the F type
centers at 5.0 eV, but they are not directly responsible for
all of the effects seen above. The 4.6 eV peak may be con-
tributing to the room temperature long lifetime effects seen
in several of the crystals.

During the initial experiments on crystal number seven
before it was electron irradiated, an increase in the dark
current was noticed at high temperatures when the voltage
across the crystal was turned on. This current rose immed-—
iately to a peak and then slowly decayed. At 295 K two
percent of this long lived current was still evident after
two hows. Figure 88 is the temperature dependent plot of

this cwrent versus the initial peak intensity and Figure 89
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ed e

iz a plot showing an associated thermal trap depth of
approimately #.30 =Y. A check of this at 220 K after the
crystal had been electron irradiated showed the effect was
greatly enhanced. Thizs effect is most likelv a different
brapping mechanism than the ones discussed above and may be
responsible for the greatly enhanced photoresponse seen
after the electron irradiation.

Figures 98 and 9?1 show the photoresponse curves for
crystal number eight after 1t had béen irradiated for one
minute with 1.5 MeV electrons in a beam current of 15
microamperes. The 5.0 &V peak increases from & kK to 148 K.
It theﬁ decreases until 200 E and then increases. The only
other peak is a 4.0 peak evident only up to 8@ K. The
initial dark current seen was comparable to that seen in
the unirradiated crystal number seven. This experiment was
repeated but the measufament at =sach temperature consisted
of turning the voltage and light on until the photocurrent
reached a maximum and them turning them off. The excitation
system was set at 5.0 eV. The results are seen in Figure
22, The curve is a computer it of the equation

1
N = ———— . (5. 1)
To E

1 + f;——EXP(————)
r T

The F+ centers vibrational frequency (1/7Tao) was assumed
12
to be 1@ Hz. This gave a radiative lifetime Tr of @.7& o
-5
1d seconds and 8.876 eV as the depth of the sxcited state

helow the conduction band.
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Analysis and Discussion

The following section discusses the affect of the
H— ions upon the experimental results shown above and the
current theoretical results.

The concentration of ;~ ions located at oxygen vacan-
cies is directly responsible for the long lived fluorescence
lifetime of the F center near room temperature. This is
shown by comparing the relative magnitudes of the H- ions
with the lifetimes for crystals one, three, and six. A
like comparison of the concentration of the F centers with
the lifetimes also shows that the these two properties are
not related.

In crystals number one, thfee, and six the thermolumin-—
escence peak at 260 K is more pronounced than in the other
crystals and is responsible for the long lived phosphores-—
cence seen at or near room temperature in these crystals.

A comparison of the H ion and F center concentrations
with the fluorescence lifetimes for crystals one, three, and
six shows that the longlifetime of the 2.3 eV emission at
room temperature is due primarily to the concentration of
H— ions relative to the concentration of F centers and not
to that of the F centers. This result is in contradiction
to models involving interacting pairs of F centers as the
cause of the long lifetime for F centers (17).

In three crystals the thermoluminescence peak at

260 K is also responsible for the phosphorescence seen at or



near room temperatuwe. Thus, the traps causing this long
lived phosphorescence are H ions. Since the magnitude of
the thermoluminescence is not directly related to the

concentration of the H ions but that of the F centers, it
is caused by a combination of both. H ions alone cannot
cause the 2.3 eV emission but F centers are required (17).

This was found out from a crystal which had H ions present
but no detectable F centers that showed no 2.3 emission.

The crystals with high concentrations of H- ions, which
showed the 260 K thermoluminescence peak, showed a different
emission spectrum than those without the peak. Crystals one
and three had predominately the 2.3 eV F center emission
band. The intensity of both of these bands started
increasing. from the initial starting temperature of around S
.. The F center band for crystal six started with a minimum
intensity at the initial temperature of 84 K and increased
until the final temperature of 294 k. Its comparable F+
band intensity decreased over the same range. The above
behavior along with the relatively large thermoluminescence
at low temperatures for all three crystals implies that the
electron in the relaxed optically accessible excited state
can fairly easily be released into the conduction band. The
one minute bleach of the crystal before the photoluminesc-—
ence was measured at the initial temperature most likely
produced the effect. The thermoluminescence peaked rapidly
at 4@ k¥ and then decreased at least up to 150 K.

The theoretical model for MgO discussed in Chapter I1



1
predicts that the T relared excited state from which the

lu
2.3 emission occurs lies very close to the bottom of the
1 1
conduction band. The corresponding T to A transition
lu ig

‘from the excited state to the ground state should have a
relatively short life time. There was some evidence from
the emission caused by fast, approximately 10 ns, pulsed
excitation that a short lived component with a lifetime of
approximately 1 microsecond was present. This could be the
intrinsic lifetime of the F center, ie. the lifetime of
electrons that remain on the same F center. The observed
phosphorescence at low temperatures, especially the emis-—
sion lasting several seconds in crystal three, plus the
above mentioned photoluminescence and thermoluminescence
results are not fully explained by the short lifetime but
imp}y some other process is also involved.

Recent work by J. Tombrello et al. (20) more fully
explains what is happening.  They have shown that the H- ion
makes a very effective low temperature trap in MgO. It is
doubly negatively charged and is very effectively formed by
shining 40@ nm light on the crystal. They also found that
shining UV light on the crystal will destroy the traps.

The intensities of the low temperature thermolumines-—
cence peaks are not directly related to the magnitudes of
the H— ion or F center concentrations except that the two
most intense peaks belong to crystals one and three. Also
the intensity of the crystal siy peak at 80 K places

it above the others except for one and three. This informa-
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tion plus that in the above paragraph implies that the H
ion is most likely the trap responsible for the observed
low temperature phosphorescence.

The low temperature thermoluminescence of crystals

four, two, and five and the low temperature dependence of

the photoluminescence of crystal five show that H ions are

most likely present though in small amounts.

The interaction of the F centers with the H ions can

be described using the model shown in Figure 93. An elec-—
1 1
tron is excited from the A state to the T state by the
1g lu
absorption of a photon. There is then a high probability

that the electron is released into the conduction band

where it can then be trapped. In this figure we consider

either trapping by an F center or by a H ion. Trapping by

— -~
=

the H ion leaves an F+ center and an H ion (15). The
activation energy of this trap is approximately 0.6 &V and
is thermally stable up to a temperature of approximately 240
e At low temperatures there are two possible ways to
describe how the electrons get from the hydrogen trap to the

F center. The first method comes from the description of

the excited state orbitals of the F center and the H 10N.

Fecent calculations have shown that for reasonably close F

center-H ion pairs, an overlap exists between the excited

state of the F center and an extended relaxed excited state

2
.

of a H ion (29). The electron is then able to tunnel from

e
s

the H ion to the empty excited state of the F center.

The second explanation is that the release of the
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electron is from H ions with a different configuration.
There is evidence that the intensity of the three lines of
the infrared spectrum of the H_ ion are not correlated (Z0)
and that point group symmetries lower than 0 may be
involved. This may be due to a local chargehcompensatian
effect and result in lower activation energies for reiease
of the electron.

Neither of the two explanations can be shown to be
preferable using ouwr data. It appears that a relatively
small phosphorescence near 80 K is present at 3.2 eV in
crystals three and six but this may come from the high
energy tip of the F center band being slightly measured at
this energy.

The excitatién spectrum for the fast component of the
F center exhibits a low energy skew that is present in
crystals one, two, and three. These are the samples with
the the highest H~ ion concentration. For those samples
with low H_ ion concentration as determined fron their glow
curves, the excitation spectrum are narrower though still
slightly skewed. The shape of the F and F+ center curves
also become nearly‘the same. For the F+ center excitation
spectrum the 4.5 eV band is evident in only three crystals.
They are crystal one, the F+ center side of crystal tweo, and
crystal seven.

The only other occurance of this is the 4.5 eV photo-

conductivity peak of crystal seven. The increase in photo-

response of both peaks in this crystal most likely is caused
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by the rapid increase of their quantum efficiency. The only
occurance of interaction between the 4.5 and 5.0 &V bands is
when at room temperature, the crystal was bleached with 4.6
eV light and the 4.5 band’'s photoresponse increased while
the 5.0 eV band’'s decreased. In contrast to this, bleaching
by scanning the spectrum at room temperature showed no
change in the 4.5 eV peak but partially bleached out the 5.@
eV peak. The 4.5 peak has not been identified but the dark
current seen may be caused by the presence aof the H_ ion
because of its initial increase around 258 k. Why electron
irradiation caused it to start at a lower temperature and
why the activation energy was no larger that 8.3 ev is not
understood if it is due to the H~ ion.

The experimental data collected on crystal eight shows
only the F+ center luminescence. The electron in the
relared excited state can be thermally excited into the
conduction band at approximately 80 k. This is shown in both
the photoluminescence and photoconductivity experiments.

The photoresponse curve in Figuwe 2?1 shows bleaching out of
the 5.8 eV band occurs above 140 K. From Figuwre 92, the
radiative lifetime is calculated to be @.8 nanoseconds and
the thermal activation energy is found to be @.0756 eV.
This calculation assumes an F center local vibrational
frequency of 1(27!1‘i Hz. According teo Choi and Takeuchi ((Z24)

hole motion would be measured dwuring photoconductivity.
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AFPPENDIX
S0

A thermoluminescence peak at 90 K was measured for
neutron irradiafed Sr0. Figure 89 shows the result of
measuring the spectralldependence of the peak. Curve a
is the photoluminescence curve for the F+ center. Curve b
shows the percent of light passed by several different cut-
off filters which were inserted between the crystal and the
photomultiplier tube. Curve b is a plot of the energy of
the light the filters would pass at 45 percent of their
transmittance. The curve definitely shows that the emission
is from an F+ center. This could mean that the bare oxvgen
vacancy does exist in Sr0 if the trap responsible for the

T frees electrons.
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